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*%% EXECUTIVE SUMMARY

The belt conveyor is one of the major pieces of equipment for
transferring bulk material in mining operations. However, a considerable
amount of dust may be generated whenever the material is loaded, dumped,
or transferred, thus potentially exposing mine operating and maintenance
personnel to harmful respirable dust. The Bureau of Mines, as part of
its continuing efforts to reduce employee exposure to respirable dust;
has funded the present program, "Conveyor Belt Dust Control," to identify
existing dust control technologies and field test them for effectiveness,
durability, and reliability over an extended period.

The program consisted of three major phases. In Phase I, the authors
critically reviewed the state of the art in dust control technologies
and selected two dust control techniques (dust collection and wet dust
suppression) for field testing that are applicable to a wide range of
belt conveyor imstallatioms in mining operations. From a number of
candidate sites surveyed in Phase I, the Genstar Corporation's Marriottsville,
Maryland, facility was selected for field testing. An interim report
summarizing Phase I efforts was submitted imn July 1981.

In Phase II, designs based on the selected dust control techniques
were developed and installed at the field test site. In Phase III, the

installed systems were field tested during an 18-month period.
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Originally, the program called for design and testing of a dust colleé—
tion and a wet dust suppression system at only two belt conveyor transfer
" points; however, Martin Marietta and Genstar, along with the Bureau of

Mines, provided additional support to expand the scope to include the 10

c > 4 o
dCLITICY s

The dust control system elements installed at these transfer points
cénsisted of:

1) Bulk material handling components to reduce dust gemerationm and

emissions and contain dust at the source, and

2) A dust collection system to capture airborne respirable dust or

a wet dust suppréssion technique to control or prevent airborne
dust.

The work performed under Phase I of the program indicated how an
integrated systems approach could effectively reduce respirable dust
emissions at a transfer point. Application of bulk material handling
systems was cited as:the first major step in combatting respirable dust
emissions from transfer points. The use gf known bulk material handling "
components, such as rockboxes, muckshelves, enclosures, and dust seals,
at the selected in-mine test site appeared t; reduce and control dust
generation enough to substantially decrease the load on the dust collection
or wet dust suppression systems. A particularly clear demonstration
of the benefit achievable was seen during the field testing of a vibrating

screen circuit, where we had installed Trellex dust seals on the vibrating

screen and necessary enclosures and rubber seals at the associated transfer

22



points. The exhaust volume computed based on literature approaches
ranged from a total of 7,600 cfm to 11,600 cfm, while our dgta showed
a dust control system effectiveness of about 65% for volumes between
1,250 cfm and 8,400 cfm at all the sampling locations. The high
performance at the lower exhaust volume rates would probably not have
been possible without the aid of a good bulk material handling system.

The Phase I work also established the absence of a comprehensive approach
for calculating the proper exhaust volumes for applications of dust
collection techniques. Various rules of-thumb or empirical formulas have
been used by designers to calculate exhaust.volumes, but our field
evaluations of a dust_collection system at various transfer points
during an 18-month period confirmed the inadequacy of a number of presently
recommended prediction methods. For example, at the primary crusher-to-

belt conveyor and the secondary crusher—to-belt conveyor tranfer points,

the exhaust volumes predicted by the Industrial Ventilation Manual were

too low for dust control, whereas the exhaust volume predicted by the
Anderson approach was adequate to control both respirable and total
dust. At the vibrating screen circuit, as discussed earlier, both of these
approaches predicted exhaust volumes far in excess of that actually needed.
For a typical conveyor belt transfer point, dust is emitted from three
locations: "E" (the end of the settling box), "S" (the side of the
conveyor), and "T" (the tail pulley). The nature of dust emissions at
these points is different. The dust emitted from "S" and "T" locations
puffs out through the gaps between the conveyor belt and the skirting
rubber or seals and is generally relatively coarse (predominantly non—

respirable); at "E” locations, however, emissions consist of dust carried
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by the air induced along with the material. These dust emissions are
finer and are believed to be orders of magnitude times higher for a

given material than those at the "S" and "T" locations, assuming a

well-sealed system.

wlmﬂhugimtheﬁ%ﬂ =

to—belt conveyor and secondary crusher-to-belt conveyor tranfer points

led to the concept of a "ecritical exhaust volume" at the "E" location,
which has not previously been reported in the literature. This finding,
which was uncovered by data on system efficiency and supported by
visual observations, points to the existence of an exhaust volume
below which the efficiency of the control system decreases drastically
and above which unnecessary ambient air is entrained into the system.
The practical importance of this concept lies in the determination of
design exhaust volume: it must exceed the "critical exhaust volume”
to achieve adequate and reliable dust control, but beyond a certain
point, additional exhaust volume (and therefore additional cost) produces
no improvement in efficiency.

At the "S" location, on the other hand, the situation is somewhat
different. For the secondary crusher-to-belt conveyor transfer point,
we found a'continuing increase in dust control efficiency with increasing
exhaust volume. In other words, there was apparently no "critical
exhaust volume” for the sides of the conveyor in the range of exhaust
volumes of practical importance. The reason can be traced to the

relatively large distance between the exhaust hood and the dust cloud;
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at these distances, and in the range of practical exhaust volumes, the
hood cannot provide enough driving force to reverse the direction of
dust emissionse. 7

During Phase I, we also reviewed wet dust suppression technology. A
variety of wet dust~suppression systems are currently in use, ranging
from a simple homemade water spray system to sophisticated electrostatically
charged fogs. Though wet dust suppression systems are widely used, we
found that their performance is poorly characterized. Our communications
with vendors of commercially available systems failed to elicit quantitative
data on the efficiency of their systems: performance evaluation was
largely based on "before"” and "after™ pictures.

Our field testing of wet dust suppression techniques at a hammermill
crusher—to—belt conveyor transfer point‘indicated that respirable
dust suppression efficiencies of over 75% can be achieved by simple,
inexpensive water sprays. The efficiency of the commercial Sonic wet
dust suppression system, on the other hand, ranged from 44% at the
same transfer point to over 70% at a belt conveyor—to—belt conveyor
transfer point. The high efficiencies obtained using simple water
sprays indicate that good material-water mixing plays a significant
role in reducing dust generation, and thus dust emissions, and that
simple methods can be effective if applied properly.

Through actual field test data, the program has thus furthered the
understanding of some of the critical elements and their relatiwve roles
in the design and/or selection of an effective dust control system.
Moreover, we believe that the results have raised enough questions to

‘warrant further research using our data as a building block.
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**%* 1. INTRODUCTION

The belt conveyor is one of the major pieces of equipment for
accomplishing bulk material transfer between equipment used in mining

operations such as chutes, crushers, elevators, vibratin scre
- 3 - " ———'2-0-5, V_OIAaLlng screens,
ﬁ

storage hoppers, feeders, kilm, and dryers. It is also one of the most

prevalent dust emission sources, since dust is generated whenever material
is dumped, loaded, or transferred. As a result, equipment operators,
maintenance personnel, laborers, and truck drivers suffer harmful exposure
to respirable dust.

Due to the diversity of belt conveyor applications, dust controls
are not usually incorporated into conveyor systems at the time of
manufacture. - It is therefore necessary to employ retrofit techniques
for older facilities or to allow for dust control systems when new
facilities are in the design phase. Both of these applications are
governed by simllar objectives —- chiefly, to integrate an efficient and
effective dust control system without sacrificing production.

The basic technology for controlling respirable dust emissions from
belt conveyors is available, but has not previously been critically
reviewed and field tested for application to the mning industry. ‘The
two types of systems in general use, wet dust suppression and dry dust
collection, can both be ineffective if applied without sound knowledge
of the processes and objectives involved.

Wet dust suppression systems are popular since they offer reasonable
control at a relatively low capital expenditure. However, many wet

systems that appear adequate for large particles may be ineffective
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in controlling respirable-sized airborne dust. Also, with wet systems,
the effects of simply shifting the dust further downstream are seldom
considered.

Dust collection systems, which are based on industrial ventilation
principles, require much greater capital expenditure, and in general,
provide better control of respirable dust by removing it from the process
stream. However, in dust collection systems, the design of the capture
elements is of utmost importance, and these elements are frequently
ineffective in actual use.

The Bureau of Mines, as part of its continuing efforts to reduce
respirable dust emissions, has funded the present program, “Conveyor
Belt Dust Control,” to identify existing dust control technologies that
can be applied to most mining operations employing conveyors and to
‘evaluate them for effectiveness, durability, and reliability over an
extended period of time. The program consisted of three major phases:

1) Data collection and analysis of existing dust control
technologies and site characterization

2) Design, fabrication, and installation of prototype dust
control systems

3) Field evaluation of the prototype systems.

In Phase I, we assessed dust control technologies, as they existed in
1981, through an extensive literature search combined with site visits
and personal communications. The technologies in three principal areas
were assessed: bulk material handling to reduce dust generation and
emissions, dust collection systems, and wet dust suppression systems to

control dust emissions further. The bulk material handling systems were
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assessed to determine their effectiveness in reducing dust generation
and in containing aust emissions at the source. Investigations of dust
collection systems were primarily directed towards determining 1) how
well respirable dust could be controlled at the source through the use

of industrial ventilation principles in general, and 2) the exhaust

T - 4 s —
Vo ramEs—Ieetaed- t0. cont Lo o

points. Information on state-of-the—art wet dust suppression techniques
and various commercially available systems was collected, and the systems
were evaluated against a uniform set of criteria, such as: predicted
effectiveness; capital, operating, and maintenance costs; and applicability
to a wide range of belt conveyor installations.

An interim report summarizing Phase I efforts was‘submitted to the
Bureau in July 1981, and Chapter 2 contains a major portion of this
report. The purpose of including this information is to familiarize the -
reader with the various dust control techniques and their probable
shortcomings, as well as the state of the art in dust control technologies
in 1981.

In Phase II of the program, we designed and installed prototype dust
control systems at the selected test site. The original scope of the
p?ogram called for testing the dust collection and wet dust suppression
systems at only two belt conveyor transfer points. However, through cost
sharing by industry in general, and Martin Marietta and Genstar corporations
in particular, the program scope was broadened to include a total of six
transfer points involving belt conveyors and crushers. A subsequent

contract modification expanded the program further to include a vibrating
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screen circuit consistingvof belt conveyors, a vibrating screen, and
storage bins. Thus, we designed and installed dust control systems at a
total of 10 of the most commonly encountered transfer points. The
description of our Phase II efforts, including the detailed design of
dust control systems at each of these transfer points, is given in
Chapter 3.

