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FOREWORD

The United States Bureau of Mines has funded this
investigation to determine the state-of-the-art of dust
collect:ion technology and the applicability of said techn­
nology to underground coal mines. As part of this program
pilot plant tests were conducted on several dust collectors
(~mployinq various mechanisms. The results of these tests
Here determined according to the procedures set forth herein,
and thE~ collectors were operated at conditions recommended
by the manufacturers. For illustrative purposes the variou!:
collect:ors have been compared to an arbitrary criterion that:
:~eflects the authors' conservative estimate of the perfor­
mance necessary to meet mine health and safety regulations.

The purpose of these tests was not to determine the re­
lative merits of the collectors or their manufacturers, but
:cather to demonstrate that the state-of-the-art of dust
collect:ion technology is sufficient to explain the performance
of various collection mechanisms on coal dust. Most of the
companie::; who volunteered equipment for this investigation
manufacture a range of collection equipment for applications
of varyin~f degrees of difficulty. The collectors tested were
:3elected to demonstrate various mechanisms, and the results
,:::an in no way be construed as an indication of the relative
I~xpertisl~ of the companies involved.

The United States Bureau of Mines and the Garrett
Research and Development Company extend their thanks to
the many companies who cooperated with and contributed to
this invt~stigation.
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ABSTRACT

Bas:~c dust collection mechanisms are reviewed, and
inertial collection is selected as the most applicable
,:0 the reE:pirable coal mine dust problem. Coal mine dust
(lata are evaluated and an estimate is made of the respir­
able dust loading and size distribution typical of the
continuous miner environment. Manufacturers of dust
collect:ion equipment are surveyed and several units
:>elected for pilot plant tests with coal dust. The
experiment:al results indicate that the collection
mechanisI1s can be characterized by the state-of-the-art
i:echnoloqy. Recommendations are presented for the design
of a dus1: collection system for the coal mine environment.
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INTRODUCTION

The two main reasons for controlling dust in under­
9round coal mines are to reduce the explosion hazard of
1~he dust and to prevent the exposure of workmen to harm-
ful concEmtrations of airborne dust. Although the explosion
hazards have long been recognized, it is only recently that
1:he magnitude of the problem of "coal miner IS pneumonconiosi s"
or "blacklung" has become clear. A statistical study of
death ra1~es for U. S. coal miners, based on records for 1950,
indicated that the rate was about twice that of the general
Horking male population. Their death rate from diseases of
1:he respiratory system was about five times that of the
general vTorkincJ male population. In addition, the costs
being incurred by state governments for compensations due
1:0 pneumoconiosis and silicosis are quite significant. The
compensa1~ion mvards for these diseases during the period
J.950-1962 were approximately $70,000,000 just for the state~;

of Pennsylvania and West Virginia.

Techniques have been developed which provide at least
partial dust control for almost every operation in a mine.
!>ersona1 respirators have been developed, and significant
efforts have btgen made in the areas of dust control on roof
bo1t, dr:.l1s, conveyor loading, and transfer stations. The
only si.gni.ficant exception is the continuous mining machine.
~~hese un:_t.s have very great productivity, and therefore
generat~e large amounts of respirable dust. Their use is
:.ncreasing·ly dominating underground coal production, and
1:hey account for one-half of underground bituminous coal
product~ion•

The use of continuous mining machines aggravates the
dust problem in another way. As mining becomes more mechanized,
II full-seam" mining is becoming more prevalent. This means t:hat
1:he part:.ngs in the coal are mined with the coal. If the part­
:~ngs con1:a.in free silica, the dust will be more harmful to
breathe. In certain types of continuous mining the roof and
floor may also be cut. Since these materials contain large
amounts: of free silica, and these dusts are apparently finer
1:han coa:. dust, the problem may be further aggravated.

Conniderable effort has been expended in a search for
an effic:.Emt means of controlling the dust generated by
1:hese machines. The methods studied fall into five basic
categories: treating the coal before it is mined to prevent
dust fron being generated, control of fragmentation, dust
Buppress:_on, collecting the dust at the mining face immediat~ely

ilfter it is generated, and increasing the mine ventilation to
dilute the respirable dust to an acceptable level.

-1-



Pre-treating the coal would be an attractive solution to
1:he problem, but no consistent and economical technique has
~'et been set forth for doing this. Neither increasing mine
,rentilati.on nor providing protective equipment for mine
ClperatorE really solves the dust problem. However, with the
~ride variety of high-efficiency dust removal equipment avail­
able, some selE~cted equipment might be modified for use in
t:he specific case of coal mine dust.

On Eeptember 18, 1969, the Garrett Research and Develop­
ment Company contracted with the United States Bureau of Mines
t:o conduct a comprehensive state-of-the-art evaluation for all
t:ypes of dust collection equipment that may be applicable in
\mdergrotnd coal mines.

SUMMARY

The objectives of this investigation were to make a de­
t:ailed study of dust collecting equipment including geometry,
(Iperatins characteristics, and costs; collect mine dust samples
~md determine the size and composition of the dust; conduct
performaLce tests on various types of dust collecting equipment
~lS required; and finally, report the results of these investiga-·
t:ions anc. make recommendations for any further work necessary.
'j'he inveE tigation can be summarized as follows:

1. Basic dust collection mechanisms were reviewed in­
cluding gravitational, inertial, diffusional,
electrostatic, porous filtration, radiation and
thermal gradient, magnetic, diffusophoretic,
agglomeration, and particle buildup.

2. Coal mine dust samples were taken and dust data
taken by other investigators were evaluated. Based
on this evaluation an estimate was made of the re­
spirable dust loading and size distribution typical
of the continuous miner environment.

3. A survey of 35 major manufacturers of dust collection
equipment was conducted. From this survey eight
pilot plant scale units were selected for performance
tests. These units were selected based on the review
of the relative merits of the basic dust collection
mechanisms noted above.

4. A pilot plant system was designed and constructed to
test collectors in the 1,500 to 3,000 cfm range. The
pilot system included a coal dust generation section
designed to provide respirable coal dust to the col­
lection system and sampling equipment for determining
the concentration and size distribution of the dust in
the inlet and outlet air streams.
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5. Data were taken for the eight collectors to deter­
mine penetration as a function of particle diameter
for various coal dusts of known size distribution
and various collector operating conditions. The
results were related to the theoretical performances
for the several mechanisms tested.

CONCLUSIONS

The results and conclusions of this investigation are
aE follows:

1. Respirable coal mine dust was estimated on the basis
of the AEC sampler as having a loading ranging from
an average of 5.0 mg/m3 to a maximum of 10.0 mg/m3 ,
and a logarithmic normal size distribution with a
mass mean diameter of 2.55 microns and a geometric
standard deviation of 1.7. In order to reduce this
dust i:o a loading of 2.0 mg/m3 based on the HRE sampler
(0.81 mg/m3 based on the AEC sampler) a collection
efficiency of from 84 to 92% will be required on the
AEC respirable dust.

2. Based upon the investigation of basic dust collection
mechanisms, it is apparent that a collector based
on an inertial mechanism will be most likely to meet
the above collection criterion.

3. There appears to be no commercially available dust
collector that can satisfy both the physical con­
straints of the mine environment and the designated
collection criterion.

4. Experimental results indicate that the state-of-the-art
knowledge of dust collection mechanisms is sufficient
to serve as a basis for design of an appropriate col­
lection system. The results further indicate that a
co-current atomizing, or venturi scrubber is one type
which could achieve the desired efficiency.

5. The collection efficiency for a given collector on a
given dust can be explained entirely in terms of in­
ertial parameters such as particle diameter and density
and the operating conditions of the collector. Informa­
tion on surface characteristics, composition, and other
physical properties is not necessary for the design
of a dust collection system.
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6. Since there is presently no satisfactory conunercial
collector available for the coal mine dust applica­
tion, a collection system will have to be designed
and constructed specifically for the mine conditions.
The design of this collection system will be dependent
upon the nature of the entire air system in the
vicinity of the continuous mining entry. It is
therefore necessary that the air system be specified
before the design parameters of the dust collector
can be determined. This air system must in turn
conform to the design constraints for the dust collector
set forth in this report.

RECOMMENDATIONS FOR FUTURE RESEARCH

Since it has been demonstrated that the state-of-the-art
knowledge of dust collection mechanisms is sufficient to serve
as a basis for design of an appropriate collection system, future
research should be devoted to developing an optimal air system
for the continuous mining operation. The design of this air
system will dictate the operating conditions for the dust
collector.

Thl~ development of this air system should take place in
three phases:

1. A preliminary evaluation of the relative merits of
alternative air intake systems should be conducted.
The two major alternatives for consideration are a
machine mounted system and a system located in the
last open crosscut. The machine mounted system
offers the advantages of mobility and inunediate
proximity to the working face and the disadvantage
of limited capacity. A system in the last open
crosscut offers the advantages of large capacity,
increased working space at the face, and enhanced
methane dilution and the disadvantages of compara­
tive inunobility and higher operating costs.

2. The alternative air systems should be evaluated
experimentally in an above ground simulation of
a continuous mining entry. This investigation
should lead to the determination of operating
par~1eters that will allow the design and con­
struction of a dust collection prototype system.

3. The prototype system should be tested in a mine to
determine both its mechanical effectiveness and
its effect on mine operating conditions.
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Two ~ther areas of investigation are worthy of note.
First, a ~ontinuing effort is needed to more accurately
determine dust loadings and size distributions. The design
of a dust collection system can be based on the conservative
estimate of the respirable dust set forth in this report,
but an improved knowledge of the dust would obviously allow
improvements in the operating criteria for the dust collection
system.

Second, the long range dust control objective should be
control of the source. While the immediate problem created
ty the continuous miner deserves primary attention, research
rrust continue to improve mining machine designs so that less
dust will be generated.
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Bl\SIC MECHANISMS OF DUST COLLECTION

Small dust particles are usually kept suspended in air
for long times by the viscous force or drag of the air,which
resists any forces tending to precipitate them. Sometimes
f'orces due to electrostatic charge, radiation flux, and other
Eilienomena may also act to keep dust suspended.

As a, rule, the dust suspension (also referred to as an
~aerosol") is not a stable state and it will become separated
j.n time. Practical processes for dust separation (or collection)
cLre methe-ds for making that time as short as possible. Let us
first review the basic mechanisms which can cause dust to move
relative to air and then describe the types of devices embody­
ing thesEt mechanisms and their performance characteristics.

The major mechanisms which can be used for particle
collect.ion are:

1. Gravitational
2. Iner·tial
3. Diffusional
4. Electrostatic
5. Porous filtration
6. Radiation and thermal gradient
7. Magnetic
8. Diffusophoretic
9. Agglomeration

10. Particle buildup

Gr~Titational separation occurs continuously due to the
attract:ion of the earth for the dust particles. The dust
:3ettles at a velocity such that the gravitational force is
just bctlanced by the drag force exerted by the air. Since
the drag force increases with velocity, a dust particle
.lnitiall:! at rest falls increasingly faster until it reaches
its terminal settling velocity. For respirable particles this
·takes a 'lery short time and the dust may usually be assumed
to reach terminal velocity instantaneously. A two micron
diameter coal particle settling in air will reach a velocity
<:>f about (). 4 in. fmin.
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Inertial forces tend to keep the particle moving in the
same direction. Thus, if the air is moving in a curved path,
tte particle's inertia causes it to deviate from that path.
Tt.e particle will move at some velocity relative to the air
s~~h that the drag force (plus any other resistive forces)
wi.ll balar.ce the inertial force.

Diffusion of particles is caused by their bombardment
by gas molecules. A dust particle whose size is on the order
of the mec,n free path of the gas molecules (about lO-Scm) or
sn~ller wi.ll experience random collisions which will cause it
to move along an erratic path. This phenomenon is known as
"Itrownian motion" and it tends to keep the aerosol mixed.

If particles are removed from one region of the suspension,
say by sticking to a wall, other particles will diffuse toward
the regi.on where the concentration has been lowered. This
process of Brownian diffusion has the same effect as gaseous
diffusion " and it is important for particles smaller than a
few tent~hB of a micron in diameter.

EIE!c1:rostatic charges on dust particles makes them sus­
ceptible 1:0 the forces in a charge gradient. Charged particles
will be a1:t:racted by unlike charges and repelled by like charges.
Thus a neqatively charged particle in an aerosol of like-charged
pilrticles will be repulsed by the "cloud"but would be attracted
by a posiU.vely charged plate. In some special situations the
":>pace cha.rge" effect or the imposition of a charge gradient
can cause particles to remain suspended indefinitely.

The l1illikan oil drop experiment to determine the charge
on the E~l(~ctron is an example of the latter case, where
g:ravitational force is just balanced by the force due to a
charge ~Jradient between two plates. Particle charge and the
electrosta.1:ic field can be controlled so that the particles
C,:ln be ca'.lsed to move relative to the gas at a velocity deter­
m.ined by the balancing of drag and motive forces.

Poro.lS filtration, as used here, means the blocking of
p,:lrticle movement by means of a screen with pores of the saml=
m:lgnitude as the particle or smaller. It is distinguished
f('om filtcation by fibrous media such as paper and glass wool
where the collection mechanism is inertial impaction on the
fibers ,,,,hich may be spaced many particle diameters apart.
After some particles have been collected they may form a "ca:<.e"
which will act as a porous filter and will generally increase
the filtration efficiency and pressure drop.
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Radiational and thermal forces due to the flux of light
or heat can cause particles to move relative to air. The
unequal bombardment experienced on the hot and cold or light
and dark sides of the dust particles causes them to move away
from the heat or light source. Thermal precipitation or
thermophon:~sis has been used as the mechanism for particle
collection in dust sampling instruments.

