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CHAPTER 1

INTRODUCTION

I. Background

Dust explosions are a real hazard in the grain industry. Whenever
grain is handled, grain breakage occurs and combustible dust is generated.
Thus with oxygen always present in an elevator, a dust explosion may occur
whenever an ignition source of sufficient energy and duration exists.

A dust explosion is the result of an energy release in a short time
in an enclosed or partially enclosed space. The energy release causes the
expansion of gases, leading to a rapid rise in pressure in the space. The
rapid pressure increase is a major cause of the damage in a dust explosion.
An example of the disastrous effect of a dust explosion is depicted in the
scenario that follows:

An ignition source ignites a dust cloud in the bucket
elevator of a grain elevator, causing a dust explosion.
The pressure rise ruptures the bucket elevator and then
the pressure wave from the explosion dislodges dust in
other parts of the elevator. Flames from the ruptured
bucket elevator ignite the dust cloud generated and a
secondary explosion occurs. The secondary explosion
proceeds throughout the elevator causing major damage.

Grain dust explosions have been occurring frequently in the United
States causing extensive property damage, injuries, and fatalities. The
United States Department of Agriculture compiled a list of dust explosions
in grain elevators and feed mills in the United States from 1958 through
1978 from several sources (Grain Elevators and Feed Mills, 1980). Even
though the list may not be complete due to lack of an accurate and com-
prehensive recording system, 250 explosions were recorded, which caused

605 injuries and 164 deaths. And as recently as 1981, 8 explosions between

January and May caused 11 deaths and 45 injuries (Shellenbarger, 1981).



Dust explosions may be contrelled by either protective or preventive
measures. Protective measures only reduce the dangerous and hazardous
effects of an explosion; whereas, preventive measures attempt to prevent
an explosion from occurring. Some of the protective measures are contain-
ment, unit separation, explosion suppresion, and explosion relief venting
(Cooks, 1979; Palmer, 1978 and 1973; Bartknecht, 1981). In the explosiomn
containment, vessels are constructed to withstand the maximum explosion
pressure without rupturing., The unit separation is when units are separated
by enough distance to prevent an explosion in one unit from causing an
explosion in another unit. The explosion suppression requires the detection
of the flame in its early stages; an extinguishing agent can be used to
extinguish the flame, thus, preventing pressure development. The explosion
relief venting prevents high explosion pressure from occurring in a vessel
by opening a relief area and releasing the pressure. Some of the preventive
measures include minimizing dust accummlation, controlling explosive condi-
tions, practicing good housekeeping, eliminating ignition sources, and
monitoring operating changes (Cooks, 1979). By minimizing dust accumulation
and practicing good housekeeping the mass available for generation of a
dust cléud is minimized; ideally, thus, a dust explosion is rendered impos-
sible. If the ignition sources are totally eliminated and the explosive
conditions are not present, then no dust explosion can ever occur. If
operating changes are monitored, then conditioms giving rise to dust

esplosions may be detected and, consequently, dust explosions prevented.

II. Objectives
Protective measures require knowledge of the maximum rate of pressure
rise and the maximum pressure of a dust explosion. During an experimental

dust explosion test the rapid rise in pressure can be measured with respect



to time. From this measurement the highest pressure obtained during the
dust explosion, the maximum pressure, and the greatest change in pressure
with respect to time obtained during the dust explosion, the maximum rate,
are determined. These experimental dust explosion tests are conducted at
different dust concentrations. Then the preatest maximum pressure is
determined and recorded as the peak maximum pressure and the greatest
maximum rate is determined and recorded as the peak maximum rate.

The explosion parameters were determined for corn, wilo, oats, soy-
bean, wheat, and combination dust samples. Each dust sample was character-
ized by its standard heat of combustion, specific surface area, average
particle size, and ash and moisture content., Statistical correlatioms
were developed relating the standard heat of combustion to the ash and
moixture content, the peak maximum rate to the dust characteristics and
the quantity of dust present in the dust cloud, and the peak maximum pres-
sure to the dust characteristics and the quantity of dust present in the

dust cloud.
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CHAPTER 2

LITERATURE SURVEY

In designing and developing protective and preventive measures for
grain elevators, the maximum rate of pressure rise and the maximum pres-
sure for different grain dust are needed. Since it is unfeasible to deter-
mine the values in an actual dust explosion in a grain elevator, these
values are measured in laboratory explosion chambers. Mechanistic mathe-
matical models that can be used to predict the explosibility parameters,
the maximum rate and maximum pressure, have not been developed. The value
of the maximum rate obtained in laboratory explosion chambers can be scaled
to obtain the value expected in chambers having different velumes. The
scaling law and a few of the laboratory explosion chambers are discussed
in this chapter. In explosion relief venting, a protective measure, a
relief venting area opens during the dust explosion and releases pressure.
Included in this chapter is a section-in which the method used in deter-
mining the required relief venting area is discussed. 1In the final section

several pressure development models are discussed.

1. Scaling Law
Bartknecht (1978; 1981) developed the empirical cubic law used for

scaling, The cubic law relationship is

CARETE

EL - ST

where

maximum rate of pressure rise [=] bar/sec

B0
>

3

=
[

enclosed volume of the explosion chamber [=] m

K = dust constant [=] bar*m/sec



Use of the cubic law relationship is restricted to explosion chambers with
volumes of at least 16 liters, Bartknecht determined the wvalidity of the
cubic law for chambers with volumes greater than or equal to 16 liters in
a comprehensive series of tests in which the explosion chambers ranged from
20 liters to 60 m3. In principle, the explosion chamber should be spherical
or cubical with the ignition source positioned in the geometric center.
Using the cubic law relationship, the KST-value can be determined from
laboratory experiments and then used to calculate the maximum rate of pres-
sure rise in larger enclosed volumes.

Dusts are classified into dust explosion hazard classes by their
KST-values. The dust explosion hazard classes are defined in Table 2.1

(Bartknecht, 1981). Protective measures are developed and designed for the

different hazard classes,

II. Explosion Chambers

One of the first laboratory explosion chambers used was the Hartmann
apparatus developed at the United States Bureau of Mines (Dorsett, 1960).
The schematic of the apparatus is shown in Figure 2.1 (Palmer, 1973). The
vertical explosion tube is steel and is 30.5 cm long with an inside dia-
meter of 6.4 cm resulting in an enclosed volume of approximately 1.25 liters.
A weighed dust sample is placed in the dispersion cup at the base of the
explosion tube, dispersed by a release of compressed air, and then ignited
by either an electric spark or wire coil. A pressure transducer mounted
on the top of the tube measures the pressure. The drawback in the use of
this apparatus is that the enclosed volume is below the minimum limit
required for scaling., If the KST values are calculated from the laboratory

experiments and then used to predict the maximum rates of pressure rise

for larger volumes, the predicted maximum rates will be inaccurate.



Table 2,1. Definition of Dust Expleosion
Hazard Classes,

Dust explosion K

1 ST
€1iass T———
sec
5T O - 0
ST 1 >0 - 200
ST 2 201 - 300
5T 3 > 300
Pressure transducer /‘,,..——-—-——-_' To amplitier gnd

rzeorder

__________--Stul combustian tube

' Window
Efectrode insulation D: :ﬂ‘/

/

Dispersion cup

Figure 2.1. Hartman Explosion Test Apparatus {(Palmer, 1973).



The United States Bureau of Mines has also developed an 8 liter ap-
paratus (Hertzberg et al,, 1979), The 8-liter apparatus is a modified
Hartmann apparatus with a larger volume. In the 8-liter apparatus the lower
half of the chamber has an inverted cone shape as shown in Figure 2.2
(Hertzberg et al., 1979). The cone shape provides a smooth contour from the
dispersion cup to the side walls. As with the Hartmann apparatus, the
enclosed volume is below the minimum limit required for scaliﬁg.

A 20-liter spherical explosion chamber has been manufactured by Adolf
Kihner AG Apparatbau, Basel, Switzerland. The schematic is shown in Figure
2.3 (Kihner, 1979). A weighed dust sample is placed in the dust pre-chamber
and pressurized. Upon the opening of the exit valve, the dust is dis-
persed by passing through a set of stainless steel horns containing two-
millimeter-diameter holes into the chamber which is under vacuum. The
dust can be ignited by pyrotechnic igniters, hot wire, condenser discharge,
or continuous spark gap. Since the volume of the sphere is greater than the

minimum volume of 16 liters, the K., values calculated can be used to pre-

ST
dict the maximum rate of pressure rise expected from a dust explosion in
a larger volume.

Another 20-liter spherical explosion chamber has been developed by
Procter and Gamble of the United States. The schematic is séown in Figure
2.4 (Cocks, 1980). A weighed sample is placed in a sample chamber and
dispersed by compressed air. About one third of the total air volume from
the air reservoir enters with the dust from the top of the sphere. The
remaining air volume enters simultaneously from the bottom of the sphere.
The dust is ignited by two electric matches. Dow Chemical and Fenwal of

the United States have also developed 20-liter explosion spheres. Both

use a whipping hose to disperse the dust (ASTM Subcommittee E27.05, 1981).
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Larger chambers have been developed for studying dust explesions. In
France dust explosions have been conducted in the Hartmann apparatus and
1, 10 and 100 m3 chambers (Pineau et al., 1974, 1976, 1978; Giltaire
et al., 1978). The Dutch have studied dust explosions in the Hartmann ap-
paratus and a 1 m3 chamber (Gooijer et al., 1975; Groothuizen, 1979).
Bartkneckt (1978, 1981) conducted dust explosions in chambers ranging from
20 liters to 60 m3,and Fenwal conducted tests in a 190 liter chamber (ASTM

Subcommittee E27.05, 1981).