In Phase III, we evaluated the installed dust control systems to establish
their effectiveness and reliability. Chapter 4 describes the sampling
strategies adopted, and the statistical techniques used in data analysis.
The detailed data analysis and performance evaluations of the dust
control systems installed are contained in Chapter 5. Chapter 6 provides
guidelines for designing an effective dust control system at some of the
commonly encountered transfer points in a typical minerals processing
plant.

Conclusiqns for the entire program effort are presented in Chapter 7.
Based on our experience gained in the present program, we suggest

certain areas for further research and development in Chapter 8.
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*%k% 2, PHASE I REVIEW

2.1. BACKGROUND

. Belt conveyors have often been dubbed the "workhorses" of bulk

material handling systems. Over the years they have proven to be a
dependable and low-cost method of moving bulk materials at high volume.
However, they are also one of the major contributors to the ambient dust
concentrations in a mining facility.

Belt conveyors emit dust almost exclusively from the tail pulley where
material is received, the head ﬁulley where material is discharged, and
the return idlers due to the "carryback™ of fine dust on the return
belt. These dust particles become airborne during material transfer
and, if small enough, can remain suspended in the air indefinitely.

The amount of dust emitted at thése transfer points (belt-to-belt,'crusher—
to—belt, etc.) depends upon the physical characteristics of the material
and the manner in which the material is handled. Dust control at these
transfer points can be accomplished by three major methods:

1) Preventive measures to control dust generation, emissionms,

and dispersion during bulk material handling
2) Dust collection using industrial ventilation
3) Wet dust suppression using water sprays with or without

surfactants.
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Design of a dust control system thus requires a thorough knowledge of
the processes and principles involved in bulk material handling, as well
as techniques to either capture the dust or prevent it from becoming

airborne.
2.2. BULK MATERIAL HANDLING FOR CONTROL OF DUST

Total prevention of dust generation in bulk material handling operations
is an impossible task; however, minimizing attrition, unnecessary
ambient air entrainment, and impaction of bulk materials is not'only
possible but often desirable from the standpoint of product quality.
The design of bulk material handling systems, therefore, plays an important
role in dust control. The following factors should be considered in

designing a belt-conveyor transfer point.

2.2.1, Belt Loading

The amount of dust generated at belt conveyor transfer points depends
on how the material is initially loaded onto the belt. If the material
is placed centrally on the belt so that its speed and direction of travel,
as nearly as possible, are the same as that of the receiving belt itself,
then the reduced turbulence of the material will decrease the dust

generation at the transfer point.

2.2.2. Impact at the Loading Point

The considerable impact forces generated when material is loaded onto

the belt deflect the belt between the adjoining idlers and cause dust
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Skirt plates
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Fines to belt

Closely spaced impact idlers

Bed of fines on belt

FIGURE 1. - Belt-to-belt transfer point equipped with closely spaced
impact idlers.
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Very abrasive material

Belt

Tail puliley

FIGURE 3. = Use of stone box at a transfer point to reduce impact,
wear, and dust emissions.
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2.2.4., Skirtboards

Traditionally, skirtboards are used to retain the material on the belt

after it leaves the loading chute. A frequently recommended distance

between skirtboards is two—thirds the width of a troughed belt (fig. 4),

Trilson- -

(2) recommends that the skirtboards be high enough to contain not

only the material volume as it is loaded, but also pressure surges caused
by the inflowing material and ingress of induced air. Suppression of
these pressure surges minimizes the "puffing" at the openings. The
Conveyor Equipment Manufacturer's Association recommends a skirtboard

length of 2 ft for each 100 fpm of belt speed but not less than 3 ft.

2.2.5., Skirtboard Rubber Seals

To prevent leakage of fines through the clearance between the lower
edge of the skirtboards and the moving belt, seals, consisting of long
flat strips of 1/4—in.— to 1/2-in.—~thick solid rubber of 60-65 durometer
hardness, are bolted to the skirtboards. Since they are usually installed
vertically, they soon wear out against the moving belt, thus allowing
dust to leak through the openings between the moving belt and skirtboard

rubber seals.

2,2.6. Skirtboard Covers

Dust emissions can be reduced through the use of skirtboard covers
fastened to the top edges of the skirthoards. Rubber gaskets at all

bolted joints will reduce the dust emissions further.
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Skirtboards

Bolted adjustable
rubber edging

Belt
FIGURE 4. - Conventional skirtboards and skirt rubber seals. (Reproduced
by permission of Conveyor Equipment Manufacturer's Association,

Ref. 1.)
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FIGURE 5. - Typical enclosures at the belt-to-belt conveyor
transfer point.







2)

3)

4)

Arrange enclosures in easily removable sections: If enclosures

are not built in easily manageable sections, they are regarded
as a nuisance by the crew who must service them and may not
receive proper maintenance.

Provide access doors on enclosures: Access doors facilitate

routine inspections and maintenance. These should be hinged
and preferably self-closing by gravity. Quick-disconnect clamps
should be considered if hinged doors are not possible.

Install skirting and curtains at enclosure openings: Rubber

curtains are recommended for the open ends of the enclosures
(upstream and downstream) with vertical slits approximately

2 in. apart and with the bottom edges cut to conform to the
cross—-sectional profile of the material comnveyed (fig.7).

These curtains will contain the dust emissions at the downstream
end and reduce the amount of air entrained into the system at

the upstream end.

2.3. DUST COLLECTION SYSTEM

The use of local exhaust ventilation principles to control dust is more
than half a century old. However, Federal and State concerns with
occupational safety-and health-related hazards in the workplace have
created an ever—increasing awareness of the need for effective dust
control systems. An industrial ventilation system, commonly known as a
dust collection system, can provide the desired control only when it is

properly planned, designed, constructed, and maintained.
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There are four major components of a dust collection system:
1) An exhaust hood to capture dust at the source
2) Ductwork to transport the captured dust to a dust collector
3) A dust collector to clean the dust—laden gases

4) A fan and motor to provide necessary exhaust air volumes.

2.3.1. Exhaust Hood

0f the four major components, the exhaust hood’' demands the most careful
design because it is the capture efficiency of an exhaust hood that is
important from occupational health considerations, not the collection
efficiency of a dust collector. For instance, collection efficiencies in
excess of 997 can be achieved by a dust collector, but will have no direct
bearing on the capture efficiency of the exhaust hood installed at the
sourée.

The capture efficiency of an exhaust hood depends primarily on the
exhaust volumes through the hood; therefore, determination of adequate
exhaust volumes is one of the most important steps in the design of
an effective and reliable dust collection system.

To design an effective hood, sufficient knowledge of the process and
operation is essential. The degree of control achieved depends upon:

1) Location and shape of the exhaust hood

2) Rate of airflow through the exhaust hood.

2.3.1.1. Location and Shape of an Exhaust Hood
Major amounts of dust form when the material falls through the transfer

chute onto the receiving belt conveyor. At the impact point, however,
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most of the dust is coarse and settles quickly. If the exhaust hood is
located suitably far downstream, it will capture only the finer, and
predominantly respirable—sized, dust. This arrangement will reduce dust

concentrations in the exhaust gas stream, prevent unnecessary transportation

of coarser material within the ductwork and, most important of all,

2.3.1.2. Rate of Airflow Through the Hood

Adequate rate of airflow (i.e., exhaust volume) is the important
parameter in the effective capture of dust emissions at the source.
Over the years, many industrial standards, so—called rules-—of=thumb,
have evolved for calculating exhaust volume, based on empirical data for
speEific operations. However, because they do not have a theoretical
basis, these standards are ineffective for many dust control applications.
Depending on the specific operation, the exhaust volumes resulting from
these rules can be far less than adequate or exceedingly high.

On a broad scale, there are two basic approaches used in the industry
to calculate exhaust air volumes:

1) Control velocity

2) Air induction.

2.3.1.2.1 Control Velocity Approach

"Control velocities” are those velocities found through experience to
provide sufficient exhaust volumes to counteract the volumes and pressures

within the enclosure and thus to capture dust emissions.
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Control velocity criteria are derived primarily from the New York State
Labor Department code and are used by many vendors of dust control

equipment. The exhaust volumes recommended by the Industrial Ventilation

Manual (3), cited below, are almost identical to those in the New York
State code.

The Industrial Ventilation Manual (IVM), published by the American

Conference of Governmental Industrial Hygienists, recommends the following
design criteria for determining exhaust volumes necessary to control
dust emissions at a belt—to-belt transfer point (fig. 8).

1) Enclose to provide 150-200 fpm in-draft velocities at all
openings.

2) Provide a minimum exhaust flow rate of Q = 350 cfm/ft belt
width for belt speeds less than 200 fpm.

3) Provide Q = 500 cfm/ft belt width for belt speeds over
200 fpm.

4) For a material fall height of less than 3 ft, provide an
exhaust hood at the upstream end.

5) For a fall greater than 3 ft, provide an additional
exhaust hood at the downstream end.

6) In the material is dusty, use an additional exhaust at the
tail end of the receiving conveyor, with Q = 700 cfm for
belt widths of 12-36 in. and Q = 1000 cfm for belt widths
over 36 in.

7) Dry and very dusty materials may require exhaust volumes

1.5 to 2.0 times greater than those calculated above.

45






These relationships, developed through testing and observation of bulk

material handling operations, are entirely dependent on belt speeds.

Therefore, their applicability to reduce dust emissions over a wide

range of operations and parameters is questionable. This disparity was

demonstrated by Pring (4) who compared recommended and experimentally

determined exhaust volumes for a 54-in. belt conveyor moving at 350 fpm.

The results were:

1)

2)

Exhaust volume calculated based on IVM approach = 2250 cfm.

Required exhaust volume determined experimentally = 9000 cfm.

Further evaluation of the IVM recommended criteria indicates the following:

D

2)

Important variables, such as material flow rate, material bulk
density, material lump (aggregate) size, cross—sectional area
of material on the belt, and percentage of full loading on the
belt are not considered in the criteria. For instance, at

a given belt speed, the area of cross section of material,

and hence the material flow rate, can vary depending upon the
belt-carrying idlers used (i.e., flat, 15°, 20°, or 35°). An
exploratory laboratory study on coal by Cheng (5) indicated
that: (1) for heavy belt loads (bed thickness >> mean lump
size), an increase in the coal bed reduces the specific
formation of airborne respirable dust; and (2) for light

belt loads (bed thickness = mean lump size), an increase in
belt speed reduces dust formation.