Magnetic force can be used to cause particle movement
relative to fluids. An important requirement is that the
~articles be susceptible to magnetic attraction. Since this
is frequently not the case, this mechanism is not utilized,
to our knowledge.

Diffusion of a gas relative to the bulk of the air stream
can caUSE a drag force on dust particles which will tend to
IT:ove thelT. rela1:ive to the air stream. The evaporation of water
from a d~op or sheet of water would tend to move dust particles
c..way from the water surface. On the other hand, condensation
of water would tend to move dust particles toward the \vater
~urface. In coal mines the evolution of methane from the coal
~.urface t.ends 1:0 move dust particles away from the surface.
'j'he general phenomenon is known as diffusophoresis or sweep
diffusion.

Agglomera1tion is a phenomenon which, while it will not
of itself remove dust particles from air, will make them much
more susceptible to removal by other mechanisms, such as
~rravitational sedimentation. Brownian motion causes the dust
particle~; to move relative to the air and this random motion.
\1ill Ca.U~;E! the particles to collide with one another. When
1:he part:_cles collide, they tend to stick together and form
agglomerat~es or clusters of particles. The temperature of
1:he gas ha.s a strong influence on agglomeration (as well as
diffusi.v:.t~y) because the gas molecules move a higher velocity
at highe]~ temperatures. The turbulence of the air stream also
has an effect upon agglomeration in that it will cause more
violent: notion of the particles, and this may be significant:
:Lf the scale of the turbulence approaches the size of the
particles.

Par1:icle buildup by condensation of a gas, such as water
vapor, can also make the dust easier to remove from suspens:.on.
~['he int:roduction of steam and/or the cooling of a humid air
:3trearn has been employed to build up the size of the dust
:?article:3 so that they are easier to remove by sedimentation
<:>r inel~tLal impaction. Chemical reactions may also be employed
to build up the size or density of particles.
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A final mechanism for removal of dust particles is
their conversion into gaseous form by some type of chemical
reaction. The combustion of carbon particles is an example
c,f this • Evaporation of particles is a related mechanism
for converting them to the vapor state. In some instances,
Euch as the elimination of fog from stack plumes, it is
feasible to heat the flue gas so that the water vapor will
not condEnse as the plume leaves the stack and be diluted
in ambient air rapidly enough so that it will not condense
clS it is cooled outside the stack.

~rseful ME~chanisms for Underground Coal Dust

Most. of the basic mechanisms for dust collection can
be set aE.ide as either impractical, dangerous, or improbable
for use in the control of coal dust underground. As a
means of simplifying the discussion of control equipment
1:he basic mecha.nisms for dust control will be separated into
1:hose which can be disregarded and those which should be
GonsiderE~d.

Gravitational collection can be eliminated on the basis
of the volume of the equipment which would be necessary to
collect. du.st particles in the respirable range to the degree
necessa.ry. As will be discussed later, a satisfactory dust
Gollect:or will have to be capable of 50% efficiency on coal
dust of about 0.65 to 1.35 microns in diameter. A gravitati.onal
:5eparator, even of the multiple tray type with spacing of one
Gentimeter between trays, would have to have a volume of 1, :;00 cubic
:Eeet in order to clean 3,000 CFM of air. This would doubtless
be exces~3ively large for use on a continuous coal mining machin,=:!.

Dif::usional collection is not very effective on particles
larger than 0.3 to 0.5 micron diameter. The bulk of the re-'
spirable dust is much larger than this; the mass median di~leter

is likE~l:( to be about 2.5 microns in diameter. Since less t:han
J.1 percent would be in the size range below 0.5 micron dia·­
lneter, i~ is obvious that diffusional collection cannot account
for a 'sufficient reduction of the respirable mass fraction. A
'Nord of Gaution should be placed here, in that it may be dei::er­
:nined someday that the extremely small particle sizes have a
:1isparatl~ly large effect on health and may therefore be more
important than their proportionate mass fraction would indicate.

The amount of development work required to make electro­
static precipitation permissible for use in coal mines makes
its utilization in coal mines doubtful in the reasonable future.
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Radj.ation and thermal forces are not likely to be useful
j.n the near fu·ture, because no practical devices based on
1:hese mechanisms are presently available. The maintenance
of the necessary thermal gradient, for instance, would re­
quire a. considerable heat source and heat sink in addition
1:0 a hea1: exchanger.

·Ma.gnetic forces would not be useful on coal dust.
Diffusophoresis is a mechanism which may conceivably aid the
Gollect:ion of dust by a device such as a scrubber utilizing
cold water,but it is not envisioned as a primary mechanism
of collect:ion. It is further conceivable that the use of
:,team fOJ~ particle buildup might be developed into a useful
device. If so, the condensation of steam might cause some
diffusophoresis effect.

Agglomeration might also aid the collection of coal dust
in a variety of devices by increasing the particle size. It
is unlikely that diffusion could be used as a primary means
for obt:aining the necessary collection efficiency and still
:cemain w.ithin the space constraints of the underground situation.

These considerations leave inertia and porous filtration
as the ma.:ior mechanisms for coal dust collection underground.
:Porous filtration is technically suitable and capable of
?rovidiWJ very high efficiency. However, the space require-­
:nents ca'~se porous filtration to appear less likely than
inertial collection as a basis for an optimum underground
coal dust collector.

INERTIAL DUST COLLECTION

Inertial collection is the basis, or at least the prin­
cipal mechanism, for the collection of dust by a large numb,~r

of devices. These will be described very briefly below. There
are a number of excellent texts and articles dealing with
particle collection, and the reader requiring more detail is
referred to the list of selected references in the biblio­
graphy of this report.

Cyclonl~s

Cyclone separators are devices which employ a rotary
motion of the entire gas stream to spin out dust particles
under the influence of centrifugal force. The rotation is
caused by the air entering the collector either through a
tangential opening or through propeller-like guide vanes
which cause i1: to rotate. The dust particles are spun to
the wall of the cylindrical collector and the~ are conveyed
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c.long thE wall either by gravitational force or by drag
forces tc some form of collection hopper and removal system.
'J'he clear..ed air leaves through some form of centrally located
opening.

Smaller diameter cyclones are more efficient than large
ones, ane. this has caused the development of a variety of
nrnltiple small-diameter cyclones operated in parallel. Typical
collection efficiencies for large high-efficiency cyclones and
~.mall-dic.meter high-efficiency multiple cyclones are given in
I'igure 1 and Table 1.

The collection efficiency of the cyclone increases with
air velocity through the cyclone, and the pressure drop also
increase::: with the air velocity. Thus higher efficiency must
be paid for in terms of pressure drop, which means higher fan
horsepower. There is an upper limit to the air velocity which
can be u~;ed; this being the velocity at which re-entrainment of
dust from the cyclone walls becomes appreciable.

(1)

with an axial inlet
E, for particles

[1-(Dp /cfJ l / 2

1 - X2
E

For the particular case of a cyclone
a "hub" at ·the center, the efficiency,
diameter D is given by:

p

1 -

or
of

,"here X :: Dh/Do' the ratio of diameters of the cyclone hub
and thE~ cyclone outer wall; and C is a coefficient dependin<J
on the cyclone dimensions, the flow rate, and the physical
properties of the air stream and the dust particles (3).

When Dp ~ C, the efficiency is 100%. The cut diameter,
or diarne1:er for which the penetration is 50%, is:

de -- ~ [(I-X) (3+X) J1/2 (2)

Curved Passages

A variety of dust collectors utilize essentially the
same pri:1ciple as the cyclone separator, but the gas is caused
to turn :)y curved passages of some sort. Examples of this
type of ·::ollector are louvered or deflector collectors, zig-­
zag or c·n..rugated passages, and beds packed with massive
shapes (3.S distinguished from fibers). In the packed beds
the essential mode of collection is caused by the flow of the
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TABLE 1

Efficiency of Dust Collectors * (2)

Dust Collector

Medium-efficiency cyclone

High-efficiency cyclone

Low pressure-drop
cellular cyclone

Tubular cyclone!

Irrigated cyclone (high
efficiency)

Electrostatic precipitator

Irregated electrostatic
precipitator

Fabric fil-ter

Spray tower

Wet impin3ement scrubber

Self-induced spray
deduster

Disintegrator

Venturi s~rubber

Efficiency
at 5 11 *
(7.07 11)**

%

27

73

42

89

87

92

98

> 99.9

94

97

93

98

99.6

Efficiency
at 2 11 *
(2.8311)**

%

14

46

21

77

60

85

97

99.9

87

92

75

95

99

Efficiency
at 1 11 *
(1.41 11)**

%

8

27

13

40

42

70

92

99

55

80

40

91

97

* For dust of density 2.7 g/cm3

** Multiply diameters by V2 for coal density ~ 1.35.
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air through a multitude of tortuous curved passages. As
the air turns through these passages, the dust particles
are spun out against the solid or liquid collection sur­
faces by the action of centrifugal, inertial forces.

The penetration as a function of particle diameter for
c, packed bed can be described (4) by the equation :

where:

Pt = Fraction of particles penetrating the column.

Z = Packed height (ft. or em).

DC = Packing size (ft. or em - must be same units as Z)

K = Iner1:ial impaction parameter (dimensionless)

Up D 2
= 911 oP­

c

U = Air velocity (em/sec. or ft./sec.)

p = Particle density (gm/cm3 ) = 1.35 for coal

D = Particle diameter (cm = micron x 10+4 )p

II - Air viscosity (poises) = about 1.8 x 10-4 for
standard air.

Xmpactior:, on Obstacles

Inertial forces can also come into play when the air
~;tream i~ forced to pass around obstacles within the air
~:tream. These obstacles or collection elements can be of
co, variety of sizes, shapes and materials. They may also
be stationary or moving.

(3)

Cylindrical objects such as rods, wires and fibers are
used in c, large number of collection devices. The dust
particle~ are moved out of the air stream toward the impaction
element under t:he influence of inertial forces as the air
1:urns to pass around the element. The efficiency of dust
collection by "this mechanism can be extremely high. High­
efficiency paper filters owe much of their efficiency to this
nechanism which generally acts in concert with other mechanisms
of part,icle collection.

-12-



The factors influencing collection efficiency are the
air velocity relative to the collection objective, the
diameter of the collection object, the viscosity of the air,
the number of collection objects which the air must pass and
the dust particle diameter and density. All of these factors
except the number of collection stages are included in the
inertial impaction parameter, which has been defined by
equation 3. A further refinement in this parameter is the
inclusion of the Cunningham slip correction factor, which has
been omitted here for simplicity. It causes an increase in K
of about 15% for one micron diameter particles and increases
for smaller particles, while decreasing for larger ones.

(4)
E --

Figure 2 is a plot of collection efficiency as a function
of impaction parameter for impaction on spheres and cylinders.
The curves are approximate representations of experimental
data for these two situations. These curves can also be re­
presented quite well by the correlation:

K:2

(K+0.7)2

One can observe from Figure 2 that a value of at least
0.5 for K is necessary in order to obtain some collection
efficiency on a single cylinder. To illustrate, for a two
micron diillneter coal particle with density 1.35, the ratio
of air velocity to collector diameter would have to be at
least 5 x 10 4 sec;l in order to obtain 50% efficiency in
an encounter with a cylindrical collector. Thus, if the air
velocity were 3,000 cm/sec., the cylinder diameter would have
to be 0.06 cm.

Liquid drops as furnished by sprays or by the atomizing
action of a hi9h velocity air stream impinging on a liquid
surface or jet are also used in a variety of particle collectors.
Examples of this type of collector chamber are sprays directed
into the air, venturi and orifice type scrubbers, ejector
venturi scrubbers, and numerous wet collection devices in
which the air impinges upon a liquid surface and causes
atomiza-tion.

The collection efficiency of the liquid drops is approxi­
mately the same as for solid spheres of the same size. As in­
dicated by Figure 2 the collection efficiency of a sphere is
approximately 10% higher than that of a cylindrical element
at the same value of the inertial impaction parameter.
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Approx~nate efficiency relationships are shown in Figure 3
and Table 1 for spray towers, impingement scrubbers, orifice
scrubbers and venturi scrubbers collecting particles with a
density of 2.7 gm/cm3 •

Venturi Scrubbers

.Orifice and venturi scrubbers are devices in which the
air is forced through a narrow opening at velocities usually
on the order of 200 to 400 ft./sec. Liquid, usually water,
is introduced either at the throat of the venturi or orifice
or somewhat upstream. The water is atomized by the high
velocity air stream and dust particles are collected on the
resulting droplets.

The penetration for a venturi throat can be estimated
from the equation:

P
t

= exp ( - (13500 L + 1.2 L 2.5 U) E' (fa')10-4) (5)
a 2

where L is the liquid rate in gal. /mcf and U is the air velocity
at the throat (5, 6). E~ is the efficiency for impaction on
spheres and can be estimated from Figure 2 or calculated from
equation 4.