III., Venting

Explosion relief venting is a protective measure that prevents high
explosion pressure within a vessel by opening a relief area and releasing
the pressure. Nomograms, such as in Figure 2.5 (Bartkneckt, 1981), have
been experimentally developed to determine the pressure relief venting
areas for vessels, The relief area is a function of volume V, reduced

and static activation pressure P The volume

explosion pressure P .
¥ B stat

red’

is the volume of the apparatus to be protected. Reduced explosion pressure
is the highest pressure which will occur in the vented vessel and should
be less than the mechanical strength of the structure. Static activation
pressure is the pressure required to active the relief device.

The dashed lines on the nomograms in Figure 2.5 illustrate how the

relief area is determined. First, on the nomogram with the correct PStat

value draw a vertical line upward from the enclosure volume to be protected
to the correct Pred isobar., Second, from the intersection of the vertical

line and the Pr isobar draw a horizontal line until it intersects the

ed

correct KST line, Finally, draw a vertical line downward from the inter-

section point on the KST line to the abscissa., The required vent area

is the wvalue at the intersection of the vertical line and the abscissa.
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Use of these nomograms is restricted to vessels which are approximately
cubical in shape with a volume less than or equal to 1000 m3. Due to the
restrictions, the nomograms cannot be used for venting elongated structures
such as silos. In such structures the maximum relief area is the cross
sectional area, therefore, the roof is used for venting; however, the total

area required for venting is still being investigated (Eckhoff, 1978).

IV, Pressure Development Models

Nagey et al., (1969) and Bradley and Mitcheson (1976) modeled mathe~
matically the pressure development of an explosion in a closed spherical
vessel. Both authors made the same simplifying assumptions; which were
laminar combustion, stagnant uniform combustion mixture, central ignitiomn,
ideal gas behavior, uniform pressure, and negligible heat loss at the
vessel walls. 1In both cases the flame front was assumed to be a thin
spherical front whieh separated the unburnt and burnt gas and which moved
radially outward as illustrated in Figure 2.6 (Nagey et al., 1969). Nagey
et al, assumed that the heat capacity and volume of the solids present in
the explosion were negligible; thus, their model represented a gaseous
explosion., Bradley and Mitcheson's model was drived for a gaseous explosion.

The development by Nagey et al. (1969) included an emp%rical expression
for the rate of the gaseous reaction which is a function of a reaction rate
constant, surface area of the flame front, pressure and temperature of the
unburnt zone. From the empirical rate expression and the assumptions,
Nagey et al. derived an equation for the rate of pressure rise in an iso-
thermal model and an equation for the rate of pressure rise in an adiabatic
model. Bradley and Mitcheson (1976) developed two models. 1In one model
they assumed the fractional pressure rise was proportional to the fractional

mass burnt and the burning velocity was constant throughout the explosion.
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Figure 2.6. Model of Flame Front (Bradley and Mitcheson, 1976).
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In the other model neither of the above assumptions were made. The modéls
were solved numerically.

The experimental and theoretical agreement for the Négey et al. (1969)
and Bradley and Mitcheson (1976) models was reasonably good except near the
end of the explosion where heat losses to the vessel walls become important.
The adiabatic model developed by Nagey et al, agreed with the experimental
data better than their isothermal model. The model developed by Bradley
and Mitcheson which allows changes in the burning velocity agreed with the
experimental data better than their model which assumed the burning veloci}y
was constant, Even though Nagey et al. and Bradley and Mitcheson modeled
a gaseous explosion, an extension of their work would be a reasonable
approach for modeling a dust explosion. However, the differences between
gaseous and dust explosions would have to be considered. One such dif-
ference is that the flame front in a dust explosion is not as thin as the
flame front in a gaseous explosion.

Nomura and Tanaka (1980) studied theoretically the pressure develop-
ment due to a dust explosion in a closed spherical vessel. The simplifying
assumptions of a stagnant combustible mixture, ideal gas behavior, and
central ignition made by Normura and Tanaka were also made by Nagey et al.
(1969) and Bradley and Mitcheson (1976). The additional assumptions made
by Nomura and Tanaka were single sized spherical dust particles uniformly
dispersed on a spherical surface as illustrated in Figure 2.7 (Nomura et al.,
1980), adiabatic behavior, the maximum pressure and maximum rate of pressure
rise occurred at the same time, and the £ate of combustion was controlled
by diffusion of oxygen through the ash layer. Even though Nomura and Tanaka
assumed the rate of combustion was controlled by diffusion through the ash
laver, they used a rate expression in which the chemical reaction was the

controlling mechanism, Their assumptions that the maximum pressure and the
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the maximum rate of pressure rise occurred at the same time and that the
dust particles were single sized spherical particles uniformly dispersed
are inaccurate. An additional problem in their development is their

neglect of the expansion of the unburnt gas during the explosion. These

errors are the reason the theoretical results are an order of magnitude

different from the experimental data.
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CHAPTER 3

MATERTALS AND METHODS

The 28 grain dust samples used in the experimental explosion tests
were collected from grain elevators in the states of Kansas, Missouri, Iowa,
and Texas. After collection, each dust sample was sieved and mixed before
characterization and the dust explosion tests. Aspects of the dust col-
lection, dust preparation, dust characterization, and dust explosion tests
are detailed in this chapter. Besides the 28 grain dust samples, the
experimental explosior tests were also performed on a cornstarch sample and

a wheat flour sample.

I. Dust Collection.

A major problem in collecting grain dust is obtaining a dust sample
composed of one type of dust. In many grain elevators two or more types of
grain may be received simultaneously or sequentially before anv cleanup
operation, and therefore, any dust collected has a high probability of
being a mixture., In an effort to obtain pure dust samples the grain dust
was collected, whenever possible, from grain elevators which stored grain
for feed mills., A feed mill manufactures feed for animals and normally
receives one type of grain.

Elevators are classified as country, inland terminal, and export ter-
minal elevators, The country elevators receive grain directly from farms
and send it to the terminal elevators or grain processors. Inland terminal
elevators receive grain from country elevators and farms for direct export
or delivery to export terminal elevators or grain processors (Grain
Elevator and Feed Mills, 1980). Export terminal elevators receive grain
from inland terminal and country elevators and farms. Inland terminal and

export terminal elevators receive grain that has been previously handled;
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thus, they handle grain which produces finer dust. Dust was collected from
one export terminal elevator. All remaining dust was collected from country
and inland terminal elevators.

Some locatiomns within a grain elevator have a high probability of
being the site of a dust explosion. Three locations are in or near the
bucket elevator, conveyor belt, and dust collection systems. At each ele-
vator an attempt was made to collect dust in each of these vicinities.
Table 3,1 lists the sources for all grain dust samples., Fugitive dust is
generated during grain handling and settles out of the air onto a surface.
Generally, the fugitive dust collected around the boot of the bucket ele-
vator and around the conveyor belt was piled on the floor or on surfaces
nearby. Dust collection system dust was tailing discharge from a baghouse
or cyclone. One sample was collected from around a milo dryer, even though
it was not one of the collection locations. The combination dust is a

mixture of different dust types.

IT, Dust Preparatiom

Each dust sample was stored in an airtight container in a freezer
maintained at 0°C. Storage in this cold environment suppressed insect
activity. ©No attempt was made to equalize the moisture content of all dust
samples, since maintaining the moisture content would have been extremely
difficult,

Each dust sample was shaken for five minutes on a Fisher-Wheeler
sieve shaker containing a one millimeter U.S.A. standard testing sieve,
Dust that passed through the sieve was used in the explosion tests, while
dust remaining on the sieve was considered trash and discarded. The sieve
removed effectively the majority of trash present in each dust sample.
However, with some soybean, milo and oats dust samples the sieving changed

the nature of the dust slightly by creating balls of dust.
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All dust that passed through the one millimeter sieve from a dust
sample was mixed in a MacLellan Batch mixer for fifteen minutes to obtain
a homogeneous dust sample. Mixing also caused agglomeration in some

soybean, milo, and ocats dust samples.

III. Dust Characterization

The average particle size of each sample was measured with a High
Accuracy Particle Counter (Hiac) sensor (High Accuracy Products Corp,
1972) after being dispersed in a modified Hartmann pressure apparatus.

The dispersion cup of the standard Hartmann pressure apparatus was modi-
fied to allow an airstream to pull dust laden air through it and past the
sensor, In Figure 3.1, schematic A illustrates the standard Hartmann
dispersion cup (Dorsett, 1960) and schematic B illustrates the modified
Hartmann dispersion cup. When the dust is dispersed in the modified
Hartmann apparatus a dust suspension is formed. 1In a dust suspension the
particles may agglomerate or become unagglomerated; therefore, the particle
size distribution for a suspended dust and unsuspended dust may be dif-
ferent. Since the dust explosion occurs in a dust cloud or dust suspension,
the particle size distribution was determined using the modified Hartmann
apparatus. Two average particle sizes were obtained for each dust sample.
One was for the prepared dust and the other was for dust which had been
collected inside the 20 liter explosion sphere after being dispersed.

The standard heat of combustion.at 25°C was measured in a PARR
adiabatic bomb calorimeter. It was assumed the prepared dust consisted of
cellulose and the combustion products were gaseous carbon dioxide and
liquid water.