When the height of fall is less than 3 ft, the recommended

location of the exhaust hood is at the upstream end. This
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design is effective only if the enclosure at the head pulley
of the feed conveyor is large enough so that the dust plume
generated at the receiving belt can rise countercurrent to
the material flow and be captured by the exhaust hood. If the

enclosure is not sufficiently large, then a "short circuit”

3

N enters through

the open area upstream, is exhausted by the hood.

For dry and very dusty materials, the IVM recommends higher
exhaust volumes (1.5 to 2.0 times greater), but there is no
convenient way for a designer to ascertain whether or not a
material is.dry and very dusty. The American Society for
Testing and Materials (ASTM) has an approved method for °
determining an "Index of Dustiness” for coal and coke. However,
using it as ; routine design guideline is not only impractical
but questionable. Moreover, the generation of dust depends

on the hardness of the mined material, which may vary from

stratum to stratum in the mine.

The Steel Mill Ventilation Manual (6) published by the Committee on

Industrial Hygiene of the American Iron and Steel Institute, recommends

another empirical approach, similar to that of the Industrial Ventilation

Manual.
Q = SW

where Q

Here, the exhaust volume is calculated by:

H/3 (1)

exhaust air volume, cfm,

350 for belt speeds less than 250 ft/min, 550 for belt speeds
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between 250-500 ft/min, and 750 for belt speeds greater than

500 ft/min,
W = belt width, ft,
and H = height of material fall, ft.

The use of this equation is qualified by the following design guidelines
for enclosures and location of exhaust hoods, which play equally important
roles in the successful operation of a dust control system.

1) Calculated exhaust volumes should provide an indraft
velocity equal to that of the belt speed at all openings.

2) Enclosures at the downstream end should be at least 4-6
times the belt width in length and one belt width high to
accommodate air surges.

3) Exhaust hoods should be located at least two belt widths
from the point of impact to avoid pickup of coarser material.

4) Belt scrapers should be used on the return belt when
practical.

This empirical relationship has the same "drawback as that of the

Industrial Ventilation Manual., Although height of fall is incorporated

into the equation, this is only one of the major variables that determine
needed exhaust volumes. Other variables, such as material flow rate,

aggregate size, bulk density, etc., are not considered.

2.,3.1.2.2 Air Induction Approach

The air induction approach is based on the theory that when granular

material falls through a chute, each solid particle imparts some momentum
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to the surrounding air, and the aggregate effect is the induction of a
stream of air traveling along with the material (fig. 9). This stream

serves as a transport medium for the fine dust formed in the process.

When the material reaches the belt, impact forces cause the airstream to

Air induction is a function of the moving material and not the conveyor
belt. A study by Kruse and Bianconi (7) suggested that Do measureable

air flow was obtained at transfer points with empty but moving belt

conveyors. This phenomenon of air induction is of great significance in

calculating exhaust air volumes. Following is a summary of various

attempts that have been made to establish air induction rate as a function
of material feed rate, height of fall, material Stream cross-sectional

area, aggregate size, bulk density, etc.
Pring, Knudsen, and Dennis (4)

One of the earliest studies performed to study the effect of various
- parameters oﬁ induced air flow of particles freely falling under gravity
was conducted by Pring, Knudsen, and Dennis. These authors experimentally
determined the exhaust capacity requirements for effective dust control.
Laboratory tests under controlled conditions showed that the air volume,

Qa, entrained by falling droplets of water, may be expressed as:

o =X A0 (Vv M fag (/0139 (2)
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FIGURE 9. - Air entrainment along the columm of material and “splash” effect
at the impact.
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where Qi = air volume, cfm, )
Ap = cross-sectional area of the product stream, ftz,

Vw = maximum velocity attained by the falling droplets, ft/min,

<
=
[]

velocity intercept at Qa = 0, ft/min,

2
Il

number of particles in a unit system of single successive

%

AS = projected area per droplet, ftz,

L = length of droplet stream cross section, ft,

W = width“of droplet stream cross section, ft,
and K = constant.

The following results were obtained:

1) The rate of induced air flow is a direct function of the velocity
attained by the falling bodies. -

2) In the larger particle size range, the square root of the height
of fall may be used instead of the actual height. This parameter
is incorporated in the velocity, Vy, attained by falling droplets.

3) The rate of air flow does not depend directly on the weight of
material, but rather on total projected area of the falling
material. This area, in turn, depends on the projected area per
particle, the number of particles per unit area, and total cross-—
sectional area of the product stream.

‘4) TFor a system invélving several columns of particles within the
same stream, where the interference among adjoining particles
is to be considered, the following relationship is found:

Qs = £ (n,Ag,N) (3)

where n = number of columns of particles within the stream.
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Equation 2 is of little value for practical application because it
requires determination of Ap and N, and the evaluation of factors for
particle shape, surface roughness, relative enclosure, and particle
crowding to determine K. However, the study defined the relative importance
of various variables and has been widely used to arrive at an empirical

relationship for the induced air phenomenon.
Hemeon (8)

In his book, Plant and Process Ventilation, Hemeon developed an

expression based on the theory that every particle starting from rest

and falling freely under gravity passes successively through three flow
regions: streamline, intermediate, and turbulent, and imparts some
momentum to the surrounding air. The energy transferred by these particles
to the surrounding air can be converted into horsepower using the following

simplified equation:

Q = 1a[(Hp) e AZ . 101l (4)
where Q = jinduced air flow, cim,

A = cross—sectional area of material stream, ftz,
and HP = horsepower.

Moreover, Hemeon developed the following expressions for power generated
by particles in each of the three flow regions — streamline, intermediate,
and turbulent. Streamline motion is of little significance in a bulk

material handling system and therefore is not discussed here.
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1)

Turbulent fall starting from rest:

HP =0.22 RS (5)
Z*d
2) Intermediate fall starting from rest:
- 1.7
p =34 RS (6)
Zudmln6
3) Fall at terminal velocity:
HP =E.§ (7)
550
where R = solid material flow rate, 1lb/s,
§ = distance travelled by particles, ft,
Z = specific gravity of particle,
and dp = particle diameter.

Examination of the above relationships indicates the following:

2)

3)

In bulk material handling operations, particles are of different
sizes so that the particle diameter (dp) is never a single
value as the expression assumes. Therefore, some practical
difficulties may arise in calculating induced air flow rates.
Air flow rates can be calculate& from the various reference
tables and charts developed by Hemeon, but this process is
somewhat tedious when a designer is faced with a number of
transfer points.

No method to determine the crosé—sectional area of the falling
material stream is presented. This is a major parameter in
determining the air induction rate, and neglecting it could

have a significant impact on the results .achieved.
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4) One limitation to this theory, as rightly pointed out by Hemeon,
is that development of the power equations was based on the
assumption that each particle acts independently and is
completely separated from every other particle. Obviously,

this is seldom true.

This approach is useful in one way however; if we assume that all of
the energy is devoted to the acceleration of air from a state of rest to
an average velocity, we can calculate the maximum possible induced air
flow rate. This conservative value can then be used as a check against
the values calculated by other methods to ensure an adequate exhaust

volume margin.
Anderson (9)

Based on the results of a comprehensive laboratory study made by
Dennis (10) at the Harvard School of Public Health, Anderson developed a
single empirical equation relating the important variables for induced

air flow, as follows:

Qg = 10.0 &, 3frs?/p (8)

where Qijpd = induced air flow, cfm,
Ay = enclosure open area at the upstream end (point where air
is induced into the system by the action of the falling

material), ft2,

R = rate of material flow, ton/h
S = height of fall, ft,
and D = average particle diameter, ft.
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The single most important parameter in the formula is Ay, the open
area at the upstream end through which air is induced. Based on this
formula, Anderson suggests values of Ay for various bulk material handling -

operations:

1) Belt—to—belt and chute~to—belt transfer: For belt-to-belt

transfe;, Ay = 0.5 times Eﬁz-belt ;;E;L'(f£$ for a tight
enclosure at both the head and tail pulleys of the feed and
return belts , or, A, = an appropriate value (measured or
estimated) based on the tightness of the enclosure.

2) Chute-to-belt transfer: Ay = chute opening at the top instead

of the open area around the head pulley.

3) Crusher—to-belt transfer: To achieve good dust control at

crushers, veqtilation must be applied at the top of the
enclosure surrounding the upper portion of the crusher and
also at the crusher feed chute-to—belt transfer point downstream.
At the upstream location, A, = enclosure open area at the
crusher feed: for the chute-to-belt transfer at the downstream
end, Ay = crusher throat opening, S = height from crusher
throat to belt, D = average crushed material diameter, and
Qexhausted = 1/3 Qing-
Anderson, in contrast to Morrison and others, claims that since the
induction technique predicts conservative exhaust volumes, the designer
may neglect the additional, comparatively small volume of 150 cfm per

square foot of total openings at the upstream and downstream ends.
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Evaluation of this method leads to the following conclusions:

D

2)

The most important factor in the entire formula is "A,," the
opening through which the air induction occurs. Common sense
supports this approach —— the tighter the enclosure, the smaller
the volume of induced air. For this same reason, a bulk
material handling operation equipped with "perfect" dust
sealing requires significantly less exhaust volume, i.e.,

if the amount of induced air is kept to an absolute minimum,
the only air that needs to be exhausted is the air volume
displaced by the material.

Unlike Hemeon, Anderson suggests use of an average value for
particle diameter to simplify the calculation process.

This assumption has a minimal effect because:

Qind°c3'115' °

Therefore, a 50% reduction in particle diameter would amount to

only a 26% increase in induced airflow rate.

Anderson's approach, although semi-empirical, seems to be of significant

general value because it accounts for important process variables, such
as material flow rate, particle diameter, height of fall, etc., in

calculating exhaust volumes.

Kruse and Bianconi (7)

Kruse and Bianconi present a method for calculating induced air flow

based on extensive measurements in coal handling systems at the Tennessee

Valley Authority's power plants. Air flow measurements were made at
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217 belt transfer points and at chutes discharging material from five
Bradford breakers and nine hammermill installations. The authors have

modified Hemeon's theoretical equation by adding an efficiency factor,

E1/3, representing the amount of energy transferred to the air, which

where Q = rate of induced air flow, cfm,
T = rate of material flow, tomn/h
A = cross—sectional area of falling particles, ft2,

h = free fall distance, ft,
7Z = density of material, g/cm3,
and dj = mass median diameter of material, in.