In order to calculate the impaction parameter, it is
necessary to know the diameter of the spherical collector,
which in this case is the water droplet. Drop diameter has
been correlated previously by Nukiyama and Tanasawa as a
function of gas velocity and liquid rate. This correlation
for air and water at standard conditions is:

16,400
=. U + 1.45 L 1.5 (6)

for velocities in the 200 to 600 ft./sec. range. Below
this velocity range, the drop diameter can be calculated
from the critical Weber number (7):

2
We = PgU r. ( 7 )

cr

where the critical value of the Weber number, We, is estimated
at five for water, r is the drop radius, and a is the surface
tension.
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I

The final term needed to solve equation 5 is fa , the
velocity ratio for atomization. This ratio is the ratio
between the drop velocity and the air velocity, and seems
to be about 0.4 based on collection data. In other words,
the liquid seems to be accelerated to about one-half the
gas velocity before it shatters to final size, and this
adjustment to t:he effective impaction velocity is assumed
to have a linear effect on efficiency.

Figure 4 represents the solution of equation 5 for
the case of particle radius squared times density equal
to 1.0. In the case of coal dust, with a density of 1.35,
this would correspond to a particle radius of 0.86 microns
cr a diame"ter of about 1.72 microns. It can be seen that
the effects of air velocity and water to air ratio may be
used interchangeably to obtain variations in collection
efficiency and pressure drop.

Sprays

The use of open sprays to suppress coal dust has been
investigated and found to be of marginal value on respirable
dust. Walton and Woolcock (8) determined that high pressure
sprays could remove dust particles from the air with efficiencies
as high as 55% for two micron diameter dust and 28% for one
rricron diameter dust. The water requirement would be on the
crder of 5 to 10 gal. /mcf (gallons per 1,000 cubic feet) of
dust cloud. A major disadvantage is that several feet of
distance for spray travel are required, depending on the spray
drop size. Their conclusion was that under normal conditions
high velocity sprays might be a practical way of air cleaning
near the source of production or in duct downstream from the
source. Brewer (9) is in general agreement with this finding.

Ejector type spray scrubbers can provide high collection
efficiency and are technically feasible from that standpoint.
They operate by means of spraying water at high velocity into
a pipe or venturi section in the axial direction. The water
drops ~xert drag on the air and cause it to move through the
device. Following the collection zone there is some form of
entrainment separator for removing the water drops.

Based on the data published on this type of ejector
venturi scrubber, it appears that the water requirement
v;ould be 50 to 100 gal. /mcf of gas scrubbed. The water
pressure would have to be 100 psi or higher.
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Impingement: of Air Jets on Liquid or Solid Surfaces

Bank:3 of cylindrical, streamlined struts, and various
channel forms have been used for particle collection. The
spacing of these elements is generally on the order of the
diameter of the element or less. Because the spacing is
close, i:he flow characteristics are no longer the same as
for air flow around immersed bodies such as single cylinders.
Tllerefore the collection is defined by the impingement of air
jC:1ts against a solid surface.

When a jet impinges on a surface, it changes direction
and there is a region of curved flow where this occurs. The
particles present in the air are spun out of the air stream
and \"ill collide with the surface, depending on their inertia,
the air v':110ci ty, the dimensions of the jet and the air viscosity.

Expe:cimentally determined collection efficiencies for the
~npaction of round and rectangular jets are presented in Figure
5. As ca:l be seen, the inertial impaction parameter is the
most important determinant of the collection efficiency. In
the case of rectangular jets, the significant dimension, Dc'
i::; the ~iTid1:h of the jet. It is presumed that the jet length
i::; long e:l0ugh so that it is not a factor.

Equi:?ment which involves the impingement of jets as the
m~jor collection mechanism include the Peabody scrubber, the
D,:>yle sCr'.lbber (note that in cases where liquid is present
t1.ere can also be the atomization of liquid and subsequent
c.;)llectio:1. of particles on the drops), perforated plates, or
s·)-called foam plates.

In t:1.e case of impingement on liquid, there may be addi"::ional
f~ctors b) consider, as in the case of sieve plates where the air
enters through the perforations in the plates and the resulting
jets pass upward into a pool of liquid. Because the liquid is
free to ffi:>ve, it forms a froth or foam layer which is in violent
~~itation. The calculated efficiency, based on jets of the
size emer;ing from the perforations must be corrected for the
f,)am dens i ty which defines the movement of the liquid away from
the jets (10). Other types of plate or tray equipment, such as
bubble caps, ba.llast trays, marble beds, and others, also involve
this mech~nism.
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Porous Filters

Porcus filters (or fabric filters) are capable of provid­
ing very high dust collection efficiency so that the major
c:onsiderc.tions are equipment size and cost, pressure drop, and
TIlaintenar.ce requirement. Size is probably a major deterrent
insofar c.s undE?rground use is concerned. Taking an air face
velocity in the range of 1 to 10 ft./min. and assuming 1/3 ft. 3
of filter assembly for each ft. 2 of filter area, one can esti­
TIlate the size of a filter for 3,000 CFM as 100 to 1,000 ft. 3 •
'Jlhis is bigh for use on a mining machine but not inconceivable
for use on return airways and other locations remote from the
Goal face.

EQUIPMENT COSTS

Equipment and operating costs for a variety of particle
collect.ion sys·tems have been presented by Stairmand (2),
~;argent. based on Stairmand (1), and NAPCA (9). These data
are for i:he cases of air pollution control in above-ground
industrial applications. Operating and installation costs
may differ somewhat from those which would be encountered
underground bu·t they will indicate the approximate magnitude
and relal:i.ve costs for various collectors.

Ta.ble 2 is taken from the NAPCA report on "Control
~~echnique5 for Particulate Air Pollutants" (9) and illustrates
Borne ba.s:.c collector costs and their variation with size.
~~able 3 :.5 a summary of data from NAPCA (9) and Sargent
based on Stairmand's data (1). It illustrates the purchase
eosts for dust collectors only and the annualized costs for
Beveral l:ypes of systems for 5,000 CFM. Costs for other
Bystem a:.!' capacities (say, 2,000 to 10,000 CFM) may be
]~oughly estimated on a constant cost/CFM basis. Note that
materials of construction are a very important factor.

:COLLECTION EFFICIENCY REQUIREMENT

In order to design dust collection equipment for coal
nine dus i:, i. e., to determine whether the characteristics
of the equipment are suitable, it is necessary to know the
Bize disi:ribution of the dust in the respirable range. From
i:his, onE~ can compute the performance requirement in some
Btandard:lz:ed form which will allow rapid and accurate com­
parisons of various types of collection equipment. To
determine this performance requirement one must:
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TABLE 2

~pproximate Cost of Wet Collectors in 1965

Collect:ora Cost, dollars/cfm
~ype of capacity, cfm

1,000 5,000 20,000 .40,000

Cyclonic:b,c

Small diameter multiples 0.50 0.30 0.20 0.20
Single chamber, constant 1. 40 0.45 0.35 0.2:,

water level
Single chamber, multiple 0.95 0.40 0.25 0.20

stage, overhead line
pressure water feed

Single chamber, internal 3.00 1. 50 1. 00 0.7 :i
nozzle spray b d

Self-induced spray ,c, 0.80 0.40 0.25 0.2:1
Wet LmFingementb,C 1. 00 0.50 0.25 0.25
Venturi c , 3.00 1.50 1. 20 0.50
Variable pressure drop 1. 00 0.30

inertialC,d
Mechanicalc,d 1. 75 0.75 0.35

C'Basic de:signs r mild steel construction.

bAdd 30 t~ 40 percent to base price for fan, drive, and motor
(standard construction materials).

c:Special materials construction costs for 1,000 to 40,000 cfm
range units are approximately as follows:

Rubber lining. base increase of 65 to 115 percent
Type 3(14 stainless steel. base increase of 30 to 60 percent
Type 3J.6 stainless steel. base increase of 45 to 100 percent

(~dd frorl 10 to 40 percent to base price per additional stage
as in some cyclonic and wet impingement designs.
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TABLE 3

Control Equipment Costs for 5,000 CFM

¢/Yr-CFM
Cost Only Installed Based On Annual

(Purchased) Cost 60,000 CFM ¢/yr-CFM Costs
~quipm(~nt ( :;;) ($) (Sargent) (NAPeA) _'~

~ilter,' 4,000 47 38 1,900
Internittent
Cleaning

~ilter , 6,000 50 26 1,300
continuous
cleaning

lenturi - 6,000 71-91 48-106 2, -100-10"
#316 ~:;S 5,300-40"

lenturi - 5,800 71-91 48-106 2,400-10"
#304 :,8 & 5,300-40"
Concrl~te lined
SE~p.

venturi - 3,700 71-91 48-106 2,400-10"
#304 :38 mild 5,300-40 11

S1:ee1

Packed Tower 5,700 30 1,500

Wei: collectors, 2,00 4,00 30 1,500
Low efficienc:{
(75%)

Wei: collectors, 3,500 7,000 50 2,500
Med efficienc:{
(90%)

Wet collectors, 3,500 12,000 160 8,000
Hi-efficiency
(99%)

Dry centrifuga 1 ,r 1,000 1,600 9 11 550
low efficiency
(.50%)

Dry centrifU<Jal, 1,900 2,600 10 14 700
MI2d efficiency
(70%)

Dry centrifU<Ja1, 2,700 4,200 16 17 850
Hi-efficiency
(95%)
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1. Define a representative size distribution for dust
generated by continuous mining machines.

2. Relate number (or count) size distribution to mass
distribution if available data on number distribu­
tion are to be used •

. 3. Compute the size distribution of the respirable
fraction which would be sampled by a personal (AEC)
type sampler, given the collection efficiency of
the pre-classifier and the size distribution of
the total dust population entering the pre-classifier.

4. Compute the "50% cut diameter" required by dust
collectors operating on the inertial impaction
principle.

The three main sources of data on dust from continuous
Goal mining operations were the Bureau of Mines (11), publica­
i:ions of E.J. Baier (12), and samples taken by the authors a.s
part of t:his investigation. The data provided by the Bureau
e>f Mines show mass concentrations of respirable and total (gross)
dust fractions and were used to check against Baier's data,
\-rhich a.re on a count basis. One can convert size by count to
Hize by mass for a logarithmic normal size distribution by use
of the relationship:

In X In X
, - 3 In 2

O'g (8)=g g

uhere:

X _. coun·t mean diameterg

X' _. mass mean diameterg

G _. geometric standard deviation
9

If one takes Baier's median size of 1.6 micron and
fltandard deviation of 3.3, the resulting mass mean diameter
~~uld be 115 microns. This would indicate that the fraction
smaller t:han three microns should be about .01% of the total.
'J~he calculated mass mean dianeter is very sensitive to O'g and
v~uld be 16 microns if Gg were 2.4 instead of 3.3. Because
other investigators (11) have indicated O'g around 2.6, one
fmspects the value of 3.3 is too high. Also, the Bureau of
Hines dat:a show that 2 to 50~~ of the gross dust is in the
respirable ranqe, and data taken by the authors suggest that.
!i to 10% of the gross dust is in the respirable range.
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For purposes of estimation, it was therefore decided
to use Og = 3.0 and to place more confidence in the mass
fraction data. Thus, a mass mean diameter of 15 microns
was used since, as shown in Figure 6, this gives a fraction
below three microns of seven percent of the gross, which
is in acc8rd with the Bureau of Mines data. This is also
a conservative approach since the particle size is taken
to be smaller than indicated by converted number distribution.

Taking the AEC collection efficiency data (Figure 7)
for the cyclone pre-classifier as correct, one can compute
the size distribution of dust in the respirable range (i.e.,
on the after filter). The size distribution of the respirable
fraction, as computed (see Tables 4 and 5) and shown in
Figure 6, may be approximately described as X' = 2.55 micron?
a = 1.7. g

g

Now that the approximate size distribution of the re­
spirable fraction is known, it is possible to compute the
overall c8l1ection efficiency (or penetration) of this
fraction, given the performance characteristics of a dust
collector. It would be more convenient, however, if one
could, in a sirr:ple way, specify the required performance in
order to get a desired reduction in respirable dust. This
can be done by characterizing the penetration functions for
the various types of collectors by their functional groups
as follows:

1.

2.

3.

4.

Collector Mechanism

Impingement scrubbers
and impaction on
cylinders.

Packed beds.

Cyc1::mes

Venturi scrubbers

Equation
Based On

4

3

1

5

Characteristic
Functional Group

D2
(D~ _ C ) 2

p 1

exp (-C
2

D2 )
. p

(1- (D/c )2)1/2
p 3

D2
exp (-C (p )2)

4 D2-C'
P 4

where:

D is the particle diameter, and the C's are charact:erist.ic
cBnstants. For each of these mechanisms it is possj.ble to
determine the total penetration of a dust of known distribu­
tion by calculating the integral:

p -- Pt(D )f(D )dD
p P p

-19-

( 9)



I I L/ L.J 1"1 c::... r.Li

SIZE DISTRIBUTIONS OF 6R055 IJ!JST flND Rl5PIRABLE /7?/iCTlOAJ

;-..
,I

l:\
-.l\.-...;
8
~~

S\

I
-1-I

~

J.-

4·-

I
I

/0
q
8
7,--

ro·­
5 i\()~

r~~~(,
1'"\0S\ \~

t, v -;

~;\~\- 6'q
t,S?\ ~ SS I .

')~. I (1\ ~ ~. I
'-I / ~\:y f I

/ ,1\1'l' I

r / S/ I

IL1J I i { L_v1"__ LLJ_LJ I I ! I I! ! j
0.050.1 0.2 0.5 1 2 5 /0 20 _10 40 _''0 60 70 80 90 '35 92 9'9 'Y'J.B

X9- :: COuNT MEliN D//iIY/£T!:..1<

Xcg' = IYIA5S MEAN fJIAMET£R
09 ::. GEOMETRIC .51l1NlJAl?D DEVIATION

40 I I I I I I I I I - II I I I I I 17 I I I i I I
jJ~ ... / .... / ... . I

I
201-

V"')

~

I
~
"I-' '-.J

\D
,

OJ ~
I ....

