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CHAPTER 1
INTRODUCTION

Research on dust explosions has been conducted since 1917 but the
progress has been painfully slow (see, e.g., Aldis and Lai, 1979). Relatively
limited work has been carried out to systematically explore and quantify the
effects of basic parameters governing the dust explosion. A dust explosion
consists of a very rapid combustion reaction that liberates heat and results
in the expansion of the gases surrounding the dust. When this expansion
occurs in a vessel or enclosure, the pressure in it rises rapidiy; this may
lead to structural damage to the vessel or the enclosure. Two of the basic
parameters are the diameter and composition of the grain dust particles.

The overall objective of this work was to study the effects of the
particle diameter and compesition on the explosibility of the grain dust.
Specifically, the explosibility was characterized in this work by four
parameters from Hartmann bomb tests (Dorsett et al., 1960). These four
parameters were the maximum explosion pressure, R g the maximum raté of

pressure rise, (dP/dt)max, the average rate of pressure rise, (cili"/clt)a , and

ve
the minimum explosible concentration, Cmin'

Four types of powder were tested. They were corn dust, wheat dust, and
sorghum dust, which had been collected from cyclone dust systems in commercial
elevators, and a commercial grade cornstarch. Each of these was separated
into different particle size fractions, and the particle size distribution of
each fraction was determined. The composition of the grain dust was charac-

terized by the moisture content, ash content, protein content, and starch and

fiber content.
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This thesis contains six chapters. The first is the present introductcry
chapter delineating the objectives and scope of the work. The works by
previous researchers are reviewed in the second chapter. The third chapter
describes characterization of dust particles with the emphasis on particle
size and composition. Determination of the minimum explosible concentration
is described in chapter four; the effects of the particle size and composition
on it are discussed. Measurements of the maximum explosion pressure, the
maximum rate of pressure rise, and the average rate of pressure rise are given

in chapter five. The conclusions and recommendations are given in chapter six.
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CHAPTER 2

REVIEW OF LITERATURE

I. INTRODUCTION

This review deals with publications related to the effects of particle
size and composition of grain dust on its explosion characteristics. The
characteristics considered are the minimum explosible concentration, the
maximum explosion pressure, the maximum rate of pressure rise, and the average
rate of pressure rise. This survey is concerned with mainly dust from grains,

including wheat, corn, and grain sorghum.

II. EXPERIMENTAL STUDIES
A relatively limited number of publications are available, which are

concerned with the effects of particle size and composition on the four
explosion characteristics. Some of the publications reporting the results of
experimental study present the data graphically and/or tabularly with minimal
analysis. The majority of such publications are from the U.S. Bureau of Mines
(Hartmann and Nagy, 1944; Jacobson et al., 1964; and Hertzberg et al., 1979).
Other publications include empirical correlations of data (Jacobson and Nagy,

1961; Eckhoff, 1976).

A. Particle Size

Hartmann and Nagy (1944) used a series of sieves to separate their dust
into four size ranges; 20-65, 65-100, 100-200, and greater than 200 mesh.
They calculated an average particle diameter for each of the size ranges,
i.e., the arithmetic mean of the particle diameter corresponding to the sieves
used to determine the upper and lower bounds of each range. The geometric

mean should have been used instead of the arithmetic mean because particle
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size distributions are characteristically lognormal. Herdan (1960) stated
that for the lognormal distribution, the geometric mean better represents the
particle size than the arithmetic mean. For each range, Hartmann and Nagy
(1944) plotted the minimum explosible concentration, the maximum pressure rise,
and several other quantities against the average particle diameter. They
observed that the minimum expiosible concentration decreased with decreasing
particle size; however, for several kinds of dust, it changed very little when
the particle sizes were less than approximately 102 um (0.004 in.) for
cellulose acetate molding powder with a dust cloud concentration of
0.005 kg/m3 (0.005 oz/cu.ft.), the maximum pressure increased with decreasing
particle size but remained essentially constant for diameters smaller than
102 ym (0.004 in.). The maximum and average rates increased with a decrease
in the particle size.

Jacobson et al. (1961) separated, by sieving, each of eleven types of
dust into two or more size fractions. They obtained twelve fractions for
aluminum, nine for magnesium, five for cornstarch, and two to four for the
rest. They further separated, with a series of sieves, each of the fractions
and calculated the average particle diameters with a method described by
Dallavalle (1948). The arithmetic mean of the respective size openings of a
pair in the series of sieves was multiplied by the frac.ion of dust retained
on the finer of the two sieves. The average particle diameter was the
summation of the latter quantities for the entire series of sieves. Again,
the geometric mean should have been used in place of the arithmetic mean
because of the lognormality of the particle size distributions (Herdan, 1960).
The average particle diameters of these fractions ranged from 18 to 171 um.
Jacobson et al. (1961) plotted the results of the experiments performed on all

elaven types of dust on a single graph. They plotted the ratio of explosion
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characteristics against the ratio of average particle diameters. The ratio of
explosion characteristics (e.g., maximum explosion pressure) is defined as the
explosion characteristics of a given dust divided by that of a through
no. -200 sieve sample of the same type of dust. The maximum pressure, as one
of the explosion characteristics, showed a slight increase as the ratio of
average particle diameters decreased. The ratio of minimum explosible concen-
trations decreased with the decrease in the ratio of average particle diameters
for coarse dust (> 74 um); however, for fine dusts there was only a slight
change with the ratio of average particle diameters.

Jacobson and Nagy (1961) empirically correlated the ratio of explosi-

bility indexes, I_, with the ratio of average particle diameter, D,. The

R R

explosibility index is the product of the maximum explosion pressure and the
maximum rate of pressure rise divided by the product of the minimum ignition
temperature, the minimum ignition energy and the minimum explosible concen-

tration for the sample dust divided by that for standard Pittsburg coal dust.

The relationship obtained by them is:

I,=D (1)

Jacobson et al. (1964) used dust samples of various metals including
zinc, iron, cobalt, etc. that were obtained from different processes,
e.g., milling, stamping, and atomizing. They determined the particle size
distribution by sieving and calculated the average particle diameter for each
sample. The effect of average particle diameter on minimum explosible concen-
tration, maximum pressure rise, maximum rate of pressure rise, and average
rate of pressure rise for atomized aluminum dust was similar to those reported

by Jacobson et al. (1961).
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Hertzberg et al. (1979) performed a study on explosion of coal dust-air
mixtures. They separated their dust into nine size ranges with average
particle diameters spanning from 2.7 to 65 um. Six of the nine size ranges
were classified by a Donaldson centrifugal classifier, two by sieve-
classification, and one was unclassified pulverized coal. The surface mean
diameter was determined for each size range by a Coulter size analyzer. The
experiments were performed to determine the minimum explosible concentration,
the maximum pressure, and the maximum rate of pressure rise in a modified
Hartmann bomb. The volume of the explosion chamber was 7.8 liters instead of
the standard 1.2 liters and the inside configuration of the chamber was
altered to achieve a more uniformed dust dispersion than in the original
Hartmann bomb. The standard criterion for determining the minimum explosible
concentration is the lowest concentration of dust that when ignited will cause
a paper diaphram to rupture (Dorsett et al., 1960). The criterion used by
Hertzberg et al. (1979) was the lowest concentration of dust that when ignited
would create a maximum pressure that reached a value twice that of the initial
pressure just prior to ignition. They altered the standard procedure by
partially evacuating the explosion chamber to a pressure of 0.2 to 0.3 atm, so
that the pressure reached approximately 1 atm after the air for dispersing the
dust was injected into the chamber. Instead of the standard procedure
imploring a continuous electric spark initiated prior to the injection of the
dust, they used electric matches ignited after a spatially uniformed dust
cloud was achieved. UHertzberg et al. (1979) observed the minimum explosible
concentration te be virtually independent of particle size in the range of
size 2.7 to 65 um. At dust concentrations close to the minimum explosible
concentration, the maximum pressure rise and maximum rate of pressure rise did

not depend markedly on the particle size. However, at high dust concentrations
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(0.4 to 0.5 kg/ms) these quantities did increase somewhat with decreasing
particle diameter.

Eckhoff (1976) determined the maximum explosion pressures, and the maxi-
mum rates of pressure rise, of several types of dust from agricultural grains
and feedstuffs (e.g., corn, wheat, rye, fish powder, soya meal, and potato
starch). The dust samples were obtained from elevators in different countries
(e.g., the United States, and Norway), and from various locations in the
elevators (e.g., the bottom of the bucket elevator, and the dust filter). To
determine the particle size distribution Eckhoff (1976) used a series of
sieves for the coarse (> 74 pm) and of the distribution and a Coulter Counter
analysis for the fine end. A specific surface area (the "envelope'" surface
area) was approximated for each sample. The shape of the dust particle
approximated by a sphere, and the corresponding mass average particle diameter
was used as the radius in the measurement of particle size distribution.

BET measurements were conducted to obtain another approximate average surface
area. He used the Hartmann apparatus to determine the maximum explosion
pressure and maximum rate of pressure rise for each sample. He also obtained
the relation between the maximum rate of pressure rise and the specific
"envelope' surface area by means of a least squares regression line for starch

and protein, i.e.,

(%%3 = XS (2)
max
where
dP : "
(EE = maximum rate of pressure rise
max
K = constant
S = specific surface area
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Each regression line was forced through the origin and two data points were
used to determine the slope. Two different sizes of fish powder were used for
the protein, and two different types of starch, potato and maize, were used
for the starch. He obtained a good correlation with slope values éf
450 bar-g/(s-mz) for protein and 1250 bar-g/(s-mz) for starch.

Bartknecht (1978) performed explosion tests in a one cubis meter spherical
explosion chamber. He studied four types of dusts: flour, methylcellulose,
polyethylene, and polyvinylchloride. The average particle diameters of each
dust ranged from approximately 10 to 400 um. The maximum explosicn pressure
and rate of pressure ‘Tise were plotted against the average particle diameter.
From the methylcellulose and the polyvinylchloride dusts, Bartknecht separated,
for each dust, a non-explosive coarse fraction and an explosive fine fraction.
From these fractions he prepared five samples, each having unique ratio, the
weight percent of coarse fraction to that of the fine fraction. For example,
a ratio of 75/25 indicates that the sample contained 75 percent coarse
fraction and 25 percent fine fraction. He plotted the maximum explosion
pressure and the maximum rate of pressure rise against those ratios. The
result for each type of dust was graphed separately. Methylcellulose showed
that the maximum explosion pressure and the maximum rate of pressure rise
increased with the ratio decreased. The highest value of maximum explosive
pressure and maximum rate of pressure rise occurred at the ratio of 0/100
(that is the sample contained no coarse fraction and 100 percent fine
fraction). For polyethylene dust, the highest value of the maximum explosion
pressure and the maximum rate of pressure rise occurred when there was some
coarse fraction mixed with the fine fraction. These maximum approximately
occurred at the ratio of 75/25 for the maximum explosion pressure and 25/75

for the maximum rate of pressure rise.
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Price (1922) separated oat and corn dust, wheat flour, wheat flour dust,
and potato starch into four different size fractiens by elutriation. The
particles'in a sample from each fraction were microscopically sized. The
average particle diameter for each fraction was the arithmetic average of the
maximum particle diameter in the fraction and that in the next smaller
fraction. The average particle diameters ranged from 10 to 100 um. He used
the standard Bureau of Mines apparatus for inflammability to perform experi-
ments. The standard procedure was altered by using 0.000075 kg (75 mg) of the
dust sample instead of 0.0001 kg (100 mg), and by dispersing the dust sample
with pressurized air instead of oxygen. The maximum explosion pressure
measurements from the tests were plotted against the average particle diameter.
The maximum explosion pressures increased with decreasing average particle
diameters; however, for wheat flour and 'wheat flour dust" with particle sizes
less than approkimately 35 um, the maximum explosion pressure decreased with
decreasing particle size. Price (1922) concluded that particle size was a

very important factor in governing the explosibility of the dust.

B. Composition

Eckhoff (1976), in his work on agricultural dust, characterized the
composition of the dust by thz percent moisture, ash, protein, starch and
fiber. He discovered a reasonable correlation between the maximum rate of
pressure rise and the percent of starch and fiber. To separate the particle
size effect from the correlation, he assumed that Eq. (2) could be used to
correlate the maximum rate of pressure rise with a specific "envelope" surface
area. He assumed the proportionality constant, K, in Eq. (2) to be a function
of composition. This functionality was

n

K=°2 K.X. (3)
i S
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where
n = total number of all components
Ki = the value of K for pure component i
Xi = the weight fraction of component i

He experimentally determined the value of K.1 for starch using wheat starch and
corn starch and for protein using fine and coarse fish powder. The value of
Ki for starch was consideréd applicable to the starch and the fiber fractions
because of the similarity between the molecular structures of the two. The
value of Ki for the fish powder was considered applicable to the rest of the
components: protein, fat, and N-free soluble organic compounds other than

starch. The resultant correlation is

K = (800 -

(% Starch & Fiber) + 450) ; kp-gm ' (4)
100 2
cm *s*'m
Eckhoff (1977/78) also correlated the maximum rate of pressure rise with the
weight percent moisture. He selected four dusts: maize starch, cellulose
powder, potato starch, and Norwegian oat dust, and prepared several samples
from each with varying weight percents of moisture. He obtained an approxi-

mate correlation given by

o) | > | — (5)
Ymin
where
y = weight percent of moisture
Yoin = the weight percent of moisture above which no explosion
can occur,
y was assumed by Eckhoff (1977/78) to be approximately 15% for all types

min

of dusts.
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Enomoto (1977) performed his study using two different apparatuses. Each
apparatus generated a sufficiently uniform dust cloud over a specific concen-
tration range. The range of concentration was 0 to 0.300 kg/m3 for the
apparatus developed by Ishihama (1961) aﬁd 0.300 to 4.000 kg/m3 for the
apparatus developed by Ishihama and Enomoto (1973). Neither of the
apparatuses used compressed air to disperse the dust as the standard Hartmann
apparatus did. The first used a mechanical vibrator to shake the dust through
a sieve into the explosion chamber below. The second apparatus generated a
dust cloud by rotating the explosion chamber. The faster the chamber rotated
and the more dust placed in the chamber, the denser the cloud became. Gun
cotton was also used as the ignition source in the second apparatus instead of
the standard electric spark. Enomoto (1977) performed his experiments on four
types of coal dust: Yamagata lignite, Horonai, Ponbetis, and Liddel. Each of
the Horonai and Ponbetia had five separate particle size fractions and each of
the Yamagata lignite and Liddel had two. He added small amounts of magnesium
oxide to increase the dispersibility of the dust. Graphs of explosion
strength plotted against average particle diameter were presented. The
explosion strength is the maximum explosion pressure multiplied by the highest
maximum rate of pressure rise. The explosion strength increased as the
particle size decreased.

Eckhoff (1978) studied the effect of moisture on the rate of pressure
rise in the Hartmann bomb tests. He attempted to eliminate the effects of
moisture on the quality of the dust dispersion, the effective particle size
distribution and the turbulence. Corn flour was the only sample used. In a
test apparatus similar to the Hartmann, the effective particle size distri-
bution was measured. This apparatus uses the same dispersion system as the

Hartmann apparatus and alsc had the same shape; however, there is no ignition
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system and the tube is fitted with a piston. Double adhesive tape was
attached on the bottom of the piston. When the dust was dispersed, the tape
captured a sample of the dust dispersed and an effective particle size
distribution was determined by microscopic examination. He concluded that
moisture does not affect the effective particle size distribution greatly.

The ignition delay (the time interval between the dispersion and the
ignition of the dust) was taken as an indicator of the degree of turbulence,
e.g., if the ignition delays of two explosions were equal, the degree of
turbulence was considered to be the same. Therefore, to eliminate the effect
of turbulence on the correlation of the maximum rate of pressure rise with
weight percent moisture, only those data from the explosion tests with similar
ignition delays were compared. This correlation was significantly different
from the correlation of the maximum rate of pressure rise with weight percent
moisture where the differences in ignition delay were not considered. At
short ignition delay times (approximately 0.005 sec.) there were significant
maximum rates of pressure rise for moisture contents considerably higher than
30%. When the delay time was not considered, there were few significant
maximm rates of pressure rise for moisture contents higher than 22%.

Price (1922) studied the effect of volatile matter, ash, and moisture
content on th: maximum pressure rise. His samples included different types of
coal dust and other carbonaceous types of dust. The apparatus and procedure
that he used are described earlier in this chapter. He obtained no apparent
correlation between the maximum explosion pressure developed and the weight
percent of volatile matter for the carbonaceous dusts. From a table presented
by Bautling (1918) on volatile matter produced by complete distillation
(to 500° C) of cellulose and starch, Price (1922) showed that most of the

volatile matter given off is not inflammable. He also found that the ash
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content did not have a marked effect on the pressure rise by the carbonaceous
dusts when the weight percent of ash was below normal limits; however, at
weight percents of ash above normal limits, the higher the ash content, the
lower the explosion pressure rise. His results indicate an increase in
moisture content decreases the explosion pressure rise by both acting as a
heat sink and by causing the effective particle size to increase due to
agglomeration. The effect was not pronounced enough to make moisture a

practical inertant.

III. THEORETICAL STUDIES

There is also a very limited number of publications that attempt a
theoretical prediction of the explosion characteristics: minimum explosible
concentration, maximum explosion pressure, maximum rate of pressure rise, and
average rate of pressure rise. Jaeckel (1924) and Tanaka (1977) developed
expressions to predict the minimum explosible concentration. Normura and
Tanaka (1979) and Nagy et al. (1969) developed expressions for the prediction
of the maximum explosion pressure and rate of pressure rise.

Jaeckel (1924) performed a heat balance on the dust-air system to predict
the minimum explosible concentration. He considered the minimum explosible
concentration, cmin’ to be the smallest concentration of dust capable of
producing enough heat, when completely combusted, to elevate the temperature
of the dust cloud and the air to the ignition temperature. He has obtained

the following expression:

¢ - 1 T0% G 6)
min q - (Tl - TOJCPs
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where
q = heat generated per unit mass of dust
T, = ignition temperaturé.
T = initial temperature
p_ = density of the air
C_ = specific heat capacity of the air

C__ = specific heat capacity of the dust

This model depicts the system as being a spatially uniformed dust cloud
throughout the entire explosion and does not take into account the dependence
of Cmin on the dust particle size. Jaeckel (1924) reported that Eq. (6)
predicted a minimum explosible concentration of 0.022 kg/m3 for sugar powder;
in contrast, Jacobson et al. {1961) reported an experimental value of

0.045 kg/m°.

Tanaka (1977) also developed a model to predict the minimum explosible
concentration. He considered a particle at the center of the dust cloud that
was ignited by an outside source. The ignited particle now is heating its
nearest neighbor, a second particle at a distance L. The minimum concentra-
tion, Cmin’ is the smallest concentration that allows the flame to propagate
from the ignited particle to its nearest neighbor. In his model, an equation
for the calculation of the flame height, b, is that taken from a publication
on the burning of liquid droplets by Meise (1957). Tanaka (1977) has assumed
that the gas phase between the two particles is stagnant. He then estimated
the gas temperature at the gas-solid interface of the second particle, TgL’ by
solving the conduction equation

)Z
_%,:;1% o (—3%; + -“}—,;_?It:) %0



2-13

where
@ = thermal diffusivity of the air
T = radial distance from the center of the ignited particle
Tgr = temperature of the gas at any radial position T

The resultant equation was

(3)

»-

(L-b)
T = (T- T) (L) ek [.«Tm} +

where
DP = particle diameter
= t/T
T = time required to completely combust the particle
Kp = proportionality constant between T and DP2
Tf = temperature of the flame
Ti = initial temperature of the system

He performed an energy balance around the second dust particle to determine

the temperature of the particle, TdL’ as follows:

2 4
a%ﬁgr%§m:‘ng(n,T;)+go?gbﬂ:4:@

<4
-1 D: Er OHTdL
(9)

where

density of the dust particle

©
w
]

(@]
1]

s specific heat capacity of the dust particle
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Ep = emissivity of the particle
Ef = emissivity of the flame

g = Stephan-Boltzmann constant

F = shape factor

h = heat transfer coefficient, ZK/DP2
k - thermal conductivity of the air

The resultant equation is

.
Tat= g [ [ €M e+ T4 1 Tao) o

el

where

(@]
L]

12KDk/ps . Cps
SKDEPEfFDP/pSCPS
initial temperature of the particle

o
)

-3
u

The value of n, t/T, at which T reaches the ignition temperature, Ti,

dL
can be calculated from Eqs. (8) and (10) by selecting a distance L. The
minimum distance, Lo’ is the distance L which allows the second particle to
reach the ignition temperature, TdL = Ti’ at the moment that the initial

particle is completely consumed, n = 1. The minimum explosible concentration

is calculated from Lo by the following equation:

(11
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Tanaka (1977) has defined his ignition temperature, Ti, differently from that
experimentally determined by the Gobert-Greenwald furnace. The ignition
temperature defined in the model is the temperature of the dust particle that
causes it to ignite; however, the experimentally determined ignition tempera-
ture is the minimum gas temperature that causes a particle immersed in it to
ignite (Dorsett et al., 1960).

Nagy et al. (1969) has derived an expression to predict the rate of
pressure rise as a function of time. He has assumed that the pressure
developed is affected by changes in temperature and increases in the total
number of moles of gas in the explosicn chamber.

Nagy et al. (1960) based their derivation on an equation empirically
derived from gaseous explosioms, which is

4
(2%) -k, (BT
at r

I
A (12)

where
A = surface area of the flame front
V_ = volume of unburned fuel and gas
K_ = burning velocity reference at 1.0013 bar (1 atm) and
298 K (537°R)
T_ = reference temperature, 298 K (537°R)
P_ = reference pressure, 1.013 bar (1 atm)

B = constant

They have assumed that the air and combustion gases behave ideally and that

any solid present has negligible heat capacity and volume. At any time during
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the explosion, the combustion chamber is assumed to be divided into two zones,
the burned and wmburned zones, by a very thin combustion zone.

Nagy et al. (1960) have considered two cases. In one case, the system is
assumed to be isothermal, and in the other it is assumed to be adiabatic. For

the isothermal system, the rate of pressure rise is

d ‘pp ¥ il =S
__?_=3Kr~rb ﬁl’n (Ijm!_?a)a(l__ Eu) PI@

2 13
t @ T,*P, (13)
where
— maximum explosion pressure
Po = initial pressure
T0 = initial temperature
a = radius of the vessel
For the adiabatic system, the rate of pressure rise is
a P 3!.” % . g ';: 3___2_‘.
JiEL =:.5;2KG-T;11 P (-P - P % 3[']_ (_ELJ] PP “F
4 a. T pe o i’ S

In either case, the expression for pressure as a function of time is obtained
by the integration of its equation for the rate of pressure rise, Eqs. (13) or
(14). Note that neither Eq. (13) nor Eq. (14) is a function of particle size.
The expressions for the rate of pressure rise, Eq. (13) and (14), are
explicit functions of neither concentration nor their models to experimental

results involving several gases and cornstarch. They obtained a good
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agreement with an exception when the explosion was nearly complete and the
heat loss to the walls of the vessel became significant.

Normura and Tanaka (1979) have theoretically derived the experimentally
determined "cubic law" used by Bartnecht (1971). The "cubical law' is

|
3

4P
Kﬁ | at )mx (15)

where

maximum rate of pressure rise -

(dPIdt)max

v
o

enclosure volume (constant with time)

They have assumed the dust cloud to be stagnant with the particles uniformly
spaced in a fixed geometry. The geometry is shown in Fié. 2.1. The flame in
the n-th spherical shell of dust particles is assumed to propagate by trans-
fering heat to the (n+1)-th spherical shell of particles until the temperature
of the particles in the (n+1)-th shell reached the ignition temperature and
the particles ignited. The flame continues to propagate from one shell to the
next until the dust is completely consumed. Normura and Tanaka (1979) have
also assumed the heat is transported by only conduction and radiation because
of the stagnant cloud assumption. By performing an energy balance, the time
interval, t between the ignition of the particles in the n-th shell and the
ignition of the particles in the (n+1)-th shell is calculated for each pair of
shells. For n between 1 and approximately 10, the time interval L decreases;
however, for n greater than 10 it remains constant. Because T becomes
constant rapidly, a fixed t is used as the time interval for the entire flame
propagation (n+l). At any time t, after the ignition of the first particle,

the number of shells that have been ignited is calculated from t. From the
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geometry, the total number of particles in each shell is known, and thus, the
total number of particles ignited at any time t can be calculated. To deter-
mine the total mass of dust burned at any time t, M(t), Normura and Tanaka
(1979) have assumed that the burning rate of each particle is controlled by
the diffusion of oxygen through a layer of burned dust into the umburned
center. From this, they have found a relationship between the length of time
a particle had been burning, ©, and the mass of the particle that was consumed,
m(@). Therefore, M(t) is the summation over all of the ignited shells of the
product of the total number of particles in a shell and the mass of each

particle that has been burned. The relationship used for m(€) is

g \®
O - (- =) (16)

where

T = time necessary to completely combust the particle

m
o

total amount of mass initially contained in the particle
However, this relationship is for a heterogeneous reaction in which the rate
of the particle consumption is controlled by the rate of a first order

reaction. The expression for which the controlling mechanism is the diffusion

of oxygen through an ash layer is

) (8 )3 (- 2)
_______W\ = = (/- e rL (/- —
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Equation (17) is more complicated than Eq. (16) and would also complicate the
solution of the model. Therefore, if from Eq. (16) the fraction of the
initial mass that has been consumed, m(e]/m0 is within 0.1 of that from
Eq. (17) for all ©/T then Eq. (16) is the better choice. Figure 2.2 presents
both Eq. (16) and Eq. (17) and the difference between m(B)/mo from Eq. (16)
and m(e)/mo from Eq. (17). The difference is greater than 0.10 for m(G)/mo
between 0.11 and 0.68 with a maximum of 0.21.

Normura and Tanaka (1979) have derived an expression for the pressure at
any t from the expression for the amount of mass burned at any t, M(t) by
making three more assumptions. They have assumed that the pressure developed
was the result of a net increase in the total number of moles of gas produced
by the reaction and the increase in temperature produced by the heat released
from the reaction. They also have assumed that the system of the dust and air

is adiabatic. The expression obtained by them for the pressure, P(t), is

B2
. Hn 0N Jihj
P(t)=‘-[ (Poe -7 ) ——,,,,‘/f) * T -~

where
M = total mass of dust initially present
v_ = ratio of the heat capacity of the umburned gas at constant

pressure to that at constant volume
8m 3At

M(t) 5] = 3
= — (1 -—=—)t
M
o ad &
Pmax = maximum explosion pressure attainable
P_ = initial pressure
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They assumed that the maximum explosion pressure occurred when all of the dust
initially present had been combusted. Hertzberg et al. (1979) showed that
dust explosions were oxygen limited for concentration greater than 0.4 to 0.5
kg/ms. Therefore, from Hertzberg et al. (1979), all of the initially present
dust would not be burned, and maximum explosion pressure would be a function
of the total amount of oxygen present. Therefore, Pmax that Normura and
Tanaka (1979) calculated would be too large for high concentration. When they
assumed their system to be adiabatic, this caused the maximum explosion
pressure and the maximum rate of pressure rise to occur at the same time.
Therefore maximum rate of pressure rise will also be too high. To obtain
their derived expression for the "cubical law," they differentiated Eq. (18)
with respect to time, and evaluated the derivative at the time when it was
maximum. As previously stated, the rate of pressure rise became a maximum

when all of the dust was consumed. After some rearrangement they obtained

) - B T [

dta-

(19)

where
pg = the density of the dust
DP = the dust particles diameter
a=

0.2 = MO/V0
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Therefore,

| %4 X,
(o= 2 (228 0~ 20T 1500
= (20)

The values of KG calculated from Eq. (20) when compared with experimental data

for starch, were significantly larger than those of the experimental values

but are in the same order of magnitude.
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CHAPTER 3

CHARACTERIZATION OF THE PARTICLE SIZE

AND COMPOSITION OF GRAIN DUST

I. INTRODUCTION

In this investigation, studies were carried out on the effects of dust
particle size and composition on the minimum explosible concentration, the
maximum explosion pressure, the maximum rate of pressure rise, and the average
rate of pressure rise. To study the effect of particle size requires a sample
with the narrowest possible particle size distribution. To study the effect
of composition requires the determination of the contents of moisture, ash,
protein, and starch & fiber in each sample. This chapter is concerned with
the collection of the dust samples from grain sorghum, wheat, and corn, the
separation of those samples into size fractions, the determination of the
particle size distribution of each fraction, the calculation of the average
particle diameter of each distribution, and the determination of the compo-

sition of each fraction.

II. THEORETICAL
A. Determination of the Particle Size

1. Particle size distribution. The particle size distribution in each

of the eleven size fractions was determined by the AACC method 50-10 (1975),
namely, the Whitby sedimentation method. This is a centrifugal sedimentation
method in which dust is allowed to settle in a capillary tube filled with
liquid termed the sedimentation liquid. The Whitby sedimentation method
classified particles hydrodynamically. The diameter obtained by this method

corresponds to the diameter of a sphere that falls with the same velocity as
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the real particles. Though the physical dimension of the particles obtained
by this method might be different from those of the real particles in many
cases, the distribution obtained is one for spheres that behave hydrodynam-
ically; however, the distribution is obtained by measuring the cumulative

volume of dust.

2. Mass mean diameter. Two properties of the mass mean diameter, Dw’
_render it to be a convenient choice as an average particle diameter. The
first is that one-half of the total mass of the sample is contained in
particles with diameters less than the mass mean diameter. The second is that
the mass mean diameter approaches the geometric mean diameter based on weight,
Dg,S’ as the particle size distribution approaches a log normal distribution
(Irani and Clayton, 1963). A log normal distribution is characterized
completely by the geometric mean, Dg,3’ and the geometric standard deviation,
s

The mass mean diameter is determined from the cumulative weight distri-
bution. Particle size distributions obtained from air and sieve classifi-
cation are typically log normal with varying degrees of distortion with the
upper and lower ends of the distribution. This distortion depends on the
preciseness of the classification. Typically there exists zm interval about
the cumulative weight percent of 50 that is log normai. Therefore, all of the
data in this interval can be utilized in determining the mass mean diameter.
However, the interval must contain at least two data points of which one is
above a cumulative weight percent of 50 and the other below.