Using an assumed efficiency factor of 0.3 and the cross—sectional area
of the chute as an estimate of the area enclosed by particles, the authors
calculated the amount of air induction for each experimental condition
and compared it with previous field measurements. The correlation
coefficient between observed and calculated air flow rates was only
0.293. Hatch suggested- that the wide differences between calculated
.and measured values should be expected since the induced air élow for
material flow with limited free fall within enclosed inclined chutes
may be influenced by factors not included in the fundamental equation.(8)

To overcome this shortcoming, the authors developed an expression that
includes a transfer chute efficiency factor, K, and an empirically

derived efficiency factor, e—60.5K,  The resulting expression is
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@ = ([Le5mhl/3)  -6.5x (10)
dj 0.5 -

where g = (number of chute turns x 90°)
8 xh

and 8 = slope of the chute to the horizontal in degrees.

In contrast teo Equation 9, Equation 10 is independent of the cross—
sectional area of the falling particles. The correlation coefficient
between observed and calculated induced air flows using this expression
was 0.728. Hawever, the calculated values were significantly different
from the observed values in many cases. Using this relationship requires
an accurate estimation of dj, especially ahead of crusher or breaker
equipment. Moreover, high moisture content may affect the material flow

through the chute and change the efficiency factor.

Morrison (11)

For effective dust control, Morrison suggests performing an air balance
at a transfer point. The ultimate exhaust volume should reflect the
following factors:

1) Induced air: an air flow equal to the rate of air induction

2) Displaced air: an air flow equal to the volumetric flow of
material

3) Control air: a positive indraft of air at all openings.

Induced Air = Morrison used the Hemeon approach and developed an

empirical expression for induced air in a turbulent accelerating

velocity zone. Unlike Hemeon, he let particle diameter be the

average lump size (instead of calculating air volumes for each

59



particle size segment as suggested by Hemeon). Based on an in—
house study, Morrison claimed that there was no significant
difference between the exhaust air volumes by the two approaches.

The suggested expression is:

where an = induced flow rate, cfm,

T =

material flow rate, ton/h

H = height of material drop, ft,
A = cross-sectional area of material stream, f;z,
G = material density, 1b/ft3,

and D = average material lump size, in.

Displaced air — When material is introduced into an enclosure, an

equal volume of air is displaced. To prevent this displaced air
from seeking escape, Morrison suggests an additional exhaust air
volume equivalent to

Q, = 33.3-%- ,

where Q9 = displaced air volume, cfm. (12)
Control air — To create an indraft through all openings downstream,
Morrison recommends an additional exhaust volume based on a.minimum
control velocity of 150 ft/min for belt speeds up to 150 ft/min;
beyond this speed, the confrol velocity may be set equal to the
belt speed. This relationship is expressed as

Q3 = A3S) (13)
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where Q3
)

and S

control air volume, cfm,
tail pulley enclosure opening, ftz,

belt speed, ft/min

Morrison has prepared a standard calculation form (fig. 10) and made

assumptions to simplify design procedures. Evaluation of his method

leads to the following conclusions:

1)

2)

3)

The calculation methods for transfer points suggested by Morrison appear

The value of A, the cross—sectional area of the material
stream, is assumed to be equal to the cross—sectional area of
the chute. This may not be true in all cases because the
area of the chute may vary considerably depending upon the
adopted design standards. |

Under certain conditions, Morrison recommends locating an
exhaust hood at the upstream end, similar to the Industrial

Ventilation Manual's suggestion. However, with a proper
g prop

enclosure (i.e., dust curtain), a sufficiently high control
velocity can be attained through the openings at the head
pulley enclosure to avoid the need for an exhaust hood

at the conveyor head end.

For a transfer chute with a rockbox (to reduce height of free
fall), Morrison, based on the empirical data, recommends a

value for effective height equal to 50% of free fall height.

to be more appropriate and practical for exhaust volume determinations

than those typically recommended. However, these relationships are

useful only for belt-to—belt transfer points, and their application to

other transfer points, such as crusher-to-belt and screen—to—-belt, has

not been determined.

61



2707 CoNVEYOR TMNMTER POTIY

10, Estimating the actual temperature of the exhsust air volumes
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CONVERSION QF EXHAUST VOLUHES TO ACFM®
11, Hesd Pulley Exhaust Volume converaion to acfm. .
Qy (in scfw) = Q, (u-er-mnus)x&.:’_;:_"“’

- ( Yx__( ) +L60

12, Tail Pulley Exhaust Volume conversion to scfm.
Q (in scfm) = Qu (in scfm from line 9) x £7 + 460 e
530

B S F—

FIGURE 10. -

DESIGH DATA eStandard conditions based cn 29.92" Hg and TO° F. ?
5
V1w {1 ton = 200U 1da,)
Vo e— Materiul Bulk Density it A ] | .
Balt spesds G- 1ba. per cu. It. {inches) . rt.) (=g, f£.)  (sg. f%.) ‘
5 = 150 ninimms)
R : fpm min ) Aversge Material lump Size 18 2.66 2.92 1.0k
- % minimm
N e 150 e P=___ tnehes (1/8 tn. min.) 24 2.89 3.4 1.88
Head Pulley Enclcsure Operdngs Height of Matarial Fall
Reight of Material Tall -
Ay = aq. It. (See TABLE L 30 3.12 3.40 2.93 —
-_— e fest (Gee TABLE 2
Ta1l Pulley Enclosure Openings k] 3.93 3.70 [T N
Material Tesperature
Ay = 5q. fr. {See TABLE 1 . o L2 5.19 Loh 5.63
Crosy-Sectional Arsa of Haterlal Stream L8 6.90 Lh2 7.08
Ambient ALr Tempersture 3
Ay = 8q. rt. (See TABLE L - op 54 9.06 [ ) 8.72
60 1.67 5.30 10,50

HEAD FULLEY EXHAUST RATE, Q)

1. Induced air through head pulley enclosure openings caused by strw=am
of falling material.

3 [mea2
qp = 110 3

GD
3] £ ) 2( - )2
= 1o [§ | LS } - sefn
2. Control velocity at head pulley enclosure openings due to induced
air in 1.
imhe o ). - fra

e

3. If vy is greater than belt npud.'ll required head pulley exhaust

rate.
=0
k. If vy is less than belt speed 5; required head pulley exhaust
rate,
Q= A5 = qp = ( ) ( } - ) IR S—

5. The appropriate Q) value from 3 and 4 1z equal to the
Minismom Required Kead Pulley Exbaust Volume,

TATL PULLEY EXMAUST RATE, Q,

6. Induced sir from falling saterial into tail pulley enclosure.
g -4 = ( Y- ) - sefm
7. Adr displaced by mterial stream

33.3% = 13.3 i ] - 1cfm

8. Required contrel voluse through tail puu.ey enclosure cpenings
AxSy = ( Yx ( ) - actm

—_—

9. The sddition of air volumes in 6, T and B 12 equal to the

Minimm Required Tail Pulley Rxhaust Volume. ‘QZ - lct’l]

»
e*Values in Table 1 are based on belt conveyor transfer point design
ani meign etand

according to Dravo ds MS-15, MS-22, and
MS-23.

TABLE 2

Height of material fall requires special conalderatiom for tranafer paint
arrangeaents vhich impose cbstructiocas to the free rall of material. Obstructions
comonly encountered are stonebazes and aloped transler clutes. Illuatruted
below are typieal csies. Shown with ecach case §x an empirical foreula which
estimates an “effective” hetght of materisl fall. A heigat {H) cmlculated

by one of these formulaa ahould be used in performing tie calculatlona on

Page 2.

/U- Hy
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Case 1 H2 -
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—
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n .

How 0.5 ¢ 0.5 ¢ Hy

Cuze &

H = C.5H) ¢ Isinad . Hy

Standard calculation form for determining exhaust air volume.

(Reproduced by permission of Society of Mining Engineers, AIME 11.
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2.3.2. Ductwork

After the particulates are captured by the exhaust hood, the ductwork
transports them to a dust collector. Proper design of ductwork is
essential to:

1) Maintain adequate transport velocities so that particulates
will not settle out in the ducts

2) Provide proper air distribution at various exhaust hoods and
hence maintain the designed capture velocities

3) Reduce wear and abrasion on components such as elbows and "y

branches

4) Minimize friction losses and power consumption.

2.3.2.1. Transport Velocities

To prevent dust settling and plugging of ductwork, the Industrial

Ventilation Manual(3) recommends transport velocities of 3,500 to 4,000

fpm for most industrial dust (i.e., granite, silica flour, limestone,
coal, asbestos, clay, etc.). For heavier or moist dust, such as lead,

cement, quick lime, etc. the recommended velocities are 4,000 to 5,000

fpm.

2.3.2.2. Distribution of Air Flow

Air always takes the path of least resistance. If the design does not
provide for proper air distribution in a multiple-—branch exhaust system,

a natural balance of the air will occur, i.e., the exhaust volume will
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distribute itself automatically according to the resistance of the
available flow paths —— the branch with the least resistance will carry
the most volume, and transport velocities in other branches will be
reduced. It is, therefore, essential to design a system that will provide

a means of distributing proper air flow to maintain adequate capture

distribution:

1) Air balance without blast gates

2) Air balance by blast gates.

2.3.2,2.1. Air Balance Without Blast Gates

In this method, pressure drops are calculated beginning at the branch
of greatest resistance and proceeding up to the fan. At each junction,
the static pressures necessary to achieve the desired flow in both streams
are matched and the branches are brought into "balance."” These static
pressures can be balanced at the desired rate of flow by suitable

choices of pipe sizes, exhaust hoods, elbows, etc.

2.3.2.2.2. Air Balance by Blast Gates

This method depends on the use of blast gates to achieve the desired
air flow at each hood. Here also, the design calculation begins at the
branch of greatest resistance, and pressure drops are calculated through
each branch and through the various main sections up to the fan. However,
no attempt is made to balance the static pressure in the joining air

stream. The branches are merely sized to provide the minimum transport
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velocities. Care must be exercised in selecting the branch of greatest
resistance. If the choice is incorrect, any branch or branches having
higher resistance will fail to draw the desired air volume even though

their blast gates are wide open.