~
~

~
~
Cl

~

~
.........
h...
~

~

LJNDEI-':.f/ZE.-, ,Perce7l t



NOIJ It211 ]NJd

;- //:;UKt /

~
~

8
~

-,---- ~?S
i::::
0)

~
~
~

~
(T)~

t ~~ -
~ \jc:::::

"" v~~
t" "-

"-Q..:
~ ~

~
~ "-" '-

~ ~4") "-

< ~Cl'J 1"~ t....J~ -..::

f5 ~j:::: '-' 'I CD ,

~q: ~~ !. I,-,
~~ tf)~ ....t,.;(.j 1--4.1 ~

~~
,",l-u ;-....

~ ~(~
V'

1" U) >--
l-<J

~
I,lLl ,-"
"-t::( ~

/
t~:::j

~ t( ::;2'-0
~

l.1Q:: ~t~ "-'
~ l::Q ,/

i---...
CI< / h

~

~e / ,
/ "-~ ./ ~- "!-~ ./ C:C~ ./

~~ /if "-::,

~3 ).... "',
~

~ ..-/ r:::.c~ ~-- ':::r:C:l
~ :<i:::: Q

~-<:
~~ - C\jC)

;:)~~
I<. c::(t::::)

~
~

~

1----1..---:::1-1__.J..__*'__L--_*'__.l..-_-:=::-' I _

~ ~ ~ ~ @ 'J-
.; lLo:J./CJd (NULI.ISOd30 cYC

-19b-



TABLE 4

AEC Cyclone Efficiency

D
P

.(microns)

1.8
3.0
4.0
6.0
9.0

Penetration

(% )

100
52
30

9
o

TABLE 5

Size Distribution of Respirable Dust Fraction (AEC)

D
(Hicrgns ).

2.0
3.7
4.9
6.1
7.3

10.0
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Undersize
(% )

31. 8
75.5
88.5
94.5
97.2

100.0



where P~(D ) is the penetration function for the collector
and f(D~) Pis the dust size distribution. In this case it
is of iBterest to determine the penetration of the estimated
respirable dust, as a function of the "cut diamter", d , or
the diameter for which the penetration if 50%. The iRtegral
in equati8n 9 was calculated for the first three mechanisms
shown above for values of d from 0 to 2.5 microns, and the
results are plotted in Figu~e 8.

For venturi scrubbers the situation is somewhat more
complicated because the venturi mechanism is dependent upon
two constants: C4' which reflects the liquid rate, and C~,

which reflects the throat velocity. Thus, equation 9 was
evaluated for several combinations of throat velocity and
liquid rate, and the results are plotted in Figure 9.

The AE:C respirable dust loading has been estimated at
from 5 -to 10 mg,/m3 . Respirable dust control legislation,
however, is baE:ed on the MRE sampler, which has been shown
to measure a respirable dust loading different than the AEC
determination (13, 14). The relationship between the AEC
and MRE sampleE: is:

MRl~ = 1. 63: x AEC + . 67 (10)

Thus, the MRE limit of 3 mg/m3 would translate to a
concentration of 1.43 mg/m3 as measured by the AEC, and will 3
soon become O.el mg/m3 when the MRE limit is reduced to 2 mg/m •
If the maximum AEC respirable loading ,in air from the coal
face is es,timat:ed conservatively at 10 mg/m3 , then the re­
spirable dust penetration must be 8% or less. As can be seen
from Figure 8, the cut diameters for this penetration range
from 0.65 to 1.35 microns, and the venturi scrubber operating
conditions vary from 12 gal./mcf at a throat velocity of
140 ft./sec. to 7 gal./mcf at a throat velocity of 350 ft./sec.

Thus, it is possible to rapidly determine the applicability
of a given collector to the coal mine dust problem by comparing
its cut diametE!r to the cut diameter in Figure 8, or, in the
case of the venturi scrubber, by comparing its operating
conditions to those shown in Figure 9.

SELECTION OF TEST EQUIPMENT

It was not possible or necessary to test all of the poten­
tially available dust collect.ion equipment within the time and
budget limitations of this investigation. The philosophy of
the experLmental program was to investigate and characterize
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the basic dust collection mechanisms that might be applicable
tD the co~l mine dust problem. This philosophy was, however,
manifesi:ed in two ways. Tests were conducted on units for
which the mechanisms were not immediately obvious in order to
determine \vhat the mechanisms were or, where this was not
pDssible, to characterize them empirically. In other cases,
tests wer2 conducted on units operating according to known
mechanism3 in order to confir~ that conventional theory could
ex:plain t::w experimentally determined results.

In all cases the objective was to characterize the unit
or- mechanism quickly with a minimum number of experiments.
Thus, a U1:Lt was tested several times at the manufacturer's
recommend,~d operating condi tiDns. I f the results were re­
pr-oducibl'2 and consistent with generally accepted theory,
the colle.:::i:or was considered to be sufficiently understood
f,::>r the p"lrposes of this investigation.

In ~1e first week of the program, letters were written
t::> essent.ially all major manufacturers of dust collection
equipment. These letters explained the nature of the in­
v2stigai:ion and requested that the manufacturer reply if he
f2lt that he had a collector that would be applicable to the
r2spirabll~ coal mine dust problem.

Of 35 companies contacted, 12 expressed no interest
immediate.Ly or did not reply. Follow-up letters were written
to::> those ':hat did not reply, but these letters did not generate
a:1Y signi::icant responses. Of the 23 positive replies received,
t:1ere WE~r(:l nine offers of low energy wet dynamic scrubbers,
s,~ven offl:lrs of high energy venturi or ejector scrubbers , five
oEfers of fabric filters and two offers of cyclones. It should
b~ noted at: this point that electrostatic precipitators were
considered independently of this survey. It was felt in general
t:1at elec·:rostatic precipitators would be unsafe in the coal
mine envi:::,onment, and this opinion was reinforced by contacts
wi th manu::acturers.

Of the nine wet dynamic ·types offered, five were con­
sidered to be essentially spray and baffle arrangements.
These uni1:S were not considered further because they did not
a:?pear t:o provide a large enough impaction parameter for a
C 11t diame1:er of about one micron or less. The remaining four
units were a "wetted screen" scrubber, an "Air Tumbler", an
impingement: scrubber and a packed bed. Arrangements were made
to test the first three of thl2se units: the "wetted screen"
bl~cause 0:: its compact physical arrangement and interesting
m,~chanism, the "Air Tumbler" because its mechanism was not
iHunediately apparent from inspection of the literature, and
t:1e impinqement scrubber because it represented a classical
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configuration. It was decided to fabricate a packed bed in­
house rather than rent the unit offered. The homemade unit
~as inexpensive and increased the flexibility of the testing
schedule since it was available for use as a fill-in when
ether units were not available.

Of the seven high energy venturi and ejector scrubbers
effered, arranqements were made to test two - the "Ventri-Rod"
and ,iVentri-Spl:lere" scrubbers because the effects of the rod
and sphere parts of the respective mechanisms were not im­
rrediately apparent. A third venturi was fabricated inhouse
to demonstrate the basic venturi mechanism. The other venturis
effered were not considered to have substantially unique
features worthy of experimental evaluation. The two ejector
scrubbers offered were not tested because they are described
by the same mechanism as the venturi, they require a very high
~ater pressure, and one manufacturer felt that they were un­
suitable for this application.

None of the five fabric filters offered were tested.
First, it was felt that there was no doubt that fabric filters
could achieve the desired level of efficiency. Second, it
was felt that filters would require too much space to be
applicable in the confined environment near a continuous miner.
A 3,000 c~n air filter would require a volume of approximately
240 cubic feet, which is more space than could reasonably be
rrade available. Third, the important questions about cloth
filter operation concern cloth cleanability and life and the
determination of these and related factors will require very
extensive tests.

In general, it was felt that a dry cyclone could probably
not achieve a high enough level of efficiency, but arrangements
were made to test one multiple cyclone in order to confirm this
oJinion.

PROCEDURES

~escription of Test Apparatu~

To test the selected types of dust collection equipment
described in the preceding section, a pilot plant scale test
apparatus was designed and constructed. The pilot plant con­
sisted of a dust feeder section, an air intake and mixing
section, an upstream duct section, a downstream duct section,
and a blower. An overhead schematic of the pilot plant area
is shown in Figure 10. The pilot plant is shown in operation
i.n Plates 1 and 2.
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PLATE 1

Coal dU,3i: passes from the Vibrascrew feeder (right center)
to the :3mall blower (behind table) which blows it through
the eyc,Lone. The dust passes through the 4 in. overhead
line 1:0 1:he air intake section (center). The "wetted
screen'l scrubber is shown during testing. The packed bed
scrubbe::- stands at the left.
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PLATE 2

Downstream duct section during testing. The multiple cyclone is
mounted inline at right center. The sampling pump and meter at the
center arE! connected to a filter sample, circuit, while the other
pump ,and meter (center left) take a Andersen sample simultaneously
from benee,th the duct. The 3,000 cfm blower is shown at far left.
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A schematic of the dust feeder section is shown in
Figure 11. A standard Vibrascrew live bin feeder with a
ene-inch diamet:er screw, a three cubic foot hopper, and
a. one-third horsepower motor with a variable speed trans­
IT.ission and a 10:1 turndown ratio, was used to meter the
coal into the dust feeder system. The feeder has a capacity
cf 100 to I,OOO grams per minute of coal. The dust was fed
into the inlet of a five horsepower 700 cfm blower and the
blower exhaust conveyed to a cyclone by a four inch dia­
ITeter galvanized steel duct. The duct contained a two inch
c.iameter venturi throat, and a water manometer was connected
at the throat so that the flow rate could be determined.
'lhe flow rate could be regulated by means of a damper
immediately upstream from the blower.

The cyclone was designed to eliminate all dust larger
than 10 rricrons so that the equipment tests could be con­
ducted on dust in the respirable range. The undersize from
the cyclcne typically proved to be 98% less than five microns.
A. schematic of this cyclone is shown in Figure 12. The over­
size dust was collected in a 20 gallon drum mounted below
the cyclcne, and the undersize dust was conveyed out of the
t.op of the cyclone by a four inch diameter galvanized duct
section.

This concentrated dust stream was diluted into air in­
take section as shown in Figure 10. The dust stre~n itself
\\'as apprcximatE~ly 150 cfm, while the overall air intake stream
zanged from 1,500 to 3,000 cfm. The intake section consisted
cf two fcot square Cambridge Aerosolve filters, which had a
97% efficiency on atmospheric dust and an 85% efficiency on
C.3 micrcn smoke. These filters were mounted at a 45° angle
to the center line of the duct on either side of the four
inch dust inlet duct. The mixing section itself was two
foot square, and a one foot square baffle was mounted inside
the section perpendicular to and six inches out from the dust
inlet. 'Ihis baffle served to mix the dust stream into the
cverall air stream.

The two-foot square mixing section was reduced to a one­
foot square section and adapted to the one-foot square up­
stream duct by means of a one-inch angle iron flange. A
ITlixing plate, consisting of 1.25 in. holes on 1.5 in. centers,
was mounted be1:ween the intake mixing section and the upstream
~uct. All of the duct sections were constructed of 1/16 in.
salvanized steel and connected by one-inch angle iron flanges.
(me four-foot, one five-foot, and three six-foot duct sections
were fabricated with interchangeable flanges.
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It wa~; thus possible to rapidly rearrange the pilot
plant conf:_g·uration in any manner necessary to accommodate
pa:::-ticular pieces of equipment. The rigid ducts were con­
nected to (~ach individual scrubber with sections of 12 in.
didmeter galvanized duct, 12 in. diameter flexible air hose,
and 12 in. diameter galvanized adjustable elbows. The 12 in.
di:lmeter duct was adapted to each individual scrubber with
ad3.pters constructed of 1/16 in. galvanized steel, which
were espec.ia11y fabricated for each scrubber tested.

The ffi,:lin blower had a throughput of 3,000 cfm at. -54 in.
water gaug~" and was driven by a 40 hp, 3,500 rpm mot.or. A
da:nper irlU1l~diate1y in front of the blower allowed regulation
of the air rate, and a venturi section immediately in front
of the blo~er allowed the operator to observe the pressure
drop across the venturi section and subsequently adjust the
system to the desired air rate.

A 50 gpm water supply was provided at the test site and
a direct readout~ water rotameter was used to determine the
water flow to the scrubber being tested.

The electrical controls and the water rotameter were
mcunted on a 4 ft. x 8 ft. ~lywood panel, which was supported
by an angle iron frame. Six water manometers were also mounted
or.. this panel, and lines from them were run overhead on stan­
cl:.ions to the test equipment as required.

Ar,a1ytical Techniques

The objective of the experimental investigation was to
determine what i:ypes of dust collection equipment might be
app1icab1E~ to respirable coal mine dust. In other words, it
WetS neces~,ary to determine whether or not a given collector
could reduce the concentration of respirable dust, previously
eBtimate.d as having a mean diameter of 2.55 microns and a
standard deviation of 1.7, to below the prescribed maximum
concentration of two milligrams per cubic meter (MRE).