To determine the interval about the cumulative weight percent of 50 that

is log normal, the following transformatiocn is introduced:
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where

=
]

cumulative weight percent

standard normal deviate

[a]
]

When the data in the interval under consideration are from a log normal

distribution,
Z = I_LD—_;’&'_DZ"_’_
% L o7, @)
where
D = particle diameter

Dg 3 = geometric mean diameter for a log normal distribution based on
weight (the mass mean diameter, Dw)
cg g B standard deviation for a log normal distribution based on weight
3

To determine if the data in the interval under consideration are from a
log normal distribution, a criterion on the 95% confidence interval for the
population correlation coefficient is established. The confidence interval

has to contain 0.99; however, the lower boundary cammot be less than 0.95.

3. Mean diameter based on the external surface area. The mean based on

the external surface area, D , 15 defined by Herdan, et al. (1960) as

a,2
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2z
m z
D =| == 5
2.2 JTA/:,; 7D nCD)dD (3)

where
Ntot = total number of particles in the sample
n(D) = particle size number distribution with diameter D as the
distributed variable
Da 2 is equivalent to the diameter of the particle in a monodispersed
3

particulate syétem that has the same total external surface area, A as

tot”
that of a particulate system with a particle size distribution, n(D). In

other words,

o0

Herdan et al. (1960) have integrated Eq. (3), by assuming n(D} to be a log

normal distribution, and obtained

— <
Do =0y, &xp(— 24 65,) (5)
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To calculate Da,Z’ for a non-log normal distribution, it can be assumed
to be log normal between two adjacent, data points (see Fig. 3.1). The
distribution function of the fraction of the total mass contained in particles

of diameter D, w(D), is then given by

w (D)= ZfZ(/}'(D), '}..-'-1,2,---,7*\-1}

(6)
where
L ' ,&L‘(; )| 7
w. (D) = exp |- S D =<p= D
Y G (4 2Ll | D S
m = total number of data points
To calculate Da 2 from Eq. (3), the total number of particles with
diameters in the range of D to D+dD, n(D)dD, is related to w(D)dD by
W (D
2 (D) oD = —Wap L (02D @
¢ 2D

where

=
u

o total mass of the sample

1

density of the dust particle
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Substitution of Egqs. (6) and (7) into Eq. (3) yields

Ml—

Diw

Wase
D ( ) w(:&)"u
%™ [u Z (8)
or
v
m- D- H
Doue| Z (o)) (Dt wr Loma)] 2]
27| N ) L ) a6y, () L 2 L 0, "“J
¢ (9)
It can be shown (see Appendix 1) that the integration of Egq. (9) yields
X
Z
m={ ( ) :
W o Z SXpL3 8,3.1 ( )
={ D (L)1 erf (Y1)~ e () (10)
Dq.q_ Nﬁh(&“)[ ‘D%S.a. !'S ]ﬁ ‘) f
3=
where
L(B5) . L. % nei, e
y 133 i@ 93,4 P

B Nz fa 055 V2



It can also be shown (see Appendix 2) that

=

Wee _ ) 6 Z < e'?[%l;"q”“] [erj( an)~erf (1 )} (11)

Da,s,:

where
.. f,.\(‘;%";;} s 3 Loz, =i,
S PR N =

Substitution of Eq. (11) into Eq. (10) yields

Ny { ep( L) [ermm - e (‘J:)J}

a'ls: &

Dap = | —=— (12)
{ ew(¥ L %) [-gr-j (%,)-erf (X,:)]}
t = Ug.s,:
As the entire distribution approaches a log normal distribution, the
geometric mean, D ., and the geometric standard deviation, o ., of each
g,3,1 g,3,1
log normal section in Eq. (12) reduces, respectively, to Dg 3 and Ug 3 which
are common for the entire distribution. The resultant expression is
A
erf (4w) - =f (4
Dam__-. ex?( 2 In 65 ) (13)
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In addition, the maximum diameter, Dm‘ and the minimum diameter, Dl’ of the
distribution will approach infinity and zero, respectively. This causes ¥
and x, to approach positive infinity and Y1 and X, to approach negative

infinity. This gives, from Eq. (13)

= ” > f.-:ﬂ" | —={~1)
Da,a 9,3 XF( Z 3") |—(=1) (14)

or

D,,2=Dg s e (-2 L a5.s) (15)

Note that Eq. (15) is identical to Eq. (5).

4. Mean diameter based on the mass. The mean diameter based on mass,

Da,:’a’ is

50 %
¢ W f D m(D)dD 6
8 Neye

Da,s=
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Da 3 can be interpreted as the effective diameter of the particles in the

mono-disperse system that has the same total mass, Mt

particulate system with a particle size distribution of n(D). Note that

ot? 35 the actual

0

3
Mtﬂf = W/LF,( Dsn(p)dp;' ';71 /2'.’ (‘Dfai) Ntot (17]

Herdan et al. (1960) have integrated Eq. (16) for a log normal distri-

bution and obtained

D= Dy, exp [”'5‘&' "57:] (18)

Again the assumption that the non-log normal type of distribution can be
approximated by a distribution that is log normal between two adjacent data
points is made (see Fig. 3.1). Substitution of the relationship for n(D)dD

in Eq. (3) into Eq. (16) yields

=

¢
D, . W w(2)d D
%3 € T Neyy =t ) (19)



or, if w(D) = 0 for D, > D > qn’

1
I
m-| D&+§ Cb ) E
_ A‘ RV A Z ! [ gﬂ. q.3.4
DQ,S" LA ( Ntet) : & 6-9_:3,.; (Eﬁ') 2'3“‘ 43,4 % (20)
v={ D_

This, in tum, gives rise to (see Appendix 1)

Dﬁ'-"'im Nt.f)z (A )“efﬂgj}

(21)
where
45
5 = 251 ) =i, i
bl
NZ dn g,
Substitution of Eq. (11) into Eq. (21) gives
a
k-
[Q"Jr( i) - erf (2]
a3 =4y (22)

S ol 5 [erfltin) - ef )]

i“-'/ %:34

As the entire distribution approaches a log normal distribution, or as
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Dg,sli Dg,s

[s) - o
g,3,1 g,3

Eq. (22) is transformed into

!
3
De.s "-‘Dgg EYP(‘iS.e.LzG“ (Crf'('zh) ajL(-Z,
r = . 3
27 ert ()~ erf(x) (23)
Furthermore, as log normality is approached, we obtain
D > =
m
D, ~ 0
which causes
Z ,xm =
Zl,x1 - 108
Thus, Eq. (23) becomes
2
Do,s =DPg.s e (- "5 L") (24)

Note that Eq. (24) is identical to Eq. (18).
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B. Determination of the Composition
The composition of each size fraction is usually characterized by deter-
mining the contents of moisture, ash, protein, and starch § fiber. The weight
fraction of moisture, ash, and protein can be determined by the AACC methods
44-46, 08-01, and 46-10, respectively (AACC, 1975). The weight fraction of

starch & fiber can be obtained from the difference.

III. EXPERIMENTAL
A. Collection of the Dust Samples

The dust samples from grain sorghum, wheat, and corn were collected from
the storage bins of the dust removal systems, cyclones or baghouses, in three
commercial grain elevators. Dust was removed from several locations in the
elevator. The wheat dust and corn dust were collected with cyclones and the
grain sorghum dust was collected with a baghouse. Each sample was 2 to 3 kg
in weight, and a sieve with a 1.0 mm mesh opening was used to remove very
large "trash." One hundred pounds of cornstarch were obtained in bulk from a

mill (General Mills; Minneapolis, MN).

B. Separation of the Dust Samples into Size Fractions

A 250 Tyler mesh sieve was used to initially divide each dust sample intor
a coarse fraction (having particle diameters approximately greater than 61 um)
and a fine fraction. This separation was performed because the series 6000
Microparticle Classifier used to further separate the fine fraction of each
sample could not effectively classify grain dust particles with diameters
larger than 51 um.

The series 6000 Microparticle Classifier (manufactured by A.B. Bacho in
Sweden and distributed by Harry W. Dietert Co., Detroit, MI) utilizes a

combination of the effects of centrifugation and elutriation to separate
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0.02 kgs of dust into a fine fraction and a coarse fraction. The dust
particles are subjected to a centrifugal force which is opposed by a current
of air. The fine fraction, composed of dust particles with a terminal
velocity less than the air velocity, is blown into a collector. The remainder
of the dust, the coarse fraction, is thrown by the centrifugal force into
another collector.

The fine fraction of the wheat dust, corn dust, grain sorghum dust or
cornstarch was further separated into eight size fractions with the micro-
particle classifier. The size fractions were obtained by performing a series
of separations with the microparticle classifier, each with a larger air
velocity. The finest size fraction was separated out of the entire fine
fraction of the dust sample by the lowest air velocity. After increasing the
air velocity, the rest of the fraction was divided into a fine fraction, and
a coarse fraction. This was repeated until eight size fractions were obtained;
however, the three size fractions with the finest particles were combined into
one because there was not enough dust in each of the fractions to perform the
explosion tests.

The coarse fraction of each dust sample was further divided into six size
fractions with a series of sieves having Tyler mesh numbers of 65, 115, 150,
170, and 200 (corresponding openings of 208, 124, 105, 88, and 74 um). These
fractions were obtained by dividing each coarse fraction into 0.100 kg
portions, which were sieved for 15 minutes on a Ro-Tap shaker (W.S. Tyler
Company, Cleveland, CH). The fraction on top of the 65 mesh sieve was
considered trash and discarded because it contained particles with a wide

range of sizes.
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Each sample of dust was divided into a total of eleven size fractioms.
Six were obtained from the microparticle classifier and five more from the

series of sieves.

C. Determination of the Particle Size Distribution

Benzene was used as the sedimentation liquid for the corn, grain sorghum,
and wheat dust; isopropyl alcohol was used for the cormstarch. The dust was
initially dispersed in a feed solution consisting of the sedimentation liquid
and naptha. The feed solution and dust were then placed on top of the sedi-
mentation liquid in the tube. To decrease the settling time, the particles
were centrifuged for increasing lengths of time at 600, 1200, and 1800 r.p.m.
The weight percent of the total dust sample that had settled out was deter-
mined by measuring the height of the settled dust colum. The diameter of the
largest particles that settled out was determined from the r.p.m. of the

centrifuge and the length of time it was centrifuged.

IV. RESULTS AND DISCUSSION

Table 3.1 presents the geometric mean diameter, Dg,S’ and the natural
logarithm of the geometric s;andard deviation, 1nag.3, of the log normal
approximation of the actual particle size distribution for data with [Z| < 2.
The coefficient of determination, Rz, and the 9t5% confidence interval for the
population correlation coefficient, p.s are also presented in Table 3.1.

For each sieve classified size fraction, Table 3.2 gives the lower
boundary sieve aperature, dg, used to obtain the size fraction and the
equivalent stokes diameter, dé, of the aperature; the value of dé was obtained
with the use of the shape factor of 0.9 (Heywood, 1947). In additiom, the
fraction of the total weight of dust in the size fraction that is contained in

particles with diameters less than dé is given. In Table 3.3, the aperature
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of the upper boundary sieve, di, of each size fraction is given with its
equivalent stokes diameter, d;. The fraction of the total weight of dust in
the size fraction contained in particles with diameters greater than dz is
also presented. Table 3.4 contains the coefficients of variability of the
diameters in each size distribution. The results from the analysis of
variance of the coefficients of variability are given in Table 3.5. This
analysis of variance is for a 2 x 2 factorial experiment in which the treat-
ments are the type of dust and the size fraction. Each type of dust was
separated into 10 size fractions by utilizing the same air velocity for the
air classification and the same series of sieves for the sieve classification.
Note that size fractions 1 through 6 are from the air classification and size
fractions 7 through 11 are from the sieve classification.

Table 3.6 presents the mass mean diameters, Dm’ of each distribution
along with the natural logarithm of the geometric standard deviatiom, 1ncg, of
the log normal distribution used in determining the mass mean diameters. The
coefficient of determination of the distribution and the 95% confidence inter-
val for the population correlation coefficient, P, are also presented. For
each ‘sieve separated size fraction, the aperatures of the bouning sieves with
their geometric mean are presented. In addition, the equivalent stokes
diameters of each geometric mean are presented; the equivalent stokes diameter
was determined with the use of a shape factor of 0.9 (Heywood, 1947). The
mass mean diameters of each size fraction for grain sorghum dust, corn dust,
and wheat dust are presented.

In Table 3.8, the values of Da from two log normal approximations of

2
3
the actual particle size distribution and one piecewise log normal approxi-
mation of the actual distribution are presented for each size fraction of each

type of dust. One log normal approximation was determined with only those



3-16
data having |Z| < 2 and the other with data having |Z| < 3. The coefficients
of variability between each log normal approximation and the piecewise log

normal approximation are also presented. Table 3.9 contains the values of
> NNt ¢
D
TV;’- t a Fd’

calculated from a log normal approximation of the actual particle size distri-
bution and from the piecewise log normal approximation of each size fractionm.
Note that the coefficient of variability between the two values of this
quantity is also presented for each size fractiom.

In Table 3.10, the values of D from two log normal approximations of

a,3’
the actual particle size distribution and one piecewise log normal are present
for each size fraction. Note that the two log normal approximations are the
same as those used in Table 3.8 for determining Da,2' The coefficients of
variability between each log normal approximation and the piecewise log normal
approximation are also presented.

The weight percents of moisture, ash, protein, and starch & fiber for
each siée fraction are presented in Table 3.11. Table 3.12 shows the average
values of the moisture content, ash content, protein content, and starch &
fiber content for each dust. The standard deviation of the contents of each
component among the size fractions of each kind of dust is also given in
Table 3.12. The coefficient of variability of each compositional component
among the size fractions of each type of dust is shown. Table 3.13 contains
the average value for all types of dust, the standard deviation among these

average values and the coefficient of variability among these average values

for each component. Table 3.14 contains the standard deviations of moisture
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content, ash content, protein content, and starch § fiber content, among the
size fractions for wheat dust, corn dust, and grain sorghum dust that result
when the data from size fractions 6, 5, and 4 are removed one at a time.

Figure 3.1 is an illustration of the piecewise log normal approximation
of the actual distribution. Figures 3.2 through 3.44 present the particle
size distribution of each size fraction. The diameter is plotted on a
logarithmic axis, and the cumulative weight percent on a probability axis.

The cumulative weight percent is also presented in terms of the standard
normal deviate. Figures 3.45 through 3.48 are the same as Figs. 3.2 through
3.44; except, they are for comn dust, grain sorghum dust, wheat dust, and
cornstarch, respectively. Figure 3.49 shows the coefficient of variability of
each size fraction plotted the size fraction for all four types of dust.
Figure 3.50 presents the expected particle size distributions from the perfect
sieve or air classification of a sample of dust originally having a log normal
particle size distribution, curve A. Three types of classification are
presented:

1) particles with diameters less than Dmin are removed, curve B

2) particles with diameters greater than Dmax are removed, curve C, and

3) both 1 and 2 are performed, curve D.

The wulsture content for corn dust, wheat dust, and grain sorghum dust is
plotted against the size fraction in Fig. 3.51. The results pertaining to the
correlation of ash, protein, and starch & fiber contents with the size
fraction are presented in Figs. 3.52 through 3.54. In Fig. 3.53, the moisture
content is plotted against the mass mean diameter for wheat dust, corn dust,
and grain sorghum dust. Similar correlations between the mass mean diameter
and the ash content, protein content, or the starch & fiber content are shown

in Figs. 3.56 through 3.58.
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A. Particle Size

1. Particle size distribution. Twenty-one of the 43 particle size

distributions shown in Figs. 3.2 to 3.44 are not complete; they do not contain
data at the two extreme cumulative weight percentages, 0% and 100%. However,
15 out of these 21 distributions are essentially complete because each of them
spans more than 95% of the total range of cumulative weight percents. Five of
these remaining incomplete distributions contain no data between the cumula-
tive weight percents of 95% and 100%. Among these five distributions, four
are from the size fractions of grain sorghum dust, MOAC-S08, MOAC-509,
MOAC-S10, and MOAC-S11, with the maximum cumulative weight percents of 93.5,
91.0, 76.5, and 48.0% respectively, and one is from a size fraction of corn
dust, CNAC-S11, with the maximum cumulative weight percent of 84.2%. Only one
contains no data with cumulative weight percents between 0% and 5%. This is
from the size fraction of cornstarch, CSAC-S02, having the minimum weight
percent of 5.4%.

Data at the upper extreme of the distributions are missing because a
maximum particle diameter that can be accurately measured exists in the Whitby
sedimentation method. The first cumulative weight percent measurement is
recorded at the moment when particles with a diameter equal to the maximum
diameter have settled to the bottom of the capillary tube. Particles with
diameters larger than the maximum diameter would have already accumulated in
the tube before the first reading, and this would result in the first cumula-
tive weight percent reading of less than 100%.

It is more critical to have data in the lower end rather than in the
upper end of a weight distribution. The reason is that the number of
particles per unit weight of dust is larger at the lower end of the distri-

bution than at the upper end. All of the distributions, except for the size
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fraction of cornstarch, CSAC-F02, contain data with cumulative weight percents
less than 1.4%,

Table 3.1 contains the parameter of the log normal approximation to each
distribution for data with values of |Z| < 2. Only data with |Z]| > 2 were
discarded because the Whitby sedimentation method does not give accurate
results for data in this region (Martin, 1980). Note that only 16 of the 43
distributions satisfy the criteria for log normality. Four of these
16 distributions are from size fractions that were sieve classified and the
remainder are from size fractions that were air classified. The four sieve
classified size fractions are from corn dust.” The twelve air classified
fractions consist of two corn dust size fractions, six cornstarch size
fractions, two wheat dust size fractions and two grain sorghum dust size
fractions. Four of the six size fractions of cornstarch, whose size distri-
butions are essentially log normal, were from non-freeze dried samples (this
is 2/3 of the total number of non-freeze dried size fractions) and the
remaining 2 are size fractions that were freeze dried (this is 1/3 of the
total freeze dried size fractions).

Even though the particle size distributions of the original dust samples
of com dust, wheat dust, grain sorghum dust, and cornstarch are approximately
log normal (see Figs. 3.%5-3.48), the particle size distributions of the size
fractions from the sieve and air classifications are not necessarily log
normal. Herdan et al. (1960) have illustrated the shape of the resultant size
distributions from perfect air and sieve classifications (see Fig. 3.2).
Notice that there exists a range of cumulative weight percents, W, around the
cumilative weight percent of 50%, where the distribution of particle diameters
is log normal (the slope of the line tangent to the distribution is constant};

however, outside this range, the slope of the tangent line increases toward
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infinity as the values of W approach 0% at the diameter of Dmin and 100% at
the diameter of Dmax

The shapes of the distributions in Figs. 3.2 through 3.44 are different
from that in Fig. 3.45. The distributions in Figs. 3.2 through 3.44 can be
divided into two rough categories. The first category contains those
distributions that are log normal for the entire range of particle diameters;
the slope of the line tangent to the distribution is constant. The second
category contains those distributions in which, at the lower end, the slope of
the tangent line first decreases toward zero as the particle size increases,
and increases toward a constant value. As the particle size further increases
toward the upper end, the slope decreases and then increases again. In the
lower portion of the distribution, its shape is the result of a range of
diameters with a relatively small number of particles followed by a range of
smaller diameters with a relatively larée number of particles. The shape of
the upper portion of the distribution could be the result of a range of
diameters with a relatively small number of particles followed by another
range of larger diameters that contains a relatively large number of particles.

The deviations from the shape predicted by Herdan et al. (1960) in the
upper end of the distribution in Figs. 3.2 through 3.44 are more pronounced
for the air classified size fractions than for the sieve classified fractioms.
The deviations in the lower region of the distribution are more pronounced for
the sieve classified size fractions than for the air classified size fractions,
except for the fifth air classified size fraction. Also, the deviations that
occur in the corn dust size fractions are less than those in the wheat dust
and the grain sorghum dust size fraction.

The deviations in the lower portion of the distribution are more

pronounced for the sieve classified size fractions. When particles are sized
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by sieving, the range of particles with diameters in each size fraction should
fall within the aperatures of the bounding sieves. Therefore, the weight of
the particles with diameters less than the lower boundary sieve aperature and
the weight of particles with diameters larger than the upper boundary sieve
aperature can be estimated. However, to compare methods of sizing particles,
the shape of the particles should be considered. Heywood (1947) has reported
the value of the shape factor relating the sieve aperature to a stokes
diameter to be approximately 0.9. Sieve openings, transformed to equivalent
stokes diameters utilizing this shape factor, are shown in Table 3.4. Note
that the fraction of the total weight of the dust ranges from 80% to 100% in a
size fraction that is contained in particles with diameters less than the
stokes equivalent diameter of the lower sieve aperature. However, the
fraction of the total weight of the dust ranges from only 0.01% to 20% in the
size fraction that is contained in particles with diameters larger than the
stokes equivalent diameter of the upper boundary sieve aperature. Small balls
of particles could be seen in the size fractions of wheat dust and grain
sorghum dust. Martin (1978) found that wheat dust contains particles having
diameters that range from 40 to 60 um called tricombs. These particles can
trap large quantities of small particles during the sieving operation and
prevent the small diameter particles from passing through the sieve. Martin
(1978) also found that grain sorghum dust contains hair-like projectionms.
During the sieving operation, these hair-like projections can capture small
diameter particles to form a ball that can not pass through the sieve.

The coefficient of variability, C.V., is calculated from each distri-
bution. It is a measure of the variability of the particle diameters in the

distribution about its mean and is defined as



3-22

P o
oo UL PRl 0]

(25)
D
where o0
-, 2
D= D_hii 20D (the arithmetic mean diameter)
P th
Finney (1942) has shown that when n(D) is log normally distributed, the
coefficient of variability is
J
= 2 2
c.v. =[er (e a,;)-,] (26)

When the distribution is approximated by a piecewise log normal distribution
(Fig. 3.1), it can be shown (Appendix 3) that the coefficient of variability

is
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Table 3.4 shows that the coefficients of variability range from 22% for
the air classified size fraction of grain sorghum dust, MOAC-S03, to 104% for
the freeze dried size fraction of cornstarch, CSAC-F02, When examining the
hypothesis that the size fractions are mono-disperse, the smallest coefficient
of variability, 22%, is relatively large; a value of 10% is the generally
accepted level of variability in an experiment.

To ascertain if there exist any significant differences between the
values of the coefficient of variability for the different types of dust or
for different size fractions, a two-way analysis of variance is used. The
results in Table 3.5 show that significant differences at the 1% level do
exist both among the types of dust and among the size fractions; however, the
interactions are also significant at the 1% level. The significant inter-
actions indicate that the type of dust has different effects on the coeffi-

cients of variability for various size fractions. Also, the effect that the
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size fraction has on the coefficient of variability is not the same for every
type of dust. However, a difference can still exist between the air classi-
fied size fractions and the sieve classified size fractions. Figure 3.49
shows that the values of the coefficient of variability for all the air
classified size fractions, except for wheat dust, are consistently lower than

those for the sieve classified size fraction.

2. Mass mean diameter. Thirteen of the mass mean diameters in Table 3.6

are from distributions which are sufficiently non-log normal that only two
pairs of data points (each pair consists of two repetitions) could be used in
determining the mass mean diameter. Seven of these thirteen are from the air
classified size fractions, MOAC-503, WTAC-S04, WTAC-S05, CNAC-S02, CNAC-S03,
CSAC-S03, and CSAC-F0l, and the remainder are from the sieve classified size
fractions, MOAC-S08, MOAC-S09, MOAC-S10, MOAC-S11, WTAC-S08, and WTAC-S09.

For each tfpe of dust, the mass mean diameters of the air classified size
fractions increase with the size fraction as expected; however, the sieve
classified size fractions do not. Table 3.7 shows that the mass mean
diameters are consistently lower than the geometric average of the bounding
sieve aperatures that have been corrected for particle shape.effects. This is
expected because of the large number of particles with diameters less than the

lower boundary sieve aperature.

3. Mean diameter based on the external surface area. To calculate the

average diameter based on external surface area, Da,z’ from the piecewise log
normal approximation of the actual distribution, a complete distribution is

necessary. Nineteen of the 43 distributions do not contain cumulative weight
percent data at the upper extreme of 100%. For these distributions, the log

normal distribution through the two largest data points was used to estimate
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the actual distribution in the region having no data. Four of the 43 distri-
butions do not have data at the lower extreme of 0%. For these distributions,
a log normal distribution which contains the data with the smallest cumulative
weight percent and has a geometric standard deviation, cg, equal to that of
the log normal approximation of the entire distribution was used to estimate
the actual distribution in the region where there is no data. The log normal
approximation of the entire distribution is shown in Table 3.1.

Table 3.8 shows large differences between values of Da,Z’ calculated by
approximating the actual distribution with a log normal distribution and with
a piecewise log normal distribution. For 15 size fractions, the coefficient
of variability is greater than 10%, when only data with values of |Z| < 2 are
considered in the determination of the log normal approximation. When the log
normal approximation is determined using data with |z| < 3, only eight size
fractions have coefficients of variability larger than 10%. This indicates
that the extreme lower parts of the distribution with Z < -2 can be important
in the calculation of Da’zg they contain a large fraction of the total number
of dust particles in the size fraction. When the estimate of Da,2 from the
log normal approximation is larger than that from the piecewise log normal
approximation, the log normal approximation underestimates consistently the
weight percents of the fine particles. When the estimate of Da,2 from the log
normal approximation is lower than that from the piecewise log normal approxi-
mation, the log normal approximation overestimates consistently the cumulative
weight percents of the fine particles.

The differences between the values of Da,2 calculated from the piecewise
log normal distribution and that from each of the log normal distribution can
This is

/W

be attributed to differences in calculating the quantity N

tot’ tot’

illustrated by examining the quantity
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Table 3.9 shows the coeffi-

/N

from the piecewise log normal distribution and that from the log normal

which does not contain the quantity N

/wtot'
2

cient of variability between the value of Da 2(N
>

tot

)[G/Wpd) calculated

tot’ tot

distribution determined from data with |Z| < 2 for each size fraction. Note
that none of the coefficients of variability are greater than 10% and only

two are greater than 5%.

4. Mean diameter based on the mass. The values of the average diameter

based on the mass are presented in Table 3.10. In calculating Da 3 for an
?

incomplete distribution, the same methods employed in the calculation of Da 2

were also employed to calculate D, z- The differences between the value of

Da 3 from each log normal approximation and that from the piecewise log normal

approximation are similar to those previously noted for values of Da 2 The
2

coefficients of variability between the value of D from each log normal

a,3

approximation and that from the piecewise log normal approximation are shown

in Table 3.1C. The coefficients of variability for Da 3 are not so large as

3

a,2; the calculation of Da,S involves the cube root of Ntot/wtot as

opposed to the square root in the calculation of Da 2° The cubic root reduces
3

those for D

the effect of the differences in N___/W

more than the square root.

tot’ tot

A comparison between the mass mean diameter, Dm’ in Table 3.2 and the
values of Da 3 for the same size fraction in Table 10 indicates that 19 of the
3
pairs differ only by 5 um of being identical; however, the remaining differ as

much as 68 um. Furthermore, even when two size fractions have the same mass
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mean diameter (e.g., WTAC-SO5 and WTAC-510), they can have substantially
different values of Da,3' The mass mean diameter indicates that cne-half of
the weight of the sample is in particles with diameters less than Dm; however,
it contains no information on how the weight is distributed among the
particles. The mass mean diameter does not characterize the particle size
distribution sufficient, because two particulate systems can have appreciably
different particle size distributions and yet have identical mass mean
diameters. NOte that this difficulty is a feature of any geometric mean
diameter. The geometric diameter is only one of the two parameters necessary
to characterize a log normal distribution. Two different log normal distri-

butions can have the same geometric mean diameters, Dm, and yet can have

di fferent geometric standard deviations, cg.

B. Composition

In Table 3.12, the standard deviations of protein contents among the size
fractions of grain sorghum dust, corn dust, and wheat dust range from 1.3% to
2.7% and those for the moisture contents from 1.3% to 1.5%. This indicates
that the protein content and the moisture content vary only slightly among the
size fractions of the same type of dust. The standard deviation of moisture
contents among the size fractions for cornstarch of 3.4% indicates that their
variability is larger than those of the other types of dust. The larger
variability for cornstarch is the result of freeze drying some of the size
fractions to improve the dispersibility. Table 3.13 indicates that the
standard deviation among the average values of the moisture content for grain
sorghum dust, corn dust, and wheat dust is 1.8% and that for protein content
is 0.9%. The variability of protein contents and moisture contents among the
di fferent kinds of dust is approximately the same as or smaller than the

variability among size fractions within each kind of dust.
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The ash content and the starch § fiber content for each type of dust in
Table 3.12 show more variability between size fractions than do the moisture
content and the protein content. The standard deviations of the ash contents
among size fractions for grain sorghum dust, corn dust, and wheat dust range
from 10.6% to 18.3% and those for the starch & fiber contents from 10.0% to
14.6%. The standard deviation of the starch & fiber contents in cornstarch,
3.4%, is less than that for the other kinds of dust. In contrast, the
standard deviation among the average values of tﬁe ash contents for wheat
dust, grain sorghum dust, and corn dust of 2.8% and that for the starch §
fiber contents of 3.7% indicate only a slight variability among the types of
grain dust.

Martin et al. (1978) have shown that air classification of grain dust
results in a large ash content (approximately 40%) in the residue size
fraction. Figure 3.52 indicates a similar trend in ash content for the size
fractions in this investigation; the residue size fractions correspond to the
sixth size fraction in Fig. 3.52. The fifth size fraction of each dust con-
tains large weight percentages of ash (approximately 25%). For the wheat dust
and the grain sorghum dust, the fourth size fraction also contains a relatively
large ash content (approximately 11%) when compared to the ash content of the
remaining size fractions (approximately 4%).

In Figs. 3.51 and 3.52, a similar trend is noted for the moisture content
and for the starch § fiber content. For these two quantities, the fourth,
fifth, and sixth size fractions exhibit lower values than those of the
remaining size fractions. The correlation coefficients for the correlations
between the ash content and each of those two quantities are significant at

the 1% level (Table 3.15). The highly significant inverse correlation between
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the ash and moisture contents results from the ash material being less hygro-
scopic than the organic grain dust.

The starch § fiber content was obtained by subtracting the sum of the
weight percents of moisture, ash and protein from 100%; the dust was assumed
to contain only moisture, ash, protein, starch § fiber. Consequently, the
correlations between the starch & fiber content and the ash content are
significant.

The large standard deviations of the ash contents and the starch § fiber
contents among the size fractions of grain sorghum dust, wheat dust, and comrn
dust have resulted from the large ash contents in size fractions 4, 5, and 6.
The standard deviations of the moisture contents, ash contents, protein
contents, and starch § fiber contents among the remaining size fractions are
given in Table 3.14. For all three types of dust, the standard deviations for
the ash content decrease to less than 2%, and those for the starch & fiber
contents to 4.2%. For the moisture content, the standard deviations decrease
to less than 1%. Note that the standard deviations of the protein contents
among the size fractions exhibit essentially no change.