2.3.2.2.3. Choice of Methods

The first method is normally selected where highly. toxic materials are
exhausted so that possible tampering with blast gates will not affect
air flow. The second method provides some flexibility for correcting
improperly estimated exhaust volumes. Whichever method is chosen,
once a multiple hood layout is completed and balanced, additional hoods
should not be added: they may alter the airflow and can make some other

hoods totally ineffective. Table 1 compares both approaches.
2.3.,2.3. Wear and Abrasion

Excessive air velocities may cause rapid abrasion of ductwork systems
handling solid particulates. Although rate of abrasion also depends on
other factors, such as size, shape, and hardness of the particulates,
transport velocity is the major cause of wear and abrasion. For dust
collection systems in bulk material handling operations, the Industrial

Ventilation Manual recommends the following guidelines:

1) Ducts shall be constructed of black iron, welded, or galvanized
sheet steel, riveted and soldered.
2) The recommended minimum wall thickness for a duct of a given

diameter is:
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Diameter of U.S. Standard Gauge

Straight Ducts for Steel Ducts
Up to 8 in. 20
Over 8 in. to 18 in. 18
Over 18 in. to 30 in. 16
Over 30 in. 14

3) Elbows and exhaust hoods shall be at least two gauges heavier
than straight ducts.
4) Where abrasive material is exhausted, all 90° elbows should be

flat back with removable wear plates.

2.3.2.4, Friction Losses and Power Consumption

Once proper exhaust volumes have been determined, and the comnnecting
ductwork has been sized to convey the dust—-laden gases at adequate transport
velocities to the dust collector, frictional losses in the ductwork must
still be overcome. The necessary power is supplied by the fan and the
motor. The higher the frictional losses, the greater the motor horsepower

requirements. The Industrial Ventilation Manual recommends the following

guidelines for ductwork design to reduce friction:

1) All branches should enter the main at a 30° angle, and
wherever possible, the air velocity should match that of
the incoming gas stream.

2) Duct contractions and enlargements should be kept to a minimum.
However, if needed, they should be gradual.

3) Wherever possible, a circular duct should be used instead of
a rectangular duct to maintain uniform velocity distribution

and, hence, prevent settling of material in the ductwork.
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4) Hoéd entrance losses should be kept to a minimum, and
wherever possible, flanges should be provided to minimize
the losses.,

5) The centerline radii of all elbows should be at least twice

the diameter of the duct.

2.3.3. Dust Collector

Dust collectors are essential for removing the contaminants from

the exhaust air stream. They are available with a wide range of designs,
efficiencies, capital costs, operating and maintenance costs, space re-—
quirements, and construction materials. Following are five major
categories of dust collectors:

1) Dry cenfrifugal collectors

2) Wet dust collectors

3) Fab;ic filters

4) Electrostatic precipitators

5) Unit collectors.
2.3.3.1. Dry Centrifugal Collectors

Dry centrifugal collectors separate solid particulates from the gas
stream by rapidly spinning the dusty gases, i.e., by employing centrifugal
forces. One of the most common and simplest of all industrial dust
collectors, the "cyclone," belongs to this category.

Dry centrifugal collectors can be divided into the following two

baslc groups.
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2.3.3.1.,1. Conventional Cyclone Collector

Cyclones are commonly applied for the removal of coarse dust (D10 u m
from an air stream. Their principal advantages are low capital maintenance,
and operating costs, and a low pressure drop, usually 0.75 in. to 1.5 in.
of Hp 0. However, their lower collection efficiency for particles less

than 10 um precludes their use in many applications.

2.3.3.1.2., High-Efficiency Centrifugal Collector

This device provides higher centrifugal forces than the conventional
cyclone to improve the dust separation. The higher centrifugal forces
can be obtained by:

«1) Increasing the inlet velocities of the conventional cyclones
2) Using a number of small-diameter cyclones in parallel
(multi-cyclones).
Although thése collectors are able to attain higher collection efficiencies
- than the conventionallcyclones, they are not as efficient as fabric
filters and electrostatic precipitators for respirable dust (i.e., less
than 10 im.
Dry centrifugal collectors are not susceptible to freezing weather
conditions, and are employed for the fbllowing general applications:
1) Collection of coarse dust particles (greater than 10 um)
2) As a precleaner in series with high—efficiency collectors,
such as a fabric filter, an electrostatic precipitator,
etc., where particulate concentrations are high (greater

than 3 gr/scf)
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3) Classification of particles in the coarse size range
4) Where extremely high collection efficiency is not critical

for industrial hygiene purposes (i.e., woodworking operations).

2.3.3.2. Wet Dust Collectors

Het—dust Lullcuuux§T=ﬁﬁﬁﬁﬁﬁf7=EEEWﬁ=§§='§??hbbers," bring a scrubbing
liquid (normally water) into intimate contact with a gas stream containing
dust. The greater the contact of the gas and liquid streams, the higher
the collection efficiency. Multitudes of contact mechanisms are used,
e.g., spray contact, impingement, cyclone, and venturi. However, regardless
of the contact mechanisms, all wet scrubbers perform three basic operations:
1) Gas humidification
2) Gas-liquid contacting
3) Gas-liquid separation.

Selection of the right scrubber for a particular application requires
thorough understanding of the scrubber operation and its principles of
collection. Some scrubbers are primarily designed for particulate
collection (this is of importance for dust control), others for mass
transfer. However, thé prime requisite in both cases is still good liquid-
gas contact. The collection efficiency of a scrubber and the associated
cost determine the application of a particular scrubber.

Scrubbers are available in many désigns and show a wide range of

performances. The following are the most commonly used scrubbers in the

mining industry.
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2.,3.3.2.1. Chamber or Spray Towers

These collectors consist mainly of a chamber in which finely atomized
water droplets, formed by atomizing nozzles, are sprayed onto the incoming
gas stream. Many variations of the design are available but the principal
mechanism is the impaction of dust particles on the water droplefs.

These droplets are then separated from the airstream either by centrifugal
force or by impingement.

Spray towers are generally used where extreme air cleaning is not
required. They can achieve relatively high collection efficiency for
particulates larger than 5 ¥m at pressure drops of 1 in. to 2 in.
water gauge and 10 io 100 psi of water pressure. The operating costs
are minimal due to the low pressure drop. Normal water requirements are
up to 5 gpm per 1000 scfm of gas; for some fogging towers, the requirements

could be as high as 10 gpm per 1000 scfm at 100 to 400 psi water pressure.

2.3.3.2.2. Packed Towers

Collectors in this group consist of beds of packing elements, such as
rings, saddles, or other manufactured elements. The packing breaks down
the liquid flow into a high-surface-area film, so that the gas stream
passing through the bed achieves maximum contact with the liquid film.
There are generally three types of packed bed towers: countercurrent,
co-current, and cross—flow.

These kinds of scrubbers are primarily used for gas, vapor, and mist
removal. Although they will capture solid particulates, they are not
recommended because dust will plug the packing and thus result in excessive

maintenance.
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the velocity of the air stream or maintained By pumps or weirs. Most of
the water can be recirculated. Pressure losses vary from 3 in. to 6 in.

water gauge in most industrial collectors.

2.3.3.2.6. Venturi Scrubbers

The venturi-shaped inlet in these scrubbers provides much higher throat
velocities than the orifice-type scrubbers. Typical gas velocities at
the throat range from 15,000 to 20,000 fpm and the pressure drops range
from 5 in. to 100 in. water gauge. Although the contact time is relatively
short at these high velocities, the extreme turbulence in the venturi
section promotes very intimate contact between gas and liquid and increases
the impaétion efficiency greatly. The wetted particles and droplets are
then collected in a conventional wet centrifugal collector. The water
flows rates are ~ 5 to 10 gpm per 1000 scfm of gas. Venturi scrubbers
can achieve extremely high collection efficiencies for very fine (0.5 to 2 u m)

particulates; however, their operating costs are considerabiy higher than

for other wet collectors.

2.3.3.2.7. Advantages and Disadvantages of Wet Scrubbers

Advantages
1) Can withstand and handle high-temperature and high-moisture-
content gases
2) Collect dust in a wetted form, thus eliminating a secondary dust
problem on disposal. However, the disposal of the slurry without

clarification or treatment may create water pollution problems.
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3) Can eliminate, or at least reduce, fire or explosion hazards
for some dry dust

4) Humidify the gas stream. If the gas stream is initially at
an elevated temperature and not saturated, evaporation of

the added moisture reduces the gas temperature and hence, the

volume of the gas leaving the collector, thus resulting in

smaller fan and motor requirements.
Disadvantages
1) May promote corrosive conditions within the collector
2) Require freeze protection if collectors are located outside
in the colder climates
3) May not be used for recovery of dry products. However, in
cases where wet processing is employed, Fhe scrubber can

recycle the slurry back to the process.
2.3.3.3. Fabric Filters

Use of fabric filters to separate solid particulates from the gas
stream is one of the most efficient and economical methods available -
today. Fabric filters, commonly known as "baghouses," have been widely
used in mining and other industries.

%A baghouse comprises a woven or felted filtering cloth, arranged
in an envelope or tubular shape, through which the contaminated gas is
passed to separate out the solid particulates. Basically, tﬁere are four

mechanisms predominant in air filtration:
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1)

2)

3)

4)

Inertial collection (the basic collection mechanism in

woven media) — The particle, because of its inertia, does not
change direction with the gas stream and impinges on a fiber
placed perpendicular to the gas flow direction.

Interception — An inertialess particle (i.e., one which does not
cross the fluid streamlines) comes in contact with a fiber solely
because of the fiber's size.

Brownian movement = Submicron particles diffuse due to pressure
fluctuations, thus increasing the probabilities of contact between
the particles and collecting surfaces.

Electrostatic forces - Electrostatic charges of the particles

and filter media create electrostatic forces that may help or

impede the capture of particulates by filtering media.

Cursory observation of a fabric filter suggests that particulates are

strained out by the filtering medium. However, in reality, very small

particulates are actually filtered by a cake of the material, which

builds up on the filtering medium. Since resistance to gas flow increases

as the cake builds, the cake deposit must be removed periodically to

ensure proper operation of the system. Based on the filter cleaning

methods
1)
2)

3)

employed, three broad categories of baghouses are available:
Shaker—type
Reverse-air

Reverse—jet.
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2.,3.3.3.1. Shaker—-Type Collectors

These were the most popular baghouses in the mining industry for several

years. The filter bags are cleaned by manual, mechanical, or pneumatic

shaking. The cleaning operation can be continuous or intermittent, and

e

Single~compartment collectors are intermittent-duty types, i.e., the
gas flow is interrupted at some predetermined interval so that the excess
dust collected on the surface of the filtering medium can be shaken off.
These types of collectors are designed so that a periodic cleaning,
normally every 4 to 6 hours, is adequate to recondition the bags. However,
the cleaning cycle could also be initiated at a preset pressure point.

Multiple—compartment collectors offer continuous—duty operation since
each compartment has its. own set of dampers and can be totally isolated
duriné the cleaning cycle. They are used when it is not possible to
shut down the process. Normally, they are cleaned by automatic shaking.