It hets already been shown that, in order to reduce the
concentrai:i.on to this level, it is necessary for the total,
OJ:" gross, penetration of the respirable dust on the collector
to be 8~;. The gross penetration can be expressed as:

00

P = f P(D )f(D )dD
o P p P

where P (D ) is the fractional penetration as a function of
particle p diameter, D , and f(D ) is the logarithmic normal
size distribution frequgncy of thg respirable dust. Thus, if
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the penetration function is known for a given collector or
collector mechanism, it is possible to calculate the total
I>enetration of a dust of known distribution.

Since this integral is rather cumbersome, a numerical
integration computer program was written so that the effect
e,f any given penetration function on any given size distribu­
t.ionof dust could be rapidly calculated. The actual size
~.istribution of respirable mine dust is not well known at
this time, and it would be difficult to reproduce this
~.istribution in the laboratory even if it were well known.
'I'hereforE, this program proved to be extremely valuable for
interpret.ing the relationship between experimental results
s.nd pote~tial mine conditions.

Coal Dust Source

At the beginning of this investigation, there was a
great deal of concern that the collection efficiency of a
given scrubber on coal dust might be dependent upon surface
~~opertiEs of the dust and that a given scrubber might there­
fore havE a significantly different level of performance on
~ifferent coal dusts. To determine the significance of this
possibility, coal samples were obtained from several different
sources so that different types of coal could be tried on each
collector.

Coal samples were obtained from mines of the Island Creek
Coal Company in Holden, West Virginia, Grundy, Virginia, and
~iadisonville, Ky. and from the U.S~ Bureau of Mines in Bruceton,
Fennsylvania. During the course of the investigation, each
e,f these different coals was used in the pilot plant operation.
[Iifferent-coals generate different amounts of respirable dust
c.nd will therefore require different collector performances
in order to meet the same output criteria. However, the only
knowledge of a given dust necessary to determine the perforrr.ancE=
cf a givEn coLLector on that dust is the loading and size
~.istribution of the dust. As the experimental results will
show, the collector performance is in all cases dependent only
~.pon inertial factors and is independent of such variables as
surface proper1:ies and composition of the coal. Therefore,
from this point forward, no distinction will be made between
t.he varicus types of coal tested.

The coal supply was stored in 55 gallon drums and was
prepared for the coal dust feeder system in batches of
c.pproximstely one-half barrel. The coal was first ground to
-·8 mesh in a model 250 Holmes mill and then ground to -60 mesh
i.n a modEl 500 Holmes mill. The previoUSly described coal
(lust feec.er system was designed on the assumption that the
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dust would be fed into the 700 cfm blower where the fan would
reduce the dust even further in size, and that by regulating
the blower air rate, the cut point of the cyclone could be
regulated in a manner that would allow the operator to pro­
duce any desired coal dust distribution and loading.

A wide variety of operating conditions were tested in an
effort to characterize the dust generation system, but no
quantitative relationships were established. Different coals
produced slightly different loadings and size distributions,
tut the loading and size distribution for a given coal proved
to be reproducible from day to day. When operated at 150 cf~

with 100 grams per minute of feed, anywhere from one to five
grams per minut:e of coal was introduced into the main air
system with the remainder of the coal being collected in the
cversize hopper beneath the cyclone. At these operating
conditions, the mean diameter of the coal dust coming into
the system ransred from 1. 3 to 1. 7 microns and the standard
deviation ranged from approximately 1.7 to 2.0. When the main
air system was operated at 2,500 cfm, this concentration of
dust froIT. the feeder system produced a total concentration of
from 10 to 70 Dliligrams per cubic meter of respirable dust.

Attempts \<V'ere made to increase the mean diameter of the
inlet dust by increasing the coal feed rate and decreasing
the air rate to the cyclone in an effort to raise the cut
~oint of the cyclone. In this manner the mean diameter was
raised tc approximately three microns, but the total rate of
consumption of the coal supply was too high to make operating
at these conditions practicable. Therefore, in all of the runs
r.oted in the experimental results, the dust feed rate was 100
grams per minute and the air rate of the dust feeder system
was 150 cfm.

Size Distribution Determination

SiZE distribution determinations were conducted with an
JI.ndersen sampler, a schematic of which is shown in Figure 13.
'I'he Andersen sampler works by impinging the air stream on a
Euccession (cascade) of six stainless steel plates followed
by a tote.l f i 1i:er • When opera ted a tone c fm, the stages 0 f
t.he Andersen sampler have cut points as shown in Figure 13.

To t;ake a sample with the Andersen sampler, the sampler
was placed beneath the duct and the probe inserted into a
port at t;he bo~ttom of the duct as shown in Figure 14. A one
inch diameter probe was used as suggested by the manufacturer,
cmd a series of interchangeable tips were used with various
inside diameters so that isokinetic samples could be taken at
one cfm at various different overall duct air rates. A water

-26-



FIGUR£ 13

SCH[MA TIC OF THE/l/'!lJERJEM S4MPLER

\ \ I /
~--/i17 1..11 /I II? II/LET

>9,2 IJillCRON /

(L/lI?6£JT PEiVFOR4T!DtVj)
-~'-~1~~i~5L~2~~~;~?~:~r2{:~'~:1J~'it?

5:5 TO 9,2 /fl/{I!OIJ 2 . 4
"';ih~~it~~~~~~~!::::=J::'~~~ ~J:

3.3 TO .5.S It1/(RtJN
3

TO / /yJI(-((ON
C:,

(5A~14!L£)7 PB?nRl1l1iJN.I)
l3IIm #.W~ ., M'~~:nl'if*_III1IIi~~'~·.;::i!i-r-e!liil'_liIIi

-26a-

5A/ilfiE PfAlC 1r1Cf/NiE.L
.1;11 rEET-AI/? //lIfE5 4l;1////IJ
En6Er OrfJl.lllt- lONEXT
J7J16E.

- PERmRA7E:.7J PI.47E

.... ~8 i'rl "JUC[S'I lV/Til
~0 iT) IJ -RING· J"/l1.-:-LRS

-<-All! O!J71£l
TO /7L7/::72



~

~

~
~
'J

~
~
~

$

~
~
~

~
~-

~ ~\)
I-':::)

~ ~
(~

~ ~
....>

~

......
~

.......
~~

G"'~

-/

L...

0
"\:'-

s~
~~
~~
~~

I I

-26b-



manometer was connected between the main duct and the sample
line at a point between the final filter and the air meter.

Before each sample was taken the velocity at the center
line of the duct was measured with a pitot tube and recorded.
After the sample was taken, the effective air rate at the meter
was calculated and then corrected for the pressure drop across
the Andersen sampler and the filter to the actual duct
conditions. In all cases, the air rate was within plus or
minus 10% of one cfm and the actual sampling velocity was
within plus or minus 10% of the isokinetic velocity. The
sampling bias for velocity ratios in this range and for
particle d.iamet~ers in this size range is less than three percent.

After the sample was taken each plate was weighed, and
the total weight of the dust on the plates was divided by the
total amount of air pulled through the sampling system cor­
rected to standard conditions of one atmosphere and 60°F.
The total dust concentration calculated in this manner can be
compared to the! total concentration as determined by filt:er .samples
described .in the following section. Moreover, the upstream and
downstr'2am samples can be compared on a stage by stage basis to
determine the penetration as a function of particle diameter.
For exampl '2, the concentration determined from the fifth plate,
or the one to two micron size range, of a sample taken on th2
downstream side of the collector can be divided by the con­
centration on t~he same plate on the upstream side of the
collector to determine the penetration of particles in the
one to 'two micron size range.

When this method of determining penetration as a function
of particle diameter was first attempted, there was some concern
that there might be a possible bias in the cut point that might
develop as dust accumulated on the plates. Therefore, a set of
experiments were run to determine the sensitivity of the Andersen
sampler efficiency to dust loading on the plates.

A particle count was made from photomicrographs of a
membrant2 filter sampler which was dispersed in oil and photo­
graphed at 400X and 1,OOOX. This count distribution was
converted to a mass distribution using equation 8 and compared
to that obtained by the gravimetric Andersen method for a
sample 'taken simultaneously with the filter sample. The
results are shown in Figure 15. Next, a 1.5 second Andersen
sample 'tlas takem and the distribution was determined by count­
ing the particles on each plate. This count distribution was
converted to a mass distribution and is compared to the dis­
tribution obtained by the Andersen method in Figure 16. Both
tests confirm the gravimetric Andersen method quite well.
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Fl1rthermo:rE~, in retrospect, the reproducibility of the experi­
mental results, consistency of all of the scrubber tests with
c:::mventio:1al theory, and the correspondence of overall
efficienc:{ determined by total filters with that from the
Andersen tend to further support the gravimetric Andersen
method.

M:tterial 3alance Determination

Total filter samples were taken simultaneously with the
Andersen sampler in order to have a check of the total con­
centrat:i..o1 determined from the Andersen and also as a method
of determining the gross penetration for the total dust. The
filter s~nples were taken in a manner analogous to the Andersen
s:tmples as shown in Figure 17 and depicted in Plates 3 and 4.
The filters used were 47 rom aluminum Gelman filter holders,
and the filter papers were Gelman type A glass fiber papers.
Occasionally, membrane filter samples were also taken with
this apparatus for visual in~pection. The probe itself was
1/2 in. stainless steel tubing with a 0.028 inch wall thick­
ness and ~ tapered tip.

Early in the experimental program, there were some dif­
ficul tiE~s 'V'i th obtaining representative filter samples. A
sampling traverse at the upstream sampling port showed that
the center line concentration was approximately 50% greater
than the :nean concentration in the duct. This problem was
eliminatej by placing a baffle in front of the coal dust inlet
to the miKing section as described in a previous section of
this report. Subsequent sampling traverses showed t:hat the
air strean was well mixed and that within the limits of
experimental error, center line dust concentration equalled
the mean :oncentration in the duct.

In the downstream portion of the duct, sampling problems
occurred jue to badly skewed velocity distributions in the air
stream caused by the sharp turns in the duct work that were
frequently necessary when connecting the outlet of the scrubber
to the.st:ttionary downstream duct. This problem was alleviated
by providing a 20 foot section of straight duct before the
samplin<j point to allow the velocity profile to even out.

Af-ter these two alterations, total filter samples proved
to be consistent and reproducible throughout the entire
experimental program. Furthermore, as can be seen from the
experimental r€:sul ts, the gross penetration as determined from
the total :EiltE:r samples compares well with the total penetration
as determined by the Andersen samples. Moreover, when the gross
penetration is calculated from the integral of the product of
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the theor31:ical penetration function for the scrubber and
the inlet size distribution as measured by the Andersen
sampler,r it compares favorably with the gross penetration
calcula1:e:l from the total filter samples for every collector
tested in this program.

Other Analytical Techniques

Early in t,he experimental program attempts \vere made
to develop two other analytical methods, and these effort,s
are wor'thy of mention here to emphasize the care which must be
taken in obtaining collection efficiency data.

The first instrument used for measuring particle size
distributions was the Lundgren impactor. The Lundgren im­
pactor is a cascade impactor with four rotating cylindrical
stages and a final filter, and it works on essentially the
same principle as the Andersen sampler. However, considerable
experimental difficulties were encountered in the use of the
Lundgren impactor that were not encountered with the Andersen
sampler. First, the space between the rotating drums and th8
slits in front of the drums proved to be quite crucial and
difficult to control. Second, the cylinders themselves
~eighed approximately 150 grams each and it was virtually
impossible to tare them accurately and detect total dust
loadings on the cylinders that were of the order of 0.1 milli­
grams total. Li~hter weight plastic cylinders, which were
c,btained later ,. did not alleviate the difficulty. 'rhe only
e,lternative to weighing the cylinders was to wrap them with a
plastic film that could be removed and either weighed or
E~xamined under a microscope. This procedure proved to be
E:xtremely tedious and also compounded the aforementioned
~lifficult.y with the spacing between the cylinders and the
~,lits before the cylinders. On occasion, accurate size
ilistribut,ion determinations were made with this impactor,
t'ut avere.ll its performance was so erratic and the procedures
for using it were so sensitive and tedious that its use was
finally c,iscon1:inued.

In t.he early stages of the experimental investigation,
it was felt that generating coal dust in the respirable
range wi t~h a consistent size distribution and loading would
l)e quite difficult. Consequently, an attempt was made to
use a techniqu'3 involving a fluorescent aerosol of known size
clistribut:ion and low standard deviation. Such an aerosol cO.n
he produced quite easily, and the concentrations upstrecuLl
and down~;t,ream from the collector could be determined rapidly
by measuring the fluorescence of filter samples of the aero~:ol.
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This technique has been established by previous in­
vestigatcrs, and in fact, little difficulty was encountered
in producing a fluorescein aerosol of mean diameter 0.8
rr,icrons and standard dev iation 1.8. However, further in­
vestigation of this technique showed that the fluorescein
};articles were sufficiently hygroscopic that they changed
in size ~hen passing through a wet collector (6). Several
attempts were nade to eliminate this effect by combining
the fluoroescein solution with slightly soluble compounds
such as boric a.cid, but these attempts were unsuccessful.
later work showed that a sufficiently non-hygroscopic aerosol
could be generated with methylene blue. Since it did prove
to be possible to generate sufficient and reproducible
quantities of respirable coal mine dust, the aerosol technique
Kas no longer crucial to the experimental program, and due
to the aforementioned uncertainties, its use was subsequently
c,iscontir,ued.