Surface area measurements were performed on dust which had been

collected inside the 20 liter explosion sphere after being dispersed. All
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samples were conditioned by maintaining them at 100°C overnight while
purging them with helium gas and then analyzed using the 3-point Brunauer,
Emmett, and Teller (BET) technique (Young et al., 1962). The specific
surface area was calculated by the BET equation after determining the amount
of nitrogen absorbed by a dust sample at three different partial pressures.
Ash content, in terms of weight percent, of each prepared dust sample
was determined according to AACC Method 08-01 (AACC, 1976) at the U,S.
Grain Marketing Research Laboratory.
Moisture content, in terms of weight percent, was determined according

to AACC Method 44-01 (AACC, 1976). Small amounts of prepared dust were

collected to determine the moisture content of the dust sample before, after,

and sometimes during the experimental explosion test.

IV, Dust Explosion

All explosion tests were performed in a 20-liter explosion sphere
manufactured by Adolf Kiuhner AG Apparatbau, Basel, Switzerland. The hol-
low stainless steel sphere is closed by a bayonet closure ring as shown in
the schematics in Figures 2.2 and 3.2 (Kuhner, 1979). A dust pre-chamber
is connected to the sphere through an exit valve., Dust is loaded into
the dust pre-chamber and pressurized before it exists through the exit.
valve and enters the sphere, Upon entering the sphere the dust is dis-
persed through a set of stainless steel horns, dispersion horms, containing
two-millimeter—-diameter holes,

Timing of the exit wvalve, operation, and ignition are controlled by
a control unit called KSEP 210. Timing is important in the explosion
tests since the time of ignition defines the turbulence and concentration
at ignition. The active or effective ignition delay time, tv’ is defined

as the time span between the opening of the exit wvalve and activation of
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the ignition source (Kﬁhner, 1979). The electric ignition delay time,
TZV, setting locatgﬁ on the front panel of KSEP 210 determines tv' If
TZV equals 100 ms, then t, equals 60 ms as shown in Figure 3.3 (Kiihner,
1979). Mechanical operation of the exit valve accounts for the 40 ms
difference,

A schematic of a high-energy chemical igniter is shown in Figure 3.4.
An Atlas M103 electric match available from ICI Americas Inc. is used to
ignite 1.2 grams FFF black powder contained in a gelatine capsule. Two
igniters of this type were used in the explosion tests, releasing approxi-
mately 10 KJ of energy. Dust can also be ignited by a permanent spark
gap or condenser discharge in the 20 liter explosion sphere. These two
ignition sources release approximately 0,01 KJ and 0.1 KJ, respectively,
Since these three ignition sources release different amounts of energy,
the maximum explosion pressure and maximum rate of pressure determined
using these types of ignition sources may differ,

The pressure was measured by two strain-gauge pressure transducers
from Bell & Howell. One had a range of 0-500 psig and the other had a
range of 0-200 psig. Duplicate pressure values were necessary to detect
malfunctioning of a pressure transducer and to detect when recalibration
of a pressure transducer was necessary. Both pressure transducers weare
recalibrated each day before performing any explosion tests. When
operating properly the duplicate pressure values did not differ by more
than + 0.3 bar.

The explosion measurement method involved two steps. First, the
optimum loading had to be determined. Typically, explosion tests were
made at loadings of 10, 15, 20, 25, 30, and 35 grams. Loading was increased
until both the maximum rate of pressure rise and maximum pressure decreased

with an increase in loading. Loadings as high as 50 grams were required
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for a few dust samples. For each loading at least three explosion tests
were performed. All tests were run at a TZV setting of 60 ms.

A typical millivolt versus time trace obtained from an explosion test
is illustrated in Figure 3.5. The positive and negative portions represent
pressure transducer one and pressure transducer two, respectively. The
linear calibration curves used to convert mv values of both pressure trans-
ducers to psi values had a correlation coefficient of at least 0.999, Values
of the maximum rate and maximum pressure were calculated for each pressure
transducer by the method shown in Figure 3.6 and 3,7. All maximum rate
values at the same loading were averaged and all maximum pressure values
at the same loading were also averaged. The optimum loading was the loading
at which the averaged maximum rate value peaked as shown in Figure 3.8.

Next, the optimum TZV was determined by varying the TZV setting at
the optimum loading. Initially only two explosion tests were made for
each different TZV setting. For example, if the optimum loading at TZV
equals 60 ms was 20 grams, then the TZV setting would be reset at 50
ms, and two explosion tests would be run at 50 ms and.20 grams. All
maximum rates and maximum pressures at the same loading and TZV setting
were averaged. If the averaged value of the maximum rate at 50 ms was
less than the value at 60 ms, then the TZV setting would be changed to
70 ms and two explosion tests run. This procedure was continued until
the optimum TZV setting was determined. The optimum TZV setting was the
TZV setting at which the value of the averaged maximum rate peaked. At
the optimum TZV setting and loading, four explosion tests were made and
the results averaged and recorded as the value of the maximum rate for the
dust sample, the peak maximum rate. A TZV setting of 100 ms is recom-

mended by the manufacturers of the 20 liter explosiom sphere (Kuhner, 1979).
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Hence, at the optimum loading of each dust sample two explosion tests were
made with a TZV of 100 ms, even though this setting never gave the peak
maximum rate.

The optimum loading with respect to the maximum pressure was determined
by the same method as the optimum loading with respect to the maximum rate.
The optimum loadings were not necessarily equal for all dust samples. The
maximum pressure changed negligibly with different TZV settings at its
optimum loading; consequently, to reduce the number of explosion tests,
the optimum TZV setting was determined with respect to the maximum rate.
The value of the maximum pressure, peak maximum pressure, recorded for each
dust sample was the highest averaged maximum pressure value obtained in the
explosion tests. For some dust samples the TZV setting at the peak maximum
pressure equaled 100 ms.

Conducting the explosion tests involved a number of operations which
‘had to be carefully performed to ensure consistent and ;ccurate data.
First, the dispersion horns were positioned inside the sphere, two igniters
were positioned on the bafonet closure ring, weighed dust was loaded into
the dust pre-chamber, and the pre-chamber closed. Second, the bayonet
closure ring was tightened on top of the sphere and the sphere evacuated
to a reduced pressure of 0.4 bar absolute. Third, the dust pre-chamber
was pressurized to 21 bar absolute. Sphere evacuation and pre-chamber
pressurization permitted the pressure inside the sphere at ignition to be
approximately 1,0 bar absolute. TFourth, the exit valve between the sphere
and dust pre-chamber opened and dust was forced through the dispersion
horns and dispersed. Finally, the igniters were ignited while the dust
was in suspension., The TZV setting on the KSEP 210 control unit control-

led the time between the opening of the exit valve and ignition of the



igniters. Two pressure transducers recorded the explosiom on a Nicolet
Model 216 digital oscilliscope. After each explosion the dispersion horms

were removed and cleaned, and the inside of the sphere was cleaned.
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CHAPTER 4

RESULTS AND DISCUSSION

In this chapter the experimental results are presented and analyzed.
The results include the dust characteristics, the values of the maximum

rates of pressure rise and the maximum pressures, the K T-values, and

S
the total and external specific surface area. The effect of the dispersion
method on the grain dust is discussed and, eventually, the statistical
correlations are derived and compared to the experimental data. Further-
more, the experimental values of the peak maximum rate and peak maximum

pressure and the K_.-values are compared to the results obtained by other

ST

researchers.

I. Dust Characteristics

The characteristics of dust samples are presented in Tables 4.1
through 4.6 by dust type. The dust sample codes used in these tables are
explained in Table 3.1. These characteristics are parameters that may be
used in predicting the explosibility parameters, i.e., the maximum rate of
pressure rise and maximum pressure. Corn dust samples have the lowest
ash content with aﬁ average value of 3,2% (Table 4.2) and soybean dust
samples have the highest ash content with an average value of 40.7%
(Table 4,5). The combination, milec, ocats, and wheat dust samples have
average values of 12.6, 16.4, 9.3, and 12.0%, respectively. A large
deviation exists in the ash contents among the samples of each dust type.
Cornstarch, 0.05%, and wheat flour, 0,41%, have the lowest ash contents,
as expected, since they are processed dusts. The ash content is a measure
of the portion of a dust sample that will not burn. Thus, the explosi-

bility parameters may decrease as the ash content increases,
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The moisture content of the dust samples does not vary as much as
the ash content. The average moisture content of combination, corn, milo,
oats, soybean, and wheat dust samples are 12.1, 12.1, 9.5, 9.6, 7.0, and
10.3%, respectively. Corn dust is one of the dust types with the highest
moisture content. Soybean dust has the lowest moisture content. This is
in contrast to the relationship between the ash content of corn dust and
that of soybean dust, Consequently, the ash and moisture contents of a
dust sample may be inversely related. The higher the moisture content of
a sample the greater the quantity of the sample that can not burn; therefore,
the explosibility parameters may decrease as the moisture content increases.
The values of the standard heat of combustion range from -1787 cal/g
for SB22a to -5006 cal/g for SB13. The average absolute values for the
dust types are 2804, 3064, 3643, 3719, 3764, and 3886 cal/g for soybean,
combination, wheat, milo, corn, and oats dust, respectively. Soybean dust
has the lowest value and corn dust has one of the highest values. These
two dust types are also the types with the extreme moisture and ash content.
The order of the seven soybean dust samples ranked according to the
decreasing value of their ash content is SB22a, SBl1l, SB1Za, SB22b, 5B21,
SB23, and SB13., The order of the soybean dust samples ranked according
to the increasing absolute value of the heat of combustion is SB22a, SBl1l1,
SB12a, SB21, SB22b, SB23, and SB13. Except for the fourth and fifth
positions, the dust samples are in the samer order in both rankings. Hence,
the heat of combustion and the ash and moisture content may be related.
Since the heat of combustion denotes the quantity of energy released
during the oxidation or burning process, the explosibility parameters
should tend to increase with an increase in the absolute value of the

heat of combustion,
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Excluding four soybean dust samples, the specific surface areas
for the other dust samples are between 0.52 and 1.53 mz/g. The average
values for the different dust types are 0.62, 0.87, 0.92, 0.97, 1.01,
and 1.13 m2/g for corn, combination, wheat, soybean, milo, and oats,
respectively., Corn dust has the lowest average value and ocats dust has
the highest average value, SBl1l, SB12a, SB22a, and SB23 have values of
16.1, 13.35, 7.78, and 11.84 mz/g, respectively. No trend in the
characteristic data accounts for these large values. The specific sur-
face area is an indication of the surface area available for formation
of a fluid-solid reaction zone during the combustion reaction. Hence,
the larger the surface area the faster the reaction may proceed,
resulting in increased magnitudes of the explosibility parameters.