In all shaker-type collectors, there must be no positive pressure
inside the bags during the shake cycle. Mumford(l2) demonstrated that a
pressure as little as 0.02 in. .water gauge can interfere with cleaning.

The normal filtering velocity, commonly known as the "air-to—cloth
ratio,” is between 1.5 to 4 ft/min, and the pressure drop across the
collector is 2 to 5 in. water gauge between the start and end of a cycle.
Since the air-to—cloth ratio is relatively low, the space requirements
for a shaker—type collector are quite high. However, because of the
simplicity of the design, the maintenance needs are minimal. Collection

efficiencies of more than 997 can be achieved for very fine particulates.

76



2.3.3.3.2. Reverse-=Flow Collectors

Some envelope-type baghouses use reverse air flow for bag cleaning.
Normally, the dust in this type of collector is collected on the outer
surfaces of the bag, and during the cleaning cycle, a moving carriage or
a valve seals off the outlet to one or more bags. Another valve permits
outside air to be drawn through the bag in the reverse direction, so
that the sides of the bag collapse and dust falls into the hopper below.
With this type of cleaning, only a few bags need be out of service at
any one time. Often, baghouses of this kind have multiple compartments,
so that one compartment can be cleaned while the others handle the
additional gas flow.

Normal filtering velocity for this kind of collector is 1 to 2 ft/min;
the filtering medium is usually glass cloth, which is fragile and requires
gentle cleaning. Reverse—-flow glass cloth collectors are widely used
for cement kilns, rotary driers, in the chemical industry,'and for other
high—-temperature applications. Collection efficiency is normally greater
than 997, and space and maintenance needs are somewhat greater than for

a shaker—type collector.

2.3.3.3.3. Reverse=Jet Collectors

This system employs compressed air to remove the filter cake from the
fabrice The two most commonly used cleaning methods are as follows:
1) A pressure nozzle mounted at the top of each tubular bag

releases a "bubble” of compressed air, normally at 80 to
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100 psi. As the "bubble" travels downward, the bag surface

flexes and releases the dust collected on the outer surface.
2) Travelling devices such aé slotted rings, for tubular bags,

or pipes which move across the surface, for envelope-type

bags, distribute compressed air, which releases the dust

collected inside the bag.

The reverse—jet method provides more complete cleaning and reconditioning
thap vibrating or shaking. Also, filtering velocities for these collectors
are very high —— 6 to 12 ft/min —- because the short cleaning cycles
reduce reentrainment and redeposition of "loose" dust. Normal pressure
drops are 4 to 6 in. water gauge and efficiency does not vary significantly
with air volume changes. With its high filtering velocity, i.e., high
air-to—cloth ratio, the reverse—jet fabric filter requires less space
than other types of fabric filters. However,ifabric filters of this
type are relatively expensive and have higher maintenance requirements

than conventional shaker—type collectors. Collection efficiency is

greater than 99% for very fine particulates.

2.3.3.3.4. Advantages and Disadvantages of Fabric Filters

Advantages
1) Can achieve collection efficiencies of greater than 997%
for very fine particulates at a pressure drop of 3 to
6 in. water gauge, compared to 10 to 100 in. water gauge

for a venturli scrubber
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2) Can appreciably maintain collection efficiency with changes in
air volume

3) Require moderate capital costs

4) Can be used for a wide range of temperatures, e.g., from
180°F for cotton fabrics to 550-600°F for fiberglass media

5) Can be used for a variety of processes in many industries

6) Allow recoverable product to be fed directly back into the process
stream

7) Are little affected by freezing weather

8) Have moderate maintenance requirements

Disadvantages

1) Require more space than most other types, except electrostatic
precipitators,

2) May cause secondary emission problems during dry dust removal
and disposal

3) Cannot be used for hygroscopic materials or for exhaust gases
with high moisture content

4) May have to be insulated in subfreezing ambient temperatures

because condensation in the exhaust gases may blind the bag
2.,3.3.4. Electrostatic Precipitators

Electrostatic precipitators employ electrical forces to separate
particles from the exhaust gases. Collection is achieved by imparting a
negative charge to the particles in the gas stream, so that they are

attracted to a grounded or positively charged plate. The collected
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plates. This type is used primarily where the particulate loading is

low and ozone generation mst be minimized.

2.3.3.4.3. Advantages and Disadvantages of Electrostatic Precipitators

Advantages
1) Can attain collection efficiencies up to 99.9%Z for all sizes of
particulates
2) Produce negligible pressure drop, hence minimal operating
power costs
3) Increase in efficiency with humidity of the air stream
4) Allow product recovery
5) Can be used for high-temperature applications as well as
in colder climates
Disadvantages
1) Have relatively high capital costs for gas volumes up to 50,000
cfm due to the cost of high~voltage electrical equipment
2) Have relatively large space requirements
3) Are limited to non—explosive or noﬁ—combustible materials due to

spark potential from the high voltage
2.3.3.5. Unit Collectors

Unit collectors, unlike central collectors are, as the name suggests,
aimed at controlling contamination at the source itself. They are suitable
for isolated, portable, or frequently relocated dust—producing operations

and are normally intended for light dust loads and/or intermittent operations
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such as remote conveyor transfer points, tool room grinders, or packaging

facilities. A number of designs are available with capacities ranging

from 200 to 2000 cfm, but basically there are two types of unit collectors:
1) Fabric collectors using cloth envelopes with some'manual

%

2) Fan filters equipped with an air filter, normally of the
viscous impingement type.

Unit collectors, because of their small space requirements and their
air recirculation design, are widely used in the metal working industry.
However, dust holding and storage capacity, servicing facilities, and
longer maintenance intervals have been sacrificed for small space
requirements and low initial cost.

Use of unit collectors is questionable if the dust—producing operations
are located in an area where central exhaust systems would be pfactical.
Dust removal and servicing requirements for a numBer of unit collectors
are expensive and are more likely to be neglected than those for a single

large collector.

2.3.4. Fan and Motor

The fan and motor system is the fourth major element in an exhaust
system. The fan converts electrical energy, supplied by the motor, into
the mechanical energy that moves air and suspended particulates from the

source to a final dust collector.
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Fans are divided into two main categories:
1) Axial-flow or propeller—type

2) Badial-flow or centrifugal—-type.

Axial~flow fans move the air by the thrust effect of the inclined
bl#ﬁes on the propellers. The air flow is essentially parallel to the
axis of rotation, and the screw—like action of the propeller causes a
helical-type flow pattern. Fans in this category include:

1) Propeller-type
2) Tube-axial

3) Vane—axial.

2.3.4.1.1. Propeller-Type Fans

Most propeller-typé fans operate without a housing. As a result, the
static pressure developed is low because there is little opportunity for
the conversion of velocity pressure into static pressure. Propeller—type
fans are used to move large quantities of air against very low static

pressures.

2,3.4.1.2. Tube—Axial Fans

Tube—axial fans are similar to the propeller types except they are
mounted in a tube or cylinder. Consequently, they are more efficient
than the propeller types and can develop up to 3 to 4 in. of static
pressure. They are best suited for moving air containing condensable

fumes, pigments, etc.
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2.3.4.1.3. Vane-Axial Fans

Vane—axial fans are similar to tube—axial fans except that ajir-
straightening vanes are installed on the suction or discharge side of
the rotor. Vane-axial fans are readily adaptable to mltistaging and

can develop static pressures as high as 14 to 16 in. water gauge. They

are . o rma ean air only.

2.3.4.2. Centrifugal Fans

With centrifugal fans, the air flow is pyoduced by the centrifugal
forces generated in a rotating colum of air and by the tangential
velocity imparted to the air as it leaves the tip of the blades. The
centrifugal force imparts static pressure to the air and the scroll-type
casing gradually transforms the velocity pressure into static pressure.

Centrifugal fans are divided into three main categories:

1) Forward—-curve blade type
2) Backward-curve blade type

3) Radial- or turbine-blade type.

2.3.4.2.1. Forward—Curve Blade Type

This fan is perhaps the most.widely used in general ventilation work.
It operates at slow speed and is quiet and inexpensive. It is slightly
less efficient than other types and is somewhat unstable at the middle
operating range.

This type of fan is usualiy suited for low-to-moderate static pressures,
such as those encountered in heating and air conditioning work. It is
not recommended for dusts or fumes that would adhere to the short curved

blades, causing imbalance and subsequent damage to the fan.
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2.3.4.2,2., Backward—=Curve Blade Type

This type of fan is usually larger than the forward—curve blade type.
It also operates at higher speeds, provides higher efficiency, and has
nonoverloading characteristics.

This fan is more suitable for higher static pressures. However, the
blade shape is conducive to buildups of material and should not be used

for alr containing condensable fumes or vapors.

2.3.4.2.3. PRadial- or Turbine-Blade Type

This design is a compromise between a forward—curve and a hackward—curve
blade centrifugal fan. The efficiency is not quite as high as for the
backward—curve blade type; however, the fan 1s small and operates at a
comparatively high speed, resulting in higher static pressures than for
the backward—curve blade fan.

Radial-blade fans are frequently used for exhaust systems that handle
materials likely to clog the fan wheel. The design of the blades and
wheel lends itself to rugged construction and offers a minimum of ledges,

etc., where dust or material could accumulate.

2.3.5. Advantages and Disadvantages of Dry Dust Collection Systems

The most effective method of reducing respirable dust emissions is
to contain the dust where it is generated and then exhaust it from the
process stream. The advantages of dry collection systems in performing

this function include the following:
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Over the years, many approaches based on empirical or analytical
methods have been suggested. Upon closer examination of the various
relationships discussed, it seems that there does not exist a single
comprehensive approach to determining the exhaust air volumes for
effective control of dust emissions. Most of the analytical approaches
either include constants and variables that are not easily available to a
designer or are specific for a particular operation.

To compare various approaches, we used a graphic procedure. A
hypothetical belt-to—-belt transfer point was designed, incorporating a
wide range of operating conditions encountered in the mining industry,
as indicated in Table 2. Based on the recommendations in various
approaches, exhaust volumes were calculated and plotted against the
height of fall and belt speed (figs. 11 and 12). It is evident from the
graphs that the Anderson and Morrison approaches lead to the low and
high exhaust volumes, respectively. We discount the Hemeon approach
since it is purely theoretical, and recommend it only as a check against

other approaches. Although the Industrial Ventilation Manual and the

Steel Mill Ventilation Manual approaches lead to values in the mid-range,

their universal applicability is questionable because of their purely
empirical nature.