The correlation coefficients in Table 3.15 indicate three additional
significant correlations. The correlation between the moisture content and
the starch & fiber content is significant for all types of dust at the 1%
level. The correlation between the protein content and either the ash content
or the starch § fiber content is significant for only the wheat dust at the 5%
level. The significant correlation between the moisture content and the
starch § fiber content is the result of that between the moisture content and
the ash content, and that between the ash content and the starch & fiber

content. The partial correlation coefficient between the moisture content and
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the starch & fiber content of -0.70 with the effect of ash removed indicates

no significant correlation at the 5% level.

C. Correlation Between Particle Size and Composition

The contention that the composition is dependent on the particle diameter
was not verified for the particle diameters ranging from 10 to 90 um. The
correlation coefficients between each of the compositional components and the
mass mean diameter indicates that it is significant at the 5% level for all
types of dust except wheat dust. The correlation coefficient between the mass
mean diameter and the moisture content is -0.74, and that between the mass
mean diameter and the ash content is 0.673. Both are significant at the‘ 5%
level. Figure 3.49 indicates that the correlation between the mass mean
diameter and the ash content is significant for only wheat dust; those size
fractions (4, 5, and 6) having the highest ash contents due to air classifi-
cation, by coincidence, have the largest mass mean diameters. The same
observation was not made for grain sorghum dust and corn dust. Therefore, the
correlations for the grain sorghum dust and the corn dust are not significant
at the 5% level. For wheat dust, the sieve separated size fractions do not
have the largest mass mean diameters, because they contain a large number of
relatively small diameter particles. This results in size fractions 4, 5, and
6, by coincidence, having the largest mass mean diameters. The high ash
contents of size fractions 4, 5, and 6 indicate that most of the ash is
contained in separate particles consisting entirely of ash and not in parti-
cles of grain dust. These ash particles are either distributed in a narrow
size range (approximately 40 to 60 um) or they are of higher density than the
grain dust particles. The ash content of the particles of grain dust does not

depend on the size of the particle.
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The significant correlation between the moisture content and the mass
mean diameter for wheat dust is due to the significant correlation between
moisture content and ash content that was previously discussed. From
Fig. 3.55, the wheat dust size fractions that contain the lowest moisture
content also contain the highest ash content, which for that dust happen to
have the largest mass mean diameters. Again, the grain sorghum dust and corn

dust do not exhibit these trends.

V. CONCLUSIONS

Wheat dust, corn dust, and grain sorghum dust were very similar in compo-
sition and in ranges of particle diameters. Sieve classification, unless
performed very carefully, can result in carry-over of large numbers of small
diameter particles ir; these types of dust. A large portion of the ash content
was contained in separate particles consisting almost entirely of ash. Thus
the ash content of the dust particles appeared to be only approximately 2% and
did not vary much between size fractions or types of dust. The starch § fiber
content also did not appear to vary tremendously. No correlation was found
between the mass mean diameter of a size fraction and its contents of moisture,
ash, protein, or starch § fiber. The log normal approximation of a distribu-
tion can have the same coefficient of determination as that of another
distribution; however, the deviation between the moments calculated from the
actual distribution and that from each of the log normal approximations can be
quite different. For a weight distribution, how well the distribution
estimates the weight percent of the particles with diameters less than the
mass mean diameter can be very critical when calculating moments of the
distributions. It is questionable to use the mass mean diameter or geometric
mean diameter as an average diameter because of its limitations in describing

the particle size distribution.
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APPENDIX 1. INTEGRATION OF EQUATION (9)
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During the calculations of the average diameters a form of the inte-

gral, I, appeared several times in which
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This equation appears as Eq. (9) in the text.
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APPENDIX 2. DERIVATICN OF THE RATIO OF THE TOTAL WEIGHT OF SAMPLE AND
THE TOTAL NUMBER OF PARTICLES, EQUATION (11)
During the derivation of the arithmetic mean diameter based on the
external surface area and the arithmetic mean diameter based on the mass,

an expression for W___/N needed to be determined. W___/N can be

tot’ tot tot’ tot
expressed as
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An expression for w(D) was derived, which was
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It can be shown (see Appendix 1) that the integration of Eq. (A2-3) yields
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which is Eq. (11) in the text.
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APPENDIX 3. DERIVATION OF THE COEFFICIENT OF VARIABILITY, EQUATION (27)

The coefficient of variability, C.V., is defined as

oo L
g 4 ?
( J (%-¥) h(x)dx) (A3-1)
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After rearrangement, one obtains
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where X is defined as
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The definition of Da is given by Eq. (3) in Chapter 3, i.e.,
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Substitution of Eq. (A3-6) into Eq. (A3-5) yields
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Therefore, the fraction of the total number of particles having sizes in the

range, D to D + dD, is given by
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Substituting Eq. (A3-8) into Eq. (A3-3) gives
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It is shown in Appendix 1 that the integration of Eq. (A3-9) yields
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The expression for D is (see Eq. (3) in Chapter 3)

a,2

Z J‘)eﬂ, E: ) B "jf(gﬂ, -erf (3 )J (A3-11)

where
=) ‘
v = Da3a + 3.3, 4 ;n=1i,1+1
2 Loeg N2



Substitution of Eqs. (A3-11) and (A3-10) into Eg.

3-40

(A3-7) yields
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which is the Eq. (27) in Chapter 3.
As the entire distribution tends toward a log normal distribution, one

obtains
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Consequently Eq. (A3-14) becomes

M—

L) [ e oem)-ef @[ ef ly)-ed0)]

c.v. =1exl =
[ e (10w - eflten)]

(A3-15)

In addition, as the distribution approaches a log normal distribution, a

distribution defined over the interval [0,=], the
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D > = (A3-16)
D, +~ 0 (A3-17)
Carrying out the limits in Eqs. (A3-16) and (A3-17) on Eqs. (A3-10), (A3-11)
and (A3-13) for L and X)s respectively, we find that
Wyl gale, +4 4 (A3-18)

WisYqsXy > - @ (A3-19)

After performing the limits in Eqs. (A3-18) and (A3-19) on Eq. (A3-15) we

obtain

oT

C\. = e‘t?( Lgai.s) -4 (A3-21)

Note that Eq. (A3-21) is identical to Eq. (27) in Chapter 3 which is the

coefficient of variability derived for a log normal distribution.



Table 3.1 Log Normal Representation of the Particle
Size Distribution for [z| < 2
Natural Log
of the
Coefficient Geometric Geometric
Sample of Mean Standard
Identifi- Determi- Diameter Deviation 95%
cation nation Dg,s,um 1ncg,3 Confidence Interval
WTAC-S01* 0.979 17.2 0.640 0.962 0.997
WTAC-S02* 0.970 16.8 0.393 0.898 0.998
WTAC-503* 0.991 21.3 0.380 0.967 0.999
WTAC-504* 0.914 24.4 0.389 0.770 0.992
WTAC-S05* 0.981 30.6 0.286 0.914 0.99%
WTAC-S06* 0.948 42.2 0.286 0.857 0.995
WTAC-S07** 0.930 28.5 0.534 0.852 3.992
WTAC-S08** 0.936 32.2 0.520 0.848 0.993
WTAC-509** 0.974 29.1 0.505 0.544 0.997
WTAC-510** 0.938 23.5 0.749 0.889 0.991
MOAC-501* 0.952 10.6 0.620 0.861 0.996
MOAC-S02* 0.968 14.2 0.498 0.931 0.996
MOAC-503* 0.957 22.0 0.332 0.810 0.998
MOAC-S04* 0.994 273 0.325 0.973 1.000
MOAC-S05* 0.983 33.3 0.326 0.953 0.999
MCAC-S506* 0.956 49.4 0.341 0.906 0.995
MOAC-SQ7** 0.883 41.6 0.450 0.760 0.986
MOAC-508** 0.818 48.4 0.480 0.838 0.977
MOAC-509** 0.844 45.9 0.705 0.730 0.977
MOAC-S10** 0.863 61.4 0.848 0.761 0.980
MOAC-S11** 0.785 125.0 1.088 0.636 0.968
CNAC-S01* 0.953 11.2 0:515 0.887 0.995
NAC-S02+* 0.977 14.1 0.340 0.830 G.999
NAC-503~* 0.955 17.6 0.354 0.802 0.998
CNAC-504+* 0.990 20.4 0.360 0.966 0.999
CNAC-S05* 0.903 25.6 0.421 0.693 0.993



Table 3.1 (continued)
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Natural Log

of the
Coefficient Geometric Geometric
Sample of Mean Standard
Identifi- Determi - Diameter Deviation 95%
cation nation D Ino Confidence Interval
g,3,um g,3
CNAC-S06* 0.988 42.2 0.359 0.973 0.999
CNAC-S07** 0.993 23.5 0.507 0.985 0.999
CNAC-S08** 0.595 23.9 0.556 0.989 0.999
CNAC-SQ9*=* 0.990 25.5 0.552 0.977 0.999
CNAC-S10** 0.993 33.5 0.628 0.985 0.999
CNAC-S11** 0.914 50.0 0.677 0.821 0.990
CSAC-S02* 0.976 18.7 0.552 0.960 0.996
CSAC-S03* 0.957 18.2 0.391 0.908 0.995
CSAC-S04~* 0.986 22.1 0.368 0.996 0.999
CSAC-S05* 0.989 22.6 0.376 0.974 0.999
CSAC-S06* 0.996 35.3 0.277 0.968 1.000
CSAC-FO1* 0.952 24.0 0.474 0.906 0.994
CSAC-F02* 0.981 22.8 0.620 0.947 0.998
CSAC-F03* 0.931 26.3 0.513 0.890 0.989
CSAC-F04* 0.986 21.5 0.429 0.969 0.998
CSAC-F05* 0.955 21.5 0.467 0.924 0.993
CSAC-F06* 0.589 16.6 0.368 0.975 0.999
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Table 3.2 The Amount of Weight in Particles with Diameters
Less Than the Lower Boundary Sieve Aperatures

Weight Percent Less Than ds

Stokes
Equivalent Grain
Size Sieve Diameter Sorghum Wheat Corn
Fraction Aperature of d Dust Dust Dust
d_,um a % % %
a d_ ,um
s
7 61 55 60 92 95
8 74 67 62 88 98
9 88 79 80 99 98
10 ) 105 95 > 70 100 > 84
11 124 112 > 50 > 84

Table 3.3 The Amount of Weight in Particles with Diameters
Greater Than the Upper Boundary Sieve Aperatures

Weight Percent Less Than ds

Stokes
Equivalent Grain
Size Sieve Diameter Sorghum Wheat Corn
Fraction Aperature of d Dust Dust Dust
da,um a % % %
ds,um
7 74 67 18 3 2
8 88 79 15 5 0.5
9 105 95 < 10 < 0.01 < 2
10 124 112 < 20 < 0.01 < 16

11 208 188 < 16
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Table 3.4 The Spread of the Particle
Size Distributions

Coefficients of Variability

. Sample
Identification Equa.tiozl 27) Equa.tiorol (26)
% %
MOAC-S01 42 68
MOAC-S02 53 53
MOAC-503 22 34
MOAC-S04 28 33
MOAC-S05 34 34
MOAC-S06 42 35
MOAC-S07 65 - 47
MQAC-S08 74 51
MOAC-509 67 80
MOAC-S10 70 103
MOAC-S11 98 150
WTAC-S01 55 71
WTAC-S02 55 ' 41
WTAC-503 67 39
WTAC-S04 85 40
WTAC-S05 47 29
WTAC-S06 35 29
WTAC-507 65 57
WTAC-508 : 55 56
WTAC-S09 54 54

WTAC-510 €0 87
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Table 3.4 (continued)

Coefficients of Variability

Sample

Identification Equa.tic;: (27) Equatiog (26)
CNAC-SO01 43 55
CNAC-S02 45 35
CNAC-S03 31 36
CNAC-504 36 37
CNAC-S05 51 44
CNAC-S06 36 37
QNAC-S07 47 54
CNAC-508 46 60
CNAC-S09 45 60
QNAC-S10 56 - 69
CNAC-S11 58 76
CSAC-S02 42 60
CSAC-S03 36 41
CSAC-504 41 38
CSAC-505 43 39
CSAC-S06 27 28
CSAC-FO1 39 50
CSAC-F02 104 76
CSAC-F03 43 55
CSAC-F04 41 45
CSAC-FO05 41 49

CSAC-F06 34 38




Table 3.5 The Results from the Analysis of Variance

of the Coefficients of Variability

for the Size Fractions
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Source of Degrees of Sum of Mean
Variation Freedom Squares Square F
Treatment
Dust 2 2194.26 1097.13 60.41**
Size Fraction 9 4823.30 535.92 29.51**
Interactions
DxS 18 6508.23 361.57 19,91 **
Error 30 544.94 18.16
Total 59 14070.73

** Significant at the 1% level.



Table 3.6 Results from the Mass Mean

Diameter Determination
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Natural Log

of the

Coefficient Geometric  Geometric No.
Sample of Mean Standard of
Identifi- Determi - Diameter Deviation Data 95%
cation nation Dg,S,um lncrg,3 Points Confidence Interval
MOAC-S01 0.992 10.0 0.534 8 0.964 1.000
MOAC-S02 0.990 14.9 0.389 6 0.953 0.999
MOAC-S03* 0.969 22.4 0.256 4 0.435 1.000
MOAC-S04 0.994 27.3 0.325 6 0.973 1.000
MOAC-S05 0.983 3343 0.326 8 0.953 0.999
MOAC-S06 0.985 51.4 0.296 8 0.957 0.999
MOAC-S07 0.991 49.9 0.306 6 0.957 1.000
MOAC-S08* 0.999 62.8 0.222 4 0.972 1.000
MOAC-S09* 0.998 64.4 0.252 4 0.939 1.000
MOAC-S510* 0.997 71.5 0.286 4 0.916 1.000
MOAC-S11* 0.987 89.4 0.382 4 0.708 1.000
WTAC-S01 0.979 17.2 0.640 14 0.962 0.997
WTAC-502 0.999 16.5 0.363 6 0.995 1.000
WTAC-S03 0.991 21.3 0.380 8 0.967 0.999
WTAC-S04* 0.903 27.4 0.260 4 0.126 0.999
WTAC-S05* 0.993 31.9 0.241 4 0.834 1.000
WTAC-S06 0.998 43.9 0235 6 0.991 1.000
WTAC-S07 0.994 34,2 0.344 6 0.970 1.000
WTAC-S08* 0.960 36.4 0.419 4 0.321 1.000
WTAC-S09 0.996 31.3 0.589 8 0.988 1.000
WTAC-510* 0.952 31.7 0.543 4 0.230 1.000
CNAC-S01* 0.998 1da 0.378 4 0.962 1.000
CNAC-S02* 1.000 13.8 0.308 4 0.990 1.000
CNAC-S03 0.995 16.9 0.314 6 0.964 1.000
CNAC-504 0.990 20.4 0.360 8 0.996 0.999
CNAC-S05* 0.996 29.4 0.265 4 0.915 1.000



Table 3.6 (continued)
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Natural Log
of the
Coefficient Geometric Geometric No.
Sample of Mean Standard of
Identifi- Determi- Diameter Deviation Data 95%
cation nation D Ino Points Confidence Interval
g:3:ﬂm g,S
CNAC-S06 0.988 42.2 0.359 10 0.973 0.999
CNAC-S07 0.993 23.5 0.507 10 0.985 - 0.999
CNAC-508 0.995 23.9 0.556 10 0.989 0.999
CNAC-S09 0.990 25.5 0.552 12 0.977 0.999
(NAC-S10 0.993 33.5 0.628 10 0.985 0.999
CNAC-S11* 0.996 60.3 0.375 4 0.908 1.000
CSAC-S02 0.987 17.7 0.469 10 0.971 0.999
CSAC-503* 0.880 18.6 0.358 10 0.236 0.999
CSAC-S04 0.986 22.1 0.368 10 0.966 0.999
CSAC-505 0.989 22.6 0.376 12 0.974 0.999
CSAC-506 0.996 35.3 0.277 8 0.968 1.000
CSAC-FO1* 0.827 22.4 0.426 10 0.409 0.998
CSAC-F02 0.991 22.8 0.552 6 0.957 1.000
CSAC-F03 0.990 24.6 0.427 14 0.980 0.999
CSAC-F04 0.986 21.5 0.429 10 0.969 0.998
CSAC-FQ5 0.992 20.1 0.396 12 0.981 0.999
CSAC-F06 0.989 16.5 0.368 12 0.976 0.999

* Only two pairs of data utilized.
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Table 3.8 Comparison of Values of D,

32
Piecewise Log Normal Appro;cimati on
Log Normal IZ[ < 2 |z] <3

Sample Approximation Coefficient Coefficient
Identifi- Value of of of
cation Da, 2 Da,2 Variability Da 2 Variability

um um um
MOAC-S01 7 5 23 4 30
MOAC-S02 9 9 0 8 7
MOAC-S03 21 18 12 12 39
MOAC-504 24 22 5 21
MOAC-S05 27 27 0 26
MOAC-S06 39 39 0 39
MOAC-S07 19 28 28 22 11
MOAC-S08 19 31 32 23 12
MOAC-S09 16 17 6 17 6
MOAC-510 17 15 10 15 10
MOAC-511 17 11 27 11 27
WTAC-S01 9 8 13 7 16
WTAC-S02 10 12 12 10 4
WTAC-S03 13 16 16 12 2
WTAC-S04 12 18 29 13 8
WTAC-S05 22 26 12 22 0
WTAC-S06 36 36 0 36 0
WTAC-S07 14 16 29 14 0
WTAC-S08 18 19 4 18 0
WTAC-S09 17 18 1 18 1
WTAC-S10 8 8 0 8 0
CNAC-S01 8 7 9 16
CNAC-S02 10 11 9 9
CNAC-S03 14 14 0 13 4
CNAC-S04 16 16 0 15 3
CNAC-S05 18 18 0 18 0
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Table 3.8 (continued)

Piecewise Log Normal Approximation
Log Normal |z| < 2 [z] <3
Sample Approximation Coefficient Coefficient
Identifi- Value of of of
cation Da_’2 Da!2 Variability Da,2 Variability
um um um
CNAC-506 33 33 0 33 0
CNAC-507 15 14 4 14 4
CNAC-S08 15 13 9 13 9
CNAC-S09 15 14 8 14 8
CNAC-S10 17 15 8 17 0
CNAC-S11 26 20 18 20 18
CSAC-501 17 15 6 16 2
CSAC-502 17 9 44 9 44
CSAC-503 12 10 13 11 8
CSAC-504 15 13 6 13 10
CSAC-S05 17 17 0 17 0
CSAC-S06 16 17 4 15 6
CSAC-507 31 30 1 29 4
CSAC-FO1 13 12 8 11 9
CSAC-F04 17 16 4 16 4
CSAC-FO05 16 15 5 15 5
CSAC-F06 15 14 5 14 5
CSAC-F07 13 13 0 13 0
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Table 3.9 Comparison of Values of Di,z (Ntotjwtot
Piecewise Log Normal Coefficient
Sample Log Nommal Approximation of
Identification Approximation ]TZ [ <2 Variability
MOAC-S01 0.1092 0.1139 3
MOAC-S02 0.0763 0.0795 5
MOAC-503 0.0442 0.0481 6
MOAC-S04 0.0375 0.0386 2
MOAC-S05 0.0311 0.0316 1
MOAC-506 0.0209 0.0215 2
MOAC-S07 0.0290 0.0266 2
MOAC-S08 0.0250 0.0232 5
MOAC-S09 0.0288 0.6279 2
MOAC-S510 0.0245 0.0233 4
MOAC-S11 0.0170 0.0148 10
WTAC-S01 0.0711 0.0713 0
WTAC-S02 0.0671 0.0641 3
WTAC-S03 0.0513 0.0506 1
WTAC-504 0.0437 0.0442 1
WTAC-505 0.0352 0.0341 2
WTAC-506 0.0240 0.0247 2
WTAC-S07 0.0399 0.0405 1
WTAC-S08 0.0352 0.0356 1
WTAC-S09 0.0384 0.0390 1
WTAC-S10 0.0585 0.0564 3
CNAC-501 0.1010 0.1016 0
CNAC-502 0.0789 0.0753 3
CNAC-S03 0.0622 0.0604 2
CNAC-S04 0.0520 0.0524 1
CNAC-S05 0.0410 0.0427 3
(MAC-S06 0.0253 0.0253 0
CNAC-507 0.0475 0.0483 1
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Table 3.9 (continued)

Piecewise Log Normal Coefficient
Sample Log Normal Approximation of
Identification Approximation ﬁ’Z[ < 2 Variability
CNAC-508 0.0486 0.0489 0
CNAC-509 0.0488 0.0457 5
NAC-510 0.0364 0.0363 0
CNAC-511 0.0238 0.0252 4
CSAC-501 0,0483 0.0466 3
CSAC-502 0.0580 0.0577 0
CSAC-S803 0.0623 0.0624 Q
CSAC-504 0.0573 0.0595 3
CSAC-S05 0.0478 0.0484 1
CSAC-506 0.0476 0.0475 0
CSAC-507 0.0291 0.0295 1
CSAC-F04 0.0446 0.0434 2
CSAC-FOS 0.0502 0.0510 1
CSAC-F06 0.0531 0.0519 2z
CSAC-F07 0.0636 0.0644 1
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Table 3.10 Comparison of Values of Da .

T

Piecewise Log Normal Approximation
Log Normal 1z] <2 z] <3
Sample Approximation Coefficient Coefficient
Identifi- Value of of of
cation Da,3 Da’s Variability Da,S Variability
Hm HIL um
MOAC-501 8 6 16 6 16
MOAC-S02 10 10 10 10 0
MOAC-S03 21 19 10 14 32
MOAC-504 25 23 4 23 4
MOAC-505 29 28 1 28 1
MOAC-506 42 42 0 42 0
MOAC-S07 25 31 21 25 7
MOAC-508 25 34 24 27 8
MOAC-S09 21 22 4 22 4
MOAC-S10 23 21 6 21 6
MOAC-S11 26 21 - 15 21 15
WTAC-SO01 11 9 10 9 10
WTAC-S02 12 13 10 11 4
WTAC-503 15 17 11 14 3
WTAC-504 15 19 19 15 2
WTAC-S05 24 27 9 23 2
WTAC-506 38 37 1 37 1
WTAC-S07 17 19 6 17 3
WTAC-508 2L 21 0 21 0
WTAC-S09 20 20 0 20 0
WTAC-S10 11 10 4 10 4
(NAC-501 8 8 0 10
(NAC-502 11 12 7 10 3
(NAC-503 15 15 aQ 14 1
CNAC-504 17 17 0 17 bi
CNAC-S05 20 20 0 20 0
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Table 3.10 (continued)

Piecewise Log Normal Approximation
Log Normal |Z] =2 lz| <3
Sample Approximation Coefficient Coefficient
Identifi- Value of of of
cation Da,3 Da,s Variability Da,3 Variability
um Hm Hm
CNAC-506 35 5 0 35 0
CNAC-s07 17 16 3 16 3
CNAC-S08 16 15 6 15 6
CNAC-S09 17 16 5 16 S
CNAC-S10 20 19 5 20 0
CNAC-S11 30 25 14 25 14
CSAC-S01 18 17 3 18 0
CSAC-S02 18 11 34 11 34
CSAC-503 13 12 9 13 0
CSAC-504 15 14 6 14 6
CSAC-S05 18 18 0 18 2
CSAC-S06 18 18 0 16 S5
CSAC-S07 32 31 1 31 1
CSAC-F04 19 18 4 19 0
CSAC-FO05 17 16 3 16 3
CSAC-F06 16 16 2 16 1
CSAC-FO7 14 14 2 14 3
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Table 3.11 The Composition of Each Size Fraction

Weight Percent, % Starch
Identification and
Number Moisture Ash Protein Fiber
CNAC-S01 11..7 2.20 6.7 79.40
NAC-502 12.1 1.31 4.8 81.79
CNAC-503 12.1 1.35 4.6 81.95
CNAC-S04 11.9 6.43 6.9 74.77
CNAC-S05 11.3 14.13 8.5 66.07
NAC-S06 7.3 46.27 6.1 40.33
CNAC-S07 12.4 3.94 P17 75.96
CNAC-S08 12.6 3.57 6.9 77.13
NAC-S09 12.5 5.25 6.8 77.45
CNAC-S10 12.6 3.39 7.5 76.51
CNAC-S11 125 3.84 8.4 75.26
WTAC-501 10.4 5.19 6.7 77.71
WTAC-S02 11.8 9.06 12.1 67.04
WTAC-S03 11..0 6.97 8.5 73.53
WTAC-504 9.0 14.96 11.1 64.54
WTAC-S05 8.8 24.99 12.7 53.51
WTAC-S06 6.8 44 .83 14.0 34.37
WTAC-507 10.6 6.79 11.9 70.71
WTAC-S08 10.8 5.95 9.4 73.85
WTAC-S09 10.3 5.24 -3 78.16
MOAC-S01 10.0 7.14 10.0 72.86
MOAC-S02 10.3 5.14 6.5 78.06
MOAC-S03 11.4 4.49 4.3 79.81
MOAC-S04 10.1 11.74 6.0 72.16
MOAC-S05 10.2 22.78 8.7 58.32
MOAC-S06 Fuid 30.09 8.3 44.91
MOAC-S07 11.1 9.73 9.7 69.47
MOAC-S508 11.6 6.25 8.1 74.05
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Table 3.11 (continued)

Weight Percent, % Starch
Identification and
Number Moisture Ash Protein Fiber
MOAC-S09 12.0 5.52 7D 75.18
MOAC-S10 12.1 5.82 73 74.78
CSAC-S02 11.3 0.00 0.0 88.70
CSAC-S03 10.6 0.00 0.0 89.40
CSAC-504 9.9 0.00 0.0 90.10
CSAC-S05 8.9 0.00 0.0 91.10
CSAC-S06 9.0 0.00 0.0 91.00
CSAC-F01 4.0 0.00 0.0 96.00
CSAC-F02 4.0 0.00 : 0.0 96.00
CSAC-F03 14.9 0.00 0.0 85.10
CSAC-F04 12.2 0.00 0.0 87.80
CSAC-FO05 12.1 0.00 0.0 87.90
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Table 3.12 The Mean, Standard Deviation, and Coefficient of

Variability of Moisture, Ash, Protein or Starch & Fiber
Content among the Size Fractions within Each Dust

Number Coefficient
Composition Sample of Standard of
Component Identification Samples Mean Deviaticn Variability
x(%) (%) (%)
Moisture Wheat 9 9.8 1.5 15
Grain Sorghum 11 10.8 1.3 12
Corn 11 117 1.8 13
Cornstarch 9 9.9 3.4 34
Ash Wheat 9 13.8 13.3 97
Grain Sorghum 11 11.4 10.6 93
Comn 11 8. 13, 162
Protein Wheat ] 10.3 2.7 26
Grain Sorghum 11 23
Corn 11 6.8 1.3 19
Starch and Wheat 9 66.0 14,1 21
Fiher Grain Sorghum 11 70.0 10.0 14
Corn 11 73.3 11.7 16
Cornstarch 9 90.1 3.4 4




Table 3.13 The Mean, Standard Deviation, and Coefficient
of Moisture, Ash, Protein or Starch § Fiber Content
the Average Values for Each Dust
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of Variability
among

Number Coefficient
Composition of Standard of
Component Samples Mean Deviation Variability
x(%) - (%) (%)
Moisture 4 10.6 0.86 8
Ash 5 il.1 2.84 26
Protein 3 8.3 1.80 22
Starch & 4 75.0 10.60 14

Fiber




Table 3.14 The Effect of Removing
the Standard Deviation of the
the Size Fractions for Each

Separation Numbers 4, 5, and 6 in
Composition Components among
Type of Grain Dust Samples
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Number Sample Removed
Composition of
Component Type of Dust Samples None 6 6,5 6,5,4
Moisture Wheat 9 1.51 1.0 0.8 0.5
Grain Sorghum 11 1.30 0.8 0.8 0.8
Corn 11 1.53 0.4 0.3 0.3
Means 0.80 0.9 0.8 0.8
Ash Wheat. 9 13.32 6.9 3.4 1.4
Grain Sorghum 11 10.60 5:5 2wD 1.6
Corn 11 13.14 5.7 1.6 1.1
Means 2.84 2.6 2.4 A%
Protein Wheat 9 2.70 2.9 2.4 2.5
Grain Sorghum 11 1.80 1.9 2.0 2.0
Corn 11 1.27 1:3 1.3 1.3
Means 1.80 1.5 1.4 1.3
Starch and Wheat 9 14.10 8.1 5.0 4.2
Fiber
Grain Sorghum 11 10.00 5.9 3.3 3.4
Corn 11 11.74 4.5 27 2:8
Means 3.70 3.4 2.8 2:5
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Table 3.15 Simple Correlation Coefficients for the
Correlation between Compositional Compoments

Correlation Coefficients, T

Grain Sorghum  Wheat Corn
Correlation Dust Dust Dust Cornstarch
Ash and Moisture -0.83*%* -0.91*=* -0.97*=* -
Ash and Starch & Fiber -0.98%* -0.99** -0.99*%=* --
Moisture and Starch & Fiber Q.76%% 0.85%* 0.94%* 1.0%*
Protein and Ash -- 0.72* —_— -
Protein and Starch § Fiber -- -0.82** -- e

* Significant at the 5% level.

** Significant at the 1% level.
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CHAPTER 4

MINIMUM EXPLOSIBLE CONCENTRATION AS AFFECTED

BY PARTICLE SIZE AND COMPOSITION

I. INTRODUCTION

A dust explosion involves two major phases, namely, the ignition and
propagation phases. The minimum explosible concentration is the smallest
concentration of dust (mass of dust per unit volume of the dust and air
mixture) that will lead to an explosion. To determine the minimum explosible
concentration, basically one identifies the smallest amount of dust which,
upon ignition, will give rise to a maximum explosion pressure that exceeds
a fixed limit (e.g., rupture a paper diaphragm). The minimum explosible
concentration is one quantity used to characterize the ignition phase of an
explosion. The propagation phase is characterized by three quantities, the
maximum explosion pressure, the maximum rate of pressure rise, and the average

rate of pressure rise; a study of which is the subject of Chapter 5.