The average particle sizes in Tables 4.1 through 4.6 are the values
obtained for dispersed dust. Dispersed dust is the dust that is col-
lected inside the 20-liter explosion sphere after the loaded dust is
dispersed and is the dust that creates the dust cloud.. The range of the
average particle sizes is from 14.2 - 36.9 p for all the dust samples.
The average diameters for combination, corn, mil;, pats, soybean, and
wheat dust samples are 18.3, 19.6, 21.4, 19.7, 20,1, and 28.3, respec-—
tively, The average particle size éan be used to calculate the external
specific surface area as shown in Appendix 3. The smaller the average
diameter the greater the external surface area available for a reactiom;
therefore, the explosibility parameters should tend to increase with a

decrease in the particle size.

II, Maximum Rate of Pressure Rise and Maximum Pressure
All the plots of the maximum rate of pressure rise versus the dust

loading can be divided into four categories by the number of peaks that



are on the plots. Loaded dust is the dust that is loaded into the dust
pre-chamber of the 20-liter expleosion sphere. These categories are no
peak, one peak, two peaks, and the onset of a possible succeeding peak.
Figures 4.1 through 4.4 illustrate, respectively, these shapes. On
each plot the observed experimental values of the maximum rate at each
loading, the average wvalue of the maximum rate at each loading, and the
peak maximum rate which occurred at the optimum TZV setting and optimum
loading, are plotted. On the plots the average maximum rates are
joined by a straight line. For all the dust samples except SBl2a, the
observed experimental values and the average values are obtained at a
TZV setting equal to 60 ms. For SBl2a the TZV setting equaled 90 ms.
0T13 is the only dust sample in category one. The explosion
tests were discontinued before a peak was observed for 0T13 because the
supply of the dust sample was consumed., The dust samples in category
two are CB12, CBl2c, CN21, CN22b, cornstarch, MO1l2, MO32b, OT12, SBll,
SBl2a, SB21, SB2éa, SB22b, WI12b, WI21l, WT22a, and what flour. The
dust samples in the third category are CB13, MO1ll, M020, O0Tl2c, SB23,
WIl2a, and WT23. CN23, MO13, M032c, SB13, and WT1ll are the dust samples

in the fourth category. A complete list of the observed maximum rate

47

values of the experimental explosion tests is in Appendix 1. In Appendix

2 the plots of the maximum rate versus the amount of loaded dust are
presented for each dust sample.

The plots of the maximum pressure against the dust loading can be
divided into five categories by the number of peaks on the plots. These
categories are no peak, one peak, two peaks, one peak and the onset of
a possible succeeding peak, and more than two peaks. Figures 4.5
through 4.9 illustrate, respecfively, these shapes. The plots are simi-

lar to the type of plots in Figures 4.1 through 4.5, except that the
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maximum pressure replaces the maximum rate. In category one the shape
of the line graph is the same shape as the line graph in category one
of the maximum rate plots., Category two of the maximum pressure plots
and the maximum rate plots have the same shape line graph. The same is
true of categories three and four of the maximum pressure plots and the
maximum rate plots. However, the corresponding categories do not con-
tain the same dust samples.

CB13, 0Tl2c¢c, and 0OT13 are the only dust samples in category omne.
The experimental explosion tests were discontinued before a peak was
observed because the supply of each dust sample was consumed. The dust
samples in the second category are CN21, MOl1l2, MO1l3, MO32b, SB11l, SBl2a,
SB13, SB21, 5B22a, SB22b, WT1ll, WIl2a, and WT1l2b, CBl2e, MO20, M03Zc,
0T12, and WI22a are the dust samples in the third category. The fourth
category includes CN22b, CN23, cornstarch, MOl1l, SB23, WT2l, WT23, and
wheat flou}. CB12 is the only dust sample in the fifth category. The
observed maximum pressure values and maximum pressure plots are iIn
Appendices 1 and 2.

A major problem encountered in studying grain dust explosions is
the scatter of the experimental explosibility values as illustrated in
Figures 4,1 through 4.9, Even though the experimental conditioms, such
as the loading and the TZV setting, are the same, the values obtained
may be as much as 100 bar/sec different for the maximum rate and 1.0
bar different for the maximum pressure., This scatter makes analyzing
the experimental results difficult.

Figures 4.10 through 4.15 present the maximum rate of pressure
rise plotted against the dust loading by dust type. The plots allow
all the samples of a dust type to be compared. On the plots the

average maximum rates are joined by a straight line. For all the dust
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samples except SBlla, the wvalues of the average maximum rate were
obtained at a TZV setting equal to 60 ms. For SBl2a the TZV setting
equaled 90 ms. If the peak maximum rate of a dust samples does not
coincide with an average value, a line is drawn from the average value
at the correct loading to the peak value. The individual plots are
presented in Appendix 2,

For the combination dust samples presented in Figure 4.10, CBl2c
has the highest rates and CB1l2 has the lowest rates. CBlZ2c has ths
lowest ash content and highest moisture content and CB12 has the
highest ash content and lowest moisture content of all combination
dust samples. The peak maximum rate of CBlZ2 occurred at a loading of
50 grams; however, this is not an accurate indication of the quantity
of dust in the dust cloud. At the heavy loadings of CB1l2 more than
75% of the length of the dispersion horns was packed with dust after
the dispersion and explosion was completed.

In Figure 4.11, cornstarch has the highest rate of all the corn
dust samples and CN23 has the lowest rate. The characteristics of
corn dust presented in Table 4.2 show that cormnstarch has the lowest
ash content and absolute heat of combustion wvalue and CN23 has the
highest ash content and absoclute heat of combustion value.

0f all the milo dust samples in Figure 4,12, MO1l2 has the highest
rate, Both M013 and MO20 have the lowest rates, since they alternate
increasing and decreasing between 100 and 175 bar/sec.

In Figure 4.13 0T12c has the lowest rate of the three dust samples.
0T12 has the highest rate at loading less than 40 grams, but at 40
grams and greater, 0T13 has the highest rate. The characteristics for
oats dust presented in Table 4.4 show that 0T12 has the lowest ash and

moisture content and the highest absolute heat -of combustion wvalue and

64
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0T1l2c has the highest ash and moisture content and the lowest absolute
heat of combustion value. The experimental explosion tests were dis-
continued before a peak maximum rate was obtained for 0T1l2c or 0T13,
since in each case the supply of dust was consumed. These dust samples
were hard to disperse, making it impossible to get a large quantity of
dust into the explosion chamber since most of the loaded dust became
packed in the dispersion horus.

SB13 has the highest rate of all the soybean dust samples presented
in Figure 4.14 and SB22a has the lowest rate. From Table 4,6, 5B13 has
the lowest ash content and the highest absolute heat of combustion value
of all the soybean dust samples and SB22a has the highest ash content and
the lowest absolute heat of combustion.

Figure 4.15 shows that WT21 has the highest rate and WT23 has the
lowest rate of all the wheat dust samples. The two dust samples do not
have opposite extreme values for any characteristics.

The combination, corn, oats, and soybean dust samples with the.
highest and lowest rates also have the highest and lowest values:of
either the ash content, moisture content, or heat of combustion. Thus,
the heat of combustion, ash content, and moisture content appear to be
characteristics important in determining the maximum rates. The average
maximum rates range from 50 - 380 bar/sec for all dust samples. Oats
dust samples have the lowest rates with a range of 50 - 190 bar/sec.
Corn dust samples have the highest rates with a range_of 100 - 380
bar/sec. The range of the oats dust samples includes the values for the
two samples that were difficult to disperse. Since two out of three
oats samples did not peak, this range may not be the range expected for
all oats dust.

Figures 4.16 through 4.21 present the maximum pressure plotted

against the dust loading for each dust type. With these plots all the
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samples of a dust type can be compared., The plots are similar to the
maximum rate plots in Figures 4.10 through 4.15, except the maximum pres-
sure replaces the maximum rate. An individual plot for each dust sample
is presented in Appendix 2,

Within a dust type, the dust samples which have the highest and low-
est rates are also the dust samples which have the highest and lowest pres-
sures or are one of the dust samples which have the highest and lowest
pressures, If the dust samples in each dust type are ranked according to
the decreasing wvalue of the maximum pressure and according to the de-
scending values of the maximum rate, they would tend to be in the same
order. Sometimes it is difficult to distinguish the correct order since
the line graphs overlap for some dust samples. The average peak pres-
sures for all the dust samples range from 3.7 - 6.8 bar. The value of
§Bl2a at 5 grams is not included in the range. Corn dust samples have the
highest pressures with a range of 4.7 - 6.8 bar and cats dust has the
lowest pressures with a range of 3.8 - 5.7 bar. The same dust types also
have the highest and lowest rates.