The semi-empirical approaches suggested by Morrison and Anderson are
similar. Both are practical and most of the variables are easily available
to a designer. Morrison's approach (a modified version of Hemeon) is based
on field experience and observations during an in-house study with a

belt—to—belt transfer point designed in accordance with mechanical
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standards adopted by Dravo Corporation. Ité applicability to operations
with different design standards, as well as to other transfer points,
such as crusher-to-belt or screen-to-belt, is questionable. Anderson's
approach is a simplified version of the results obtained in an experiment
performed by Dennis at the Harvard School of Public Health.

Extensive literature search has disclosed that neither Anderson's nor
Morrison's approach has been evaluated by quantitative studies of
actual respirable dust reduction. We, therefore, designed the system
based on Anderson's approach, allowing a sufficient reserve capacity to

meet any foreseeable needs.

2.4, WET DUST SUPPRESSION SYSTEMS

2.4.1. Wet Dust Suppression Principles

The use of water sprays is a well-known means of controlling dust
emissions. By definition, wet dust suppression systems use liquids
(mainly water) to control dust emissions. Dust suppression is
achieved primarily by one or both of the following approaches:

1) Control Approach: The dust particle collides with the water

droplet and through agglomeration becomes too heavy to remain
airborne, and thus settles.

2) Preventive Approach: The product is wetted so that it has a

lower tendency to generate dust.
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2.4.1.1. Control Approach
The control approach is based on the theory that fine droplets sprayed
on dust particles initiate and enhance the agglomeration process until
the agglomerates are Foo heavy to remain airborne and settle down.

Particle capture by liquid droplets is a two~step process:

1 \N\—3 1 17 e
F)=—GoFiistom of ¥ particre Wit & droplet

2) Coalescence or adhesion after collision.

2.4.1.1.1, Particle-Droplet Collision

The collision between a particle and a droplet can occur by any

of four fundamental mechanisms.
Impaction/Interception

Impaction/interception mechanisms are dominant in controlling particles
above 1 Im with water sprays. As droplet and particle approach each
other on a collision path, the particle éends to follow the fluid streamlines
and be swept around larger droplets. Because of its inertia, however, the
‘particle does not exactly follow the fluid path, but instead cuts across
some streamlines. Depending on its initial trajectory and velocity, it
may impact directly on the droplet, barely graze the droplet, or entirely

miss the droplet (fig. 13).
Diffusibn

Submicron particles collide with the droplet due to random bombardment
by gas molecules. This collision mechanism depends on diffusion and

becomes predominant with decreasing particle size.
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FIGURE 13. — Particle trajectories around a water droplet.
(Reproduced from EPA Interagency Energy/Environment R&D

Program Report, Ref. 13.)
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Phoresis

Phoresis is a process in which particles move because they are subjected
to a gradient in temperature (thermophoresis) or vapor pressure (diffusion

phoresis). For particles larger than 2 im, phoretic forces exert little

e ————— e

Electrostatic Attraction

Practically all aerosols carry an electrical charge. The presence
of a charge on a particle or a droplet (or both) affects the particle
trajectory around the droplet and can improve (opposite charges) or

reduce (like charges) the collision efficiency.
Factors Affecting Collision Efficiency

Several investigators have studied the collision process. The
data obtained can be utilized to design or select an appropriate wet
dust suppression system. They are described below.

Grover (14) determined the collision efficiency of a droplet/
particle pair for water droplets falling at their terminal velocity.
Efficiencies were calculated for various dropiet properties, such as size,
humidity, ;nd electrical charge; and these data were - used to calculate
overall collision efficiency of a spray. Figure l4a shows that the
collison efficiency is strongly dependent on the diameter of the water

droplet. The minimum collision efficiency occurs at a particle diameter

of about 2-5 im, where several interaction mechanisms become ineffective.
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The efficliency curve levels off as droplet size decreases. This effect
is known as the "Greenfield effect."” Figure 14b shows that the relative
humidity (or tendency of the droplet to evaporate) affects the collision

efficiency. Although collision efficiencies are higher in drier environments,

the droplet lifetimes are shorter due to higher evaporation rates.

will not necessarily capture a solid particle lying in its path; as the

drop approaches the particle, the particle's inertia carries it across

the streamlines surrounding the droplet (fig. 13). TIf the particle lies
within a certain capture cross section about the axis of the droplet, it
will strike the surface. The collision cross section of a fluid droplet
can be interpreted as the fraction of the area swept by the droplet in
whiéh dust particles are captured. It has been related to a dimensionless

parameter, K:

k. Upd
9 ubD - (14)

where U = relative velocity between a particle and a droplet,
p = density of a particle,
Y = viscosity of air,
d = particle diameter,
and D = droplet diameter.
The relationship between K and the collision cross section depends on
whether a viscous—flow or potential-flow model is used in computing the

trajectory of the particle around the droplet. Figures 15 and 16 depict
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the result for both models. It is evident from the form of the parameter
K that the co}lision cross section and single droplet collision efficiency
improve with increasing relative velocity and decreasing droplet size,

Schowengerdt (16) has suggested that water droplets in the same size
range as dust particles would tend to show high collision efficiencies
(fig. 17). However, smaller droplets decelerate more rapidly than
larger ones because of frictional drag. Thus, the relative velocity
between the droplet and the particle decreases rapidly for smaller droplets
and, as a result, the collision cross—section parameter K and single
particle collision efficiency also decrease rapidly. Hence, there is an
optimum droplet diameter for maximum collision efficiency.

Cheng (17) has developed a general theoretical model for calculating
coll;ction efficiency of airborne dust particles by water droplets. The
model assumes an inertial impaction collection mechanism, and is based
on a mean interdrop length and mean particle area. Figure 18 shows
optimum diameters for several conditions.

The relationship between single particle collision efficiency and

overall collision efficiency is given by Walton and Woolcock (18) and

Cheng: (17)

E=1-exp (- 3 nQ (15)
2 DQg
where E = overall collision efficiency,
n = single particle collision efficiency,
L = characteristic length,
Q = volume flow rate of water,
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D

droplet diameter,

and Qa = volume flow rate of air.
This equation is an idealized version of the complex interaction
between a spray and a moving dust cloud, but the form of the equation is

instructive. Walton and Woolcock and Chen have assumed a coalescence
=====================================================§=============;——————————————————i:

efficiency equal to one; therefore, single particle collection efficiency

is equal to overall collision efficiency. A more exact form for overall

collection efficiency would be

o P 2 DQ,

Il

where Eq, = overall collection efficiency

and ]

single particle coalescence efficiency.

Thus, several parameters play an important role in controlling airborne
particulates by water sﬁrays. From the above discussion, the following can
be concluded:

1) A reduction in droplet diameter increases the probabilities

of collision between the droplet and dust particle.

2) Dust suppression efficiency increases with the increase in the
relative velocity between a particle—droplet pair. However, due
to frictional drag, the velocity of smaller droplets decreases
more rapidly with distance than that for larger droplets;
hence, there is an optimum droplet diameter for maximum dust
suppression. Reducing droplet size below this optimum lowers

the dust suppression efficiency.
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2.4.1.1.2. Coalescence After Collision

After a particle and a droplet collide, they may either adhere or
bounce apart. Adhesion requires attractive forces at the droplet/particle
interface. Adhesive forces can be supplied by interfacial surface tension,
other intermolecular forces (e.g., dipole or Van der Waals' forces),
chemical bonds, or electrostatic forces. Of these, surface tension
appears to be the most important.

The film thinning theory represents one model of the coalescence
process. When a particle impacts a liquid droplet, the air film between
them prevents immediate coalescence and the resistance due to surface
tension and viscosity slows down the penetrating particle. The particle
comes to rest and rebounds back if the separating air film remains intact.
However, if the film becomes thinner than some critical thickness, it
ruptures and coalescence takes place.

The coalesceﬁce phenomenon is not discussed in detail here because the

coalescence efficiency for airborne dust is near unity. (13)
2.4.1.2. Preventive Approach

The preventive approach to dust suppression is based on the theory
that adequately wetted material generates less dust. The effective
wetting of the product depends on several factors, such as the type of
product, its surface properties, droplet size, concentration of droplets
on a given surface, interfacial properties of the droplet, and velocity

of impaction.
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Cheng (19) has suggested two mechanisms by which droplets wet or spread

on a surface: static spreading and dynamic spreading.

2.4,1.2.1. Static Spreading

Static spreading is defined as wetting of the material under stationary

conditions, i.e., at zero relative velocity between the material and
spreading solution. For a stationary droplet on the surface of the
product, the specific static spread, Sg (area of coverage by a sessile

drop per unit mass of liquid), is given by:

4 sin3 0 . 2/3 1
Sg = 3/2 \2-3 cos © + cos” © oD (17)
where p = droplet demnsity,
D = droplet diameter,
and @ = contact angle.

Thus, reducing the droplet diameter or contact angle (same as reducing

surface tension) increases the amount of surface coverage.

2.4.1.2.2. Dynamic Spreading

Dynamic spreading is defined as the wetting of the material under
dynamic conditions, i.e., at non-zero relative velocities between the
material and spreading solution. The specific dynamic spreading, S4q
(area covered by an impacting droplet per unit mass of liquid), can be

expressed as:

Sq = 1 cZv (18)
( pdo) 1/2 pl/2
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where 0 = surface tension of a solution,

d = particle diameter,
C = spread coefficient = F ( o, V, D),
p = droplet deﬁsity,
D = droplet diameter,
and V = impact velocity.

The specific dynamic spreading is increased by reducing the surface
tension or increasing the impact velocity. Decreasing droplet size appears
to increase specific dynamic spreading; however, because of frictional
drag, impact velocity also decreases. Therefore, there exists an optimum
diameter for maximum specific spreading.

Of these two spreading mechanisms, one can be emphasized at the expense
of the other depending on the needs of the user. Therefore, proper selection
and location of spray nozzles as well as selection of the wetting solution

are of paramount concern for achieving desired efficiency.

2.4.2, Wet Dust Suppression Techniques

Thus far, we have briefly reviewed various mechanisms, principles, and
parameters affecting the performance of wet suppression methods. Described
below are the four major categories of wet suppression techniques:

1) Water sprays

2) Water sprays with additives

3) Electrostatically charged fog

4) Combination of water sprays and steam.
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2.4.2.1. Water Sprays

The use of water sprays is a well-known and inexpensive means of

suppressing airborne dust or preventing dust from becoming airborne.