II. THEORETICAL DERIVATION OF CORRELATION MODELS

The system under consideration can be modeled as a mixture of dust and
air inside a closed vessel. Two phases, a solid or dust phase and a gas
phase, are assumed to exist in the system. The dust phase plays the role of
a heat source and the gas phase a-heat sink. Each phase is assumed to be at
a constant temperature, even though the explosion occurs in a turbulent
environment. When radiation is neglected, the energy balance for the dust

phase is
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oo
)( ta Cou(52) [ T2 2(R)]a 2

_-_-/ £(7;-T)mlE D, 7 (P )d
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Q

w5, A (T-T) + Tufabu)

(1)

where
Cp,d = specific heat capacity of the dust
D = particle diameter at time t
D0 = particle diameter at time equal to zero
Pq = density of the dust
h = heat transfer coefficient between the dust and the air
hd = heat transfer coefficient between the dust phase and the
vessel (probably a function of the concentration)
AH = heat of combustion of dust
AHw = heat of vaporization of water
no[x) = number distribution of particle diameter, ;, at time equal
to zero
T = rate of water evaporation
-rd" = reaction (combustion) rate of dust based on the external
surface area
Sv = surface area of the vessel
t = time

T = temperature of the dust phase



Tg = temperature of the air
To = temperature of the vessel
D . ; : D I . <
— is a function of D_and t, i.e., =— = f(D__t) and =— is defined to
D o} D oy D
o] 0 0
be equal to 0 when DO =0, i.e.,-%— =0 if D0 = 0.
o

The energy balance for air phase gives

0o

e b G == | AT T)r (RS AR 4R+ 5, b (5 5)

o

where
Py = density of air
c = heat capacity of air
p,a
VV = vessel volume
ha = heat transfer coefficient between the air and the vessel

The mass balance for oxygen yields

oo
AN, 2
s o dM _ [T sy DGR 2
47 =% a7 M (/‘: {fzz,} 4 7.(4)d ])

=
il

total number of moles of oxygen

number of moles of oxygen used per mole of dust

<
1

4-3

(2)

(3)
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Md molecular weight of dust

Nd number of moles of dust

With an expression for (D/DO] and that for (-rd") in hand, in principal, this
set of equations could be solved ﬁumerically. For simplicity, one can assume
that the particles are of constant size with a bumned layer; thus, D/DO
remains constant at unity. The difference between the density and the
specific heat capacity the ash layer and those of the dust are assumed to be
negligible. Furthermore, it is assumed that the heat loss from the air to the
vessel would be small. The determination of minimum explosible concentration
is usually performed at a low pressure and of low temperature environment

With these assumptions, Egs. (1), (2) and (3) become, respectively,
dT ; w pne’ . a
Net QaCagy (T D) = New h (T-T) TR,

+(-aH) S (=¥4) Dy Ma( DD,

+ Seha (T-T) + rul-<H.) “

(5)
aTy

e"' c?'“-v"':r._t— == M:.nf_' (—[;—-T)_IT D:-‘
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and
Ca
dNDL — yPh L =
=t - My ) CR)B n(Dp)4D -
3
where
DZ 5 = mean diameter based on weight at time zero
D: 5 = mean diameter based on area at time zero
Nzot = total number of particles at time zero

Assuming that the air behaves ideally, and that the total number of moles
of gas is constant, the expression relating the air temperature to the

pressure is obtained as

-
~

7; (7)

3
2

where
P = pressure

n = total number of moles of gas at time zero
The definition of D° . is
a,3

/”“‘ 3 4

@ >

DQ / Dﬂ na<jo)d_z?) (8)
b Nz,; ?
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or
P p"s = ot W
o Z- 4,3 - °
MNotigs (9
where
W:Ot = total weight of dust initially present at time zero

Therefore, N° s
to

o2 ' (10)

Substituting Egs. (7) and {10) into Egs. (4), (5) and (6) yields,

respectively,

4
ﬁ.ecrd"‘_ = '“C- (

)(p _z a,z

+ (~aH) a7y D' n, (D)2,

[-]
-4

+_§:__LLV_; (P_neﬂr Dﬂn.

n.R V. /o e
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Pu Cp 4F _ sw (AV

Mo dt - )/P‘- 77’ ,FT D;z
R Ca DA b, =
a3
and
Z _ D2 o z
£t T T, -1z) D N(D)dD
where

P0 = the initial pressure of the air

The maximum explosion pressure, P , occurs when

tllcu

o
n
=]

Therefore, from Eq. (12), one obt-ins

P MR T

e i

where

T = temperature of the dust when P = P

max max

(12)

(13)
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Substituting this equation into Eq. (11) gives

P R %
(14)
Integration of this equation from time equal to zero to the time when Pmax
occurs, t s yields
max
Vi G (T 7) =Ll 5)
. R
ng
+ /=
¢ A’L/) )0 (D) A} dF
(15)
.5
MR
i U PJaz

Lnax
+ GLAJQL{//r Vo d 7
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th C-B-L C‘me _‘P°>=' - F‘*- cf_va_ C?M-t." P

'tm L
(—AH) M a
* “T‘ j j (- D, ma(D)dD, At

T max
S Lone | (255 g ]

-|.
AH\U noR ‘tu’
- v Mo dt (16)
v
[
where

C . = minimum concentration
min

As a first approximation, one can assume that the rate of reaction is

controlled by the rate of adsorption of oxygen; thus,

Trax (o9

-Y, = KB, D Mo(D:)d D, dt (17)

]

where
K = proportionally constant (function of temperature)

PO = partial pressure of oxygen

2
However, K is a function of temperature. Equation (17) can be rewritten

as
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K Po,_ DZ';
2 % Da.s

(18)

where K is an average value of K; it is not a function of temperature.

The
expression for the integral of the heat loss due to water evaporation can be
approximated as

Trmax

L—AHW)J rodt == Wee o 4Ho

P

(19)
where
)(1?1 = the weight fraction of water initially in the dust if one assumes

that all the water is evaporated during the explosion

Substituting Eqs. (18) and (19) into Eq. (16) yields

C"““"‘ Cfao! (Peay = Fo) = = (gm CP:L(PM“— Po)t ¢

(—dH) NoR = Dzlz
LLaD IR o R R

Fd Vv m C mk * Dﬂ:
- Ll - Cwﬁnx. AHW

(20)
wm Vv
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or
é(_"‘dﬂ} e R q; }
Comulma, = =P Cpa F .. 1
mi C?,d P P, EQ‘L v“,ﬁ[?m- : (C PA.‘;
- = - 1.2 [C“\iv\ X:\]
(PM "'?5) V’ CPNG! "Pn)
(21)
where
Lz —2¢ b, nR [(‘mRT = Jalt
L,
The heat capacity of the dust can be approximated as
CP,A = CP-""\ X:\ * C?Jl X;,+ C?,? X}: + C?JS Y; [22)

where
C = heat capacity of water
p,m
Cp,a = heat capacity of ash
Cp p = heat capacity of protein
CP o heat capacity of starch & fiber
X0 = weight fraction of ash initially present in dust
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X; = weight fraction of protein initially present in dust
X: = weight fraction of starch & fiber initially present in dust

Since the starch § fiber content is obtained by difference, Eq. (22) becomes

Coa= ( Copm~ Gy ) Xm + (Cp o = Crg) Ya

4"( CP.P - Gs) )(; + Ces

(23)
Combining this equation with Eq. (20), one obtains
Comin LC Com- Cos Wom # (€= Coa X +( Cop=Cois) X +ch]
6(-al) MR = Pea L
= - P,_ C f P C,ﬂ;* =
I P‘a- Pd VV Tr(Pm“-'Pl) \ o‘[ D;:’ ] (‘PM ‘PQ)
— _;ﬂﬁz___[cmmyil
Vv ( Prany "PD)
(24)
or
8 v o D:t
_ = - = —- - +E RS 5T S—
Covnn A X“ 8 Y'“‘ CMP b D:?’ (25)
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where
i (CC"'“'C"*‘H vv?Fd;-Pa / [ &G th%)J
B= ( Cpa- Cp.s)/[ekcp.uf (?,..i‘-?a) ]
C= ( Cpp- Cmﬂ&%dﬁj
o CJ?/P“ Gra ,...,—-P,) )

L(—aH) TR : K Pox T
B Ui 5L B} [?~Ca=+m]

Alternatively, the term

(="
(-AHJJ /C"?”) D n.(D,) LD, 4t

can be approximated as

(—at) .. v

Thus Eq. (25) becomes

[
Crﬁn

=—Ax;—BX:—C’X;-D+E“ (26)
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where
wo |eH) R L
i [ Vo (P ~?.>} [ o G * @M-P,J

IIT., EXPERIMENTAL DETERMINATION OF MINIMUM
EXPLOSIBLE CONCENTRATION

The material and methods employed are ocutlined here.

A, Sample Preparation

Samples of dust from three grains (corn, wheat, and grain sorghum) were
collected from the dust removal systems in three commercial elevators, and
cormstarch was purchased in bulk from a mill. Each dust sample was separated
into several size fractions by sieve separation and by air classification.
The particle size distribution and average particle diameter were determined
for each size fraction. The contents of moisture, ash, protein, and starch §
fiber in each fraction were also determined. A detailed description is given
in Chapter 3.

The dust samples were stored in a refrigerator at 3°C (37°F). The
samples were allowed to equilibrate with the temperature and humidity of the
laboratory air for at least 16 hours prior to the tests. The temperature and
humidity of the laboratory were continuously monitored by a hygro-thermograph

recorder (Belfort Instrument Company, Baltimore, MD).

B. Hartmann Explosion Test
1. Apparatus. Photographs of the explosion apparatus are shown in
Figs. 4.1 and 4.2. A schematic of the apparatus is presented in Fig. 4.3.
The design of the explosion chamber is the same as that of a standard

Hartmann apparatus (Dorsett et al., 1960), except for the four light emitting



4-15
diode (LED) and phototransistor (PT) pairs which function in the infrared
spectral region (LED and PT are Spectrcnics SE-140-3 and Spectronics SD-1440-3,
_ respectively). Figure 4.4 is a schematic diagram of an LED. The diagram for
a PT is identical except an PT is used instead of an LED. A diagram of the
circuitry for the pairs is in Fig. 4.5. All of the pairs are mounted on the
outside surface of the Lucite explosion chamber (see Fig. 4.3), and the light
passes through the chamber walls to reach the dust. The lowest phototran-
sistor was positioned above the electric spark to remove the effect of the
light from the spark. When the dust is dispersed in the explosion chamber,
the intensity of the light received by the PT in each pair decreases as the
concentration increases. This decrease in light intensity results in a
corresponding decrease in the output voltage of the PT. The PT output voltage
signal is measured as a function of time with a Tektronix 5112 dual beam
oscilloscope (Tektronix Inc., Beaverton, OR). The signal traces on the
oscilloscope screen were photographed with a Tektronix series 125 camera.

The timing circuitry (see Fig. 4.3) controls the length of time between
the initiation of the electric spark and the dispersion of the dust. The
circuitry initiates the spark by closing a relay that connects a 120 V ac line
voltage to a luminous tube transformer (Jefferson Electric Co., Bellwook, IL).
The transformer steps up the line voltage to 12 kV and 30 ma. The output from
the transformer is connected across the electrodes (see Fig. 4.3). The dust
is dispersed when the circuitry opens the solenoid valve which allows the
compressed air in the dispersion air cylinder to flow into the explosion
chamber.

A paper diaphragm that is mounted on top of the explosion chamber is
filter paper (Whatmann 42 ashless) with a diameter of 0.09 m. The diaphragm

is for detemmining the occurrence of an explosion, which is generally defined
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to have occurred if there is sufficient pressure built up during the test to

rupture the diaphragm (Dorsett et al., 1960).

2. Procedure. Prior to the explosion, a specified amount of dust was
weighed and placed into the dust cup (Fig. 4.3), and the explosion chamber was
attached on the top of the dust cup with T-bolts and wing nuts. The high
voltage electrical leads from the transformer were attached to the electrodes.
The distance between the electrode tips inside the explosion chamber was
measured with a square rod having sides of 4.8 mm (3/16') and a length of
0.3 m (12'"). The paper diaphragm was mounted on top of the explosion chamber,
and the air dispersion cylinder (see Fig. 4.3) was pressurized to 1.4 bar
(20 psig). The timing circuitry was programmed to simltaneously open the
solenoid valve and initiate the electric spark. The photograph film was
init:':ally exposed by the PT output traces for 100% transmission when the LED
in each pair was on and for 0% transmission when the LED in each pair was off.

After these pre-explosion preparations the timing circuit was initiated.
After the explosion, the camera shutter was closed and the photograph removed.

The condition of the diaphragm (whether it was ruptured or not) was recorded.

C. Determination of the Minimum Explosible Concentration

The concentration was calculated by dividing the mass of dust placed in
the dust cup (the loading) by the volume of the explosion chamber. The
minimum loading was detemmined by repeatedly performing explosion tests with
varying loadings until the smallest loading that yielded four consecutive

positive explosion tests (the paper diaphragm ruptures) was found.

1. Procedure for determining the minimum loading. A flow diagram of the

procedure is presented in Figs. 4.6a and 4.6b. A preliminary explosion test
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was performed with an amount of dust estimated to be approximately the minimum
loading. Depending on the result of this test, one of two paths described
below was followed.

If the result of the preliminary test was positive (an explosion}), a
two series of explosion tests were performed. In the first series each
succeeding loading was decreased by an increment of 0.5 x ]_0'3 kg mtil one of
the tests yielded a negative result. The dust loading in the initial test of
the second series was of 0.5 x 10'3 kg larger than the loading in the final
test of the first series. The succeeding loadings in the second series wers
increased by 0.5 x 10-3 kg increments until one of the tests yielded a
negative result.

If the result of the preliminary test was negative, a series of explosion
tests were performed, in which each succeeding loading was increased by
0.5 x 107° kg mtil one of the tests yielded a positive result. The initial
test of this series was performed with a dust loading of 0.5 x 10_3 kg smaller
than the loading in the final test of the first series. The succeeding
loadings in the second series were decreased by 0.5 x 10‘3 kg increments until
one of the tests yielded a positive result.

The smallest loading, which yielded two consecutive positive results, was
determined. The test performed with this loading was the initial test for a
third series of tests. In the series the succeeding dust loadings were
incrementally decreased by 0.2 x 10-3 kg wmtil the smallest loading was found
that yielded four consecutive positive explosion tests. Finally, this loading
was decreased by 0.1 x }.0'3 kg and a series of explosion tests performed with
it. If the series of tests yielded four consecutive positive results then
this was the minimum loading; otherwise, the loading 0.1 x 1(‘,‘-_3 kg larger was

the minimum loading.
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2. Calculation of the minimum explosible concentration from the minimum

loading. Dorsett et al. (1960) determined the minimum loading with the
electrodes at two different heights, 63 mm and 114 mm, from the bottom of the
explosion chamber. The arithmetic average of the minimum loadings at the two
electrode heights was taken as the final minimum loading of the sample to
compensate for the spatial non-uniformity of the dgst suspension in the
explosion chamber during the explosion. The minimum explosible concentration
was calculated by dividing the arithmetic average of the minimum loading by
the total volume of the explosion chamber. This method of calculating the
minimum explosible concentration assumes that the dust is uniformly suspended
within the explosion chamber at the time of the explosion.

In this study, the minimum loading was determined with the electrodes
only at a height of 63 mm from the bottom of the explosion chamber. The
minimum explosible concentration was calculated by dividing the minimum
loading by the total volume of the explosion chamber. This was done to reduce
the amount of sample used because of the limited amount of sample in some of
the size fractions. The distribution of the suspended dust within the

explosion chamber was also monitored by the PT-LED pairs.

IV. RESULTS AND DISCUSSION

The results from the determinations of the minimum explosible concen-
tration are given in Table 4.1. The order in which the tests were performed
is indicated by the Test No. The coefficient of variability between repeti-
tions and the number of degrees of freedom for each coefficient are presented
in Table 4.2 for wheat dust, corn dust, grain sorghum dust, and cornstarch.
In Table 4.3, the simple correlation coefficients between the minimum

explosible concentration, Cmin’ and the mass mean diameter, Dm’ are presented
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for grain sorghum dust, corn dust, wheat dust, and cornstarch. The partial
correlation coefficients when the moisture content, ash content, protein
content, or starch § fiber content are fixed are also presented in Table 4.3.
Table 4.4 contains the simple correlation coefficients between 1/Cmin and the
content of each component (moisture, ash, protein, or starch § fiber) for
grain sorghum dust, corn dust, wheat dust, and cornstarch. The partial corre-

lation coefficients when the specific external surface area, S___, is fixed

ext
are also presented. Table 4.5 contains similar information as Table 4.3

except that the correlation is between I/Cmi and Sex

instead of between C .
t mi

n n

and Dm. For corn dust and grain sorghum dust, Table 4.6 contains the slopes

and the intercepts for the regressions of Sex

L on l/cmin when the regression

is constrained to pass through the origin. The results of the F-test, degrees
of freedom and the coefficient of determination, Rz, are also presented for
each regression in Table 4.6. Table 4.7 contains similar information as

Table 4.4 except that the correlations are between l/Cmin and the content of
each component instead of between Cmin and each component. The slope, inter-
cept, results of the F-test, degrees of freedom, and coefficient of determina-
tion, Rz, of the regression of the ash content on l/cmin are presented in
Table 4.8 for those size fractions of wheat dust with the ash content greater
than 10%. In additiun, the same quantities for the regression of moisture
content on UCmin are presented in Table 4.8 for cornstarch, corn dust, and
grain sorghum dust. Note that for the grain sorghum dust, the data for the
size fraction with the highest ash content are not included in the regression.
In Table 4.9, the results of the F-test, the coefficient of determination, Rz,
and the residual degrees of freedom for the multilinear regression of the
variables shown in the Table on 1,’CEuin are presented for corn dust, grain

sorghum dust, wheat dust, cornstarch, and the combination of all four of the
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dusts. The values of the coefficients of the dependent variables and of the
constant are also presented in Table 4.9. The ignition delays are presented
in Table 4.10 with the corresponding sample identification and minimum
explosible concentration.

The minimum explosible concentration, Cmin’ is plotted against the mass
mean diameter, Dm’ in Figs. 4.7, 4.8, 4.9, and 4.10 for grain sorghum dust,
corn dust, wheat dust, and cornstarch, respectively. In Figs. 4.11, 4.12, and
4.13, Cmin is plotted against the ash content for grain sorghum, corn, and
wheat dust, respectively. In Fig. 4.14, Cmin is plotted against the moisture
content for grain sorghum dust and corn dust., Similar correlations for wheat
dust and cornstarch are presented in Figs. 4.15 and 4.16, respectively. In
Figs. 4.17, 4.18, and 4.19, Cmin is plotted against the protein content for
grain sorghum, corn, and wheat dust, respectively. Figs. 4.20, 4.21, 4.22,
and 4.23 present.the correlation between Cmin and the starch & fiber content
for grain sorghum dust, corn dust, wheat dust, and cornstarch, respectively.
The results of the correlations and regressions between the reciprocal of the

minimum explosible concentration, 1/Cm.

in’ and the specific external surface

area, Sex , ash content, moisture content, protein content, or starch & fiber

t
content are presented in Figs. 4.24 through 4.40.

Figure 4.41 presents the percent transmission plotted against time from
the output of the four phototransistors, PT, shown in Fig. 4.3. The relative
position of each trace among the four traces in Fig. 4.41 corresponds to the

relative position of the PT among the four PTs (e.g., the bottom trace is from

the bottom PT in Fig. 4.3).
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A. Effect of Particle Size and Composition

1. Mass mean diameter. Figures 4.7 and 4.8 show definitely that an

inverse relationship exists between the minimum explosible concentration,
Cmin’ and the mass mean diameter, Dm, for grain sorghum dust and corn dust.
The correlation coefficients between Cmin and Dm are significant at the 1%
level for these types of dust (Table 4.7). For wheat dust, the correlation is
significant at the 5% level (Fig. 4.9). For cornstarch, however, the corre-
lation is not significant at the 5% level {Fig. 4.10).

The effect of particle size, i.e., the mass mean diameter, on Cmin can
not be examined apart from the effect of composition. In Table 4.3, the
partial correlation coefficients are used to indicate the effect of the
content of each component on these correlations.

When the ash content is fixed, the partial correlation coefficients
between Cmin and Dm Temain essentially unchanged from the simple correlatiomn
between these two attributes for grain sorghum dust and corn dust. For wheat
dust, however, the partial correlation coefficient is insignificant at the
5% level.

When the moisture content is fixed, the partial correlation coefficient
between Cmin and Dm again remains essentially unchanged from the simple
correlation between these two att.ibutes for grain sorghum dust (Table 4.3).
The partial correlation coefficient for corn dust is significant at the 5%,
instead of the 1%, level. For wheat dust, the partial correlation coefficient
is insignificant at the 5% level; the ash content and the moisture content are
highly correlated. For cornstarch, the partial correlation coefficient is
much larger than the simple correlation coefficient; however, it is still

insignificant at the 5% level. Nots that mass mean diameters for cornstarch

range from 17 to 35 um, which is the smallest range among all types of dust.
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Therefore, a correlation between Cmin and Dm would be more difficult to detect
for commstarch than for other types of dust.

When the protein content is fixed, the partial correlation coefficient
between Cmin and Dm also remains essentially unchanged for grain sorghum dust.
The partial correlation for corn dust is only significant at the 5% instead of
the 1% level. For wheat, the partial correlation is still not significant at
the 5% level, when the protein content is fixed.

When the starch & fiber content is fixed, the partial correlation
coefficient between Cmin and Dm for grain sorghum dust again remains essen-
tially unchanged, and that for wheat dust again is insignificant at the 5%
level. Note that these partial correlation coefficients are essentially the
same as those with the ash content fixed. For com dust, the partial corre-
lation coefficient is significant at the 5% level while the simple correlation
coefficient is significant at the 1% level. The ash and protein contents of -
the cornstarch are negligibly small; thus, the total content of each size
fraction is assumed to consist of two parts: the moisture content and the
starch & fiber content. The starch & fiber content, therefore, is the
di fference between total content and the moisture content. For cornstarch,
the partial correlation coefficient with the starch § fiber content fixed is
exactly the same as that with the moisture content fixed.

The correlation between Cmin and Dm for grain sorghum dust, corn dust,
wheat dust, or cornstarch is affected differently when the moisture, ash,
protein, or starch & fiber content is removed. The correlation for grain
sorghum dust remains essentially unchanged when the content of each component
is fixed. For corn dust, fixing the ash content does not greatly alter the
correlation. No data for Cmin exists for the size fractions with the highest

contents, 5 and 6 (see Table 4.1); an insufficient quantity of dust in these
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size fractions rendered the determination of Cmin impossible. The ash
contents of the remaining size fractions range from 1.3% to 6.4%. For wheat
dust, when the moisture content, protein content, or starch § fiber content is
fixed, the resultant partial correlation coefficients are different from the
simple correlaticn coefficients. The partial correlation coefficients,
however, are still insignificant at the 5% level. A correlation is more
difficult to detect for wheat dust than for the other kinds of dust; wheat
dust contains the smallest amount of data.

The total number of degrees of freedom for each dust is too small teo
detect sffectively correlations between Cin and D and the resultant partial
correlation coefficients are difficult to interpret. The table of these

correlations is given in the Appendix.

2. Composition. The ash content varies more than the moisture, protein,
or starch § fiber content among the size fractions for corn dust, grain
sorghum dust, and wheat dust. In spite of this, the simple and partial
correlation coefficients for corn dust listed in Table 4.4 indicate that no
significant relationship exists between the ash content and Cmin at the 5%
level. Since a sufficient quantity of dust was not available in the size
fractions with the highest ash contents, the determination of Cmin was
impossible for these size fractions. The ash content ranges only from 1.3% to
6.4% among these size fractions for which Cmin was determined. The ash con-
tent of grain sorghum dust varies widely from 4.5% to 39.5%. For grain
sorghum dust, however, the correlation coefficients and the partial corre-
lation coefficients between the Cmin and the ash content also indicate no
significant correlation at the 5% level. The correlation coefficient for

wheat dust shows a significant correlation at the 5% level. This is expected
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because of the large range of the ash contents, 6.0 to 48%. While three data
points with high ash contents are available for wheat dust, only two are
available for grain sorghum dust; for grain sorghum dust, the amount of dust
in the third size fraction was not sufficient to perform a determination of
Cmin’ When the mass mean diameter is fixed, the partial correlation coeffi-
cient between the Cmin and the ash content indicates no significant correla-
tion at the 5% level,

The correlation coefficients between the minimum explosible concentration
and the moisture content for grain sorghum dust, com dust, wheat dust, and

cornstarch are given in Table 4.4, The simple correlation coefficient for

grain sorghum dust shows no significant correlation at the 5% level. This is

£

expected because of the small range of moisture contents, from 7.7% to 12.1%.
The simple correlation coefficient for corn dust is significant at the 1%
level (Fig. 4.14). Note that for corn dust, the moisture content ranges only
from 11.3% to 12.6%. When the mass mean diameter is fixed, the resultant
partial correlation coefficient is significant at the 3% level. For comn-
starch, the simple and partial correlation coefficients (with the mass mean
diameter fixed) between Cmin and moisture content are significant at the
1% level. The range of the moisture contents, between 4.0% and 14.9%, for
this dust is the largest among all four types of dusts (Fig. 4.16). The
correlation coefficients for wheat dust are insignificant at the 5% level.
The correlation coefficients between the minimum explosible concentration
and the protein content are shown in Table 4.4. The simple correlation
coefficients for grain sorghum dust, corn dust, and wheat dust are insignifi-
cant at the 5% level (see Figs. 4.17, 4.18, and 4.19, respectively). The

partial correlation coefficients with the mass mean diameter fixed are also

insignificant at the 5% level for all three types of dust.



4-25
The correlation coefficients between the minimum explosible concentration
and the starch & fiber content are given in Table 4.4. They are insignificant
at the 5% level for grain sorghum dust and corn dust (Figs. 4.20 and 4.21,
respectively). When the mass mean diameter is fixed the partial correlation
coefficients are also insignificant at the 5% level. For the wheat dust, the
simple correlation coefficient is significant at the 5% level (Fig. 4.22);
however, with the mass mean diameter fixed, the partial correlation coeffi-
cient is insignificant at the 5% level. The correlation for cornstarch is
significant at the 1% level (Fig. 4.23). Note that this correlation is the
same as that between the Cmin and the moisture content except that the former
is a negative correlation. The ash and protein contents of the commstarch are
negligibly small; thus, the total content of each size fraction is assumed to
consist of two parts, the moisture content and the starch & fiber content.
The starch § fiber content, therefore, is the difference between total content

and the moisture content.

B. Correlations Utilizing a Simple Model

1. Specific external surface area. Equation (25) indicates that the

reciprocal of the minimum explosible concentration, Cmin’ can be correlated

linearly as a function of the specific external surface area, Sext' In

Table 4.5, the correlation coefficients between Ymin and Sext are significant
at the 1% level for both grain sorghum dust and corn dust (Figs. 4.24 and
4.25, respectively). For both wheat dust (Fig. 4.26) and cornstarch

(Fig. 4.27), however, the correlation coefficients are insignificant at the

% level. Note that cornstarch contains the smallest range of particle
specific surface area, 0.13 x 103 to 0.283 x ].O3 mzi’kg, and the largest range

of moisture contents, 4% to 14.9%. Figure 4.24 shows definitely that the
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correlation between l/Cmi and specific external surface area for grain

n
sorghum dust is non-linear at the larger specific external surface areas.

This could have resulted f;om agglomeration of the smaller particles with
diameters of approximately between 8 um and 12 pum or due to inaccuracy in the
model; however, the correlation coefficient is significant at the 1% level.

The particle correlation coefficients; determined by fixing the content
of each component one at a time, were calculated. Note that the simplified
model, Eq. (25), suggests a possible linear correlation between the I/Cmin and
the content of each component. When the moisture content is fixed, the
partial correlation coefficients between the I/Cmin and the specific external
surface area are shown in Table 4.5 for grain sorghum dust, corn dust, wheat
dust, and comstarch. The simple and partial correlation coefficients are
essentially the same for grain sorghum dust and com dust. The partial
correlation coefficients for wheat dust and for commstarch are not significant
at the 5% level.

The partial correlation coefficients for the same correlation with the
ash content fixed are also given in Table 4.5 for grain sorghum dust, corn
dust, and wheat dust. The ash content in cornstarch is insignificant. For
grain sorghum dust and corn dust, the partial correlation coefficients are
essentially the same as their respective simple correlation coefficients. The
partial correlation coefficient for corn dust is larger than the simple
correlation coefficient by 0.01. The partial correlation coefficient for
wheat dust again indicates no significant correlation at the 5% level.

When the protein content is fixed, there are no significant changes in
the correlations for any dust (see Table 4.5). For example, the partiai
correlation coefficient for grain sorghum dust is larger than its respective

correlation coefficient by 0.02.
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For all types of dust except cornstarch, the partial correlation coeffi-
cients between the l/Cmin and the specific external surface area with the
starch § fiber content fixed are essentially the same as those with the ash
content fixed. This is expected; the correlation coefficients between the ash
content and the starch § fiber content are highly significant for grain
sorghum dust, corn dust, and wheat dust.

The correlations between the I/Cmin and the specific external surface
area are substantially different for grain sorghum dust, corn dust, wheat dust,
and comstarch. The correlation coefficients between the l/Cmin and the
specific external surface area are significant for grain sorghum dust and corn
dust. These correlations are not significantly altered by fixing the content
of any component. The partial correlation coefficients with the contents of
all four composition components fixed have also been determined (see Appendix);
it has been found that they are difficult to interpret and that resultant
number of degrees of freedom, ranging from 2 to 5, are too small to detect
significant correlations effectively. The insignificant simple and partial
correlations for wheat dust are not unexpected. Wheat dust along with corn-
starch have smaller ranges .of the specific external surface area, 0.15 x
103 mzlkg, than do grain sorghum dust and corn dust, 0.4 x 103 and 0.34 x
lD3 mz/kg, respectively. The wheat dust also has the smallest number minimum
explosible concentration data among all types of dust, and three of these con-
tain large quantities of ash material, 15 to 45%. The combination of these
factors makes it difficult to detect a significant correlation between l/Cmin
and specific external surface area difficult for wheat dust. The cornstarch
has a small range of specific external surface area, as expected, and has the

largest range of moisture contents, 4 to 15%. Thus, the correlation between

the 1/(2min and the specific external surface area is also difficult to detect.
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If the effects of the content of any component on l/cmin are small or are
random with respect to the specific external surface area, then the model
(Eq. 25) would predict a linear relationship between the l/Cmin and the
specific external surface area.
The experimental data indicate that the model must be constrained to pass

through the origin. The result of the regression of Sex on 1/Cmi are shown

t n

in Table 4.6. The F-tests for both regression are significant at the 1% level
and the coefficients of determination are 0.94 for the corn dust and 0.86 for
the grain sorghum dust.