The peak maximum rates of pressure rise and the peak maximum pres-—
sures for all the dust samples are presented in Table 4.7 through 4.12
by dust type. In each table the TZV setting and loading at the peak
value, number of tests, average value, and range of values are listed
for the peak maximum rate and peak maximum pressure. The dust sample
with the highest (or lowest) peak maximum rate in each dust type may not
be the dust sample with the highest (or lowest) peak maximum pressure.

CBl2c in Table 4.7 has the highest peak maximum rate and peak maxi-
mum pressure of the combination dust samples with 261 bar/sec and 6.34
bar, respectively, and CB12 has the lowest values with 197 bar/sec and

5.67 bar, respectively. Of the corn dust samples in Table 4.8, cormstarch
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has the highest rate and pressure with 380 bar/sec and 6.82 bar, respec-
tively, and CN23 has the lowest values with 127 bar/sec and 5,07 bar,
respectively. In Table 4,9, MO12 has the highest rate of the milo dust
samples with 296 bar/sec and MO32c has the highest pressure with 6,33 bar.
MO13 has the lowest rate with 157 bar/sec and M020 has the lowest pres-
sure with 5,16 bar. The oats dust sample from Table 4.10 with the lowest
rate and pressure is 0T12c with 120 bar/sec and 5.01 bar, respectively.
OT13 has the highest rate with 185 bar/seec and 0T12 has the highest pres-
sure with 5.69 bar., In Table 4.11, SB22a is the soybean dust sample with
the lowest rate and pressure with 99 bar/sec and 4.97 bar, respectively.
SB13 has the highest rate with 285 bar/sec and SB21 has the highest pres-
sure with 6.18 bar., WT23 in Table 4,12 is the wheat dust sample with the
lowest rate and pressure with 75 bar/sec and 4.62 bar, respectively,

WI21 has the highest rate with 244 bar/sec and wheat flour has the highest
pressure with 6.35 bar,

Cornstarch has the highest peak maximum rate and peak maximum pres-—
sure of all the dust samples. This is not unexpected since cornstarch
is a processed starch dust containing only a small quantity of non-
combustible material. WT23 is the dust sample with the lowest values, A
factor in the result may be that WI23 has the second largest average
particle size, 30.0 u, of all the dust samples. If the peak maximum
rates of all dust samples of the same dust type are averaged, the values
for corn, combination, milo, soybean, wheat, and oats dust are, respec-
tively, 280, 230, 223, 186, 163, and 151 bar/sec. The average peak
maximum pressure values for corn, combination, milo, wheat, soybean, and
oats are, respectively, 6.13, 6.11, 5.82, 5.57, 5.50, and 5.44 bar.

The results show the peak maximum rate is more dependent on the type of



dust than the peak maximum rate since the rates vary considerably more
than the pressure.

The TZV settings and loadings recorded for the maximum rate of pres-
sure rise in Tables 4.7 through 4.12 are the optimum values. Twenty of
the thirty dust samples have an optimum TZV setting of 60 ms. Nine samples
have an optimum TZV setting of 50 ms and one sample has a value of 70 ms,
However, the optimum loading values vary considerably more than the opti-
mum TZV settings. The loading values range from 10 to 50 grams with one
dust sample having a value of 10 grams, nine a value of 15 grams, five a
value of 20 grams, eight a value of 25 grams, three a wvalue of 30 grams,
and four a value greater than 30 grams. The loading values do not equal
the quantities of dust in the dust‘cloud gince not all of the loaded dust
enters the inside of the 20-liter explosion sphere. Dust remains inside

the dispersion horns, dust pre-chamber, and exit wvalve.

I1T. KST—Value

The calculated KS -values for dust samples are listed in Table 4,13,

T

In the table, the number of tests, average values, and ranges of the

values are presented. The average KST-values range from 20 - 103 bare*m/sec
with cornstarch having the highest value and WI23 having the lowest value.
The fo?mer is the dust sample that has the highest peak maximum rate of
?ressure rise and the latter the lowest, since KST is the product of the

peak maximum rate times the cubic root of the explosion chamber volume.

1V, Dispersion Method

As has been discussed, the quantity of loaded dust placed inside the
dust pre-chamber does not equal the quantity of dust that creates the dust
cloud inside the 20-liter explosion sphere. To investigate the effects of

the dispersion method, the actual mass of dust dispersed, dust collected

78



Table 4,13, KST—Values for Dust-High Ignition

Energy Source.

Brugt Number Average Range
sample of bar-.m bar - m
tests sec sec
CB12 3 53 49-57
CBl2c 4 71 60-90
CB13 6 62 44-80
CN21 4 78 73-84
CN22b 4 88 85-91
CN23 4 34 24-43
Cornstarch 4 103 78-133
MO11l 4 67 55-77
MQ12 4 80 66-89
MO13 4 43 38-53
M020 3 - 50 39-62
M032b 4 53 46-56
M032¢ 4 71 65-87
0T12 4 40 28-48
0T12c 2 33 29-36
0T13 3 50 45-59
SB11 4 60 58-66
SBl2a 4 52 48-58
SB13 4 77 66-93
SB21 4 59 46-67
SB22a 4 27 24-34
SB22b’ 4 31 19-39
SB23 4 47 45-49
WT1ll 4 42 37-46
WR12a 4 60 50-65
WT12b 4 44 36-61
WT21 4 66 59-72
WT22a 4 21 17-26
WT23 4 20 18-24
Wheat flour 4 56 51-64
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inside the sphere after dispersion, for a given loading and TZV setting
was measured, The results are presented in Table 4.14 and include the IZV
setting, loading value, number of tests, average and range of the mass of
dust dispersed, and average and range Qf the percentage of loaded dust
that 1s dispersed. The TZV settings and loading values are the optimum
values for the peak maximum rate, excluding M020, 0T12¢, and OT13, For
these dust samples, the TZV setting equals the optimum setting but the
loading value equals the quantity of dust available. Only 8 dust samples,
CBl2c¢, CN22, SB13, CN21, M020, cornstarch, SB21, and WIr22a, have a per-
centage of loading value greater than or equal to 50%. Three dust samples,
CB12, 0T13, and 0Tl2c, have values less than 20%. O0T12c has the lowest
value with a value of 11%., For the 3 dust samples with values less than
20%, the supply of dust was exhausted before peak values were measured
for the maximum rate and maximum pressure., In each sample, loading as
high as 40 grams were reached corresponding to less than 8 grams of dis-
persed dust. The majority of the dust ﬁhat is not dispersed is packed in-
side the dispersion horns, Smaller quantities remain inside the exit
valve and the dust pre—chamber. The quantity of loaded dust never equals
the quantity of dispersed dust, but the difference increases as the
loading increases,

The average diameter listed for each dust sample in Tables 4.1 through
4.7 is that of the dispersed dust., In Figure 4.22, the average diameter
of the loaded dust is plotted against the average diameter of the dispersed
dust with the difference between them as the parameter. Excluding 0T12,
the diameter of the dispersed dust is smaller than the diameter of the
loaded dust. The difference is scattered around 5 M. In passing through

the holes in the dispersion hormns, the dust size is slightly reduced.



Table 4.14,

Actual Mass of Dust Dispersed for a Given Loading and TZV

in the 20-Liter Spherical Explosion Chamber.

Number % of loading

Dust TZV Loading of Average Range Mean Range
sample ms gram tests gram gram gram gram
CB12 60 50 1 9.0 —— 18 -
CBl2c 60 15 3 8.8 8.6- 9.1 59 57-61
CB13 60 25 4 10.2 8.1-14+9 41 32-60
CN21 60 20 3 10.6 10,.3-10.9 53 51-55
CNZ22b 50 15 3 8.1 7.7- 8.4 54 51-56
CN23 60 15 3 5.7 S5.4- 5.8 38 36-39
Cornstarch 50 15 3 7.8 7.1- 8.4 52 47-56
MO11 60 35 3 9.8 7.8-12.3 28 22-35
M012 60 25 3 7.0 6.8- 7.1 28 27-28
MO13 60 20 3 6.2 5.4- 6.9 31 27-35
MO20 50 8.95 1 4.7 ——— 52 —
M032b 60 25 3 9.5 9.3- 9.5 38 37-38
MO032¢ 50 10 4 4,2 2.9- 5.4 42 29-54
0T12 50 30 4 6.9 5.0- 8.4 23 17-28
0T12c 60 38.8 1 4.3 — 11 -
0T13 60 28.5 1 4,6 —_—— 16 -
SB11 50 25 3 8.5 8.1~ 8.7 34 32-35
SBl2a 60 25 3 8.5 7.4-10.3 34 30-41
SB13 60 15 3 7.9 7.4- 8.3 53 49-55
SB21 60 20 3 10.2 8.7-11.2 51 43-56
S5B22a 70 25 4 11.7 10.9-12.4 47 44-50
SB22b 60 30 4 8.7 7.3- 9.4 29 24-31
SB23 60 30 3 7.5 7.2- 7.6 25 24-25
WT11l 50 15 4 4,2 2.8- 4.8 28 19-32
WIlZa 50 15 3 7.5 7.3- 7.8 50 49-52
WT12b 50 20 3 6.8 6.4- 7.1 34 32-35
WT2l 60 15 3 6.7 6.4- 7.1 45 43-47
WI22a 60 20 3 6.6 5.5- 7.4 33 27-37
WT23 60 15 4 3.0 2.8- 3.1 20 19-21
Wheat Flour 60 25 3 9.3 8.5- 9.9 37 34=40
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Figures 4.23 through 4.25 are representative shadowed optical miecro-
graphs of cornstarch, SB1ll, and WT23, respectively. The cornstarch dust
particles are roughly spherical in shape, but they tend to agglomerate.
The soybean and wheat dust particles have various shapes and sizes and a
tendency to agglomerate. Cornstarch dust particles are more uniform in
shape and size than either SB1ll or WI23. Agglomeration and nonspherical
shapes cause an error in the average diameter measurement and make i1t
harder to disperse the dust. In measuring the diameter, it is assumed
that the particles are single particles of spherical shape. When the
dust is dispersed it has to pass through circular holes in the horms.
Long, slender particles make this difficult. They have to be properly

oriented in order to pass through circular holes.