EQUIPMENT TEST RESULTS

Multiple Cv:lone
----'----"'----

The partial reverse multiple cyclone separator
consistec. of a bank of 46 small cyclones. A schematic of an
individual cyclone is shown in Figure 18 and a schematic of
the entize cluster is shown in Figure 19. Each cyclone was
1-13/16 in. in diameter and the entire cluster was 13.25 in. x
14.75 in. The unit was designed to operate at flow rates up to
a,pproxima,tely 1,500 cfm.

. .

The penetration as a function of particle size for the
multiple cyclone can be estimated by considerinq each of the ~6 .
small cyclones to be a straight through cyclone with fixed
veins. 'I'he flow reversal in each cyclone is presumed to
t,ave two effect.s:

1. To decrease re-entrainment of dust and hence improve
the accuracy of the estimate (which makes no allow­
ance for re-entrainment).

2. To shorten the effective length of the cyclone be­
cause of short circuiting.

Four test runs were conducted with the multi pl e cyclone. The
c:ross penetration results are shown in Table 6 and the penet.ra­
t~ion as c. funct.ion of diameter is shown in Figure 20. The
c::ross penetration for the test dust was approximately 76%,
cllld the theore'tical penetration determined from equations land
9 was calculated to be 79%. If this penetration function is
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TABLE 6

GLU::l::l Pt=m:d:.,Ldi:...i..ull Fur A iviuiti pi e C,Ycione

For An Inlet Dust Of Mean Diameter 1.5 Microns And Standard Deviation 1.7

Run

67

68

I
W
o 69*
o
I

70

1.

Upstream Downstream
")

Concentration "- Concentration Penetration
Sample No. 1 (mgjscm) Sample No. (mgjscm) (%)

And - #1 12.6 And - #2 10.4 82.5
348 - #1 15.3 349 - #2 11. 3 73.9
346 - #1 15.5 347 - #2 10.9 70.3
351 - #1 14.1 352 - #2 10.2 72.3

355 - #1 14.9 356 - #2 11.5 77.2
And - #1 11. 6 And - #2 10.4 89.7
357 - #1 16.4 358 - #2 12.0 73.2

363 - #1 44.3 364 - #2 32.7 73.8
And - #1 29.4 And - #2 19.6 66.7
360 - #1 33.7 361 - #2 25.4 75.4
365 - #1 43.7 366 - #2 35.0 80.1

368 - #1 54.6 369 - #2 33.1 60.6
And - #1 39.7 And - #2 34.2 86.1
371 - #1 56.1 372 - #2 45.1 80.4

75.8
* A new dust was used starting with Run #69

"And" denotes total concentration calculated from Andersen sample. A number
denotes a glass fiber filter sample. The number after the dash denotes the
location where the sample was taken when more than one potential location
was available.
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2. Milligrams per cubic meter of dry air at 14.7 psia and 70 o P.
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c.pplied t.o the estimated respirable dust, a penetration of
:,3% is cc,lculated. The multiple cyclone does not, therefore,
c.ppear te· achieve a high enough efficiency for the coal mine
~,ust application.

"Wetted Screen" Scrubber

The "wetted screen" scrubber was a wet dynamic scrubber.
~he functioning mechanism was a screen folded in a zigzag
formation and wetted by a spray nozzle. The scrubber tested
~as designed to operate at approximately 2,500 cfm. The
folded screen was 11.25 in. in diameter, had 22 "peaks", and
the wires of the screen were 0.5 rnrn in diameter and 1.6 mm
apart. It is interesting to note, as the ensuing discussion
will show, that: the "wire density" was almost exactly two.
In other words, the total number of wires times the wire dia­
meter was sufficiently large to cover the cross section of
the scrubber two times. This wetted screen was followed by
a horizontal cyclone functioning as an entrainment separator,
which was in turn followed by an axial fan. A schematic of
the scrubber is shown in Figure 21.

The model used for the "wetted screen" scrubber was
impaction on cylinders. This mechanism has been previously
described by equation 4 as follows:

P t = 1 - E = 1 - (K~. 7)
2

where P t is the penetration, E is the efficiency, or additive
complemE~nt of penetration, and K is the inertial impaction
p.:l.rametE~r as defined in Equation 3. In this case the impaction
p,3.rameter vvas calculated as follows:

p U D
2

D2
K -- P = .2943

~) 1..1 D Pc

where:

p -- 1.35 gm/cm3

U -- 1770 cm/sec

D -- ,particle diameter, microns
p

II -- 1.8 x 10- 4 gm/cm-sec

D -- cylinder diameter = .05 cm
c
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The Bcrubber was operated at 2,400 cfm with a water
rate of 1..B gpm as recommended by the manufacturer. It
was considE~red that the "\vire density" noted above might
CJ:"eate t:he effect of a two-stage impaction on cylinders,
which would have the effect of squaring the penetration
function described above. An additional screen and spray
section was provided with the pilot unit and could have been
a~::tached in series with the other unit. Tests were not per­
f()rmed on this configuration, but the effect of the additional
screen probably would have been to square the penetration
function :ret again.

Three pilot plant runs were conducted with the "wetted screen"
scrubber at: the above operating conditions. Gross penetra-
tion dat:a from the filter and Andersen samples are shown in
Table 7" and the stage by stage Andersen data are plotted in
Figure 22. Also shown in Figure 22 are the penetration
function :? I' the square of the penetration function, \1hich
should represent the data as hypothesized above, and p4 which
might app:~oximate the effect of the additional screen and
spray sE~ct.ion.

')

The :?" curve appears to represent the data quite well.
IE the integral in equation 9 is evaluated for P(D ) equal
to p 2 and f(D ) is equal to the inlet dust distribRtion as
d,~termined wi~h the Andersen sampler (mean diameter 1.5
microns a:1d standard deviation 1. 8), a gross penetration of
55% is determined. This correlates well with the 54% average
p,~netrat::ion observed experimentally. If the same penetration
f·.lnction is applied to respirable coal mine dust, (mean dia­
m,~ter 2.55 microns and standard deviation 1.7), a gross penetra­
t.ion of 35% is calculated. If the additional spray and screen
s'2ction W2J:-e added and the P penetration function applied,
t::le gross penetration for the estimated respirable dust vwuld
h2 20%. 'rhus, this collector does not appear to meet the
p9rforman:::e criterion established. However, it does offer
s'2veral m2chanical advantages such as compact physical size
a::ld low w:ii::er requirement, and it is close enough to the per'­
formance Lequirement that it cannot be removed from consideration.

P:lcked Bed Scrubber

Packed bed scrubbers are available from a number of
c:>rnmercial sources, but it was found to be more convenient
t:> fabric:lte one in-house rather than purchase or rent one.
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TABLE 7

,...~,...,...,... T),.... ...... " ..... _ ~,..._ 'C",...."... ",1-.._ IITll.l_+. ..... _...:J C __,..._ ...... 'I C __".,kk __
""" ..... ...., ................. ,-,J.,I._ ""' w..&.......,,J.4 .... .....,..... ...1..1."-" ,,"'- '- ""''''"'-'-4 ............ '-"'-...... """''-'' ..... ......~It-J"-" ...

For An Inlet Dust of Mean Diameter 1.5 Microns

And Standard Deviation 1.8

Upstream Downstream

Concentration Concentration Penetration
Run Sample No. (mg/scm) Sample No. (mg/scm) (% )

60 And - #2 10.5 And - #5 7.4 70
297 - #2 11. 9 294 - #5 6.3 53
293 - #1 13.4 292 - #5 6.6 49

I
w 61 And - #1 16.1 And - #5 7.8 48IV
PJ 304 - #1 13.9 305 - #5 6.8 49
I 302 - #1 13.9 303 - #5 6.9 50

62 And - #1 11.0 And - #5 5.9 54
308 - #1 12.5 309 - #5 7.7 62
310 - #1 12.9 311 - #5 6.6 51

Average 12.9 6.9 54

8
PJ
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The .:>crubber was constructed of 1/16 in. galvanized
steel in three sections with one inch angle iron flanges
and as shown in Figure 23. The unit was t\vo feet square
in cross 3ection and 7.5 ft. tall. The air was intro­
dLlced through a 12 in. diameter intake in the bottom section
and passed through a three-foot deep section of 1.5 in. O.D.
p~lypropylene Pall rings which were retained above and below
by expand3d metal grates. A water spray was introduced
through a set of nine nozzles mounted six inches above the
packing, ~nd the water was removed through an outlet in
the botto:n section. Immediately above the nozzles was a
three-inch deep section of the same Pall rings retained
above and below by expanded metal grates. These served as
an entrainment separator to remove the water droplets before
the air stream passed out a 12 in. diameter exit duct.

Initial data were taken on a dry bed, for which the model
had been presented previously in equation 3. Gross penetra­
tion data for these two runs are shown in Table 8, and the
penetraiti::m as a function of particle diameter as calculated
from the Andersen data is shown in Figure 24. The gross
penetra·ti~n of 39% determined from the filter samplE~s compar(~s

very well ,,vi th the gross penetration of 41% as calculated from
the integral of the penetration function times the inlet
distribution.

Subsequently, tests were conducted on a wet packed bed
at a water rate of two gallons per thousand cubic feet. The
test dust had a mean diameter of 1.44 microns and standard
deviation 1.74, and showed a gross penetration of 33%. The
gross penetration data are presented in Table 9, and the
penetration as a function of diameter is shown in Figure 25.

According to the dry bed penetration theory, the penetra­
tion of the aforementioned test should be 50%, but this theory
does not take the presence of the water into account, and the
water can reasonably be expected to reduce the penetration to
some extent. This difference, however, would not have a large
effect on the estimated respirable coal dust which would have
a penetration of 25%.

"Air Tumbler"

The "Air 'rumbler" consisted of a horizontal wet cyclone
as shown in Figure 26. The underside of the cyclone consisted
cf a water well, and during operation the water is distributed
around the entire circumference of the cyclone. As shown in
'lable 10, 'when the "Air Tumbler" was operated in this configura-'
tien at an air rate of 2,200 cfm and a water rate of 15 gpm, a
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Run

57

I
w 58
w
tr
I

TABLE 8

Gross Penetration For A Dry Packed Bed Scrubber

For An Inlet Dust Of Mean Diameter 1.82 Microns

'7\~__' ,.....1- __ ...:1_ .._..:1 "'_ ........ .:_.1-.: __ , 1":'0
.l"1.11U U l-aJ..Lu'o..1.. U .LIe;; v ..La '-..LV.L! .J.. V V

Upstream Downstream

Concentration Concentration Penetration
Sample No. (mg/scm) Sample No. (mg/scm) (% )

And - #2 11. 7 And - #3 4.7 40
269 - #2 10.7 270 - #4 3.7 30
271 - #2 12.0 272 - #4 4.6 38

276 - #2 10.2 275 - #4 4.7 46
278 - #2 13.8 277 - #4 4.8 35
And - #2 8.8 And - #4 3.7 42

Average 11. 2 4.4 39
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FIGURE 24
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TABLE 9

~r'\""" 7\ n .... _l,._...:J
... __ ~ ... .a.. """"" ...... "' .... '"-\,,4

n_..:J r"_ .._~_'_' .&.0
.L..I~\"A, '-'\"",oJ. UJ"JJ••H::J.. ~ .

For An Inlet Dust Of Mean Diameter 1.44 Microns

And Standard Deviation 1.74

*Water rate = 2 gal./mef

I
W
W
P,
I

Run

63

64

65

66

Upstream

Concentration
Sample No. (mg/sem)

314 - #1 13.6
316 - #1 13.9
And - #1 12.9

And - #1 15.4
326 - #1 15.1
328 - #1 15.7

332 - #1 13.8
And - #1 13.2
334 - #1 15.3

340 - #1 14.4
And - #1 10.9
342 - #1 15.6

Average 14.15

Downstream

Concentration Po,.....o~..... ~.f-;r'\'t"'\
.. _ ............. '- ...... \04 '-..&.. ""-J.L.L

Sample No. (mg/scm) (% )

315 - #4 4.0 29
And - #4 6.0 43
317 - #4 3.3 26

And - #4 5.5 36
327 - #4 3.9 26
329 - #4 5.6 36

333 - #4 5.7 27
And - #4 3.5 27
335 - #4 4.8 31

341 - #4 4.8 33
And - #4 5.1 47
343 - #4 5.9 38

4.675 33
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FIGURE 25
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Gross .l:"enetratlon l"or An "Alr 'l'umb.ler"
For An Inlet Dust Of Mean Diameter 1.35 Microns

And Standard Deviation 1.7

Upstream Downstream

Water Rate Concentration Concentration Penetration
Run Configuration* (gal/mef) Sa.mple No. (mg/sem) Sample No. (mg/scm) ( %)

.,., , ., t:: A"lC ~o ., A,..,., ,..,,.., I:" 1:"0
1 1 .L 1 • oJ ...,"'V J U. I ...,01:.1 tG.L:. • ..J JO

71 2 2.5 374 56.4 375 18.4 33
And 56.0 And 15.8 28
377 44.6 378 30.7 69
379 65.4 380 18.6 28

72 2 2.5 And 40.0 And 16.2 41
382 54.9 383 17.9 33
385 57.0 386 17.8 31

I 73 2 2.5 388 51.4 389 18.5 36
:..J And 38.1 And 16.7 44
:..J
Q 391 51.4 392 18.6 36
i 393 50.2 394 18.3 36

Average 51. 4 18.9 37

74 3 2.5 And 40.4 And 20.6 51
396 54.5 397 23.1 42
399 55.1 400 22.5 41
401 56.9 402 23.1 41

Average 51.7 22.3 43

75 3 10.3 404 66.2 405 20.6 31
407 68.7 408 20.7 30
409 69.1 410 20.7 30
And 60.4 And 18.4 30

1-3
76 3 10.3 413 61. 2 414 19.9 33 PJ

tr
And 48.4 And 18.1 37 f-'

416 65.8 417 21. 0 32 (J)

418 64.2 419 20.4 32 f-'
n

Average 63.0 20.0 32



TABLE 10 (Cont1d)

Ana ~tandard Deviation 1.7

Gross Penetration For An "Air Tumbler"- - - - - .~__ 7\_ T_1 _.L.. T"'\ .... _.L.. I"""\.I:: 1\/1 T""\ ...... • ., ",.. _ _ . • __

.L \,.,I .. C"l..1.L ..L. ....... ,J,.~ '- J.Ju.,,;:;:J \,... V.L. J,:..LCCll.1 L-J-L..CUllC '-c:::~ ..1. • .J...J ,L"J...1.I"..;.L UiJ.;j- ... _.