For the specific external surface area (the particle size) to be a major
factor, the value of Cmin (0.055 kg/ms) obtained by Jacobson et al. (1961)
should be in the range of Cmin obtained in this study. The smallest value of
Cmin from this study, however, is 0.15 kg/ms for the size fraction of grain
sorghum dust having-a mass mean diameter of 10 pm. This is 2.7 times higher
than that reported by Jacobson et al. (1961) for grain dust. Even though the
correlations are significant, the discrepancies between the values of Cmin

obtained in this investigation and those obtained by Jacobson et al. (1961)

are difficult to explain.

2. Composition. According to the mc<21, Eq. (25), the reciprocal of the
minimum explosible concentration, Cmin’ should be linearly correlated with the
weight fractions of each composition component. The simple correlation
coefficients and partial correlation coefficients with the specific external

surface area, S fixed between Ucmin and the ash content are shown in

ext’
Table 4.7 for grain sorghum dust, corn dust, and wheat dust. These coeffi-
cients are insignificant at the 5% level. In Fig. 4.28 for wheat dust,

however, for ash contents greater than approximately 15%, I/Cmin decreases as
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the ash content increases. WNote that the size fraction with the highest ash
content, 45%, exhibits the lowest value of l/cmin’ Figure 4.29 for grain
sorghum dust, contains only one data point with an ash content greater than
15%., The value of 1/Cmin for this data point is relatively low. For wheat

dust, a linear regression of ash content on l/Cmi is presented in Table 4.8

n
in which only data from the three size fractions with the highest ash contents
are included. Extrapolation of the resultant regression equation to the ash
content at which 1/Cmin becomes zero (i.e., Cmin approaches infinity) yields

a value of approximately 73%. Jacobson et al. (1961) reported a value of 85%;
this value is for dry dust and was obtained from a different apparatus than
that used in this study. The apparatus used by Jacobson et al. (1961),
however, also utilizes an electric spark as the ignition source.

The simple and partial correlation coefficients between the l/Cmin and
the moisture content are shown in Table 4.7 for corn dust, cornstarch, grain
sorghum dust, and wheat dust. The simple correlation coefficients for corn
dust and cornstarch are significant at the 1% level, Figs. 4.31 and 4.33,
respectively. When the specific external surface area is fixed, the partial
correlation coefficients for both types of dust remain significant at the
1% level. The simple and partial correlation coefficients for grain sorghum
dust are not significant at the 5% level; however, a significant ccrrelation
appears to exist in Fig. 4.31 if the data containing the highest ash content
are excluded. When the ash content is fixed, the partial correlation coeffi-
cient between the l/Cmin and the moisture content is -0.95 with 7 degrees of
freedom. This coefficient is significant at the 1% level. For wheat dust,

the simple and partial correlation coefficients with the specific extemrnal

surface area fixed are not significant at the 5% level.
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Table 4.8 presents the regressions of moisture content on l/Cmin for comn
dust, cornstarch, and grain sorghum dust. For corn dust and cornstarch, the
extrapolation of the regression equations to the moisture contents above which
no explosion can occur has yielded values of 13.2 and 15.8%, respectively.
These moisture contents are consistent with an average value of 15% reported
by Eckhoff (1976). When the relationships for corn dust and cornstarch are
extrapolated to a moisture content of zero, they predict minimum explosible
concentrations of 0.02 and 0.038 kg/ms, respectively. Jacobson et al. (1961)
report values of Cmin ranging from 0.04 to 0.055 kg/m3 for dry cornstarch and
a value of 0.055 kg/m3 for dry grain dust. For grain sorghum dust, the data
with the highest ash content is not included in the determination of the
regression in Table 4.8. The moisture content above which no explosion can
occur is 13.3% and the minimum explosible concentration for a moisture content
of zero is 0.043 kg/ms.

The simple and partial correlation coefficients between the l/cmin and
the protein content are presented in Table 4.7 for grain sorghum, corn, and
wheat dust. These coefficients indicate no significant correlations at the
5% level. These relationships are presented in Figs. 4.34, 4.35, and 4.36 for
grain sorghum, corn, and wheat dust, respectively. Insignificant correlations
are expected because of the small range of protein contenti, for each dust.
Unless the effect of protein is very marked, one would not expect to see
significant correlations.

The simple and partial correlation coefficients between the l/Cmin and
the starch § fiber content are presented in Table 4.7 for grain serghum dust,
corn dust, wheat dust, and cornstarch. These coefficients for wheat, grain
sorghum, and corn dust are not significant at the 5% level (Figs. 4.37, 4.38,

and 4.39). For cornstarch, however, the simple and partial correlation
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coefficients with the specific external surface area fixed are both signifi-
cant at the 1% level (Fig. 4.40). Note that these coefficients are the same
as those for the correlation between moisture content and 1/Cmin; except the
former are negative. For comstarch, the starch & fiber content is the
di fference between the total content and the moisture content. Thus the
significant correlation between the l/cmin and the starch § fiber content
could be the result of the correlation between the l/Cmin and the moisture

content. Note that none of the remaining types of dust show a significant

correlation between 1/(3mi and the starch & fiber content; however, both grain

n
sorghum dust and corn dust, as well as cornstarch, exhibit significant

correlations between the l/Cmin and the moisture content.

3. Combined effects of specific external surface area and composition.

The synergistic effects of the specific external surface area and the compo-
sition can be analyzed by means of the simplified models, Eq. (25) and (26).
These models have been fitted to the experimental data. The results are
presented in Table 4.9. Only those variables that significantly contribute to
the regression at the 5% level are included in the models. Not all the
variables in the models can be utilized in the analysis because the total
nurtz2r of data per type of dust is too small.

For corn dust, the experimental data can be described with an R2 of 0.95
when the specific external surface area, Sext’ and the ash content are the
only two variables included in the first model, Eq. (25). The minimum
explosible concentrations from this model are 3 to 10 times larger than those
obtained by Jacobson et al. (1961). The second model in Eq. (26) describes

2

the data with an R” of 0.50 when only the ash and moisture contents are con-

sidered in the model. By extrapolating this model to a moisture content of
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zero, it predicts the minimum explosible concentration to be 0.020 kg/m3 on an
ash-free basis; Jacobson et al. (1961) reported 0.055 kg/m3 for grain dust,
For an average ash content for corn dust of 8.17, this model predicts Cmin to
be 0.033 kg/m3 on a moisture-free basis. For corn dust, it also predicts the
moisture content below which no explosion will take place for a given ash
content. For the range of ash contents of corn dust, 1.3 to 6.4%, such
moisture contents range between 11.5 and 13%. Eckhoff (1976) reported that
moisture contents above approximately 15% showed essentially no pressure Tise.
His values ranged from approximately 10 to 16% for four dusts tested (the
range of ash content is unknown).

For grain sorghum dust, the second model characterizes the data better
than the first. This model predicts the data with an R? of 0.91. For an ash
content of 39.1%, this model predicts the minimum explosible concentration on
a moisture-free basis to be 0.055 kg/ms, and for an ash content of 4.5%,

0.035 kg/ms. These values are of the same order of magnitude as the values of
D.DSS_kg/m3 reported by Jacobson et al. (1961). The moisture content, above
which no explosion can occur, is predicted to range from 8.8% for an ash
content of 39.9% to 13.2% for an ash content of 4.4%.

For wheat dust, the first model gives.the only significant regression
with an F-value of 5.5 (the F-test value of 5.41 is significant at the 3%
level). Again, with this model, it is difficult to reconcile the values
reported by Jacobson et al. (1961) with the experimental data obtained in this
work. However, it is more difficult to identify the relationship among the
variables for wheat dust than for any other dust.

For cornstarch, the second medel shows a significant regression at the
1% level with an R2 value of 0.73. For cornstarch, the coefficient of deter-

mination, Rz, is lower than those of the other dusts; the coefficient of



4-33
variability between repetitions is 30.8% (Table 4.2). The coefficients of
variability for corn dust, grain sorghum dust, and wheat dust are 18, 8, and
5%, respectively. When this is extrapolated to a moisture content of zero,
the model predicts a value of 0.038 kg/m3 for the minimum explosible concen-
tration. Jacobson et al. (1961) reported values ranging from 0.040 kg/m3 to
0.055 kg/ms. The present prediction is slightly lower than those obtained by
Jacobson et al. (1961). The model also predicts the moisture content above
which no explosion can occur to be 15.8% which essentially is in agreement
with the value reported by Eckhoff (1976).

For a combination of all types of dust, the first model gives no signifi-
cant regression at the 5% level (see Table 4.9). The second model yields a
significant regression at the 5% level with an R2 of 0.83 (see Table 4.9).
This model predicts the minimum explosible concentration of 0.039 kg/m3 on a
moisture-free, ash-free, and protein-free basis. Jacobson et al. (1961)
reported values of 0.04 to 0.055 kg/m3 for comnstarch and 0.045 kg/m3 for
wheat starch. For the average values of the ash content and the protein
content for all dusts, 11.1 and 8.3%, respectively, the model predicts a
minimum explosible concentration of 0.048 kg/m3 for a moisture content of zero.
Jacobson et al. (1961) reported a value of 0.055 kg/m3 for dry grain dust. On
an ash-free and proicin-free basis, the second model predicts the maximum
moisture content to be 15.8% above which no explosion can occur. By extrapo-
lation, Eckhoff (1976) showed the maximum moisture content to be approximately
16.3% for cornstarch. At the largest ash and protein contents of 48% and 14%,
respectively, the maximum moisture content was found to be 7.2%.

Examination of the data given in Table 4.9 indicates that a large ash
content (approximately 25%) is necessary to significantly increase the minimum

explosible concentration. For moisture and protein contents within the ranges
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of the present study, the model predicts that the ash content, above which no
explosion can occur, ranges from 30 to abcve 100%. The model is applicable
for an ash content below 100%. However, as the ash content approaches 100%,
the heat liberated from the particles of combustible dust approaches zero.

In summary, one can state that the moisture content is the major factor
which influences the minimum explosible concentration; the ash content becomes
a significant factor only when it exceeds approximately 25%. The effect of
protein content is minimal at the levels encountered in this investigation.
The particle size seems to have a slight effect; however, its role has yet to

be fully explored.

C. Ignition Delay

The photograph of the phototransistor, PT, and the output voltage in
Fig. 4.41 indicates that the variation of the light intensity before the
arrival of the dust was insignificant. A series of short bursts of light can
be observed in the photograph after the arrival of the dust at the bottom
phototransistor. This light could have resulted from the ignition of single
particles or groups of particles that failed to ignite the entire dust cloud.

Many of the photographs taken for concentrations at which the explosions
occurred show a large and extended light source. The explosions did not occur
prior to these bursts of light. This light source could possibly be inter-
preted as the result of an explosion. The time between the arrival of the
dust at the lowest PT and the reception of this intense light source in the
experiment is termed the ignition delay. This delay is closely associated
with that reported by Eckhoff (1977) for the Hartmann explosion chamber for
measuring the maximum explosion pressure, the maximum rate of pressure rise,

and the average rate of pressure rise., Table 4.11 lists the ignition delays
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ranging from 152 to 466 msec for wheat dust, 40 to 490 msec for grain sorghum
dust, 14 to 137 msec for corn dust, and 0 to 134 msec for cornstarch. The
concentration at the electrodes is a function of time because of the transi-
tory nature of the dust.cloud. Lee et al. (1980) have observed that fer corn-
starch and lycopodium, the concentration of dust reaches a maximum within
approximately 20 msec from the arrival of the dust at the electrodes, and then
decreases immediately. The reduction in the concentration of dust could be
due to the effects of its dispersion into the explosion chamber; some adheres
to the walls of the vessel, some escapes from the hole in the paper diaphragm
or other cracks, and some settles out of the suspension. A similar observa-
tion can be made in Fig. 4.41. No quantitative statement can be made of the
significance of the delay time; however, when the delay times are larger than
the time to reach the initial peak concentration, it can not be ascertained
which dust particles are involved in the explosion. To define the minimum
explosible concentration for a particular type of dust, it would be desirable
to have the explosion occur at the initial peak concentration. Then, the
entire distribution of particles, not just a particular portion, will be
involved in the explosion. This could severely alter the effect of particle
size on the minimum explosible concentration for dust that is not easily

ignitable,.

V. CONCLUSICNS

The minimum explosible concentrations of all types of dust studied are
similar. Ranking the dusts in decreasing order of their explosibility yields
cornstarch, corn dust, grain sorghum dust, and wheat dust. The values of Cmin

for grain sorghum dust and corn dust are similar. Particles with smaller

diameters have lower values of Cmin than those with larger diameters. The
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moisture content appears to be an important factor; for cornstarch, Cmin :
ranges from (.04 kg/m3 to 0.31 kg/m3 for moisture contents ranging from 4% to
14.9%. The ash content appears to become an important factor for values
greater than approximately 25%.

Two models were developed that linearly correlate l/Cmin as a function of
Sext’ ash content, moisture content, and protein content. The important
variables that effect Gmin appear to be the ash content and the moisture
content. Extrapolation of the models to a moisture content necessary to
obtain an inert dust sample yields a value of 15.8% for cornstarch; Eckhoff
(1976) reported a value of 16.3% for cornstarch. Similar extrapolations for
the remaining dusts yields values of moisture content that range from 13 to
15% depending on the ash content. For wheat dust, extrapolation of the models
to an ash content necessary for an inert dust sample yields a value of 73%.

There appears to be a long ignition delay, approximately 100-200 msec,

for most types of dust studied. This could alter the effect of Sext on Cmin'



4-37

REFERENCES

Dorsett, H.G., Jr., Jacobson, M., Nagy, J., and Williams, R.P. 1960. Labora-
tory equipment and test procedures for evaluating explosibility of dusts.
U.S. Department of the Interior, Bureau of Mines, Report of Investigationms,

RI-5624.

Eckhoff, R.K. 1976. A study of selected problems related to the assessment
of ignitability and explosibility of dust clouds. A.S. John Greigs

Boktrykkeri. Bergen, Norway.

Eckhoff, R.K. 1977. The use of the Hartmann bomb for determining Kst values

of explosible dust clouds. Staub Reinhaltung der Luft 37(3):110-112.

Jacobson, M., Cooper, A.R., and Ball, F.J. 1961. Explosibility of agricul-
tural dust. U.S. Department of the Interior, Bureau of Mines, Report of

Investigations, RI-5753.

lee, R.S., Aldis, D.F., Garrett, D.W., and Lai, F.S. 1980. Improved diag-
mostics for the determination of minimum explosible concentration, minimum
ignition energy, and minimum ignition temperature of grain dusts. Submitted

to Cereal Chemistry for publication.



APPENDIX. PARTIAL CORRELATION COEFFICIENTS BETWEEN Cmin AND Dm’

AND C . AND S WITH ALL THE CONTENTS OF MOISTURE,
min ext

ASH, PROTEIN, AND STARCH & FIBER FIXED

Type Degrees
of of Correlation
Correlation Dust Freedom Coefficient
d.f. T
C. andD Grain Sorghum S 0.77*
min m
Corn 4 0.71
Wheat 3 0.82
l/Cmin and Sext Grain Sorghum 5 0.67
Corn 4 0.91*
Wheat 3 0.79

*Significant at the 5% level
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Table 4.1 Results from the Minimum Explosible
Concentration Experiments

Minimum
Test Sample Explosible
No. Identification Concentration
kg/m’
1 CNAC-507 0.29
2 CNAC-SO02 0.20
3 CNAC-S08 0.46
4 CNAC-S10 0.54
5 NAC-509 0.47
6 (NAC-S11 0.53
7 CNAC-504 0.26
8 CNAC-507 0.31
9 CNAC-S03 0.26
10 CNAC-S08 0.33
11 NAC-502 0.22
12 CNAC-509 0.2
13 CNAC-501 0.16
14 CNAC-510 0.50
1.5 CNAC-S511 0.49
16 WTAC-S07 0.30
17 WTAC-504 0.29
18 WTAC-S08 0.32
19 WTAC-S03 0.29
20 WTAC-505 0.36
21 WTAC-S06 0.57
22 WTAC-S09 0.41
23 WTAC-S10 0.36
24 WTAC-S04 0.25
25 WTAC-S03 0.29
26 WTAC-S06 0.54
27 WTAC-S05 0.35
28 WTAC-S07 0.30
29 WTAC-508 0.30



Table 4.1 (continued)
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Minimum
Test Sample Explosible
No. Identification Concentration
kg/m3
30 WTAC-509 0.38
31 WTAC-S10 0.37
32 MOAC-S03 0.20
33 MOAC-502 0.17
34 MOAC-504 0.24
35 MOAC-508 035
36 MOAC-S07 0.31
37 MOAC-S02 0.19
38 MOAC-S09 0.43
39 MOAC-S10 0.49
40 MOAC-S07 0.28
41 MOAC-504 0.25
42 MOAC-S08 0.33
43 MOAC-S03 0.23
44 MOAC-5S09 0.37
45 MOAC-501 0.15
46 MOAC-S06 0.37
47 MOAC-S11 0.73
48 CSAC-FO1 0.08
49 CSAC-S06 0.16
50 CSAC-F02 0.05
51 CSAC-S05 0.12
52 CSAC-S02 0.16
53 CSAC-504 0.15
54 CSAC-503 0.17
55 CSAC-FO02 0.04
56 CSAC-S03 0.15
57 CSAC-504 0.15
58 CSAC-S02 0.15
59 CSAC-S05 0.13



Table 4.1 (continued)}
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Minimum
Test Sample Explosible
No. Tdentification Concentration
kg/m3

60 CSAC-506 0.20

61 CSAC-FO1 0.04

62 CSAC-F04 0.10

63 CSAC-F06 0.14

64 CSAC-F03 0.14

65 CSAC-FO05 0.15

66 CSAC-F05 0.11

67 CSAC-F06 0.16

68 CSAC-F04 0.11

69 CSAC-FOs 0.12

70 CSAC-F03 .31
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Table 4.2 The Coefficients of Variability between Repetitioms

for Minimum Explosible Concentration

Type Degrees Ccefficient
of of of
Dust Freedom Variability
%
Wheat 6 4.7
Grain Sorghum 4 8.2
Corn 4 17.9
Cornstarch 9 30.8
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Table 4.6 The Results of the Regression of the Specific
External Surface Area, Sext’ on l/cmin
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Residue

Type Degrees Coefficient

of of of

Dust F-test Freedom Determination Intercept Slecpe

RZ

Corn 107 .6%* 8 0.94 -- 14.09
Grain
Sorghum 13.4%* 9 0.86 -- 17.16
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Table 4.8 The Results of the Regression of the Moisture

Content or the Ash Content on 1/C .
min

Residual
Type Degrees Coefficient
Composition of of of
Component Dust F-test  Freedom Determination Slope Intercept
R2
Ash Wheat 21.07 1 0.98 -0.0626 4.5512
Moisture Corn-
starch 11.10%* 8 0.73 -1.6470 26.0200
Cornt’ 16.20** 7 0.82 -3.8540 50.7700
Grain
Sorghum 9.40* 7 0.73 -1.7540 23.2800
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Table 4.10 Ignition Delay Times
Minimum
Sample Explosible Ignition
Identification Concentration Delay
msec
CNAC-501 0.16 94
CNAC-502 0.22 29
CNAC-502 0.22 83
CNAC-503 0.26 123
CNAC-503 0.26 72
CNAC-508 0.33 137
(NAC-S08 0.28 14
CNAC-S10 0.50 98
WTAC-503 0.29 152
WTAC-S03 0.29 221
WTAC-504 0.25 239
WTAC-S04 0.29 253
WTAC-S05 0.36 181
WTAC-S05 0.35 217
WTAC-S06 0.57 > 412
WTAC-506 0.54 > 376
WTAC-S07 0.30 > 329
WTAC-S07 0.30 > 289
WTAC-S08 0.30 > 466
WTAC-S508 0.32 > 325
WTAC-509 0.41 278
WTAC-509 0.38 260
WTAC-S10 0.37 347
WTAC-510 0.36 > 231
MOAC-S01 0.15 137
MOAC-S02 0.17 40
MOAC-502 0.19 94
MOAC-S03 0.20 177



Table 4.10 (continued)
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Minimum
Sample Explosible Ignition
Identification Concentration Delay
msec
MOAC-S03 0.23 > 108
MOAC-S06 0.37 412
MOAC-507 0.31 > 318
MOAC-S07 0.33 > 470
MOAC-S08 0.35 > 94
MOAC-S09 0.43 > 390
MOAC-S10 0.49 > 477
CSAC-S01 0.05 14
CSAC-S01 0.04 22
CSAC-502 0.05 -0
CSAC-S02 0.04 36
CSAC-503 0.16 29
CSAC-503 0.15 --
CSAC-S04 0.29 134
CSAC-504 0.15 54
CSAC-505 0.15 87
CSAC-805 0.15 83
CSAC-506 0.12 25
CSAC-506 0.13 22
CSAC-507 0.16 76
CSAC-507 0.20 130
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Fig. 4.2 Photograph of the Ignition

Timing Circuitry
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Fig. 4,41 A Photograph of the Oscilloscope Trace of the Output
Voltage from the Phototransistor During an Explosion
Test of Wheat Dust
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CHAPTER 5

MAXIMUM EXPLOSION PRESSURE, MAXIMUM RATE OF PRESSURE RISE,
AND AVERAGE RATE OF PRESSURE RISE AS AFFECTED

BY PARTICLE SIZE AND COMPOSITION

I. [INTRODUCTION

There are two major phases in a dust explosion, the ignition phase and
the propagation phase. The maximum explaosion pressure, the maximum rate of
pressure rise, and the average rate of pressure rise are quantities that
characterize the propagation phase of an explosion. These three quantities
are the major factors on which the extent of damage from an explosion of a
dust cloud depends.

The objectives of this work were to determine the maximum explosion
pressure, the maximum rate of pressure rise, and the average rate of pressure
rise for the dust in several size fractions and to correlate these three
quantities with the average particle diameter and composition of each fractiom.
In addition, the effect of dust concentration on these quantities was studied
for each fraction. Finally, the results of this study were compared with

those from 0.19 m° spherical apparatus.

II. DERIVATION OF CORRELATION MODELS

The pressure tests of the Hartmann apparatus can be modeled as a two-
phase system enclosed in a constant volume vessel. The two phases consist of
a dust phase and a gaseous phase. Each of these phases is assumed to be
homogeneous within itself. By neglecting energy transport by radiation, the

energy balance for the dust phase is
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(1)

where
t = time
T = temperature of the dust phase
Do = particle diameter at time equal to zero
D = particle diameter at time t
Pq = density of the dust
Cp,d = specific heat capacity of the dust
no(D) = number distribution of particle diameter, D, at time
equal to zero
-rd" = reaction rate of dust based on external .urface area
g = surface area of the vessel
hd = heat transfer coefficient between the dust phase and
the vessel (probably a function of the concentration)
T, = temperature of the vessel

AH = heat of combustion of dust
h = heat transfer coefficient between the dust and the air

T = temperature of the air
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5 5
w

AH
w

rate of water evaporation

1]

heat of vaporization of water

D/Do is a function of DO and t, i.e.,

D
D— f(DO,t)
0

It is defined to be equal to O when Do =0, i.e., D/DO =0 if DO = 0. The

energy balance for the gaseous phase gives

-]
AT D a L
EJA. CP,Q_VV _d_:? = -g h(_Tﬁ"T)T(_p_;) Dn T\D(Do)d D, (2)
+ Suha (Te- Ty)
where
Py = density of air
Cp,a = heat capacity of air
Vv = vessel volume
ha = heat transfer coefficient between the air and the vessel

T-2 mass balance for oxygen yields

CLN@ N[” » ) D a* ,
i e AL L ——) P, (R )dD,
"] y,"{fjvr%(fé){pa} (P)d D,

2

(3
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where
NOZ = total number of moles of oxygen
02 = number of moles of oxygen consumed per mole of dust
Md = molecular weight of the dust
Nd = number of moles of dust

For simplicity, one can assume that the particles are a constant size
with a burned layer. The heat capacity and density of the dust are assumed
to be constant as the reaction proceeds. Therefore, Eqs. (1), (2), and (3)

become, respectively,

e o 3 o Rl ot
Ne €2Cou 8T (1D, = N L (Ty-T) T Das
M (-GH)WTJ (¥4I, e (D0)e D,

+ S, ha(T-T) -rualu

(4)

: (5)
e N W Ty = T)TPa e + Sy e (TemTy)

3

Ei-Czﬂa_Vb
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and
GINO; J/ e
_— s O 4 S
At - M, | TR Dynl(P) aD, (6)
o
where
Nzot = total number of particles at time zero
02
Da , = mean diameter based on area at time zero
03
Da 7 = mean diameter based on weight at time zero
]

3

N (-] tht
‘vt T 03
(o £ D2, (7)
where
wzot = total weight of dust initially present

at time zero

Assuming that the gas phase behaves ideally and that the total number of
moles of gas is constant, the expression relating the air temperature to the

pressure is obtained as

T — Ve P (8)




where
P = pressure
R = gas constant
i = total number of moles of gas at time zero

By substituting Eq. (7) into Eqs. (4), (5), and (6), one obtains,

respectively,
AT _ _¢Wue Vh /5 NRT D
Weee Crat ar ta w \.P v ) —Dc.(;
to
+(-aH) nS 1" D e (3 & D,
9
Se ) | Vs - QRT o
=Y ) ndVy (P, = —— aHw
*(w):crz@ v, )= v (9)
g 4P ¢’ LW ART \ D2
i C —_ . — _— = Az
B T I
(10)



and

o9
dfv"z Loy i 2
Py = A, W\JC—E{ ) D, n:(D,)d D,

a

The maximum rate of pressure rise occurs when

d_g.=o
dt

Differentiating Eq. (10) with respect to t, one obtains

o W P € LU 4P _ AR 4Ty _0F,
At - T we L R RS

Therefore, at the time when the maximum rate of pressure rise occurs,

one has

dT
(), =

%—( SVJ( : D” >]<avc/.
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(11)

(12)

(14)



Eliminating the first term on the right hand sides of Egqs. (9) and (10),

one finds

o s
C°Cp. V,%}:—' = = CuCp B AP )T )R DI Ne (D) D,

TR AT

"wAHuJ_ S‘:{ L :/‘R (R&T ’?o)

Ve

S" ., (P “Po.) (15)

Substituting (dT/dt)tmax from Eq. (14) into Eq. (15) yields

< Coat[\*—_{sv) i%j] %_)

= =P cp,ﬁ_(dJ,m [L“i%?;‘i S Ry D, cDm)J

f-ndug

o i(ar (¥ aHJ

_ %U‘*(h\i—r ~s ) "LH(?‘PQ]I (16)

tﬂ‘ls:(

JC an,



5-9
or

T v )Ds Ne(Ps)d D, -

L]

[c—amnrz
W

‘j(mH.,)— [k k—— ) ,.@-PQ]J
v tmay

aS
0o + B G+ A (Seyche) Thy > J

Trax (17)

The maximum explosion pressure occurs when

dP
F=0 (18)

that is, when the rate of heat transfer into the gas phase from the dust is

equal to that from the gas phase. From Eq. (10), this condition occurs when

___&Ch "RTW. D,, B
i ——= (Prnas ~ ) 2,, - Wluo’m-&) (19)

This equation can be rewritten as

o _Daﬂ.:_ & (20)



Integrating Eq. (15) from time zZero to the time when the condition in Eq.

is satisfied, cne obtains
!

tﬂu
¢ 7, ¢, (T\RT"W# Pa)—--to (s o (P —F)~--;—j r, aHodt

+ WR(=aH) Lo [ .
= 0 | CrhpinyaD.dt

t t
Sy \ [ Xer -
-ty Al &j ( I’-Pa)dtj?

]

where

tﬂax = time necessary to realize the maximum pressure

Substituting Eq. (20) into Eq. (21) gives

P\mu _?n

5-10

(18)

(21)

t\n.v. o (t’m f
ﬁ- R(’AH') u 2z ?\R S N:
{———1\'] (-Ya) D, nu(Ps) AD, AL — ‘\'Ej Vg afhadt - [ J ( ET- Fo)*t*mf; m.]

i
W e o )

|

{Pmcn + €0 T () L cm(p:"s J

The average rate of pressure rise is defined as

— Fonany =
(df/% - Z.J:’TM

(22)

(23)
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Substituting, Pmax-Po from Eq. (22) into Eq. (23) yields

!
dr T\EC—"H’) e n :
(T) g {"—7‘——-( e j -va) m(v,)db,.dt)

44

4 [
5 ) T roay
-_V:U‘“E, [“‘;"-P)alt+L ‘E (?-P.)ollﬂ
» Y 3

[ocnrce, +3- bt ol B )}

(24)

Essenhigh et al. (1965) showed that for particles less than 100 um, the rate
is desorption controlled at temperatures less than 100G0K and_adsorption
controlled at high temperatures. Therefore, the expression for (-rd”) is

K,K.P
1202

s (e a— (25)
d K2 + K1P02

K K2 = functions of temperature only

o
i

partial pressure of oxygen
For simplicity, Iet BP defined to be

troo
W R(-aH) ( j (1) D, ne(D 4D, dt (26)

o

~
| l
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Hence

B,= £C _Rplat) D, jt K, Ka Po.

’ (27)
B Yy Do* Ko RTo d+t
or
- _6c "'LR(—A ) D
B, = H) /[ Las \_C
P fa. Vy KD“ , C—r +t, P ) 28)

Then the expression for the maximum presure rise, Eq. (22), can be simplified

?M_?c
. .tj
_ Ee -%5'“%4**-—&5 (“"-wmj -

(29)



The maximum rate of pressure rise in Eq. (17) becomes

4p d (B)
LT...M _ AT ey 53
{ Coc?-d"'ﬁ’« G. * 3_:,_&'( W)(-bh_>%;%)}{t’

M!

AR (rahs) - ~A 1; (RRT_p)-hepp)
[ CCa t+ C'm“"Q“( )U’“)(pul (30)

and the average rate of pressure rise in Eq. (24) gives

48 . T Bl

4 [ C° Cout ulpy + 2 S"‘ (—% (—hﬁ)(g—-éi’“)J

4,2

!

AR

'3 /
T(—’é—mj fu B at ~( }E‘M (“R' Pt th, <r o W]

° Cp,d)oal {Sv H\L __LD"L \
[ A Coa T 4 Qﬁ\ K)( e (31)

The expression for the rate of oxygen consumption becomes

?.