V. Specific Surface Area

In Table 4.15 and Figure 4.26 the external specific surface area and
the specific surface area measurement from the 3-point BET analysis are
compared. Dust samples SB11l, SB12a, SB22a, and SB23 are not included in.
Figure 4.26, The external specific surface area is calculated from the
average particle size and the density by the method shown in Appendix 3.
The BET walue can be considered a total specific surface area measurement
since its value includes the internal surface area of pores., The dif-
ferences between the total and external specific surface areas are due to
the area of the pores. If SB11l, SB12a, SB22a, and SB23 are excluded,
these differences range from 0.32 - 1,32 mzlgram. The four soybean dust
samples are excluded because they have abnormally large total specific
surface area values as compared to the other dust samples. These large
total values may indicate that the four soybean dust samples are

extremely porous as compared to the other dust samples.'



Figure 4.23.

[T 200MICROMETERS

Representative Particle Size Distribution
for Cornstarch.
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ipure 4,24, Representative Particle Size Distribution for SB11.
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Figure 4.25,

I 7 T 71 200 MICROMETERS

Representative Particle Size Distribution for WT23,.



Table 4.15.

Surface Area Comparison.

Specific surface area

Dust Extermal Total Difference
Sample gg EE EE
g g g
CB12 0.23 0.76 0.53
CBlZc 0.24 0.58 0.34
CB13 0.26 1.26 1.00
CN21 0.25 0.60 0.35
CN22b 0.23 0.60 0.37
CN23 0.23 0.68 0.45
Corunstarch 0.24 0.61 0.37
MO11 0.24 1.24 1.00
MO12b 0.23 1.18 0.95
MO13 0.22 0.92 0.70
M020 0.23 1.32 1.09
MO32b 0.20 0.73 0.53
MO32c¢ 0.25 0.65 0.40
0T12 0.12 0.85 0.73
0T13 0.28 1,40 1,12
SB11 0.24 16.71 16.47
SBl2a 0.22 13.35 13.13
SB13 0.17 1.24 1.07
SB21 0.23 1.14 0.91
SB22a 0.20 7.78 708
SB22b 0.21 0.53 0.32
SB23 0.25 11.84 11.59
WT1l1 0.17 1.03 0.86
WT12a 0.19 1.00 0.81
WI1i2b 0.20 0.86 0.66
WT21 0.21 1.53 1.32
WI22a 0.18 0.56 0.38
WI23 0.20 0.92 0.72
Wheat Flour 0.20 0.52 0.32

87
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VI. Statistical Correlations

The characteristic data for the dust samples suggest the standard
heat of combustion, ash content, and moisture content are related. Also,
the assumption used to measure the standard heat of combustion imply the
standard heat of combustion is a function of the ash content and moisture
content, This relationship is shown by obtaining a corrected standard
heat of combustion. In the corrected value the ash content and moisture
content are divided out of the measured value of the standard heat of
combustion resulting in a standard heat of combustion based upon an ash
and moisture free basis., The corrected standard heat of combustion is

calculated from

(-AHC*)
- 1y =
( AHC ) (1.0 = ash/100 - moist/100) (4.1)
where
AHC' = corrected standard heat of combustion based upon an ash free

and moisture free basis [=] cal/gram

AH * = measured standard heat of combustion from the PARR adiabatic
= bomb calorimeter [=] cal/gram

ash percent ash content

moist percent moisture content
The wvalues of (—AHC') are shown in Appendix 4.

The values of (-AHC') can be considered repeated measurements of
the standard heat of combustion of cellulose; therefore, the mean and
standard deviation of the (—AHC') values were determined and are 4820
cal/gram and 519 cal/gram, respectively. The (—AHC') values for dust
samples CB13 and SB13 are extremely low and high, respectively, as shown
in Figure 4.27. The probability of these values actually occurring is

approximately zero as shown in Appendix 4. Differences in the (-AHC')

values are due to the dust samples containing other materials beside
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cellulose, such as protein, fat, and fiber, and experimental error. The
large difference between the mean value of (—&HC') and the values for CB13
and SB13 is probably due to experimental error, since the other combination
and soybean dust samples have values within one standard deviation of the
mean (HAHC') value,

The all possible regression  statistical method (Draper et al.,
1981) was used to determine the linear correlation between the standard
heat of combustion, AHC*, and the ash and moisture contents. Dust samples
CB13 and SB13 were mot included as data in the model building. The fol-
lowing statistical correlation represents the data with a correlation

coefficient, Rz, value of 0.91.

(—AHC*) = 4808 - 41.8 (ash) - 61.6 (moist) (4.2)

Rearranging equation 4.1 and 4,2 gives, respectively,

ash moist

- = -— ' ———

(=AH *) = (=0H ") [1 - 355 160 ) (4.?)
= _ ash, _ moist

(-8R _*) = 4808 - 4180 (5575) - 6160 (R3=55) (b.h)

The statistical correlation, equation 4.4, has the same form as equation
4.3. The difference between them is that in equation.4.3 the value of
(—AHC') is the value of the intercept and the constant by which the ash
and moisture is multiplied, but in equation 4.4, the three values are not
equal, However, the value of the intercept in equation 4.4, 4808, is
approximately equal to the mean value of (—AHC'), 4820.

The experimental and estimated values of (—AHC*) are compared in
Figures 4.28, 4,29, and 4.30. In Figure 4.28 the experimental and estimated
values of (-AHC*) are plotted against the percent ash content and in

Figure 4.29 the experimental and estimated values are plotted against
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the percent moisture content. The estimated values are plotted against
the experimental values in Figure 4,30, The three figures show the
agreement between the experimental and estimated values is quite good.
Only 3 dust samples have a difference greater than 300 cal/gram. In
Appendix 4 the estimated values are presented. The statistical correlation
has been developed for dust samples having a moisture content between 5.5
and 15.0 percent and an ash content between 0 and 60 percent; it should not
be used outside these ranges.

The characteristics of the dust samples and the corrected loading
at the peak maximum rate were used in deriving the statistical correlatiom
for the peak maximum rate., These variables, presented in Table 4,16, were
evaluated by the stepwise regression statistical method (Draper et al., 1981).
Since the standard heat of combustion, AHC*, is a function of the ash and
moisture contents, it was used in the modeling but not the ash and moisture
contents. The external spécific surface area, ESA, was calculated from
the average particle size, as shown in Appendix 3, and used in the
modeling instead of the average particle size. By using the external
specific surface area the differences in the density of the dust samples
were taken into consideration. The corrected loading, LRC, was calculated
from the product of the loading at the peak maximum rate and the percentage
of loaded dust which was dispersed as shown in Appendix 5. The corrected
loading was used rather than the loading because it gave a better estimate
of the quantity of dust present in the dust cloud. Dust samples CB13 and
SB13 were mnot included in the modeling because their heat of combustion
values were inconsistent with the heat of combustion values of the other
dust samples. Dust samples CB12, M020, OTl2c, and OT13 were not included
in the modeling because, in all cases, there was an insufficient quantity

of dust to complete the experimental explosion tests.



Table 4,16,

Variables Evaluated in the Peak

Maximum Rate Statistical Correlation.

Variables

Symbols

~(Heat of Combustion)

Specific Surface Area
Corrected Loading

External Specific Surface Area
(Heat)2

(Heat)3

(sa)*
(sa)>
(LRC)
(LRC)
(ESA)
(ESA)>

Heat#*SA
Heat*LRC
Heat*ESA

SA*LRC

ESA*LRC

SA*ESA
Heat*SA*LRC
Heat*ESA*LRC
Heat#*SA*ESA
LRC*SA*ESA
Heat#*SA*LRC*ESA

2
3
2

Heat
SA
LRC
ESA
H2

H3

SA2
SA3
LRC2
LRC3
ESA2
ESA3
HSA
HLRC
HESA
SALRC
ESLRC
SAESA
HSALRC
HESLRC
HSAES
LRCSAE
ALLRC




The following statistical correlation represents the data with a RZ

value of 0.93

[%E-’-J = 0.0363(-AH_*) (ESA) (LRC) = 0,0363(X) (4.5)
t c
MAX
where
dP _ ;
s = peak maximum rate of pressure rise [=] bar/sec
MAX
AHC* = standard heat of combustion [=] cal/gram
ESA = external specific surface area [=] mz/gram
LRC = corrected loading at the peak maximum rate [=] gram
X = (-&Hc*)(ESA)(LRC) E=] cal-mzlgram

The intercept is forced to equal zero because in the correlation which
included an intercept the R2 value equaled 0.46 and the intercept estimate
had a significance level of 0,38. This large significance level implies
the value of the intercept should equal zero. The value of zero for the
intercept can be physically explained. If there is no dust present

(LRC = 0) or energy released (AHC* = 0), then a dust explosion can not
occur and, thus, the peak maximum rate should equal zero.