Upstream Downstream

Run Configuration*
VVcl.l..~L Rcl.l..~

(Gal/mcf) Sample No.
CUIlcentration

(mg/scm) Sample No.
Concentration

(mg/scm)
Penetration

(% )

I
VJ
VJ
~ Average
I

77

78

2

2

7.5

7.5

And 43.2 And 13.4 31
421 49.5 422 18.9 38
424 48.3 425 18.9 39

429 68.7 430 22.2 32
And 57.5 And 19.2 33
432 77.8 433 23.5 30

57.5 19.4 34

* 1 = Air Tumbler Alone.

2 = Air Tumbler With "Flushing Device"

3 = Air Tumbler With Venturi and "Flushing Device"
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p:metrat.ion of 58% was achieved on a dust of mean diameter
1. 35 micr'Jns and standard deviation 1. 7 . This level of
p2rforman~e, while not good, is better than could be anti­
cipated f·J)::, a cyclone mechanism. It therefore must be
assumed t:1at the method of collection \vas atomization of
the water and subsequent impaction between the water drops
and dust particles. Unfortunately, the configuration of
the equipnent made it impossible to determine the effective
liquid rate, so that any correlation of the performance must
be empirical. Thus , it was assumed that the aforementioned
performance cou.ld be described by an atomization mechanism,
and it was sub:::;equently clear that the "Air Tumbler" alone
cannot achieve satisfactory performance on respirable mine
dust.

In an effort to improve the performance of their scrubber,
the manufacturers of the "Air 'rumbler" recently made available
two additions to their basic unit. These additions consisted
of a venturi throat and a "flushing device" which the manu­
facturer recommended be attached to the inlet of the basic
(Air Tumbler) unit to improve performance. Since the performance
cf the basic unit proved inadequate, tests were subsequently
conducted with these additions connected to the inlet. Per­
formance with i:he flushing device alone attached to the inlet
is described in Table 10, and penetration as a function of
diameter is presented for two sets of operating conditions
in Figures 27 and 28. In an effort to arrive at a penetration
function that reasonably describes these data, the aforementioned
E,mpirical correlation for the "Air T.umbler" alone \vas assumed to
Lold, while the flushing device attached to the "Air Tumbler"
intake WeS assumed to have the same effect and mechanism as
c. venturi throat.

In t.he case of the "Air Tumbler" with the flushing device,
t~he throc.t was fairly large and the throat velocity was only
about lOCI ft. /sec, which is well below the range of applic­
clbility of the Nukiyama-Tanasawa equation for drop sizes. 'l'he
drop sizes wert:~ therefore calculated from the critical Weber
number, clS given in equation 7. The critical Weber number
qives t.he largest possible drop size at a given velocity, and
1:herefore probably over estimates the mean drop diameter.
~;ince t.he drop diameter appears in the denominator of the
=_mpaction parameter, over estimating the drop size has the
E~ffect of under estimating the performance of the scrubber.
Heverthe~_ess the venturi model given by equation 5, when
combined with the empirical model for the "Air Tumbler" alone,
<Jives a rE~asonable explanation of the data as demonstrated
by the curves in Figures 27 and 28.
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FIGURL- 28
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Next, the venturi section was attached to the air in-
let of the "Air Tumbler" between the "Air Tumbler" and the
flushing device. This adjustment had the net effect of
further decreasing the throat area of the venturi inlet.
Gross penetration for the configuration is presented in Table
10 and penetration as a function of particle diameter is pre­
sented in Figures 29 and 30. The penetration curves presented
have.been determined by the same method described for the
flushing device. The effect of decreasing the throat area
was to increase the throat velocity and thereby decrease the
dIop size produced at the venturi throat. The velocities at
tt.e venturi throat were approximately 200 feet per second,
wt.ich is the lower end of the range of applicability of the
Nl:.kiyama-'I anasavi'a correlation.

In ttis velocity range, the Nukiyama-Tanasawa correlation
wi.ll tend to predict too small a diameter for the water drops,
aLd thereby predict too high a performance for the collector.
Fl:.rther, s.s described in the following discussion, the venturi
sE:ction hc.d three rods mounted inunediately below the throat.
Irl the ver.turi scrubber study, these rods were shown to have a
negative E~ffect on the performance of the scrubber. In spite
of these possible corrections, however, the penetration model
dE!scribed offers a reasonable explanation for the improved per­
formance obtained with the addition of the flushing device and
the vent.Ul" i throat.

The: 'J\ir Tumbler" with the venturi section attached to t~he

front wouJ.d appear to provide an adequate performance on the
estimate:d respirable dust (9 % penetration). However, as dis-'
c\lssed in a later section on the venturi scrubber, the desired
level of efficiency can be achieved with the venturi section
a:~one and t~he "Air Tumbler" by itself is a comparatively in­
e~:ficient collector.

Impingement: Scrubber

ThE! impingement scrubber was a classical impingement design.
Air entE~r:) at the bottom of the cylindrical scrubber through a
tangential intake which provides a slight cyclone effect in 1:he
bottom of t:he scrubber to remove very large particles. Inunediately
a;)ove the intake were two stages of impingement plates. The
b)wer diilloeter was 2.5 ft. and the area of each impingement
pLate was approximately three square feet. Each plate was
p~rforated with 3/32 in. diameter holes on 3/16 in. centers.
T:1e total open area of the plate cross-section was approximately
22% of 1:h,~ total area, or 0.68 ft. 2 . Inunediately downstream
from each hole was a small tab, or plate, upon which the air
jet passi1q through the hole impinged. The scrubber was designed

-35-
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tJ operab~ at an air rate of 2,500 cfm with a vlater rate of
25 gpm flovling countercurrently over the two plates as
shown in '~he schematic diagram in Figure 31. An additional
W3.ter spray from beneath the bottom plate of 20 gpm was also
r~commendl~d by the manufacturer. This spray apparently serves
to) keep the bottom plate from fouling under high dust loadins's
a::ld to kec:!p the walls of the scrubber wet to enhance the cyclone
e Efect created at the air inlet. Immediately above the top
pLate was a set of rotating veins which served as a water
e.Liminat:oJ:". The impingement scrubber is depicted during test.­
ing in Plat:e 5.

The :~mpingement scrubber 'i,vas modeled as a two-stage
impingement: of round jets on flat plates. This mechanism
has been correlated on the basis of the inertial impaction
parameter r as shown in Figure 5. The impaction parameter
in this cas.e was calculated as follows:

u 1:2500 cfm) (30.5 cm/ft.) ::: 1870 cm/sec
-'1:60 sec)(.68 ft 2 )

D = .09375 11
::: .238 cmc

Up D
2

K ::: ---p­
S llDc

::: (1870 cm/sec) (1. 35 gm/cm3 ) (10- 4 cm/ll) 2D2
(9) (1. 8 x 10 4 gm/cm-sec) (.238 cm) p- ::: .065 D2

P

ThreE runs were made with the impingement scrubber at
2,500 cfm with 20 gpm water rate on both the top and bottom
sprays. 'Ihe gross penetration data for these three runs are
t~bulated in Table 11 and the penetration as a function of
ps.rticle diameter is shown in Figure 32. As can be seen from
Figure 32, the three runs were quite reproducible and con­
sistent with the round jet impaction mechanism that was
hypothesized for this scrubber. A respirable dust penetration
of 27% is calculated for this mechanism.

It has been hypothesized that the 20 gpm plate spray
serves to wash the bottom plate and wet the walls of the
lower portion of the scrubber, but that it is not instru­
mental in the collection of insoluble respirable dust particles.
To test this hypothesis two additional runs were made with a
20 gpm top spray, but no plate spray from the bottom. The
results of these two runs are tabulated in Table 11 and pre­
sented graphically in Figure 33. The hypothesis appears to
be essentially correct~ both the gross penetration and the
penetration as a function of particle diameter appear to be
essentially unaffected by the plate spray for this particular
dust.
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PLATE 5