2t

AN, _ A
|

—dr (32)



5-14
IITI. EXPERIMENTAL DETERMINATION OF EXPLOSION (CHARACTERISTICS
The maximum explosion pressure, maximum rate of pressure rise, and
average rate of pressure rise were measured for wheat, grain sorghum, and
corn dust. Cornstarch was also included as a reference. All sémples were
measured in a Hartmann apparatus. Autolyzed yeast extract was also tested to

compare it with the result obtained independently by a 0.19 m3 spherical bomb.

A. Equipment and Apparatus

Photographs of the apparatus are shown in Figs. 5.1 and 5.2. The
schematic diagram of thg apparatus 1s given in Fig. 5.3.

The design of the explosion chamber is the same as that of a standard
Hartmann pressure apparatus (Dorsett et al., 1960), except for the sampling
valve attached to the side of the chamber (see Fig. 5.3), which could be used
to remove a sample of the post explosion gases.

The length of time between the ignition of the electric spark and the
dispersion of the dust was controlled with the timing circuitry shown in
Figs. 5.2 and 5.3. A detailed description of the design is given in Chapter 4.

The pressure inside the explosion chamber was measured with a pressure
transducer (Bell § Howell Type No. CEC-402). This transducer has a pressure
range of 0 to 17.2 bars (0-250 psig), and a flat frequency response up to
1000 Hz, which corresponds to a time constant of approximately 1 ms. The
transducer is connected to a bridge network (Bell § Howell 8-115 Signal
Conditioner; Pasadena, CA) that produces an output electrical voltage propor-
tional to the pressure in the explosion chamber.

A Tetronix 5112 dual beam oscilloscope (Tetronix Inc.; Beaverton, OR) was

employed to measure the output voltage from the signal conditioner as a
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function of time. The signal trace on the oscilloscope screen was photo-

graphed with a Tetronix series 125 camera.

B. Sample Preparation

Dust samples were collected from the dust removal systems in three
commercial elevators, and cornstarch was purchased in bulk from a mill. Each
dust sample was divided into several size fractions by sieve separation and by
air classification. The particle size distribution and average particle
diameter were determined for each size fraction. The moisture content, ash
content, protein content, and starch § fiber content in each fraction were
also determined. A detailed description is given in dapter 3.

The dust samples were stored in a refrigerator at 3°C (37°F). The
samples to be used were allowed to equilibrate with the temperature and
humidity of the laboratory air for at least 10 hrs prior to the experiment.
The temperature and humidity of the laboratory were continuously monitored by

a hygro-thermograph recorder (Belfort Instrument Company; Baltimore, MD].

C. PROCEDURE

The transducer was calibrazted with the pressure gauge that was mounted on
the dispersion air cvlinder. Compressed air was allowed to pressurize the air
dispersion cylinder and explosion chamber simultaneously. Starting at atmos-
pheric pressure, the pressure was increased by an increment of 0.7 bar
(10 psig) each time until it reached 10.5 bar (150 psig). At each increment,
the pressure of the air dispersion cylinder indicated by the gauge and the
corresponding output voltage from the signal conditioner were recorded. To
ensure that the transducer and the pressure gaugs were measuring the same
pressure, the solenoid valve was held open and the air was allowed to stop

flowing before any voltages oOr pressures were recorded.
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Prior to the explosion, a specified amount of dust was weighed and placed
into the dust cup (Fig. 5.3), and the explosion chamber was attached on top of
the dust cup with T-bolts and wing nuts. The high voltage electrical leads
from the transformer were attached to the electrodes. A square rod, having
sides of 4.8 mm (3/16") and a length of 0.3 m (12'"), was used to check the
distance between the electrode tips inside the explosion chamber. After the
pressure transducer was securely mounted in place (see Fig. 5.3), the air
dispersion cylinder was pressurized to 6.9 bars (100 psig). The photograph
film was initially exposed by the signal conditioner trace for atmospheric
pressure indicated by the baseline shown in Fig. 5.4. The timing circuitry
was programmed to simultaneously open the solenoid valve and ignite the
electric spark. The camera shutter was opened again, so that the film could
be exposed a second time by the explosion pressure trace.

After these pre-explosion preparations, the timing circuitry was
initiated. After the explosion, the camera shutter was closed and the
photograph removed.

The pressure history is characterized by the maximum explosion pressure,
the maximum rate of pressure rise and the average rate of pressure rise as
functions of concentration. When the pressure history of a dust sample is
determined with a Hartmann explosion apparatus, the pressure tests are usually
performed with five specific concentrations of dust (Dorsett et al., 1960}.
The five concentrations are 0.1, 0.2, 0.5, 1.0, and 2.0 kg/m3 (1 kg/m3 =
1 oz/ftsj. The concentration is defined as the total mass of dust placed in
the explosion chamber divided by the chamber volume.

In this study, the pressure history was determined for each size fraction
of each dust sample. Two replications of the explosion test were performed at

each concentration, when enough sample was available.
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A typical trace of pressure as a function of time for a dust explosion is
shown in Fig. 5.4. The maximum explosion pressure is generally defined as the
difference between the maximum pressure attained, B {see Fig. 5.4), and the
pressure rise resulting from the dispersion air, A, (Dorsett, 1560).

The maximum rate of pressure rise is, in general, defined as the largest
slope of the line tangent to the pressure-versus-time trace. In Fig. 5.4,
this slope is shown as D/E. 1In this work the slope was obtained graphically.

The average rate of pressure rise is defined as the maximum explosion
pressure divided by the estimated time between the ignition of the explosion
and the attainment of the maximum pressure. The average rate of pressure rise

is B/C in Fig. 5.4.

IV. RESULTS AND DISCUSSICN

The maximum explosion pressure, Pmax’ the maximum rate of pressure rise,
(dP/dt)max, and the average rate of pressure rise, (dP/dt)ave, are presented
in Table 5.1 for five levels of concentration for each size fraction of grain
sorghum dust, corn dust, wheat dust, and cornstarch. The corresponding sample
identification and concentration are also presented. Note that the values of
Pmax’ [dP/dt}max, and (dP/dt)ave are tabulated according to chronological
order in performing the experiments. In Table 5.2, the coefficients of
variability of Pma.x’ [dp/dt)ma.x’ and (dP/dt) ave between replications are given
for each level of concentration of grain sorghum dust, corn dust, wheat dust,
or cornstarch. This table also contains the coefficients of variability of
Pmax’ (dP/dt)max, and (dp/dt)aye by pooling the data of all concentration
levels for each type of dust.

Table 5.3 contains the ash contents in wheat dust, grain sorghum dust,

and corn dust necessary for a completely inert dust sample., 1In this table,
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the results from the three levels of concentration, 0.5, 1.0, and 2.0 kg/ms,
are presented. These were determined from the regressicns of the ash content
on Pmax, (dP/dt)max, or (dP/dt}ave for the three size fractions, 4, 5, and 6,
with the highest ash contents. These three size fractions spanned over a wide
range of the ash content from approximately 10 to 50%. 1In Table 5.4, the
number of data, the coefficient of determination, Rz, the slope, and the
intercept of the regression of the specific external surface area, Sext’ on
P are presented for grain sorghum dust at three concentrations, 2.0, 1.0,

max

and 0.5 kg/m3. The range of Sex included in each regression is also given.

t
For each regression, the specific external surface area, below which no
explosion can occur, is also presented with its corresponding particle

diameter, 3&, estimated from the relationship

Similarly, the results of the regression of Sex on (dP/dt)max are given in

£
Table 5.5. In addition, Table 5.5 contains regressions for grain sorghum dust
with four levels of concentration, 2.0, 1.0, 0.5, and 0.2 kg/mo, and for comrm
dust with three levels of concentration, 2.0, 1.0, and 0.5 kg/m3. Table 5.6

contains the results of the regression of Sex on (dp/dt)ave' In Table 5.7,

T
the coefficient of determination, Rz, the slope, the intercept, and the total
number of data are presented so that the experimental data at each level of
concentration can be compared to those predicted by the model of Eckhoff
(1976) .
. . - in th
The concentration, pma.x’ (dP/dt)max, and (dP/dt;ave obtained in the

explosion test of autolyzed veast extract are presented in Table 5.8 using a

spherical explosion chamber with a volume of 0.19 m3 (Fenwal) and a cylindrical
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Hartmann apparatus with a volume of 0.00123 m3 (USGMRL). Note that the
results are tabulated according to chronological order for performing the
explosion tests. In Table 5.9, the results of an analysis of variance for
Pmax is shown. The data forlPmax in Table 5.8 are in the form of a 2 x 2
factorial experiment with the concentration and the apparatus as treatments.

Figures 5.5 through 5.8 present Pmax plotted against the mass mean
diameter, Dm’ for grain sorghum dust, corn dust, wheat dust, and comstarch,
respectively. Each figure shows the relationship at four levels of concen-
tration, 2.0, 1.0, 0.5, and 0.2 kg/ms. Similarly, Pmax is pletted against
Sext in Figs. 5.9 through 5.12 for the four types of dust. The maximum
explosion pressure is plotted against the moisture content at the four highest
levels of the concentration in Figs. 5.13, 5.14, 5.15, and 5.16 for cornstarch,
wheat dust, corn dust, and grain sorghum dust, respectively. The relation-
ships between pmax and ash content are shown in Figs. 5.17, 5.18, and 5.19,
for wheat dust, corn dust, and grain sorghum dust, respectively. Each figure
presents the relationship at the four highest levels of the concentrationm.
The correlations between Pmax and the protein content are presented in
Figs. 5.20, 5.21, and 5.22, for wheat dust, corn dust, and grain sorghum dust,
respectively. The maximum explosion pressure is plotted against the starch §&
fiber content in Figs. 5.23, 5.24, 5.25, and 5.26, for cornstarch, wheat dust,
corn dust, and grain sorghum dust, respectively.

The results pertaining to (dp/dt)max are presented and correlated in
Figs. 5.27 through 5.48. These results are compared to those predicted by
Eckhoff's model in Figs. 5.49 through 5.53. The results pertaining to

(dpP/dt) are presented and correlated in Figs. 5.54 through 5.75.

ave

Figure 5.76 presents the coefficients of variability of Pmax between

replications plotted against the concentration for the cylindrical Hartmann
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apparatus with a volume of 0.00123 m3 and for the spherical apparatus with a
volume of 0,19 ms. The maximum explosion pressure in each apparatus is
plotted against the concentration in Fig. 5.77. Similarly, the coefficients
of variability are plotted against the concentration. Figure 5.78 is the same
as Fig. 5.76 except that the coefficients of variability are for (dP/dt)max
instead of Pm. The relation between the [d.F‘/dt)mJc and the volume of the

explosion chamber is given according to the cubic law (Bartknecht, 1978):

KSt

where

constant

1]

Kst
s

volume of the explosion chamber

The values of Kst for the cylindrical Hartmann apparatus are plotted against .
those for the spherical apparatus. The regression line of Kst for the
spherical apparatus on Kst for the Hartmann apparatus is shown in Fig. 5.79;
a similar correlation experimentally determined by Bartknecht (1978) is also
shown for comparison. Figure 5.80 is identical to Fig. 5.76 except that the

coefficients of variability are for (d.P/dt)ave instead of for (dP/dt)max. The

1/3

quantity K = (dP/dt) ave v for the cylindrical Hartmann apparatus is

st,ave

plotted against that for the spherical apparatus. The regression line of

K for the spherical apparatus on X for the Hartmann apparatus is

st ,ave st,ave

also shown. The same experimentally determined correlation by Bartknecht

(1978}, shown in Fig. 5.79, is also reproduced in Fig. 5.80.



A. Maximum Explosion Pressure

i. Effsct of particle size

a. Mass mean diameter

Figure 5.5 shows the relationship between the maximum explosion pressure,
Pmax’ and the mass mean diameter, Dm, for grain sorghum dust. It includes
four levels of dust concentration, 0.2, 0.5, 1.0, and 2.0 kg/ms. The maximm
explosion pressures for the size fraction with the three highest ash contents
are represented by circles. Note that these values are relatively low.

As the mass mean diameter decreases from 85 um to approximately 60 um,
Pmax increases for all levels of concentration. The higher the concentration,
the higher the Pmax' As the particle diameter decreases from 60 to 15 um,
Pmax remains essentially constant (approximately 6.0 £ 0.3 bar) at the two

higher concentrations (1.0 and 2.0 kg/mJ). At the two lower concentrations

(0.2 and 0.5 kg/ms), Pm continues to increase as Dln decreases. At the

ax
concentration of 0.5 kg/ms, the slope decreases slightly, whereas for the

0.2 kg/m3 concentration, the slope continues to increase. As the particle
diameter further decreases from 15 to 10 um, Pmax decreases sharply for the
concentrations of 0.5 and 2.0 kg/ms; however, for the concentration of

0.2 kg/ms, Pmax continues to increase. For the concentration of 1.0 kg/ms,
there is a sharp increase from 6.3 to 7.8 bar. Note that at the concentration
of 0.5 kg/ms, Pmax reaches the maximum value of nearly 5.9 bar. This value
approximates to the constant value attained when the dust concentration is

1.0 or 2.0 kg/ms. The maximum explosion pressure at the lowest concentration
continues to increase throughout the entire range of Dm; it never reaches a
value in the range of 5.9 to 6.0 bar but only reaches approximately 4.8 bar.

Note that when the concentration is 0.2 or 0.5 kg/m”, it has a more pronounced

effect on Pmax than when it is 1.0 or 2.0 kg/ms. The effect of concentration
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on Pmax is also a function of Dm' At a value of Dm equal to 89 um, Pmax is
zero for the concentration 0.2 kg/m3 and approximately 0.5 bar for the concen-
tration of 0.5 kg/ms. At Dm equal to 50 um, however, Pmax is 0.5 and 3.6 bar
for the concentrations of 0.2 and 0.5 kg/ms, respectively. At the two lower
concentrations, Pmax becomes essentially zero for particles with diameters
larger than 89 um. The minimum explosible concentration appears to be a
function of Dm‘

Figure 5.6, which is for corn dust, shows the same relationship as
Fig. 5.5 which is for grain sorghum dust. The data for samples with hign ash
contents are given with circles. For corn dust, the range of particle
diameters is between only 10 um and 60 pm. At the two higher concentrations,
Pmax remains essentially constant at 5.5 £ 0.5 bar, as does the grain sorghum
dust. For corn dust, however, there is no sharp decrease for values of Dm
less than 15 um. For the concentraticn of 0.5 kg/ms, Pmax increases slightly
as Dm decreases to 15 um; however, the decrease is not so drastic as that for
grain sorghum dust. For Dm less than 15 um, Pmax decreases sharply, as does
the grain sorghum dust. For these three concentrations, the curves are not so
smooth as those for grain sorghum dust. For the concentration of (.2 kg/m3,
except for some variability, Pmax continuously increases as Dm decreases, as
does the grain sorghum dust. Again, the slope is not so steep as that for
grain sorghum dust. The effect of the concentration again is dependent on the
particle size and diminishes at high concentrations. In gemeral, the values
of Pmax for grain sorghum dust are slightly higher than those for corn dust.

Figure 5.7 indicates that no clear relationship can be identified between
Pmax and Dm at any level of concentration. The range of mass mean diameters

is smaller for wheat dust than for either corn or grain sorghum dust. Note

that for corn dust and grain sorghum dust, a range of Dm exists in which Pmax
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is independent of Dm' For wheat dust, all the values of Dm are in this range.
The effect of the concentration is eséentiallf the same as that for the other
types of dust. The maximum explosion pressure at 0.2 kg/ms, the lower concen-
tration, is much lower than that for corn dust or grain sorghum dust;

0.2 kg/m3 is near the minimum explosible concentration. At the other concen-
trations, however, Pmax is essentially the same as that for corn dust. The
effect of the concentration can be very severe at concentrations near the
minimum explosible concentration.

In Fig. 5.8, note that for the three highest levels of concentration, the
relationship between Pmax and Dm for cornstarch is essentially the same as
that for wheat dust, except that variability is more pronounced for the former;
the coefficient of variability between replications is larger for comrmstarch
than for all other types of dust (Table 5.2). The variability of Pmax is also
due to that in the moisture content. Except for a concentration of 0.2 kg/mS,

Pmax is essentially the same as that for com or wheat dust.

b. Specific external surface area
It has been shown in Section II that P is a function of the specific

external surface area, S according to Eq. (29). For grain sorghum dust,

ext’
Pmax exhibits linear relationships on S_ . for Sext up to approximately

0.11 mz/g, except for the lowest concentrations (see Table 5.5 and Fig. 5.9).
The values of the coefficient of determination, Rz, are 0.88, 0.78, and 0.95
for concentrations of 2.0, 1.0, and 0.5 kg/m3, respectively. However,
deviations from linearity beccme more pronounced of the upper 1/3 of the total
range of Pmax' The slope changes very sharply at pressures close to the

maximum, as if the reaction was abruptly stopped by a limitation of a reactant

such as oxygen. Hertzberg et al. (1979) showed that 90% or more of the oxygen
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in the closed vessel is consumed by the explosion of 22 um coal dust at 0.2
3 s
and 0.5 kg/m”. In addition, Eq. 5.32 indicates that the rate of oxygen

consumption is proportional Sext' At this stage it is unclear why Pmax

increases abruptly for the largest Sex when the concentration is 1.0 kg/ms.

t
At the lowest concentration, (0.2 kg/ms), the relationship is suffi-

ciently non-linear throughout the entire range of specific external surface

area; however, Pmax never becomes independent of Sext as in the case of the

three higher concentrations. Note that Pmax also never attains a value so
large as those for the three higher concentratioms.
The relationship between Pmax and Sext for corn dust is presented in

Table 5.10 for the four levels of concentration, 0.2, 0.5, 1.0, and 2.0 kg/ms.

For the three higher concentrations, Pmax does not appear to depend on Sext'

Note that the lowest value of Sex is 0.11 mz/g. For grain sorghum dust, Pmax

t

is also essentially independent of Sex for values of Sext greater than

t

0.13 mz/g. For the lowest concentration, Pmax depends more profoundly on Sext

than at any higher concentration. The samples with the three highest ash
contents are represented by circled points.

Figure 5.11 exhibits a relationship between Pmax and Sext for wheat dust.
Note that for all concentrations, the dust samples with the smallest values of
Sext also have the highest ash contents. A sufficiently linear correlation
cannot be obtained if these data are excluded.

For cornstarch, Fig. 5.12 also exhibits essentially no correlation
between Pmax and Sex , except at the two lower concentrationms; variability is
excessive due to the large range of moisture contents. Another reason for the

lack of correlation might be that cornstarch contains the smallest range of

particle sizes.



2. Effect of composition
a. Moisture content

The maximum explosion pressure is plotted against the moisture content
for cornstarch, wheat dust, corn dust, and grain sorghum dust in Figs. 5.13,
5.14, 5.15, and 5.16, respectively. Each figure contains four levels of
concentration, 0.2, 0.5, 1.0, and 2.0 kg/ms. For cornstarch, Fig. 5.13 shows
that Pmax increases as the moisture content decreases. The maximum explosion
pressure and the moisture content appear to be correlated quadratically. The
effect of moisture content on Pmax varies with concentration. The higher the
concentration, the less the effect of moisture content; at a concentration of
0.2 kg/ms, Pmax is reduced by 2.4 bar over the entire range of moisture
contents, whereas at any other concentration, the reduction is about 1.7 to
1.9 bar. The condition of Pmax = 0 is reached at a higher moisture content at
higher concentration. At the dust concentration of 0.2 kg/ms, pmax becomes
zero at a moisture content of approximately 16%; however. at higher dust
concentration, pmax becomes zero at a moisture content around 20% or higher.

It can be seen in Fig. 5.14 that the correlation between Pmax and the
moisture content for wheat dust is opposite to that for cornstarch. For wheat
dust, the ash content increases as the moisture content decreases, and this
increase in ash content causes Pmax to decrease. The samples with the highest
ash content are identified by circles in Fig. 5.14. If those samples are
removed it becomes difficult to observe a clear correlation between Pmax and
the moisture content.

Similarly, it becomes difficult to observe definite correlation between
Pmax and the moisture content for corn dust if the data from the samples with
high ash contents are removed as shown in Fig. 5.15. In the case of comn-

starch, the concentration stratifies the values of Pmax into groups. The
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maximum explosion pressures for concentrations of 1.0 and 2.0 kg/m3 are
essentially identical. It is difficult to observe a relationship between Pm
and the moisture content in Fig. 5.16 for grain sorghum dust. In contrast to
corn dust, the concentration seems to be a minor effect; the values of Pm

for the different concentrations are not stratified.

b. Ash content

The maximum explosion pressure is plotted against the ash content for
wheat dust, corn dust, and grain sorghum dust in Figs. 5.17, 5.18, and 5.19,
respectively. Each figure presents four levels of concentration, 0.2, 0.5,
1.0, and 2.0 kg/m>. In Fig. 5.17, it is difficult to detect amy correlation
between Pmax and the ash content for wheat dust, at ash contents below
approximately 10%. For ash contents above 10%, Pmax decreases with increasing
ash content. The rate of this decrease is greater for the 0.5 kg/m3 concen-
tration than for either the 1.0 or the 2.0 kg/m3 concentration. Note that the
minimum explosible concentration is approximately 0.2 kg/m3 for all ash
contents. For ash contents greater than 10%, a regression of pmax on the ash
confent was performed. The results of the regressions, as shown in Table 5.3,
indicate that at the concentration of 0.5 kg/ms, an ash content of 56% is
necessary to result in no explosion, whereas a larger ash content is necessary
at the higher concentrations. Note that an ash content greater than 100% is
not possible.

The correlations between Pmax and the ash content for corn dust in
Fig. 5.18 are similar to those fot wheat dust. For corn dust, it is difficult
again to observe any correlation at ash contents pelow approximately 6%.
Table 5.3 also presents results from the regression of Pmax and ash contents

greater than 6% for corn dust. The table indicates that no explosion can
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occur for ash contents above 52 and 54% for concentrations of 0.5 and
1.0 kg/ms, respectively. Again, the higher concentrations show less effect of
ash content on Pmax than the lower concentratioms.

The correlations between P and the ash content for grain sorghum dust
in Fig. 5.19 are also similar to those for wheat dust. At ash contents below
12%, any correlation between Pmax and the ash content are difficult to detect
for grain sorghum dust. Table 5.3 indicates that the ash contents above which

no explosion can occur are essentially the same as those for wheat dust.

c. Protein content

The maximum explosion pressure.is plotted against the protein content for
wheat dust, corn dust, and grain sorghum dust in Figs. 5.20, 5.21, and 5.22,
respectively. In Fig. 5.20, there appears to be an inverse correlation
between Pmax and the protein content for wheat dust. This correlation is due
to the significant correlation between the ash content and the protein content.
Note that the size fractions with the three highest protein contents also
contain the highest ash contents. The samples from the size fractions with
the three highest ash contents are again identified by circles. When those
samples are excluded, a correlation between Pmax and the protein content is
difficult to observe. Note that the samples with the second smallest protein
content also have the smallest mass mean diameter.

For corn dust, a correlation between Pmax and the protein content is
difficult to detect for the two lower concentrations, as can be seen in
Fig. 5.21; however, an inverse correlation is observed. The samples from the
samples with the three highest ash contents are identified with circles. Note
that again the concentration stratifies the values of pmax into groups. In

Fig. 5.22, a correlation between Pmax and the protein content is hard to
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detect for grain sorghum dust at any level of concentration. Any stratifi-
cation due to concentration is essentially absent. For grain sorghum dust,

the protein content appears to be a minor effect.

d. Starch § fiber content

The maximum explosion pressure is plotted against the starch § fiber
content for cornstarch, wheat dust, corn dust, and grain sorghum dust in
Figs. 5.23, 5.24, 5.25, and 5.26, respectively. For cornstarch, Fig. 5.23
shows that as the starch & fiber content decreases, Pmax decreases. Note that
the contents of ash and protein are negligibly small for cornstarch. Comn-
starch is assumed, therefore, to consist of only moisture, starch and fiber.
This correlation must be the negative of that between Pmax and the moisture
content.

Figure 5.24 presents the correlation between Pmax and the starch & fiber
content for wheat dust. Again, as the starch § fiber content decreases, Pmax
decreases. Note that the three size fractions with the lowest starch & fiber
contents also contain the highest ash content; the data from these size
fractions are identified by circles in Fig. 5.24. The correlation between
Pmax and the starch & fiber contents could be the result of the corrslation
between the ash content and Pmax; when the circled data are excluded, the
correlation between Pmax and the starch & fiber content is difficult to
detect. A similar trend can be observed in Fig. 5.25 for corn dust and in
Fig. 5.26 for grain sorghum dust.

For wheat, com, or grain sorghum dust, it is difficult to ascertain if
pmax is directly correlated to the starch & fiber content or if the corre-
lation between Pmax and the starch § fiber content is the result of that

between pmax and the ash content. Similarly, for cornstarch, it is difficult
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to ascertain if Pma.x is directly correlated to the starch & fiber content or
if this correlation is the result of that between Pmax and the moisture
content. If Pmax is directly correlated to the starch & fiber content, then
it becomes difficult to explain why a reduction in the starch & fiber content
due to an increase in moisture content is more effective in reducing Pmax than
a decrease in starch & fiber content due to an increase in the ash content.

In addition, low correlation at low ash or moisture contents is explainable
whereas the low correlation at high starch § fiber content is not. The starch
§ fiber content of the dust particles themselves might not vary widely; from
Chapter 3, it appears that a large percentage of the ash is contained in
separate ash particles and not in the grain dust particles themselves. It
appears, therefore, that a correlation between pmax and the moisture content

is more easily explained than that between Pma.x and the starch & fiber content.

B. Maximum Rate of Pressure Rise

1. Effect of particle size

a. Mass mean diameter

Figure 5.27 shows the correlation between the maximum rate of pressure
rise, (dP/dt]m, and the mass mean diameter, Dm, at concentration levels of
2.0, 1.0, 0.5, and 0.2 kg/m3 for grain sorghum dust. This figure indicates an
inverse relationship between (dP/dt)ma_x and Dm for all concentrations. The
slope of the curves is significantly greater for Dm between approximately 15
to 50 um than for Dm between S0 to 89 um. For all but the lowest concentra-
tion of 0.2 kg,’ms, the effect of particle size becomes less significant for
diameters less than approximately 15 um; the slope of the curve approaches to
zero or negative. This observation could be interpreted a2s the result of

increase agglomeration at the higher concentrations or variability in the
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experiment. At DIn of 50 um, the values of (dP/dt)max are approximately 60,
55, 40, and 5 bar/s for concentrations of 2.0, 1.0, 0.5, and 0.2 kg/ms,
respectively. Than at Dm of approximately 22 um, the values of (dP/dt)max are
202, 114, 110, and 90 bar/s for concentrations of 0.5, 0.2, 1.0, and 2.0 kg/ms,
respectively. Finally, at Dm of 10 um, the values of (dP/dt)max are 382, 310,
and 180 bar/s for concentrations of 0.2, 0.5, and 1.0 kg/ms, respectively.
Thus, at particle diameter less than approximately 15 um, the lowest concen-
tration immediately above the minimum explosible concentration can be the most
hazardous.

As the particle size increases, (dP/dt)max approaches zero more quickly
for the lower concentrations. However, as the particle diameter decreases,
the lowest concentration yields the largest values of [dP/dt)max. The value
of D_ for a concentration of 0.2 kg/m’, for which (dP/dt) _ is less than
10 bar/s, is approximately 50 um, that for a concentration of 0.5 kg/ms,
approximately 89 um, and those for concentrations of 1.0 and 2.0 kg/m3 are
larger than 89 um. Note that at a Dm of 89 um, all four concentrations show
values of (dP/dt)max below 20 bar/s.

The correlation between (dP/dt)max and Dm for corn dust is shown in
Fig. 5.28. It can be seen that trends are similar to those for the grain
sorghum dust; however, the curves are not as smooth. The coefficient of
variability between replications is 4% for grain sorghum dust and 53% for corn
dust. The data points for size fractions with ash contents greater than 15%
are indicated with circles. At the concentrations of 2.0 kg/ms, the effect of
Dm is insignificant. The values of (dP/dt)max and each Dm are essentially the
same as those for the grain sorghum dust.

The correlation between (dP/dt)max and Dm for wheat dust in Fig. 5.29 is

similar to that for corn dust; however, the values of [dP/dt)max are below



120 bar/s whereas for corn dust and grain sorghum dust, the values of
{dP/‘:‘d:)ma}c are as high as 380 bar/s. In contrast to grain sorghum dust and
corn dust, (dp/dt)max for the concentration of 0.2 kg/m3 for wheat dust never
rose above a value of 10 bar/s. For wheat dust, a concentration of 0.2 kg/m3
is close to the minimum explosible concentration for all particle sizes. The
lowest diameter was 21 um, so that one does not observe the decrease in slope
at the smallest value of Dm noted for corn dust and grain sorghum dust.

The correlation between (c‘lP/ch:)max and Dm for cornstarch is shown in
Fig. 5.30. There is essentially no relationship between (dP/dt)max and DIn for
any value of concentration. The range of diameters is the smallest of the
four types of dust, 17 pm to 35 um, and the range of moisture contents is the

largest, 4% to 14.9%.

b. Specific external surface area
It has been shown that the maximum rate of pressure rise, [dP/dt)max, is
a function of the specific external surface area, Sext’ according to
Eq. (5.30). The resultant correlations based on Eq. (5.30) for grain sorghum
dust, corn dust, wheat dust, and cornstarch are shown in Figs. 5.31, 5.32,
5.33, and 5.34, respectively. Each includes four levels of concentration.
In Fig. 5.31, the corvelation for grain sorghum dust is approximately

. ; 3
linear for specific ranges of Sex For the lowest concentratiom, 0.2 kg/m”,

£
the relationship is linear with an R® of 0.92 (Table 5.6) for the entire range
of specific external surface areas in this investigation. Through extrapo-
lation, this relationship indicates that the largest diameter particle which
yields a significant value of [dP,r’d‘l:)ma_x is approximately 45 um.

For the three largest concentrations (0.5, 1.0, and 2.0 kg/ms), the

correlation between (dP/dtJmax and Sex* is linear for values of sext up to
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0.345, 0.745, and 0.168 m2/g, respectively (Table 5.6). The coefficients of
correlation are 0.92, 0.89, and 0.80 for concentrations of 0.5, 1.0, and
2.0 kg/ms, respectively. For values of Sext above these, the slcpe of the
correlation decreases toward zero or becomes negétive. This decrease in slope
could be the result of factors such as radiation, agglomeration, or an oxygen
limiting condition. At the high concentrations, the decrease in the partial
pressure of oxygen could not be taken into account by the simple correlation.
From Egq. (5.32), the rate at which oxygen is consumed increases with

increasing Sex By extrapolation, the largest diameters for which an

&
explosion can occur are 46, 69, and 64 um for concentrations of 0.5, 1.0, and
2.0 kg/ms, respectively. Note that the slopes of the regression lines in
Table 5.6 increase as the concentration decreases except for the lowest
concentration of 0.2 kg/ms.