The statistical correlation in equation 4.5 supports the physical
observations determined by analyzing the dust characteristigs_and the
experimental data. Three of these observations are that the value of the
explosibility parameters should tend to increase with an inecrease in the
absolute value of the heat of combustion, an increase in the specific sur-
face area and a decrease in the average particle size. Additional ob-
servations are that the explosibility parameters should tend to decrease
as the ash and moisture content increases. In the correlation the value
of the peak maximum rate does increase with an increase in the value of

the (—AHC*) and the external spécific surface area., Since the value of
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(—AHC*) in equation 4.5 can be replaced with equation 4.2, the value of the
peak maximum rate does decrease as the ash and moisture contents increase,
The external specific surface area calculated from the average particle size
increases as the particie gslze decreases (see Appendix 3). Thus, the wvalue
of the peak maximum rate does increase as the value of the average particle
size decreases, In the correlation the wvalue of the peak maximum rate also
increases as the corrected loading increases,

The external specific surface area is a wvariable in the correlation in
equation 4.5 but not the total specific surface area determined from the
3-point BET analysis., A difference exists in the two specific surface areé
values because the total value includes the internal surface area of pores,
whereas, the external value does not. The total specific surface area méy
not be significant because the explosion proceeds so fast that there is
insufficient time for diffusion through the pores to take place. The entire
dust explosion is completed in less than 100 ms.

The experimental and estimated values of the peak maximum rate are
comparea in Figure 4.31. The agreement between the two values is reasonable
considering the scatter in the experimental values of the maximum rates
used in determining the peak maximum rates. Figure 4.1 through 4.4 and
Tables 4.7 through 4.12 illustrate this scatter. The correlation line
shows t%e trend of the values of the peak maximum rate. In Appendix 6 the
values estimated from the correlation ére presented. The correlation has
been developed for wvalues of the peak maximum rate between 75 and 380 bar/sec;
it should not be used outside this range.

If the external specific surface area of the loaded dust is used in
equation 4.5 instead of the surface area of the dispersed dust, the value

of the peak maximum rate calculated will change. The average particle
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size of the dispersed dust is smaller than the average particle size of
the loaded dust, thus, the external specific surface area of the dispersed
dust has the larger value. Consequently, the wvalue of the peak maximum
rate calculated for the dispersed dust will be greater than the value cal-
culated for the loaded dust. 1In Figure 4.32 the percent change in the
peak maximum rate is plotted against X or (~AHC*)(ESA)(LRC). The percent
change is calculated by subtracting the value of the peak maximum rate

of the loaded dust from the value of the dispersed dust and dividing the
result by the value of the dispersed dust. Figure 4.32 demonstrates that
the value of the peak maximum rate for the dispersed dust may be as much
as- 45% greater than the value for the loaded dust. Even though the peak
maximum rates measured in the 20-liter explosion chamber are not the correct
values for the loaded dust, for safety considerations, it is better that
the value is overestimated instead of underestimated.

The characteristics of the dust samples and the corrected loading at
the peak maximum pressure were used in deriving the statistical correlation
for the peak maximum pressure. These variables, presented in Table 4.17,
were evaluated by the stepwise regression statistical method (Draper et al.,
1981), The corrected loadings were calculated by the same method, but for
several dust samples the loading at the peak maximum pressure did not equal
the loading at the peak maximum rate, The dust samples not included in the
modeling of the peak maximum rate are also not included in the modeling of
the peak maximum rate.

The following statistical correlation represents the data with a R

value of 0,60

= - ¥
PMAX 4,44 + 0.000225( AHC ) (ESA) (LPC)

4.44 + 0,000225(Y) (4.6)

]
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Table 4.17. Variables Evaluated in the Peak Maximum
Pressure Statistical Correlation.

Variables Symbols
-{(Heat of Combustion) Heat
Specific Surface Area SA
Corrected Loading LPC
External Specific Surface Area ESA
(He&lt)2 H2
(Heat)3 H3
(SA)2 SA2
(SA)3 SA3
(LPC)2 LPC2
(LPC)3 LPC3
(ESA)* ESA2
(ESA)3 ESA3
Heat*SA HSA
Heat*LPC HLPC
Heat*ESA HESA
SA*LPC SALPC
ESA*LPC ESLPC
SA*ESA SAESA
Heat*SA*LPC HSALPC
Heat*ESA*LPC HESLPC
Heat*SA*ESA HSAES
LPC*SA*ESA LPCSAE

Heat*SA*LPC*ESA

ALLPC
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where
PMAX = peak maximum pressure [=] bar
AH % = standard head of combustion [=] cal/gram

ESA = external specific surface area [=] mZ/gram
LPC = corrected loading at the peak maximum pressure [=] gram
Y = (—AHC*)(ESA)(LPC) [=] cal-mz/gram

The variables in equation 4.6 are the same variables that are in the
statistical correlation for the peak maximum rate, equation 4.5. Hence,
the statistical correlation for the peak maximum pressure supports the
observations that the statistical correlation for the peak maximum rate
supports,

The experimental and estimated values of the peak maximum pressure
are compared in Figure 4,33. The agreement is reasonable considering the
scatter in the experimental values of the maximum pressures used in deter-—
mining the peak maximum pressure. Figures 4.5 through 4.9 and Tables 4.7
through 4.12 illustrate this scatter., In an attempt to improve the agree-

ment a polynomial regression model was investigated. The result is

PMAX = 3,48 + 0.000593(Y) - 3.14 X IO‘S(Y)2 (4.7)
with a R% value of 0.65. As shown in Figure 4,33, the agreement between
the experimental and predicted values was improved slightly by using
equation 4.7.

When a dust explosion occurs energy is released, which results in an
increase in the pressure. Hence, the peak maximum pressure may be con-
sidered a function of the energy released during a dust explosion. This
energy release is a product of the standard heat of combustion and the

corrected loading. The statistical correlation for this functionality

has a R2 value of 0.49; it is
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P = 4.44 + O.OODO484(—AHC*)(LPC)

4.44 + 0,0000484(2) (4.8)

1l

where Z (-AHC*)(LPC)

In Figure 4.34 the estimated values from equation 4.8 and the experimental
values of the peak maximum pressure are compared. The agreement is
reasonable considering the scatter involved in the experimental results.

In an attempt to improve the agreement a polynomial regression model was

investigated. The result is

9 o2

P = 2,63 + 0.000192(Z) - 2.62 x 10 7(2) (4.9)

MAX
with a R2 value of 0.62. The polynomial correlation did improve the
agreement as shown in Figure 4,34. The value of R? also gives an indication
of the agreement between the predicted and experimental values since the
larger the RZ value the better the agreement., By using the polynomial
correlation the agreement improved or the RZ2 value increased by 0.13. The
R2 value for equation 4.9 is approximately the same as the R2 values for
equations 4.6 and 4.7; thus, the agreement between the predicted and
experimental values of the peak maximum pressure are approximately the same.
In Appendix 6 the predicted values of the peak maximum pressure obtained
from equations 4.6 through 4.9 are presented. All of the peak maximunm

pressure equations were developed for values of the peak maximum pressure

between 4.6 and 6.9 bar and should not be used outside this range.

VII. Comparison of Results

The values of the peak maximum rate and peak maximum pressure and
the KST—values of wheat flour and cormstarch are compared to the results
obtained by other researchers in Table 4.18. The explosion chambers are
not the same size, but the peak maximum rate values can be compared by

using the KST—values. For the cornstarch results the values of the
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maximum pressure are approximately the same, The KST—values obtained by
the Bureau of Mines (Jacobson et al., 1961) and Grain Marketing (Garrett,
1981) in the 0.0013 m3 chamber, the Hartmann apparatus, are lower than the
KST-values obtained by Grain Marketing and Procter & Gamble (Cocks et al.,
1980) in 20-liter chambers.

All the values of the maximum pressure obtained for wheat flour are
approximately the same, except, for the results obtained by Giltaire et
al. (1978) in the Hartmann appératus. This value is much lower than the
other pressure values. All the KST—values should be approximately 95
bar*m/sec since this is the value obtained in a 1.0 m3 chamber (Giltaire
et al., 1978). However, the KST—values obtained in the Hartmann apparatus
by Giltaire et al. and by the Bureau of Mines (Jacobson et al., 1961) are

considerbly lower than 95 bar*m/sec. The value obtained at Grain Marketing

in the 20-liter chamber is only slightly lower.

108
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

I. Conclusion

Peak maximum rates of pressure rise and peak maximum pressures were
measured for 30 dust samples in a 20-liter spherical explosion chamber.

The values of the peak maximum rates ranged from 197 to 261 bar/sec for
combination dust samples, 127 to 380 bar/sec for corn dust samples, 157 to
296 bar/sec for milo dust samples, 120 to 185 bar/sec for oats dust
samples, 99 to 285 bar/sec for soybean dust samples and 75 to 244 bar/sec
for wheat dust samples. The values of the peak maximum pressures ranged
from 5.67 to 6.34 bar for combination dust samples, 5.07 to 6,82 bar for
corn dust samples, 5.16 to 6.33 bar for milo dust samples, 5.01 to 5.69 bar
for oats dust samples, 4.97 to 6.18 bar for soybean dust samples and 4.02
to 6.35 bar for wheat dust samples. These ranges show the wide range of
values obtained within a dust type.