The impingement scrubber is shm-Tn during
testinsr. The "Ventri-Sphere" scrubber
stands to the left. The dust feeder
cyclone can be seen between the two scrub­
bers. The undersize dust line (center left)
conveys respirable dust to the intake system.
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TABLE 11

~~~ ~~ T~~~~~,....~,...._4-- -~ ........... .... ....!:' ......... "j _ .. ~ .. _ ...... - S~::,':;.b!:~~

TA7~~,....,.... 1:> 4-,....
.... ----- _-

(gal/mcf)
Run Top Bottom

90

91

~ 92
0\
n
I

93

94

8

8

8

8

8

8

8

8

o

o

ForAn Inlet Dust Of Mean Diameter 1.44 Microns
And Standard Deviation 1.7

ups tream. _____ .~__ Downstream

Concentration Concentration Penetration
Sample No. (mg/scm) Sample No. (mg/scm) (% )

517 35.0 518 14.8 42.3
And 29.2 And 12.8 43.8
520 36.2 521 14.6 40.3

And 25.4 And 11.7 46.1
523 31. 6 524 12.5 39.6
526 33.5 527 12.8 38.2

529 33.5 530 13.7 40.9
And 28.6 And 12.2 42.7
532 34.9 533 14.0 40.1

Average 32.0 13.2 41. 4

And 31. 4 536 16.4 52.2
535 36.4 And 14.6 40.1
538 39.0 539 17.1 43.8

531 36.4 542 15.4 42.3
And 34.2 And 15.8 46.2
544 37.1 545 15.4 41. 5

Average 35.8 15.8 44.1
1-3
Pi
ti
f-'
CD

I-'
I-'
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Venturi Scrubber

A venturi scrubber was constructed in the configuration
shown in Figure 34. The venturi section from the "Air
Tumbler'" was used for the venturi throat, and the packed
bed which was previously tested was used as an entrainment
separator following the venturi throat. One foot of packing
was used in the packed bed instead of the previously used
three foot packing depth so that the packed bed would function
only as an entrainment separator, and its performance would
not overlap with that of the venturi.

The venturi was first tested at a water rate of 10 gpm
and an air rate of 2,000 cfm with the rods below the venturi
throat removed. Two consecutive tests were quite reproducible.
The gross penetration data is presented in Table 12 and the
penetra·tion as a function of particle diameter is presented
in Figure .35. As can be seen from Figure 35, the performance
of the venturi scrubber correlates reasonably well with venturi
scrubber theory as calculated from equation 5. The next test
was conduc·ted a.t the same air rate but at a water rate of 20
gpm, and the results of this test are presented in Table 12
and in Figure 36. As can be seen from Figure 36, the penetra­
tion as a funct~ion of particle diameter correlates very well
with the experimental data. In fact, subsequent tests with
other venturi scrubbers tended to indicate that equation 5 was
more representative of the experimental results at higher water
rates (L > 10 gal./mcf).

The gross penetration calculated from equation 9 was 19%.
If the same penetration function is applied to respirable coal
mine dust, a penetration of 6% is calculated.

Since these tests rapidly demonstrated that the venturi
scrubber p'3rformed according to conventional theory when
applied to coal dust, the two subsequent runs were made with
the rods provided by the manufacturer mounted below the
venturi throat in order to test the effect of these rods on
the performance of the venturi alone, and also their effect
on the performance of the "Air Tumbler tl

• The data for these
runs are presented in Table 12 and Figure 37, and it is readily
apparent upon comparison of Figures 35 and 37 that, if anything,
the rods below the throat have a negative effect on the
venturi efficiency.
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TABLE 12

Gross Penetration For A Venturi Scrubber
For An Inlet Dust Of Mean Diameter 1.35 Microns

And Standard Deviation 1.7

Unstrp.i'lm n0~N!'ls t r e Cl~:m

Water Rate Concentration Concentration Penetration
Run Configuration Jga1/mcf) Sample No. (mg/scm) Sample No. (mg/scm) (% )

79 No Rods 5.0 And 40.9 And 17.0 42
435 52.8 436 20.7 39
438 48.8 439 18.8 39

80 No Rods 5.0 441 48.4 442 17.4 36
And 38.1 And 16.5 43
444 48.8 445 18.1 37

I 446 52.5 447 18.5 35w
--..J
v Average 47.2 18.1 38
I

81 No Rods 10.0 And 46.3 And 9.8 21
449 50.2 450 10.5 21
452 51. 9 455 9.9 19
454 52.7 457 9.0 17

Average 50.3 9.8 19

82 Rods 5.0 459 47.4 460 21. 0 44
And 37.5 And 18.2 49
462 44.9 463 20.5 46
464 47.3 465 19.4 41

83 Rods 5.0 And 33.8 And 16.3 48 1-3
467 42.4 468 17.7 42 Piv
470 43.1 471 17.1 40 1-'

472 43.0 473 17.1 40
CD

1-'

Average 42.4 18.4 43 tv
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"Ventri-Rod" Scrubber

Arrangements were originally made to test a special model
of the "Ventri-Hod" scrubber. This particular unit was of
i~terest because it was estimated to be a reasonably high
efficiency venturi scrubber that was specifically designed
i~. a low ~rofile configuration with an overall height of
aFproximately four feet. It was scheduled for delivery on
A~gust 15, 1970, but at the last moment the customer that was
testing the unit at that time decided that he wanted to run
f~.rther tests. Arrangements were therefore made to test a
different unit that operated on the same mechanism but was
arranged in a vertical configuration. A schematic of this
u~it is sh.own in Figure 38.

Air enters the bottom of theIVentri-Rod" scrubber, passes
tt.rough a distributor plate and then through a 7.25 in. square
orifice tl:.at contains four 1. 25 in. diameter horizontal rods.
Tt.e net effect of these rods is to reduce the throat area to
a free spc.ce 2.25 in. x 7.25 in. A nozzle is mounted immediately
upstream from the "Ventri-Rod" throat. The operating conditions
sI1ecified by the manufacturer for this unit are an air rate of
2,500 cfm and a water rate of 25 gpm. At these conditions the
throat velocity is approximately 370 ft./sec., and the drop
diameter calculated from the Nukiyama-Tanasawa equation is
approximately 90 microns. Above the venturi section is a
sE!ction of loose packing which functions as an entrainment
separator.

TheIlVentri·-Rod" scrubber appeared to be an ordinary venturi
scrubber cmd was modeled as such according to equation 5. One
test was run at 2,500 cfm and 15 gpm, and three tests were ru.n
ai: 2,500 cfm and 25 gpm. The results of these tests are pre­
sented in T'able 13 and Figures 39 and 40. As the figures show,
the resuli:s cqrrelt!.a:te well with conventional venturi scrubbe~r
theory a.nd the theoretical penetration calculated for this
mechanism agrees well with the gross penetration data in Table
1]. The experimental penetrations were 9.4% at 15 gpm and 5.5%
ai: 25 gpm a.s compared to 8%, and 3% respectively as estimated
f]~om the :_ntegral equation. The estimated penetration of
respirable dust for this scrubber is 3% at 15 gpm and 1% at
2!) gpm. ~~his is clearly a low enough penetration to make this
particular scrubber technically applicable to the coal mine
dust prob=_em.
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Scrubber For A Dust Of Mean Diameter 1.42 Microns
And Standard Deviation 1.64

Run
Water Rate
(Gal/rncf)

Upstream
Concentration

Sample No. (mg/scm)

Downstream
Concentration

Sample No. (mg/scm)
Penetration

( %)

nr
00

87

I
w
00
0' 88
I

89

ro

10

10

10

489
And
492
494

Average

And
497
500

503
And
506

And
509
512
514

Average

') 1 ...,
J.J...~

23.3
28.3
31. 0

28.5

19.5
26.4
31. 9

34.0
25.6
34.3

23.4
32.2
35.0
34.0

29.6

490
And
493
495

And
498
501

504
And
507

And
510
513
515

') Con
"".vv

2.70
2.80
2.60

2.68

1. 24
1. 54
1. 74

1. 76
1. 51
1. 78

1. 65
1. 80
1. 75
1. 59

1. 64

o ')
V.oJ

11. 6
9.9
8.4

9.4

6.4
5.8
5.5

5.2
5.9
5.2

7.1
5.6
5.0
4.7

5.5

1-3
PJ
0'
r-'
CD

r-'
W



\' il

VENTRI- ROO 5CH!JB!J£R
P[/VETRI1TltJN AJ 11 rllNC7/0N {)F PAl?TICZE DUIt1E7£K:

/OOr~

90- ---

80 1-:--

L
I701- ---
i

7

AIR RATE:: 250tJ CF!l7

Wlllil Ril7E " 156P/Jl -,
771ROAT I!REA: 105 cftr-

I
-1--5 I ! 1 L~II~-L

2 3 1- 5 0

P//RTICZ.[ f)/A1ff..7[!? } mlcrofls

o
o

20 ---
----\---'

ID

60 1- --
1-
i

-38c-



FIGURE 40

"VENTRI- NODI/SCRUBBER

PI:::~VETRATlD!VAJ A rONC710N OF PARTICLE.­
O//!/JIET£/i'

I.tJo-------------·-------------~

10 --

80 -

70
AIR RAT£.- '= 2500 crIYJ
WATER RillE" 2 5 6P~1

TlIROA1ARE1: 105 C/r12.

JO

10-

o
o

'-\j~i- ~:;[--c~Jjl ,I L-J.---:.-
I 2 3 4 5 ,{,

PI1Rl!CLE vll/It/FTE!? , m/c/o715

-38d-

7





"Ventri-Sphere" Scrubber

The "Ventri-Sphere" scrubber was a high energy venturi
scrubber. A schematic diagram of the scrubber is shown in
Figure 41. Air enters the top of the unit and is accelerated
through an adjustable venturi throat. Water cascades over a
weir at the top and flows down the conical inlet. After the
throat the air passes through a relatively long diffuser
section, makes a 180 0 turn upward, and passes through a bed
of free floating plastic spheres approximately one foot in depth.

Three tests were run on the "Ventri-Sphere" scrubber at
an air rate of 1,500 cfm and a water rate of 25 gpm. The
adjustable venturi throat was at the full open position and
had a cross-sectional area of 11.6 square inches. The data
for these tests are tabulated in Table 14 and show a gross
penetration for the test dust of 1.2%. The penetration as a
function of particle diameter is given in Figure 42 along with
the theoretical penetration for a venturi scrubber operated at
these conditions, and the theory represents the data quite well.

Two subsequent tests were conducted at 2,000 cfm and a
water rate of 10 gpm. The data are presented in Table 14 and
Figure 43. The gross penetration of the test dust was deter­
mined to be 2.9% experimentally, but it was necessary to use
a value of f~ equal to 0.8 in equation 8 in order to obtain the
penetration function shown in Figure 43. This deviation of f~

from 0.4 to higher values at low liquid rates was observed pre­
viously with other venturi configurations (6). It is possible
that f~ is greater than 0.4 at these low liquid rates due to
the decreased probability of drop coalescence, interference
and collection on the wall. It is also possible that the effect
of the entrainment separator overlapped the venturi mechanism
and improved the efficiency. However, the potential effect of
the spheres was calculated by packed bed theory, and it did not
account for the observed discrepancy.

Unfortunately, the test unit was so constructed that it
was not possible to isolate the several potential mechanisms
and determine which one was actually improving the performance.
The distinction is, however, academic for present purposes since
the respirable dust penetration according to the venturi model,
is 1% for the first case (1,500 cfm, 25 gpm) and 3% for the
second case (2,000 cfm, 15 gpm). Both of these penetrations
are already below the desired level and the actual performance
surpasses those estimated.
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EVALUATION

A reasonably conservative estimate of the respirable
mine dust size distribution has indicated a mass mean dia­
meter of 2.55 microns and a standard deviation of 1.7. It
has also been estimated that it will be necessary to collect
from 84 to 92% of this dust in order to achieve the required
2.0 mgjm3 lE~vel.

The dust collector testing program has demonstrated t.hat
our knowle~ge of dust collection is adequate to both explain
the performance of collection devices and to serve as a basis
for their design. This knowledge leads to some general con­
clusions about the applicability of various types of collecto~s

to the coal mine dust problem.

1. A dry centrifugal collector, such as the multi pl e eyel Dne,
cannot achieve a performance level adequate for this
application.

2. Adequate performance can certainly be achieved by
porous filtration, but this method is expensive
and would be difficult to implement in the con­
strained mine environment.

3. The elimination of the two aforementioned types of
collectors leave two basic types for consideration:
low energy wet dynamic collectors and the higher
energy venturi scrubbers.

The Ket dynamic collectors tested (packed bed, "Air Tumbler",
"vretted screen" j' and impingement scrubber) did not demonstrate
ac.equate perforr:lances based on the criterion established. How­
e\'er, design of a dust collection system for the coal mine
environmert may involve major revisions in the air system that
would sigrificantly alter this criterion. If a larger amount
of air wit.h a lower dust concentration were provided to the
collectioL system, a lower performance would be required. The
collector:: in this general class typically have pressure drops
of 10 in. H20 or less. Also, as in the case of the "wetted
screen", t:hey are often readily adaptable to the mine environ­
ment and require relatively low liquid rates (1 to 2 gal. jmcf) .
These fact:ors indicate that low energy wet collectors cannot be
e:.iminated from consideration until possible revisions to the
m:.ne air E:ystem have been explored and definite performance
c]~iteria ha.ve been established.
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It is apparent from the experimental results that co­
current atomize.tion, or venturi, scrubbers (the homemade
venturi, "Ventri-Rod", and "Ventri-Sphere") can achieve the
desired performance. As shown in Figure 9, an 8% penetratio::1
can be achieved at pressure drops as low as 10 in. H20 and
water rates as low as seven gal. /mcf. However, several desi'3"n
considerations make the use of a venturi scrubber more diffi~ult

to adapt to the mine environment than the low energy wet col­
lectors. Venturi scrubbers typically employ higher pressure
drops and higher \vater rates i the "Ventri-Sphere ll and IIVentri­
Rod~ scrubbers have pressure drops of 40 in. H20 and water
rates of 10 gal. /mcf or more. The higher pressure drop requires
an additional energy input, and the higher water rate creates
an additional disposal or recirculation problem. Moreover,
there is apparently no commercially available venturi scrubber
that is readily adaptable to the mine environment. Venturi
scrubbers are typically 15 to 20 feet tall, and redesigning
for a four foot vertical space will not be a minor task. In
farticular, the entrainment separator must be at least as tall
a.s the water leg required to allow the water to flow from the
collector against the pressure drop.

The optimum compromise between liquid rate and pressure
~.rop must finally be dictated by mechanical and economic con­
Eideratie,n. However, in order to demonstrate the potential
operatins cost of a scrubber system operating in conjunction
with a ce,ntinuous miner, approximate operating costs were
calculatE~d for as, 000 cfm system operating at 8.4 gal. /mcf and
~:O II H20 pressure drop. Such a system would have a respirable
dust penE~tration of 7% according to Figure 9. The estimated
operatins' cost is itemized in Table 15 and is 3. 4¢/Ton of ccal
produced. For a 10,000 cfm system the cost is estimated at
(;.4 ¢/Ton.

Thh: estimate is, of course, only an approximation. Tte
installed cost of the system is based on typical data for above
9round equipment, and the system capacity is at this point only
cl first. order approximation. The utilities costs are based on
continuous ope:t:'ation of the scrubber system, regardless of t:he
operatinsr status of the continuous miner. The cost of a self­
contained liquid filtration and recirculating system has not:
been inc:.uded in the cost of the scrubber system - cost of
clisposal of the liquid stream is an unknown at this time.
Haintenance cost and operating life are based on typical above
~fround syE:tems and could easily be different in the mine environ­
nent. A:.l of these factors could change the operating cost l and
:~inally, improved information on dust loading and size distribu­
~:ion could substantially revise the operating criteria.
Honetheless this approximate operating cost is instructive.
~rhe est~rrated cost is clearly neither trivial nor prohibitive
:Ln terms of the total cost of a ton of coal.
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1.

2.

3.

4.

TABLE 15

ESTIHATED OPERATING COST OF A 5,000 CFM

COAL MINE DUST COLLECTION SYSTEM

Straight line amortization of
$10,000 (5,000 cfm) low energy
venturi scrubber system over
4 years.

Pmver Cost~ @ $. Ol/kwh.

Water Cost @ $.05/1,000 gal. and
8.4 gal. /mcf.

Maintenance (at 2% of installed cost)

Cost $/Yea:r

$2,500

750

470

500

Total Annual Operating Cost $4,220
(480 shifts/year)

Total Annual Production of
a Continuous Miner 125,000 Tons
(480 shifts @ 250 ton/shift)

Operating Cost Per Ton $4,220/125,000 = 3.4¢/Ton
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GLOSSARY OF SYMBOLS

Concentration determined with AEC sampler, mg/m3 •

Constant characteristic of a collector.

Cut diameter or diameter for which the penetration
is 0.5.

Packing or collection unit diameter, ft. or em.

Particle diameter, em or microns (11).

Hub diameter of a multiple cyclone, em.

Outer diameter of a multiple cyclone, em.

Fractional collection efficiency.

Logarithmic normal size distribution.

Inertial impaction parameter, dimensionless.

Liquid rate, gal. /mcL

Concentration determined with MRE sample, mg/m3 .

Total or gross penetratio~

Fraction of particles penetrating the collector.

Drop radius, em or microns.

Air velocity, em/sec. or ft./sec.

count mean diameter, microns.

Mass mean diameter, microns.

Packing height, ft. or em.

Air viscosity, poises ( ~1.8 x 10-4 for air).

Particle density, gm/cm3 (1.35 for coal).

. "l . t / 3A1r cenS1 y, gm em •

Geometric standard deviation.

Surface tension.
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