In Fig. 5.32, a similar relationship is observed for comn dust; however,
there is more variability in the data as indicated by the R2 values in
Table 5.6. The coefficient of variability between replications for corn dust
is 53% whereas for grain sorghum dust it is 40% (Table 5.2). The slopes are
slightly higher for com dust than those for grain sorghum dust. Note that
the range of external specific surface areas included in the regression is
very similar to those for grain sorghum dust.

For wheat dust in Fig. 5.33, there might possibly be a similar relation-
ship as for the case of grain sorghum dust when the data with the highest ash
content are discarded. The range of specific external surface area is too
small and there is too much variability to be able to observe effectively any
relationship that might exist.

For cornstarch, there is essentially no observable relationship

(Fig. 5.34). This may be due to the small range of specific external surface
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areas examined and the variability due to the moisture contents.

2. Effect of composition
a. Moisture content

The correlations between the maximum rate of pressure rise, [dP/dt)max.
and the moisture content for comnstarch, grain sorghum dust, corn dust, and
wheat dust, are shown in Figs. 5.35, 5.36, 5.37, and 5.38, respectively. For
cornstarch, there appears to be a correlation in which the value of (dP/dt)max
decreases as the moisture content increases (Fig. 5.35). For each concentra-
tion, a regression of (dP/dt)max on the moisture content was performed; the
results are presented in Table 5.4. Note that the slope of the regression
lines decreases as the concentration decreases except for the lowest concen-
tration of 0.2 kg/ms. The maximum rate of pressure rise approaches zero for
moisture contents ranging between 14.6 to 20%, depending on the concentratiom.
The higher the concentraticn, the larger the moisture content to cause
(dP/dt)max to approach zero.

It is difficult to observe any relationship between {dP/dt)max and the
moisture content for grain sorghum dust, as shown in Fig., 5.36. However, the
moisture content above which no explosion occurs appears to range from
approximately 13 to 15%. Below the mcisture content of approximately 11.2%,
there is much variability in the maximum rate of pressure rise. At the
moisture content of 10%, (dP/dt)max ranges from approximately 70 to 380 bar/s.
The circled data with the lowest moisture content have very low values of
(dP/dt}max; these data come from size fractions that contain 39.1%. In
Fig. 5.37, a relationship for comrn dust similar to that for grain sorghum dust
is observed; however, there is more variability at the higher moisture con-

tents. The wheat dust shows a relationship that is opposite to those shown by
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the other types of dust (Fig. 5.38). As the moisture content decreases,
(dP/dt)max decreases. This relationship is the result of highly significant
inverse correlation between ash content and moisture content. The data from
size fractions containing the three highest ash contents are identified by
circles. Note that a correlation is difficult to observe for the remaining
wcircled data. Grain sorghum dust and corn dust also exhibited little
correlation for moisture contents below 10%.

The correlations between [dp/dt}max and the moisture content for all four
types of dust exhibit increased variability in (dP/dt)max for moisture con-
tents below approximately 11%. For cornstarch, grain sorghum dust, or comrn
dust, the values of (dP/dt)max were relatively low with little variability for
the moisture content above a certain value. For the four levels of concen-

tration, this moisture content ranged from 13 to 20%.

b. Ash content

The correlations between the maximum rate of pressure rise and ash
content for wheat dust, grain sorghum dust, and corn dust are shown in
Figs. 5.39, 5.40, and 5.41, respectively. For all three types of dust, as the
ash content increases, the maximum rate of pressure rise decreases. For ash
contents below approximately 11%, it does not appear to be a major effect. In
addition, the effect on [dP/dt)max of ash is more pronounced for the lower
concentrations than for the higher concentrations. The data from size

fractions with ash contents greater than 11% were linearly extrapolated to ash

.3). For wheat dust,

w

. - ;
contents corresponding to [dP/dt)max 0 (Table
Table 5.3 indicates ash contents of 49, 79, and 86%, for concentrations of

0.5, 1.0, and 2.0 kg/ms, respectively. Note that the higher the dust concen-

tration, the higher the ash content necessary to reduce (dP/dt)max to zero.
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For comn dust, the values of ash content at which the value of (dP/dt)max is
zero are 48%, 45%, and 68%, for concentrations of 0.5, 1.0, and 2.0 kg/ms,
respectively, and those for grain sorghum dust are 42 and 74% for concentra-

tions of 0.5 and 1.0 kg/ms, respectively.

c. Protein content

The correlations between the maximum rate of pressure rise and the
protein content for wheat dust, corn dust, and grain sorghum dust are shown in
Figs. 5.42, 5.43, and 5.44, respectively. For grain sorghum dust, it is
difficult to detect any correlation. A correlation between (:113’/clt:)Inax and the
protein content is also difficult to detect for corn dust. Note that the data
from size fractions with protein contents above 8% also contain ash contents
greater than 16% and mass mean diameters greater than 60 um. Consequently,
these data have relatively low values of (dP/dt)max. For wheat dust there
appears to be an inverse correlation between (dP/dt)max and the protein con-
tent. For wheat dust, however, a significant correlation exists between the
ash and protein contents. The data in Fig. 5.42 that are circled are from
size fractions that contain the two highest ash contents. When those data are
excluded, it is again difficult to detect a relationship between (dP/dt)max
and the protein content. In addition, the data with the highest {dP/dt)max is
from a size fraction with the smallest mass mean diameter or largest external

specific surface area.

d. Starch & fiber content
The relationships between the maximum rate of pressure rise and starch §
fiber content for cornstarch, wheat dust, grain sorghum dust, and corn dust
are shown in Figs. 5.45, 5.46, 5.47, and 5.48, respectively. For cornstarch

and wheat dust, there appear to be significant correlations. However, it was
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found that the starch § fiber content is highly correlated to the ash content
for wheat dust, corn dust, and grain sorghum dust and to the moisfure content
for cormnstarch. The data from size fractions with ash contents greater than
11% are identified with circles. Note that for wheat dust, corn dust, and
grain sorghum dust a correlation between {dP/dt)max and the starch § fiber
content is difficult to observe if these data are removed. Whether the
reduction in (dP/dt)max for all types of dust is due to a reduction in the
starch § fiber content or an increase in the ash content or the moisture
content is difficult to determine. It appears, however, that a reducticn in
the starch & fiber content due to moisture is more effective than that due to
ash. This is difficult to explain if the reduction in [dP/dt)max is due to a
reduction in starch § fiber content. In addition, a large percentage of the
ash content appears to be contained in separate ash particles and not in the
grain dust particles themselves. Thus, the starch § fiber content of the
grain dust particles might vary only slightly between size fractioms. This

could eliminate the effect of starch § fiber content on {dedt)max.

3. Combined effect of particle size and composition

The correlations between (dP/dt)max and that particle size for grain
sorghum dust are more distinct than those for the other types of dust; however,
the correlations between (dP/dt)max and each of the composition components
exhibit the most random variability. In contrast, the correlations between
(dP/dt)max and the moisture content are noticeable for cornstarch; on the
other hand, it is difficult to detect any other correlations for cornstarch.
For wheat dust, the correlations between cdp/dt)max and the ash content are
the only observable correlations. Corn dust exhibits the best correlation

between (dP/dt]max and the particle size; however, there is more variability
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than in the case of grain sorghum dust. For the composition components, the
correlaticns for corn dust exhibit less variability than in the case of grain

sorghum dust.

4., Comparison of the experimental data with those predicted
by Eckhoff's model
Eckhoff (1976) presented an approximate correlation between the maximum
rate of pressure rise, and the specific external surface area and composition.

The expression is

d _ 3 =g
C‘:&%)‘“ix_ (\8({,0 Té—-t)——+4-éo}5 C(-t- ]5>*C

where
z = percent of starch § fiber content
y = weight percent cf moisture
s = specific external surface area, m2/g

c = conversion factor, 0.97898S [bar/s)/(kp/mzsj

This equation was used to predict the values of (dP/dt)max obtained in this
investigation. The experimental values of (dP/dt)max are plotted against
those predicted by the model in Figs. 5.49, 5.50, 5.51, 5.52, and 5.53 for
concentrations of 2.0, 1.0, 0.5, 0.2, and 0.1 kg/ms, respectively. The
equation predicts the values of (dP/dt]max at the highest concentration, than
those at the lower concentrations; the coefficients of determination are 0.72,

0.63, 0.67, 0.71, and 0.001 for concentratioms of 2.0, 1.0, 0.5, 0.2, and
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0.1 kg/ms, respectively (see Table 5.11). Note that the values of RZ at each
concentration is significant at the 1% level. For a concentration of
2.0 kg/ms the prediction equation underestimates the experimental data by less
than 58, 47, 26, and 11 bar/s for comstarch, com dust, grain sorghum dust,
and wheat dust, respectively. For a concentration of 0.5 kg/ms, the equation
underestimates the maximum rate of pressure rise by as much as 480, 256, 191,
and 32 bar/s for the cornstarch, corn dust, grain sorghum dust, and wheat
dust, respectively.

The model does not contain a concentration dependence which can be quite
complex. However, the model should be made to yield the worst possible case,
i.e., low concentration. In addition, the lower concentrations are encountered

earlier and more frequently than the higher concentrations in industry.

C. Average Rate of Pressure Rise

l. Effect of particle size

a. Mass mean diameter

The correlations between the average rate of pressure rise, (dP/dt) I
and the mass mean diameter are shown in Figs. 5.54, 5.55, 5.56, and 5.57 for
grain sorghum dust, corn dust, wheat dust, and cornstarch, respectively. Each
figure presents four levels of concentration, 0.2, 0.5, 1.0, and 2.0 kg/ms.
For grain sorghum dust, (Fig. 5.54), the relationship at each level of concen-
tration is very similar to that observed for (dP/dtjmax, except that the
values of (dP/dt)ave are approximately 1/2 to 1/3 of those for the maximum
rate of pressure rise. As Dﬂ1 decreases from 89 to 50 um, the values of
(dp/dt) ave for the two higher concentrations (1.0 and 2.0 kg/ms) are larger
and increase faster than those for the two lower concentrations (0.2 and

0.5 kg/‘msj. As Dm decreases from approximately 50 to 20 um, the rate at which
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(dp/dt)aye rises with Dm decreases sharply for the two higher concentrations,
and the values of [dP/dt)ave become smaller than those for the two lower
concentrations. As Dm further decreases from 20 to 15 uym, the rate at which
(dp/dt)ave rises with Dm for the 0.5 kg/m3 concentration falls becomes smaller
than that for the 0.2 kg/m; concentration. Finally, as Dm decreases from 15
to 10 um the values of (dP/dt)ave for the 1.0 and 0.5 kg/m3 concentrations
decrease sharply; however, the value of (dP/dt)a.ve for the lowest concentra-
tion, 0.2 kg/ms, continues to increase and attains the highest value of
(dp/dt)ave for all four concentrations. The effect of particle size seems to
diminish with decreasing mass mean diameter. This is similar to that noted
for the maximum explosion pressure. Note that the average rate of pressure
rise is the maximum explosion pressure divided by the time necessary to reach
the maximum. As the maximum explosion pressure for the three highest concen-
trations increases and reaches a constant value, the time necessary to realize
the maximum explosion pressure continues to decrease; the rate at which it
decreases becomes less until it also reaches a constant value. This could be
the result of an oxygen limiting condition or increasing agglomeration.

In Fig. 5.55 for corn dust, similar trends can be observed; nevertheless,
there is more variability in the data, especially at the two lowest concen-
trations. The coefficient of variability between replications is 56% for comm
dust and only 27% for grain sorghum dust. Note that the coefficient of
variability between replications for corn dust is much larger than for grain
sorghum dust at concentrations of 0.2 and 0.1 kg/ms. The points that are
circled come from size fractions that also contain high ash contents. The
mass mean diameter ranges only to 60 um. The values of [dP/dt)ave for comn

dust are essentially the same as those for grain sorghum dust.
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In Fig. 5.56 it is difficult to observe a correlation between (dP/dt)ave
and Dm for wheat dust. The circled data again come from size fractions that
contain high ash contents. Note that the range of mass mean diameters for
wheat dust is smaller than that for grain sorghum dust or corn dust. The

values of (dP/dtJav

e 2T approximately 1/3 of those for grain sorghum dust and

corn dust. The values of (dp/dt)ave for the lowest concentration are S to

30 times smaller than those for grain sorghum dust or corn dust. Dust can
become hazardous for concentrations just over their minimum values especially
at small mass mean diameters, (10 to 40 um).

In Fig. 5.57, a correlation between (dP/d‘t)ave and'Dm is difficult to
observe for cornstarch. This could be due to the small range of mass mean
diameters and the large range of moisture contents. The largest values of
[dP/dt)ave for grain sorghum dust and comn dust are 128 and 138 bar/s,

respectively; that for cornstarch is 245 bar/s.

b. Specific external surface area
It has been shown that the average rate of pressure rise, (dP/dtJave, can

be correlated with the specific external surface area, S according to

ext’

Eq. (5.31). In Fig. 5.58, the correlation for grain sorghum dust is reason-

ably linear up to a value cf 0.340 mz/g. For values of Sex larger than

T

0.340 ng, the slopes decrease sharply to a negative value for concentrations

of 1.0 and 0.5 kg/ms. Prior to this value of § the slope for the concen-

ext’
. 3 g . s o ; g 2
tration of 0.5 kg/mo decreases. The coefficients of detemmination, R™, and
the range of external specific surface area used in the linear regression are
given in Table 5.8 for all four levels of concentration. The coefficients of

determination range from 0.87 to 0.95 for all concentration. The correlation

for the lowest concentration (0.2 kg/msw is linear for the entire range of

4
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Sext in this investigation with the highest value of RZ. Except for the
lowest level of concentration, the slopes of the regression lines increase
with decreasing concentration. In addition, the diameters above which no
explosion can occur increase with increasing' concentration. The decrease in
slope of the correlation at the highest values of Sext is consistent with that
observed for (dP/dt)max. This could be the result of increased agglomeration
at small particle diameters, increased radiation at high temperatures and
concentrations or an oxygen limiting condition at high concentrations and
conversion, Hertzberg et al. (1979) showed that 90% or more of the oxygen in
the closed vessel is consumed for concentrations of approximately 0.200 to
0.500 kg/mS. Note that the average rate is by definition related to pmax'
The maximum explosion pressure also showed a linear relation; however, the
slope decreased significantly from values of Sext lower than those in the case
of (dP/dt)ave.

In Fig. 5.59, the correlations between (dP/dt) ave and Sext for com dust
are similar to those for grain sorghum dust for concentrations of 0.2, 0.5,
and 1.0 kg/ms. The average rate of pressure rise for comn dust shows more
variability than those for grain sorghum dust; the coefficients of determina-
tion for corn dust are smaller than those for grain sorghum dust. This
variability appears to be random with respect to the linear relationship.
In Table 5.2, the coefficient of variability of [dP/dt)ave between replica-
tions for corn dust is larger than that for grain sorghum dust. The highest
did not show much change over the range of specific external surface areas.
Again, the correlations for the concentrations of 1.0 and 0.5 kg/m3 exhibit
a sharp decrease in slope at values of the specific external surface area

above 0.34 whereas those for the concentration cf 0.2 kg/m’ increase through-

out the entire range of S
ext.
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The correlation between (dP/dt)ave and S is presented in Fig. 5.60 for

ext
wheat dust. The data from the size fractions with the three highest ash
contents are identified by circles. For all four concentrations, a correla-
tion is difficult to observe when these data are excluded. The combination of

variability and the smallest range of Sex for all types of dust, 0.154 to

t
0.228 mz/g causes the determination of any relationship difficult. The
coefficient of variability between trials for wheat dust is 33% (Table 5.2).

In Fig. 5.61, it is also difficult to observe a correlation between
(dP/dt) I and Sext for cornstarch. The variability in the determination of
(dP/dt)ave, the variability of moisture content among the size fractions and
the small range of Sext cause the determination of a relationship to be

difficult. The coefficient of variability between replications for cornstarch

is 27% (see Table 5.3).

2. Effect of composition
a. Moisture content

The relationships between (dP/dt)ave and the moisture content are shown
in Figs. 5.62, 5.63, 5.64, and 5.65 for comstarch, grain sorghum dust, corn
dust, and wheat dust, respectively. For comstarch, there definitely exists
a relationship between (dP/dt)ave and the moisture content. This relationship,
for all concentrations, is also very similar to that for [dP/dt)max. As the
moisture content decreases, (dP/dt) — increases. The correlation appears to
be reasonably linear with some variability. By extrapolation of the regres-
sion line (see Table 5.4), the moisture contents above which no explosion is
possible are 14.6, 17.3, 22.2, and 14.6% for concentraéions of 0.2, 0:54 1.04
and 2.0 kg/ms, respectively. It appears that the effect of moisture content

is more pronounced at the lower concentraticns. For moisture contents below
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approximately 11%, the two lower concentrations become more hazardous than the
two higher ones.

For grain sorghum dust, it is difficult to observe a correlation between
the moisture content and (dP/dt)ave (see Fig. 5.63). At moisture contents
above 11.5%, it appears that [dP/dt)ave is consistently low (less than
20 bar/s) whereas at moisture contents below 11.5% there is considerable
variability, i.e., at a moisture content of 10% (dP/dt)ave ranges from 40 to
128 bar/s. This could indicate that the moisture content at high levels
(approximately 13 to 15%) becomes a controlling variable. This observation
is consistent with what Eckhoff (1976) found and with what was found in this
investigation for cornstarch. There appears to be little difference between
concentration levels.

In Fig. 5.64, the correlations for corn dust are similar to those for
grain sorghum dust. The three data points that are circled come from size
fractions with high ash content.

For wheat dust, the correlation in Fig. 5.65 appears to be opposite to
those observed for the other types of dust. For wheat dust, this correlation
can be explained by the highly significant inverse correlation between ash
content and moisture content. Note that the nine circled data peints are
those from size fractions that contain ash contents greater than approximately
15%. When these data are excluded, a correlation between moisture content and
[dP/dt)ave becomes difficult to observe. The highest moisture contents of
approximately 11% are below the moisture contents for which a moisture effect
is observed for corn dust or grain sorghum dust. Again, there seems to be
little difference between the values of (dp/dt}ave and the concentrations
except for the lowest concentration; the lowest concentration is close to the

minimum explosible concentration.
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b. Ash content

The correlations between the ash content and the average rate of pressure
rise are presented in Figs. 5.66, 5.67, and 5.68 for wheat dust, corn dust,
and grain sorghum dust, respectively. Again, the relationship for all three
types of dust is very similar to those for (dp/dt)max' As the ash content
decreases, (dl"/dt)mre decreases for all types of dust. At a concentration of
0.5 kg/ms, the ash content for wheat dust appears to be the dominate variable
for values above approximately 8%. At concentrations of 0.5 and 1.0 kg/ms,
the ash content for wheat dust appears to become a dominant variable for
values above approximately 8 and 15%, respectively. At a concentration of
2.4 kg/ms, the ash content appears to be a dominant variable for values
greater than 15%. For each type of dust, the data with the ash contents
greater than approximately 8% have been linearly extrapolated for the purpose
of estimating the ash contents corresponding to the condition of
(dP/dt)AUC = 0 (see Table 5.3). The table also indicates that it takes a
higher ash content to cause (dP/dt) — to become zero at a higher dust concen-
tration than at a lower concentration. In Fig. 5.67, similar correlations are

observed for corn dust. The correlation between ash content and [dP/dt)ave is
difficult to observe for ash contents below approximately 6% to 10%, depending
on the dust concentration. The ash content has a more pronounced effect on
(dP/dt) _— for corn dust than for wheat dust. In Fig. 5.68, similar corre-
lations are also observed for grain sorghum dust. It is difficult to identify
a correlation for ash contents less than approximately 10%. The ash contents

necessary to cause (dP/dt)ave to become zero are between those for corn dust

and wheat dust (Table 5.3)}.



c. Protein content

The correlaticns between the protein content and [dP/dtjave, for wheat
dust, corn dust, and grain sorghum dust are shown in Figs. 5.69, 5.70, and
5.71, respectively. For wheat dust there appears to be an inverse correlation
between protein content and (dP/dt)ave. This correlation is due again to the
significant inverse correlation between protein and ash contents. The data
with the highest protein content come from size fractions that also contain
the highest ash content. When these data are eliminated, a correlation is
di fficult to detect at the two highest concentrations; however, a slight
correlation may be observed for the concentration of 0.5 kg/mS. Again no
correlation is indicated by the data for corn dust at the two highest concen-
trations, whereas at the two lowest concentrations there may be a slight
inverse correlation. The protein content does not appear to have a major
effect. A correlation between [dp/dt)ave and the protein content in grain

sorghum is difficult to detect at any level of concentration.

d. Starch § fiber content

The correlations between the starch § fiber content and (dP/dt) ave 2T®
given in Figs. 5.72, 5.73, 5.74, and 5.75 for comstarch, wheat dust, corn
dust, and grain sorghum dust, respectively. One can observe a definite
correlation between (dp/dt)ave and starch & fiber content for cornstarch in
Fig. 5.72. This correlation is the negative of the correlation between
(dP/dt) P and moisture content for cornstarch (Fig. 5.62). The contents of
ash and protein are negligibly small in cornstarch. Thus, the comstarch is
assumed to consist only of moisture and starch § fiber. In Fig. 5.73, there
also appears to be a direct correlation between (dP/dt) - and the starch §

fiber content for wheat dust. Note that a significant correlation exists
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between the ash content and the starch § fiber content for wheat dust. The
three data that are circled come from the three size fractions that contain
ash contents significantly larger than the remaining size fractions. Without
these data, a correlation between the stafch & fiber content and (dP/dt)ave is
difficult to observe. The data from the size fractions with ash contents are
also identified with circles in Fig. 5.74 for comn dust and in Fig. 5.75 for
grain sorghum dust. When these are excluded, a correlation between (dP/dt)ave
and the starch & fiber content is difficult to detect for either corn or wheat
dust.

The significant correlations between the starch § fiber content and the
ash content, and the starch & fiber and moisture contents make it difficult to
determine if the decrease in the value of (dP/dtJave is due to an increase in
ash or moisture content or a decrease in starch § fiber content. To prove the
hypothesis that the decrease in starch § fiber content causes the decrease in
(dP/dt) ave’ 00 must explain why a decrease in the starch & fiber content due
to an increase in the moisture content is more effective in preventing
explosion than that due to an increase in the ash content. Also note that for
both ash content and moisture content, the effect on (dP/dt) ave 2Fpears to
become dominant as the content increases; as the ash or moisture content
decreases, the effect of other variables causes the variability in Edp/dt]ave
to increase. This observation is not-true for the starch & fiber content. It
is possible ash is not uniformly distributed in all the grain dust particles
in a sample. The starch § fiber content varies between 70 and 85% for those
size fractions that do not contain the highest quantities of ash material.

A correlation between (dP/dt)ave and the ash content or (dP/dt)ave and the
moisture content appears to be more plausible than that between (dP/dt)a and

ve

the starch § fiber content.
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D. Compariscn of Explosion Characteristics Between Hartmann
Apparatus and 0.19 n’ Spherical Apparatus

To evaluate the performance of the Hartmann apparatus constructed
specifically for the present work, the data obtained with it were compared
with those obtained from experiments conducted by Fenwal, Inc. (Ashland, MA)
with a 0.19 m3 spherical apparatus. A series of explosion tests yielding
maximum explosion pressures, maximum rates of pressure rise, and average rates
of pressure rise were performed on samples of an identical powder, Autolyzed
Yeast Extract. Both the precision and accuracy of the two types of apparatus
were compared.

The results from the explosion tests are tabulated in Table 5.8. The
test number indicates the sequence in which the tests were performed. The
explosion tests were performed at 6 different levels of concentration, and the

number of replications at each concentration ranged from one to four.

1. Maximum explosion pressure

For the maximum explosion pressure, the pooled standard deviation between
trails was 0.435 bars for the Hartmann apparatus and 0.554 bars for the
@.18 m3 spherical apparatus. A two-tailed F-test was performed to examine the
equality of the variances from the two types of apparatus. The F value of
1.62 was not significant even for « = 0.50; the larger variance contained
8 degrees of freedom and the smaller variance contained 6 degrees of freedom.
Figure 5.76 presents the coefficients of variability between trials plotted
against the concentration for each apparatus. The coefficients of variability
for the 0.19 m3 apparatus are larger than those for the Hartmann apparatus,
except for the concentrations of 0.5 and 1.1 kg/mz.

The average maximum explosion pressures from both types of apparatus and

the coefficient of variability between them are plotted against the
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concentration in Fig. 5.77. The values of the coefficient of variability are
less than 10% except for 0.3 kg/m3 where it is 17%. To statistically
determine if there exists a significant difference between the maximum
pressures obtained from the two types of apparatus, an analysis of variance
for a 2 x 2 factorial experiment with two replications per treatment combina-
tion was performed. The treatments were the type of apparatus (the Hartmann
and the 0.19 m3 apparatus) and the level of concentration. If a level of
concentration contained more than two replications (see Table 5.8), then two
replications were selected at random. The results of the analysis are given
in Table 5.9. The table indicates that no significant difference exists
between the two types of apparatus at the 1% level of significance; the inter-
actions are also insignificant. However, the effect of the concentration is
significant at the 1% level.

To compare the values of [dP/dt)max from the two apparatus, the

previously mentioned cubic law, which is
- v, (1)

can be utilized. Figure 5.78 presents the coefficient of variability between
replication of Kst for each apparatus, plotted against the concentration. The
coefficients of variability for the 0.19 m3 apparatus are consistently higher
than those for the Hartmann apparatus, except for the concentration at
1.1 kg/ms. The two highest coefficients of variability for the Hartmann
apparatus are 23% and 27%; for the 0.19 m3 apparatus, three of the coeffi-
cients are greater than or equal to 40%.

The values of Kst for the Hartmann apparatus are plotted against those

for the 0.19 m3 spherical apparatus in Fig. 5.79. If the two types of
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apparatus yielded the same Kst values for a given concentration, then all
points wculd lie around the line of '"consistency of measured values' with a
slope of 1; however, the regression line for the experimental data has a slope
of 0.356 with a r2 of 0.909. This slope is significantly different from 1 at
the 95% confidence level. The 95% confidence interval ranges from -0.026 to
0.756, which does not contain 1. Bartknecht (1978) experimentally demon-
strated that the Hartmann apparatus consistently yielids values of Kst that are
lower than those from apparatus with explosion chambers having a volume of
0.02 m2 or larger. The slope of the regression line obtained by him was 0.35

instead of 1. This value falls within the 95% confidence interval.

2. Average rate of pressure rise
To compare the average rates of pressure rise, a quantity similar to Kst

is defined with the following equation:

_ ,dP . 1/3
Kst,a.ve - [dt) v
ave

where

.dP .
LEEQ = average rate of pressure rise
ave

Figure 5.84 presents the coefficients of variabili.y between trials of Kst S

for each apparatus plotted against the concentration. Again, the coefficients
of variability for the Hartmann apparatus are consistently lower than those
for the 0.19 m° apparatus.

Figure 5.81 presents the values of X plotted in the same format as

st,ave

those of the Kst in Fig. 5.79. The regression line through the experimental

data has a slope of 0.458 with an r2 of 0.963. The 95% confidence interval
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for this value of the slope ranges from 0.103 to 0.813, which contains 0.35

(the value of the slope reported by Bartknecht (1978)).

V. CONCLUSIONS

The smalleét size fraction of grain sorghum dust yielded the largest
maximum explosion pressure, pmax’ of 7.8 bar at a concentration of 1.0 kg/ms.
At the highest dust concentration of 2.0 kg/ms, the highest value of -
ranged from approximately 6.0 to 6.5 bar for corn dust, wheat dust, and
cornstarch.

For grain sorghum dust and corn dust, Pmax remained essentially constant
at 6.0 bar as the mass mean diameter decreased from approximately 50 m to 15 m
for the concentrations of 1.0 and 2.0 kg/ms. At a concentration of 0.5 kg/ms,
Pmax increased with decreasing diameter until values of approximately 6.0 bar
for grain sorghum dust and 4.7 for comn dust were attained at a diameter of
15 ym. Below a diameter of approximately 15 um, Pmax remained essentially
constant or decreased for these three concentrations except in the case of
grain sorghum dust at a concentraticn of 1.0 kg/ms. For a concentration of
0.2 kg/ms, Pmax increased for all diameters; it never attained a value of
6.0 bar.

A model has been developed, which correlates Pmax with the specific

external surface area, Sex The data for grain sorghum dust were fitted to

£
the model. The resultant correlation shows sufficient linearity up to a

certain S depending on the concentration; above this point, pmax rapidly

ext’
approaches a constant value. The coefficients of determinationm, R®, for grain
sorghum dust are, 0.95, 0.78, and 0.88 for the concentrations of 0.5, 1.0, and

2.0 kg/m>, respectively.
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The maximum explosion pressure is also linearly correlated with the ash
content for values above approximately 10% for grain sorghum dust, wheat dust,
and corn dust. The maximum explosion pressure is quadratically correlated
with the moisture content for cornstarch. Moisture contents ranging from
approXimately 16% to greater than 20% cause Pmax to become zero. For both
grain sorghum dust and corn dust, the correlations between Pmax and the
moisture content indicate that moisture content becomes the dominating
variable that suppresses Pmax for values above approximately 1l1%.

For all size fractions of grain sorghum dust and corn dust, the maximum
rate of pressure rise, (dP/dt)max, attained values as high as approximately
380 bar/s. The values for wheat dust were approximately 1/2 of those for
grain sorghum dust. For low moisture contents of approximately 4%, (dp/dt}ave
for cornstarch attained values as high as 680 bar/s.

For the concentrations of 0.5, 1.0, and 2.0 kg/m3 for grain sorghum dust
and corn dust, (dP/dt]max increased as the mass mean diameter decreased to
approximately 15 um. Below 15 um, (dP/dt}max decreased sharply for these
three concentrations. At a concentration of 0.2 kg/ms, [dP/dt)max increased
for the entire range of Dm'

For diameters below approximately 20 um, the highest valves of {dP/dt)max
were obtained at the concentration of 0.5 kg/ms. For Dm belcw approximately
15 um, the highest values of (dP/dt]max were obtained at a concentration of
0.2 kg/m3.