Each dust sample was characterized by its standard heat of combustion,
specific surface area, average particle size, and ash and moisture content.
This data was used in deriving statistical correlations for the explosi-
bility parameters and the standard heat of combustion. Several statistical
correlations have been developed showing that the peak maximum rate and
peak maximum pressure are functions of the standard heat of combustion,
external specific surface area, and quantity of dust present in the dust
cloud. An additional correlation has been developed showing the standard
heat of combustion is a function of the ash and moisture content. The heat
of combustion correlation should only be used when the ash content is
between 0 and 60 percent and the moisture content is between 5.5 and 15.0

percent. The explosibility parameter correlations should only be used
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II. Recommendations

The dispersion problem should be investigated. It may be possible to
modify the dispersion horns or design a completely new method to disperse
the dust. An aerodynamic study of the dusts and possible dispersion methods
will be necessary. A possible method may be the injection of dust and air
into the chamber from the top of the chamber,

Another area that should be investigated is controlled dust explosion
tests in which the ash content, moisture content, and average particle size
are varied. The results from these tests may provide a better understanding

of dust explosioms.
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when the peak maximum rates are between 75 and 380 bar/sec and the peak
maximum pressures are between 4.6 and 6.9 bar.

The values of éhg peak maximum rates and peak maximum pre53ures.and
the KST—values of cornstarch and wheat flour were compared to the results
obtained by other researchers. These values agreed fairly well with the
results obtained by other researchers in 20-liter and 1.0 m3 chambers;
however, the values did not agree with the results obtained in the Hartmann
apparatus,

The values of the peak maximum rates were scaled by the cubic law to
obtain KST—values. These KST-values and the values of the peak maximum
pressures obtained provide the engineering data needed to design protective
and preventive measures. TFor example, in explosion relief venting, a pro-
tective measure, the relief venting area required to release pressure can
be determined from the KST—value.

The experimental explosion tests have demonstrated that the method for
dispersing the dust is a limitation of the 20-liter spherical explosion
chamber, First, the dispersion system, the dispersion horns, does not
disperse all the dust. Much of the dust that enters the dispersion horns
remains in them and is not dispersed into the chamber. Second, the average
particle size of the dust is reduced by passing through the dispersion
horns. The horns act like a separator by letting the smaller particles
pass through but not the larger particles. This problem is enhanced by
the spherical holes in the dispersion horns. Many of the dust particles
are nonspherical and, thus, have to be properly oriénted to pass through
the spherical holes. Since the dust being tested is changed when it is

dispersed, the value of the peak maximum rate and peak maximum pressure

measured are not the correct values for the as received dust.



APPENDIX 1

OBSERVED VALUES OF THE

EXPERIMENTAL DUST EXPLOSION

TESTS
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APPENDIX 2

PLOTS OF THE MAXIMUM RATE OF

PRESSURE RISE VERSUS THE AMOUNT

OF LOADED DUST AND PLOTS OF

THE MAYXTMUM PRESSURE VERSUS

THE AMOUNT OF LOADED DUST FOR

EACH DUST SAMPLE
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APPENDIX 3

DETERMINATION OF THE CALCULATED

EXTERNAL SPECIFIC SURFACE AREA



The calculated external specific surface area is calculated from

6.0
S8A = Eﬁ;

where
SSA = calculated external specific surface area [=] mz/gram

D = average arithmetic second moment diameter, average particle
size of dust sample [=] u

0 = density of dust sample [=] gram/cm3
The density is calculated from
p=1,5[1.0 + 0.53(ash/100)]
where

ash = percent ash content
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APPENDIX 4

DETERMINATION OF THE STANDARD

HEAT OF COMBUSTION ON AN ASH AND

MOISTURE FREE BASIS AND THE

ESTIMATED VALUES OF THE STANDARD

HEAT OF COMBUSTION FROM THE

STATISTICAL CORRELATION



The standard heat of combustion on an ash and a moisture free basis is 161

calculated from (=AH *)
(-AH ') = - £
c [1.0 = ash/100 - moist/100]
where
AH ' = standard heat of combustion for a dust sample based on the mass

of combustible dust in the dust sample (ash free and moisture
free basis) [=] cal/gram

AH % = standard heat of combustion for a dust sample from the PARR
adiabatic bomb calorimeter [=] cal/gram

1]

ash percent ash content

moist = percent moisture content

The following results were obtained for the dust samples:

Dust -AH ! —-AH *
sample ¢ ¢
cal/gram cal/gram
CB12 4755 3119
CBl2c 4610 3663
CEB13 2980 2412
CNZ1 4380 3752
CN22b 4657 3791
CN23 4776 3888
Cornstarch 4139 3624
MO11 5021 3477
MO12b 5060 3658
M013 4900 3446
MO20 5017 3756
MO32b 4907 3543
MO32¢ 5188 4435
0T12 4755 4135
0T12c¢ 5144 3683
0T13 4527 3791
SB11l 5000 2295
SBl2a 4962 2419
SB13 6318 5006
SB21 5049 2606
SB22a 5043 1787
SB22b 5336 , 2647
SB23 5131 2867
WT1l 4768 3481
WTl2a 4366 34133
WT12b 4688 3714
WT21 4807 3747
WT22a 5047 3323
WT23 4812 3936

Wheat Flour 4421 3868




162

The sample mean and sample standard deviation are calculated from

n
L X,
- _i=1
X = = 4819,8
n
1
n n 2
L X 2 - [ r X 2/n
=1 = i=1 *
8= |= = 518.9
n-1
where
X = éample mean
8 = sample standard deviation
X =-AH"'
c
n = number of values of —AHC' = 30

The probability of 2980 occurring for CB1l3 and 6318 occuring for SB13

is calculated below:

CB13 _ X - X _ 2980 - 4819.8 _ _
7 = ke =TS 3.55
P(X < 2980) = P(Z < -3.55) = 0.000
SB13 _ 6318 - 4819.8 _
- Z = 518.9 = 289
P(X > 6318) = P(Z > 2,89) = 0,002 = 0.0
where

Z = gstandard score for a standard nermal distribution
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APPENDIX 4

DETERMINATION OF THE STANDARD

HEAT OF COMBUSTION ON AN ASH AND

MOISTURE FREE BASIS AND THE

ESTIMATED VALUES OF THE STANDARD

HEAT OF COMBUSTION FROM THE

STATISTICAL CORRELATION
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The loading at the peak maximum pressure and the loading at the peak maximum

rate of pressure rise are corrected by the following method

LRC = LR(PERCENT/100)
LPC = LP(PERCENT/100)
where

LRC = corrected loading at the peak maximum rate=[=]- gram

LPC = corrected loading at the peak maximum pressure [=] gram

LR = loading at the peak maximum rate [=] gram

LP = loading at the peak maximum pressure [=] gram

PERCENT = percentage of the loaded dust that is dispersed

The following results were obtained for the dust samples:

Dust LRC LPC
sample
gram gram
CB12 5.0 9.9
CB12c 8.8 8.8
CB13 10.2 10.3
CN21 10.6 10.6
CN22b 8.1 8.1
CN23 5.7 3.8
Cornstarch Fll 7.8
MO11 9.8 9.8
MO12b 7.0 8.4
MO13 6.2 6.2
M020 13.0 13.0
M032b 9.3 11.4
M0O32c 4,2 6.3
0T12 6.9 6.9
0T12c 5.5 5.5
0T13 6.4 T2
SB11 8.5 8.5
SBl2a 8.5 8.5
SB13 7.9 13.3
SB21 10.2 10.2
SB22a 11.7 11.7
SB22b 8.7 8.7
SB23 7+5 7.5
WT11 4,2 4,2
WT1l2a 7.5 12.5
WI1l2b 6.8 6.8
WT21 6.7 6.7
WT22a 6.6 - 8.3
WT23 3.0 3.0
Wheat Flour 9.3 943




APPENDIX 6

ESTIMATED VALUES OF THE PEAK

MAXIMUM RATE OF PRESSURE RISE

AND THE PEAK MAXIMUM PRESSURE

FROM STATISTICAL CORRELATIONS
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ABSTRACT

Grain dust explosions have been occurring frequently in the United
States causing injuries, fatalities, and extensive property damage. To
combat dust explosions, protective and preventive measures are used that
require knowledge of the peak maximum rate of pressure rise and peak maxi-
mum pressure occurring during an explosion.

Peak maximum rates and peak maximum pressures were measured for corn,
milo, oats, soybean, wheat, and mixed dust samples in a 20-liter spherical
explosion chamber. These dust samples were collected from around the
bucket elevator, conveyor belt, and dust collection system in several grain
elevators, The peak maximum rates and peak maximum pressures were also
measured for a cornstarch sample and a wheat flour sample. Each dust sample
was characterized by its standard heat of combustion, specific surface area,
average particle size, and ash and moisture content.

The peak maximum rates and peak maximum pressures for dust samples
within a dust type had wide ranges of values. These ranges were as large
as 253 bar/sec and 1.75 bar, respectively, for one dust type, corn dust,

If all the dust samples are considered, the values ranged from 75 to 380
bar/sec and from,4.62 to 6.82 bar, respectively. A wheat dust sample had
the lowest valueseof peak maximum rate and peak maximum pressure, and
cornstarch had the highest wvalues,

Several statistical correlations have been developed showing that
the peak maximum rate and peak maximum pressure are functions of the stan-
dard heat of combustion, external specific surface area, and quantity of
dust present in the dust cloud. An additional correlation has been
developed showing that the standard heat of combustion is a function of

the ash and moisture contents.



The experimental explosion tests have demonstrated that the method
for dispersing the dust is a limitation of the 20-liter spherical explosion
chamber. The dispersion system does not disperse all the dust, and in
dispersing the dust the average particle size is reduced. The dust being
tested is changed when the average particle size is reduced; therefore,
the value of the peak maximum rate and peak maximum pressure measured are
not the correct values for the tested dust.

The values of the peak maximum rate can be scaled to obtain results
expected in larger chambers, These scaled values and the values of the
peak maximum pressure provide the engineering data needed in designing

protective and preventive measures,