A model has been developed to correlate (dP/dt)max with the specific

external surface area, S As in the case of Pmax’ the data for grain

ext”’

sorghum dust and corn dust were fitted to the model; the resultant correla-

tion exhibits linearity up to certain values of Sex For grain sorghum dust,

&

the coefficients of determination obtained are 0.92, 0.92, 0.90 and 0.80 for
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concentrations of 0.2, 0.5, 1.0, and 2.0 kg/ms, respectively. At the lowest
concentration, the correlation is linear for the entire range of Sext'

For all types of dust, the correlation between [dP/dt}max and the ash
content is similar to that between Pmax and the ash content. These correla-
tions indicate that ash contents above approximately 50% are necessary to
cause (dP/dt)max to become zero. The higher the dust concentration, the
higher the ash content necessary to cause (dP/dt)max to become zero. The
correlations between (dP/dt)max and the moisture content are also similar to
those between Pmax and the moisture content. For cornstarch, however, the
correlations appear to be linear. The coefficients of determination are
0.94, 0.64, 0.56, and 0.78, for dust concentrations of 0.2, 0.5, 1.0, and
2.0 kg/m;, respectively. From the extrapolation of these regression equations,
the moisture contents that cause (dP/dt)max to approach zero are 14.6, 16.3,
17.9, and 18.6%, for concentrations of 0.2, 0.5, 1.0, and 2.0 kg/ms,
respectively.

The values of (dP/dt}ave for all types of dust were 1/2 to 1/3 of the
values of (dP/dt)max. A model which correlates (d?/dt)ave to Sext has also
been developed. As in the case of (dP/dt)max, the correlations are linear up

to specific values of S, with coefficients of determination of 0.95, 0.88,

xt
0.94, and 0.87 for concentrations of 0.2, 0.5, 1.0, and 2.0 kg/ms. Similar
observations were made from the correlations between [dP/dt)ave and particle

size (Dm or SextJ and between (dP/dt}ave and each composition component as

were made from identical correlations for [dP/dt)max.
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Table 5.1 The Results of the Maximum Explosion Pressure, the Maximum
Rate of Pressure Rise, and the Average Rate of Pressure
Rise from the Hartmann Pressure Tests

Sample Maximum Average
Identi- Test Concen- Maximum Rate of Rate of
fication No. tration Pressure Pressure Rise Pressure Rise
kg/m3 bar bar/s bar/s
CNAC-S02 1 0.2 3.5 128 52
2 0.1 1.7 81 33
3 2.0 5.9 53 25
CNAC-S03 4 0.2 3.4 116 42
5 0.5 4.7 164 49
6 1.0 5.8 155 47
7 2.0 5.8 37 21
CNAC-S04 8 0.2 2.3 33 13
9 0.5 4.2 94 29
10 2.0 ¥ 72 32
CNAC-S07 11 0.2 1.7 17 11
12 1.0 5:7 76 38
13 2.0 542 31 17
(CNAC-508 14 0.5 4.6 57 30
CNAC-S10 15 0.2 2.3 40 17
CNAC-S09 16 8.2 2.6 52 19
17 1.0 5.0 50 24
(NAC-S01 18 @.2 4.4 381 127
19 1.0 6.1 121 45
20 0.1 .7 22 11
21 2.0 5:9 86 60
NAC-S11 22 0.5 5.2 68 24
23 2.0 6.1 44 26
24 1.0 557 68 24
CNAC-S06 25 0.5 0.5 4 2
26 1.0 0.8 6 3
(NAC-S0S5 27 0.5 3.9 65 27
28 10 5.8 71 40
CNAC-S06 29 2.0 4.4 31 14



Table 5.1 (continued)
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Sample Maximum Average
Identi- Test Concen- Maximum Rate of Rate of
fication No. tration Pressure Pressure Rise Pressure Rise
kg/m3 bar bar/s bar/s
MOAC-S03 30 0.5 5.5 202 82
31 1.0 6.0 137 45
32 0.2 0.7 13 6
33 2:00 6.1 59 31
34 0.1 1.3 27 14
MOAC-802 35 0.5 6.6 383 126
36 1.0 6.3 206 75
37 0.2 4.0 172 88
38 2.0 6.9 98 36
MOAC-508 39 0.5 3.3 22 i1
40 2.0 5.9 39 20
41 1.0 5.0 33 17
MOAC-504 42 0.5 5.1 136 44
43 0.2 3.6 110 54
44 1.0 6.5 122 56
45 2.0 5.8 58 27
46 0.1 0.3 6 5
MOAC-507 47 a.5 4.2 55 22
48 1.0 6.3 79 a9
49 0.2 0.5 2 1
50 2.0 6.2 64 28
MOAC-S01 b, 0.1 D 7 8
52 0.5 5.0 308 91
53 1.0 7.0 180 63
54 0.2 5.0 361 158
55 0.2 4.6 402 94
MOAC-S06 56 0.5 2.0 12 7
57 1.0 4.2 48 21
MOAC-S09 58 0.5 2.1 14 7
55 1.0 4.9 42 17
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Table 5.1 (continued)

Sample Maximum Average
Identi- Test Concen- Maximum Rate of Rate of
fication No. tration Pressure Pressure Rise Pressure Rise
kg/m3 bar bar/s bar/s
60 2.0 5.3 28 15
MOAC-S511 61 0.5 0.2 2 1
62 2.0 1.3 8 4
MOAC-S10 63 0.5 247 18
64 1.0 3.8 25 11
WTAC-S03 65 0.5 4.3 65 21
66 1.0 5.6 76 25
67 2.0 5.3 36 15
WTAC-S10 68 0.5 2D 36 11
WTAC-S04 69 0.5 3.8 57 20
70 1.0 4.0 43 17
71 0.2 0.3 3 2
WTAC-509 72 a.5 4.6 50 24
73 0.2 1.8 11 6
74 2.0 6.0 46 23
WTAC-S05 75 0.5 3.2 37 13
76 1.0 4.7 54 23
77 0.2 0.8 8 4
78 2.0 5.2 48 17
WTAC-S08 79 1.0 4.3 35 12
80 0.2 0.8 6 2
WTAC-506 81 0.5 0.4 3 P
82 1.0 4.1 S 13
83 2.0 5.1 37 18
WTAC-S07 84 0.5 3.4 23 15
85 1.0 5.9 61 28
86 2:0 6.0 55 22
WTAC-503 87 0.5 4.7 113 37
88 1.0 6.0 129 49
89 2.0 5.2 67 26



Table 5.1 (continued)
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Sample Maximum Average
Identi- Test Concen- Maximm Rate of Rate of
fication No. tration Pressure Pressure Rise Pressure Rise
kg/ms bar bar/s bar/s
WTAC-504 90 2.0 5.0 52 24
91 0.5 3.8 64 18
92 1.0 4.5 63 25
93 0.2 0.4 3 2
94 2.0 5.4 84 42
WTAC-505 95 35 2.5 36 17
96 1.0 4.4 84 43
97 0.2 0.0 0
98 2.0 4.4 44 18
WTAC-S06 99 0.5 1.7 13 6
100 1.0 2.9 27 14
101 2.0 4.5 41 17
WTAC-S07 102 0.2 0.3 3 2
103 0.5 3.7 37 16
104 1.0 4.6 44 21
105 i 0,24 1 1
106 2.0 5:7 52 24
WTAC-S08 107 0.5 4.8 56 29
108 0.2 0.8 5 3
109 2.0 Sad 54 26
110 1.0 4.7 44 237
111 0.5 4.7 66 31
112 2.0 4.8 38 17
WTAC-S0S 113 0.5 3.8 43 20
114 1.0 55 59 29
115 0.2 0.5 4 2
116 2.0 5al 45 23
117 1.0 4.7 64 25
WTAC-S10 118 1.0 4.6 36 20
119 2.0 5.2 41 25



Table 5.1 (continued)
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Sample Maximum Average
Identi- Test Concen- Maximum Rate of Rate of
fication No. tration Pressure Pressure Rise Pressure Rise
kg/ms bar bar/s bar/s
120 1.0 4.6 56 23
121 2.0 4.8 39 19
NAC-502 122 2.0 4.7 40 23
NAC-501 123 0.5 3.9 133 67
124 0.2 3.5 365 143
125 2.0 5.8 50 29
126 0.5 4.2 167 68
127 1.0 5.0 188 44
128 g.1 0.9 49 20
CNAC-502 129 1.0 5.3 214 70
CNAC-S03 130 1.0 5.7 201 21
131 0.2 3.1 253 108
CNAC-S04 132 0.5 3.9 94 51
135 1.0 5.5 158 54
134 2.0 5.9 104 52
CNAC-507 135 0.5 4.8 147 58
136 1.0 4.6 103 33
137 0.2 1.6 31 17
CNAC-508 138 1.0 6.4 144 73
139 2.0 5.1 50 27
140 a.2 2.3 68 30
CNAC-502 141 0.5 4.2 280 81
CNAC-S09 142 0.5 3.6 87 35
143 1.0 4.9 128 45
144 B.d Full 79 38
145 2.0 4.9 55 27
CNAC-S10 146 0.3 3.9 60 23
147 1.0 55 103 51
148 2.0 B 71 54
CNAC-511 149 0.5 2.8 22 12



Table 5.1 (continued)

Sample Maximum Average
Identi- _ Test Concen- Maximum Rate of Rate of
fication No. tration Pressure Pressure Rise Pressure Rise
kg/ms bar bar/s bar/s
150 2.0 5.1 37 20
CNAC-502 151 1.0 5.4 189 56
152 0.2 3.2 187 80
CNAC-S03 153 0.5 4.5 216 S8
154 2.0 4.9 60 29
NAC-504 155 0.2 3.6 452 184
156 1.0 5.4 214 55
CNAC-507 157 0.5 4.4 178 53
158 2.0 4.8 g1 26
CNAC-508 159 0.5 3.6 83 41
160 1.0 5.3 121 43
161 2.0 4.6 48 21
162 0.2 2:2 49 27
CNAC-S09 163 2.0 5.0 74 31
164 0.5 3.8 264 88
QNAC-S10 165 0:h 3.5 59 29
166 1.0 4,7 55 28
167 2:0 5.1 77 38
CNAC-S11 168 1.0 5:2 86 33
ONAC-S02 169 0.5 5.0 379 128
CSAC-502 170 0.1 0.2 8 4
171 B. L 0.5 19 12
CSAC-S04 172 0.2 2D 141 71
173 L0 4.7 180 86
174 2.0 5.0 93 42
175 1.0 6.5 269 117
176 2.0 6.1 193 34
CSAC-S01 177 0.5 4.5 614 237
178 6.2 3.4 400 180
179 2.0 6.0 213 84



Table 5.1 (continued)
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Sample

Maximum Average
Identi- Test Concen- Maximum Rate of Rate of
fication No. tration Pressure Pressure Rise Pressure Rise
kg/m3 bar bar/s bar/s
180 0.1 1.5 114 49
181 1.0 S5 314 130
CSAC-S07 182 0.5 4.5 130 71
183 1.0 5.0 122 51
184 2.0 5.4 71 48
CSAC-S05 185 2.0 5.9 126 67
186 0.5 4.0 203 61
187 1.0 5.0 206 81
188 0.1 1.3 51 26
189 0.2 2.5 128 69
CSAC-506 190 0.5 3.9 319 140
191 0.2 2.5 204 89
192 1.0 5.4 160 85
193 2.0 5.8 116 67
194 0.1 1.7 76 37
CSAC-S03 195 0.5 3.7 261 117
196 1.0 5.1 360 84
197 0.2 2.9 239 123
198 2.0 5wl 113 40
CSAC-502 199 0.5 4.1 468 187
200 1.0 5.5 555 179
201 042 2.8 354 150
202 2.0 6.0 210 97
CSAC-S01 203 0.1 0.4 32 16
204 1.0 Sid 473 101
205 2.0 5.7 234 78
206 0.2 2.7 335 180
207 0.5 4.0 727 248
CSAC-S02 208 2.0 6.1 167 105
209 1.0 5.0 417 102



Table 5.1 (continued)
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Sample Maximum Average
Identi- Test Cencen- Maximum Rate of Rate of
fication No. tration Pressure Pressure Rise Pressure Rise
kg/m3 bar bar/s bar/s
210 0.5 3.9 201 140
211 0.2 3.1 370 194
CSAC-S03 212 0.2 1.8 117 70
213 0.5 3.4 291 148
214 1.0 4.5 402 128
218 2.0 4.7 102 50
CSAC-S06 216 0.5 3.4 180 103
217 0.2 2.4 194 63
218 1.0 4.9 206 66
219 0.1 1.8 129 53
220 2.0 Bl 141 50
CSAC-507 221 0.5 4.3 149 76
222 1.0 5.0 115 63
223 2.0 B L 62 39
CSAC-S05 224 0.5 3.9 279 121
225 0.2 2.4 168 91
226 1.0 4.5 165 42
227 0.1 1.5 87 47
228 2.0 5.4 113 60
CSAC-S04 229 0.5 5.8 230 104
230 0.5 5.5 183 80
231 Ued 1.7 102 60
CSAC-F04 232 1.0 347 119 S5
233 0.2 0.8 14 8
234 2.0 4.2 57 26
235 0.5 2.6 52 29
236 Q.2 0.0 0 0
237 0.5 . 57 34
CSAC-F05 238 05 3.5 172 85
239 1.0 4.0 179 69



Table 5.1 (continued)
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Sample Maximum Average
Identi- Test Concen- Maximum Rate of Rate of
fication No tration Pressure Pressure Rise Pressure Rise
kg/ms bar bar/s bar/s
240 0.1 1.2 48 28
241 0.2 2.0 124 50
242 2.0 5.1 88 45
CSAC-F06 243 0.5 3.6 128 65
244 0.2 0.0 0 0
245 1.0 4.6 162 57
246 2.0 4.6 79 41
CSAC-FQO7 247 0.5 3.5 230 121
248 1.0 5.2 258 102
249 2.0 5.0 101 43
CSAC-F04 250 1.0 3.6 61 36
CSAC-FO7 251 0.2 2.2 61 51
252 0.1 0.0 0 0
CSAC-F04 253 2.0 4.1 45 22
CSAC-FO0S 254 0.5 4.0 257 100
255 1.0 4.4 170 67
256 Q.2 0.8 20 9
257 0.1 0.0 0 0
258 2.0 4.6 80 37
CSAC-F06 259 0.5 3.5 158 69
260 2.0 4.7 100 34
261 0.2 2.2 64 27
262 1.0 3.8 110 65
CSAC-FO7 263 0.1 1.7 76 41
264 0.2 2.7 196 98
265 0.5 4.0 317 116
266 1.0 4.8 267 69
MOAC-S03 267 0.5 5 2 198 90
268 1.0 5.8 86 40
269 0.2 4.0 210 99



Table 5.1 {continued)
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Sample Maximum Average
Identi- Test Concen- Maximum Rate of Rate of
fication No. tration Pressure Pressure Rise Pressure Rise
kg/ms bar bar/s bar/s
270 2.0 5.6 53 25
MOAC-502 271 0.5 5l 224 94
272 1.0 5.7 221 83
273 0.2 4.3 224 23
274 0.1 1.3 27 13
275 2.0 5.6 67 55
MOAC-508 276 0.5 2.8 17 9
277 1.0 5.2 49 19
278 2.0 5.5 28 17
279 0.2 1.2 7 4
MOAC-S04 280 0.5 5.0 138 - 50
281 1.0 5.4 50 26
282 2.0 6.0 7T 40
283 0.2 1.8 174 16
MOAC-S07 284 0.5 3.7 27 15
285 1.0 5.0 33 20
286 2.0 6.2 54 30
MOAC-S11 287 0.5 0.8 3 3
288 1.0 2.4 14 7
289 2.0 1.8 9 6




Table 5.2 The Coefficients of Variability between Replications

Coefficient of Variability

Type Degrees
Dz_ft Concentration Frezgom Pmax (cR/de) max (dP/dt] ave
kg/m3 bar bar/s bar/s
Grain 2.0 6 8 22 15
Sorghum 1.0 5 10 32 27
0.5 6 12 40 22
0.2 4 38 37 55
1 e -- -- -- -
All 21 16 40 27
Corn 2.0 9 26 32
1.0 9 26 29
0.5 9 16 36 40
0.2 7 15 76 78
Bl 1 25 54 41
All 35 12 53 56
Wheat 2.0 8 9 22 15
1.0 8 10 32 27
0.5 7 12 40 22
0.2 S 38 37 55
0.1 -- -- -- --
All 28 12 32 33
Cornstarch 2.0 10 7 22 20
1.0 11 10 22 29
0.5 i1 7 30 18
0.2 10 23 33 29
0.1 6 69 75 76
All 48 14 30 27




Table 5.3 The Minimum Ash Contents for a Dust Sample
Completely Inert to Explosion

5-65

Ash Content,

2

a

Grain
Explosion Wheat Sorghum Corn
Characteristic Concentration Dust Dust Dust
kg/m3
Maximum Explosion 3.5 56 58 52
Pressure 1.0 > 100 > 100 34
2.0 > 100 -- > 100
Maximum Rate of 0.5 49 42 48
Pressure Rise 1.0 79 74 45
2.0 86 -- 68
Average Rate of 0.5 54 44 30
Pressure Rise 1.0 92 67 48
2.0 83 -- 65
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Table 5.7 Comparison of the Experimental Data to
that Predicted by Eckhoff's Model

Coefficient Total
of Number
Concentration Determination Slope Intercept of Data
kg/m3 Rz n
20 0.720%* 0.935 14.50 34
1.0 0.630** 1.961 7.65 38
0.5 0.670** 2.570 -18.60 38
0.2 0.710%* 2.300 -36.00 28
0.1 0.001 -0.002 44.50 11

* Significant at the 5% level.

** Significant at the 1% level.
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Table 5.9 Comparison of the Data from Explosion Tests of Autolyzed
Yeast Extract Performed in a 0.19 m® Spherical Explosion

' m Cylindrical

Hartmann Explosion Apparatus

Apparatus and a 1.25 x 10-3

Maximum Maximum Average
Test Explosion Rate of Rate of
Apparatus No. Conc. Pressure Pressure Rise Pressure Rise
kg/ms bar bar/s bar/s
Spherical 1 0.3 4.0 11
Explosion 2 0.5 6.1 44 22
Chamber 3 0.7 7.4 59 25
with 0.19 m° 4 0.9 7.8 96 37
{Fenwal) 5 1.1 7.7 50 23
6 0.9 7.1 52 17
7 [ 7.0 46 19
8 0.7 7.8 132 43
9 0.9 7.4 50 19
10 0.6 7.5 125 42
11 0.5 5.4 28 14
12 0.6 6.1 24 12
13 0.7 7.0 52 19
14 0.7 8.1 66 27
Cylindrical 1 0.5 6.0 136 60
Hartmann 2 0.3 542 103 39
Apparatus with 3 0.7 7.4 143 66
1.25 x 107 n° 4 0.6 6.1 138 73
(USGMRL) S 1.1 7.3 108 S5
6 0.9 7.0 112 58
7 0.3 51 74 3L
8 0. 7 7.5 148 76
9 0.6 6.0 141 58
10 0.5 5.0 100 47
11 0.9 7.0 96 49
12 1,1 6.2 85 37
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Table 5.10 Analysis of Variance of the
Maximum Explosion Pressure Data

Source of Degrees of Sum of Mean
Variation Freedom Squares Square F
Treatment
Concentration (C) 4 9.11 2,28 6.61%*
Apparatus (A) 1 0.85 0.85 2.46
Interactions
CxA 4 8.35 0.09 0.25
Error 10 3.45 0.35
Total 19 13.76

** Significant at the 1% level.
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Fig. 5.2 Photograph of the Ignition Timing Circuitry
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Fig. 5.3 Schematic Diagram of the Entire Experimental
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

Wheat dust, corn dust, and grain sorghum dust were very similar in
composition and in ranges of particle diameters. Sieve classification, unless
performed very carefully, can result in carry-over of large numbers of small
diameter particles in these types of dust. A large portion of the ash content
was contained in separate particles consisting almost entirely of ash. Thus
the ash content of the dust particles appeared to be only approximately 2% and
did not vary much between size fractions or types of dust. The starch § fiber
content also did not appear to vary tremendously. No correlation was found
between the mass mean diameter of a size fraction and its contents of moisture,
ash, protein, or starch & fiber. The log normal approximation of a distribu-
tion can have the same coefficient of determination as that of another
distribution; however, the deviation between the moments calculated from the
actual distribution and that from each of the log normal approximations can be
quite different. For a weight distribution, how well the distribution
estimates the weight percent of the particles with diameters less than the
mass mean diameter can be very critical when calculating moments of the
distributions. The mass mean diameter, or and geometric mean diameter, 1s
questionable as an average diameter because of its limitations in describing
the distribution.

The minimum explosible concentration of all the dusts are similar. The
order of explosibility is cornstarch, corn dust, grain sorghum dust, and wheat
dust. Milo dust and corn dust yield very similar values of Cmin' Particles
with smaller diameters have lower values of Cmin; however, the moisture con-

tent seems to be an important variable. Cornstarch yielded values of 40 kg/m3
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for 4% moisture and appear to become non-explosible at values approximately
15.8%. The remaining dust also become non-explosible at values ranging from
13% to 15% depending on the ash content. Ash content did not enter in except
at high values of approximately 25%. The data for wheat dust indicated by
extrapolation that approximately 73% ash is necessary to energize wheat dust.
Reasonably good correlations were obtained between I/Cm:.Ln and Sext or ash
content or moisture content. There appears to be a long ignition delay,
approximately 100-200 msec, for most dusts. For a transite experiment this
could have serious implications.

The smallest size fraction of grain sorghum dust yielded the largest
maximum explosion pressure, Pmax’ of 7.8 bar at a concentratien of 1.0 kg/ms.
At the highest dust concentration of 2.0 kg/m;, the highest value of Pmax for
the remaining three dusts ranged from approximately 6.0 to 6.5 bar.

For grain sorghum dust and corn dust, pmax remained essentially constant
at 6.0 bar as the mass mean diameter decreased from approximately 50 tc 15 um
for the concentrations of 1.0 and 2.0 kg/ms. At a concentration of 0.5 kg/ms,
Pmax increased with decreasing diameter until values of arproximately 6.0 bar
for grain sorghum dust and 4.7 for corn dust were attained at a diameter of
15 um. Below a diameter of approximately 15 um, Pmax remained sssentially
constant or decreased for these three concentrations; except in the case of
grain sorghum dust at a concentration of 1.0 kg/m3. For a concentration of
0.2 kg/ms, Pmax increased for all diameters; it never attained a value of
6.0 bar.

A model has been developed, which correlates Pmax with the specific

external surface area, S The data for grain sorghum dust were fitted to

ext’

the model and show a linear correlation between Pmax and Sexf up to a certain

point, depending on the concentration. Above this point, Pmax rapidly
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approached a constant value. The coefficients of determination, Rz, for
grain sorghum dust were, 0.95, 0.78, and 0.88 for the concentrations of 0.5,
1.0, and 2.0 kg/ms, respectively.

The maximum explosion pressure is linearly correlated with the ash
content for values above approximately 10% for grain sorghum, wheat, and corn
dusts. The maximum explosion pressure is quadratically correlated with the
moisture content for cornstarch. Moisture contents ranging from approximately
16% to greater than 20% cause Pmax to become zero. For both grain sorghum
dust and corn dust, the correlations between Pmax and the moisture content
indicate that moisture content becomes the dominating variable that suppresses
Pmax for values above approximately 11%.

For all size fractions of grain sorghum dust and corn dust, the maximum
rate of pressure rise, (dp/dt)max’ attained values so high as approximately
380 bar/s whereas those for wheat dust were approximately 1/2 of those for
grain sorghum dust. For low moisture contents of approximately 4%, (dp/dt]ave
for cornstarch attained values so high as 680 bar/s.

For the concentrations of 0.5, 1.0, and 2.0 kg/m3 for grain sorghum dust
and corn dust, (dP/dt)max increased as the mass mean diameter decreased down
to approximately 15 um. Below 15 um, (dP/dt)max decreased sharply for those
three concentrations. At a concentration cf 0.2 kg/ms, (dP/dt]max increased
for the entire range of Dm.

For diameters below approximately 20 um, the highest values of [dP/dt)max
were obtained at the concentration of 0.5 kg/ms. For Dm below approximately
15 um, however, the highest values of (dp/dt)max were obtained at a concen-
tration of 0.2 kg/m".

A model has been developed which correlates [dP/dt)max with the specific

external surface area, S As in the case of Pmax’ data for grain sorghum

ext’
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dust, and corn dust were fitted to the model and the results exhibited a

linear correlation up to certain values of Sex For grain sorghum dust, the

.
coefficients of determination obtained were 0.92, 0.92, 0.90 and 0.80 for
concentrations of 0.2, 0.5, 1.0, and 2.0 kg/ms, respectively. For the lowest
concentration, the correlation was linear for the entire range cof Sext'

For all types of dust, the correlation between (dP/dt)max and the ash
content were similar to those between Pmax and the ash content. These corre-
lations indicate that ash contents above approximately 50% are necessary to
cause (dP/dt]ruax to become zero. The higher the dust concentration, the
higher the ash content necessary to cause (dP/dt)max to become zero. The
correlations between (dP/dt]max and the moisture content were also similar to
those between Pmax and the moisture content. For cornstarch, however, the
correlations appear to be linear. The coefficients of determination were
0.94, 0.64, 0.56, and 0.78, for dust concentrations of 0.2, 0.5, 1.0, and
2.0 kg/ms, respectively. From the extrapolation of these regression equationms,
the moisture contents that cause (dP/dt)max to approach zero are 14.6, 16.3,
17.9, and 18.6%, for concentrations of 0.2, 0.5, 1.0, and 2.0 kg/ms,
respectively.

The values of [dP/dt)ave for all types of dust were 1/2 to 1/3 of the
values of (dP/dt]max. The correlations for (dP/dt)ave were very similar to
those for (dp/dt)max‘ A model also has been developed which correlates

(dp/dt) to S As in the case of (dP/dt) , the correlations were
ave max

ext’

linear up to specific values of Sext with coefficients of determination of

0.95, 0.88, 0.94, and 0.87 for concentrations of 0.2, 0.5, 1.0, and 2.0 kgfma.
Bartknecht (1979) experimentally demonstrated that (dP/dt)maK data from

an explosion apparatus with a volume less than approximately 20 1 can not be

easily scaled to larger volumes. Such an apparatus was not available for the
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present investigation. A similar investigation with this type of apparatus
would be recommended.

In this investigation, only five levels of the dust concentration were
utilized. Concentration, however, appeared to be an important factor in the
determination of the explosion characteristics Pmax’ (dP/dt)max, and
[dP/dt)ave. A more detailed and complete analysis of the effect of the dust
concentration on these explosion characteristics would be desirable,
especially at levels approaching the minimum explosible concentration.

The specific external surface area, Sex utilized in this investigation

£?
is only an approximation of the external surface area of a particle. The
total specific surface area of a porous dust particle could be much larger.
The total specific surface area could be a closer approximation of the surface
area available for a surface reaction. The correlation between each explosion
characteristic and the total specific surface area could, therefore, be quite
significant.

A large ignition delay between the arrival of the dust at the ignition
electrode and the ignition of the dust cloud was noted for the minimum
explosible concentration determinations. This appeared to be undesirable in
the determination of the explosion characteristics. The use of a higher
energy ignition source could alleviate the difficulty. In addition, a higher

energy ignition source would yield the lowest Cmin and the highest values of

P — (dP/dt)max, and (dP/dt)

m ave.

A mathematical model was developed in this investigation. The solution
of these models was beyond the scope of this investigation. With an expres-

sion for (D/D however, these models could be solved numerically.

s

Radiation heat transfer was not included in the models developed in this

work. At high temperatures, however, heat transfer by radiation could become
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important. The addition of radiation heat transfer between the dust and the
gas phases, between the dust phase and the vessel wall, and between the gas

phase and the vessel wall could improve the predicted value of the explosion

characteristics.
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ABSTRACT

Grain dust explosions have become a topic of much concern in the last few
years. A dust explosion 1is essentially a very rapid combustion reaction of a
solid reactant, e.g., grain dust. Thus, the composition and the particle size
of the dust particles might be expected to be important parameters. In the
literature, much has been postulated about the effect of particle size and
composition and some studies have been performed on various types of dust.
Little has been done, however, to study the explosibility of different size
particles and the composition of a specific type of grain dust.

Each of three types of grain dust, namely, grain sorghum, corn, and wheat
dust, or cornstarch was divided into 6 to 11 size fractions utilizing air and
sieve classifications. The particle size distribution and the composition, in
terms of the contents of moisture, ash, protein, and starch & fiber were
determined for each size fraction. Large amounts of pﬁrticles with diameters
smaller than the sieve aperatures were retained on the sieve unless the
sieving was carried out carefully. Particles consisting almost entirely of
ash material were found to concentrate in particular air classified size
fractions. The average diameter based on external surface area, the average
diameter based on mass, and the coefficient of variability were calculated
from each experimental particle size distribution utilizing a piecewise log
normal approximation. These values were compared to those calculated from a
least squares fitted log normal approximation of the actual distribution.

The minimum explosible concentration, cmin’ of the dust in each size
fraction was determined using the Hartmann apparatus. The minimum explosible
concentration was correlated to the mass mean diameter, Dm, and to each of the

composition components. Correlations between Cmin and D for corn dust and
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grain sorghum dust, and between Cmin and moisture content for corn dust, grain
sorghum dust, and cornstarch were found to be significamt. According to
models developed in this work, a linear correlation should exist between

1/C . and the specific external surface area, S

min and also between l/Cmi

ext’ n

and each composition component. In addition, the models were fitted to the
experimental data. The coefficients of determination ranged from 0.80 to
0.94. The experimental results and the analysis indicated that the moisture
content and the ash content were the major variables for these four types of
dust. Extrapolation of the models to a moisture-free basis yielded values of
Cmin that were consistent with those reported in the literature. Extrapola-
tion of the models to the moisture and ash contents which are necessary for a
completely inert dust sample yielded values of the moisture and ash content
consistent with those reported in the literature. The ignition delay between
the dispersion and the ignition of the dust was also examined optically.

The maximum explosion pressure, the maximum rate of pressure rise, and
the average rate of pressure rise were determined for the dust in all size
fractions. Each of the characteristics were correlated with the mass mean
diameter and with every composition component. According to models developed
in this work, a linear correlation between each of the characteristics and
S should exist. For grain sorghum dust and corn dust, each characteristic

ext

exhibited a linear correlation below a particular value of Se The contents

g
[®

of ash and moisture appeared to be determining factors for weight percents

above approximately 12% and 15% - 25%, respectively. The effect of concen-
tration on each correlation was also examined. For particles with diameters
less than approximately 15 pm, the most hazardous condition occurred at the

lowest concentration examined, 0.2 kg/ma.