However, water, due to its high surface tension, wets most surfaces

adequate penetration, this method would not be suitable where additional

moisture content could be detrimental.
2.4.2.2, Water Sprays with Additives

This concept of wet dust suppression relies on the use of chemi cals
to alter the surface properties of water. The chemicals used are
blends of one or more surface active agents (surfactants) and polymers,
which reduce the surface tension of water from the normal 72.6.dynes/cm
to as low as 25-30 dynes/cm.

The two most appropriate uses for treated water appear to be:

1) Preventing dust from becoming airborne
2) Capturing airbornme dust.
The treated water achieves these results by modifying the following factors:
1) Droplet size
2) Coalescence

3) Surface area

4) Contact angle.
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2.4.,2,2.,1. Droplet Size

Treated water, because of its low surface tension, is more readily
atomized. The relationship between the diameter of the drop and the

surface tension is given by

D=c.\/-o— 19

where D = droplet diameter,
¢ = nozzle constant,
and 0 = surface tension of the solutiom.

Thus, when the surface tension is reduced by 50%, the droplet diameter
is reduced by only 30%Z. However, there is then a corresponding 200%
increase in the number of droplets and a 50% increase in surface area
for ;he same volume. In general, the collision efficiency increases for
treated water because of a reduction in droplet size. However, below a

certain critical droplet size, the efficiency does not increase because

several other parameters play a major role.

2.4,2.2.2. Coalescence

Reducing surface tension without changing any other parameters can
increase coalescence. Reducing surface tension reduces resistance to
penetration by a particle, thus allowing deeper penetration.(i§). In
general, the coalescence efficiency increases thereby, but other

conflicting forces may counteract this effect.
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2.4.2,2.3, Surface Area

Another method which has been exploited for dust control is foaming.
Certain surfactants, if used under suitable conditions, generate foam

which contains significantly more surface area for a given volume of

greatly increases the collision efficiency of the spray.

The chief reason for using surfactants is to avoid the addition of
excess moisture to the product. The application of surfactants is not
recommended for a product which may not be contaminated, or one where a

high moisture content interferes with a subsequent operation.

2.4.,2.2.4. Contact Angle

.

Treated water, because of the decreased contact angle between the
droplet and the particle, can wet readily and uniformly, spread farther,
and penetrate deeper. This action cements the surface of the product

stream and significantly reduces the tendency of dust to become airborune.
2.4,2.3. Electrostatically Charged Fogs

Practically all aerosols carry an electrical charge. The presence of
charge on the particle or droplet (or both) affects the particle trajectory
around the droplet and can improve (opposite charges) or reduce (alike
charges) the collection efficiency. These interacting forces increase as
the charge increases. Electrostatically charged fogs take advantage of this
phenomenon to suppress dust. According to Hoenig, (20) the effectiveness

of electrostatically charged fogs is highly dependent on the polarity and
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charge concentration, which, in turn, depend on several factors, such as
particle size, type of material, impurities, processes to which the product
is subjected (e.g., crushing, grinding), temperature, etc. Although the
individual particles can be highly charged, the overall charge carried by
the product may be neutral. For example, figure 19 shows the charge density
for various sizes of quartz particles, and figure 20 gives elementary
charges per particle for different minerals.(2l) For respirable-sized

dust, the polarity as well as the charge distribution may vary under
different sets of conditions. Therefore, to achieve the optimum efficiency,
actual in-field tests are essential before the final installationm.

A water droplet in a spray may be electrostatically charged by several
methods: (13) via induction from a metal ring surrounding the spray, via
a needle in the spray, or by direct electrical contact with the water
(fig. 21). All of the charging mechanisms have limitations. With ring
induction charging, the outer layer of water receives a higher charge,
and the charge distribution over all of the droplets is unknown.

Similarly, with needle charging, it is again unlikely that all the
droplets formed will have a uniform charge. With direct contact charging,
the nozzle must be carefully insulated to prevent current leakage through
the supporting structure and water feedliune.

Hoenig (20) has reported insulating the nozzles up to 20 kV by injecting
air into the plastic tubing feedline. The injected air breaks the continuous
water column into segments and prevents electrical leakage via conduction
through the water column. Hassler (21) has reported an autogenous charging
method that does not require any voltage source. Droplet charge results

from water—to—metal friction in a grounded spray nozzle, as shown in
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Dust particle charges for quartz dust from disc crusher.
(Reproduced from Ref. 21.)
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figure 21 (bottom). Autogenous charging will work only if the nozzle is
grounded and the water acts as an insulator (tap water or recycled water
has a high conductivity due to impurities and thus cannot be charged by
this method). The use of deionized water in a mining environment is not
practical.

The effect of electrostatic charges on single droplet collision
efficiency is illustrated in figure 22. The collection efficiency is
significantly higher for particles less than 3im.

Hoenig (20) conducted the first systematic study to evaluate the effect
of electrostatically charged fog on the collection efficiency of airborne
dust generated by various materials, such as granite, clay, foundry
dust, cement, silica-sand, coal, etc. He experimentally showed that the
charge distribution and polarity of various sizes of airborne dust were
a function of factors such as type of product, processes applied,
impuritieé present, climatic conditions, etc.

The typical suppression efficiencies obtained for foundry dust at various
water flow rates are given in figure 23. Significant improvements in
suppression efficiencies for positively charged fog were attributed to
the presence of primarily negatively charged particles in the dust.
Figure 24 compares the performance of an uncharged fog with positively
charged and negatively charged fogs for trona dust. The results suggest
that the dust contained both positively and negatively charged particles
in approximately equal amounts.

It is evident from the foregoing discussion that the charge and

size distribution of the particulates in the dust mist be known before
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electrostatic fog generators can be considered for dust suppression.
Electrostatic foggers are an ideal choice for a dust source that generates
predominantly positive or negative polarity dust of 3um or less.

However, if the respirable dust fraction has an overall neutral charge,

an auxiliary fogger (generating fog of opposite polarity to the primary
fog) may be necessary to obtain the desired control. This alternative,
however, is very expensive. The use of electrostatic fog may also be
objectionable in some underground mining operations, such as for coal,

because of potential explosion hazards due to static electricity or sparks.
2,4.2,4. Combination of Steam and Water Sprays

Another approach which has proven effective in dust suppression is
the use of steam in conjunction with water. Schauer (gg) has observed a
707% greater collection efficiency for submicron size particles with a
steam pretreatment than with water alone. Lohs (23) has reported a
collection efficiency of 75% for O.4—um hydrophilic (sodium sulfate)
particulates with steam, compared to 40Z without sfeam; for the same
particle size, an efficiency of only 50%Z was obtained for hydrophobic
(polyester) particles with steam, compared to 40%Z without steam.

Cheng (24) has shown that the wet collection mechanism for airborne coal
particles involves condensation of steam on the coal particles and sedi-
mentation of the resulting heavy, wet particles. Cooling is required
to achieve condensation on the dust particles.

Figure 25 summarizes the collection efficiencies at various particle
sizes for steam, a steam-water mixture, and water alone. It shows that,

in general, the collection efficiencies with the steam—water treatment
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are 20% higher than with the water spray alone, for all particle sizes.
The mixture is 100%Z more effective than the sprays alone for l-um
particles and 40%Z more effective for 6—im particles (fig. 26).
However, on an overall gravimetric basis, steam-water mixtures are
about 147 more effective than simple water sprays.

The results of using a steam-water mixture are encouraging; however,
cost considerations -- for a continuous supply of steam, among other

things — preclude its application in the mining industry.

2.4.3. Advantages and Disadvantages of Wet Dust Suppression Methods

The simplest and least expensive means of controlling airborne dust at
conveyor transfer points is through the use of wet dust suppression
systems .

The chief advantages of wet suppression systems are:

1) They are relatively inexpensive and easy to install and operate.

2) They are effective in many applications.

3) No specialized maintenance is required.

The disadvantages of these systems include:

1) Water is often a scarce resource in summer months when it is
most needed.

2) Wet systems are highly susceptible to freezing.

3) Nozzles can become clogged.

4) Dust is not extracted from the product stream and, hence, the
same dust could become airborne downstream.

5) Wet material can blind screens.
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6) All wet systems may not be effective for respirable—sized dust.
7) Wet dust tends to cling to conveyor belting and is released
during return runs, creating mick piles which may become an

added source of fugitive dust and require additional maintenance.

2.4.4. Commercially Available Wet Dust Suppression Systems

The preceding sections described the principles, mechanisms, and
techniques of wet dust suppression. Discussed below are various
commercially available wet dust suppression systems based on one or more
of the techniques described earlier. The main advantages and disadvantages

of each are described.

2.4.,4,1., Water Sprays

2.4.4.1.1. Sonic Dry Fog Dust Suppression System

The Sonic Dry Fog system is designed to control airborne dust by
introducing droplets smaller than 20im in the direction of the material
stream flow. Since these droplets are in the same size range as respirable
dust particles, according to Schowengerdt's (16) theory, the Sonic system

should be efficient in controlling respirable dust emissions.

Advantages
1) Water requirements are 5-15 gph per nozzle at city water pressure
(20 psig).
2) Air requirement is 7 scfm per mozzle at 60 psig.
3) Water droplet size can be varied from 1-10 pm to 200-600 um.
4) Moisture addition usually amounts to less than 0.1% of product

weight.
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5) The product/material is not chemically éontaminated.
6) The system is effective even in cold weather (claimed by Sonic

Corp.).

Disadvantages

2) Resonator caps on the nozzles are fragile and susceptible

to wear, requiring periodic inspection and maintenance.

3) System is not recommended by manufacturer when air
velocities are in excess of 1 m/s, or under very turbulent
conditions.,

4) System effectiveness cannot be determined visually because

fog and dust cannot be differentiated.

2.4.4.1.2. Homemade Water Sprays

Use of a homemade water spray is a popular way to prevent dust from
becoming airborne where there are no restrictions on the addition of
moisture to the product. However, other important factors —— how well
the product mixes with water, nozzle location, spray patterns, and droplet
sizes — are often not considered. Therefore, effective homemade water
sprays are rarely encountered in the mining industry. If properly applied,

homemade water sprays can be effective in preventive dust control.
2.4.4,2, Water Sprays with Additives

This type of wet dust suppression relies on the use of surfactants and
polymers to reduce the surface tension of water. The following two

commercial systems are most frequently encountered in the mining industry.
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2.4.,4,2,1, Chem—Jet Dust Suppression System (Johnson-March)

The Chem—Jet dust suppression system is a preventive dust control method
that uses surfactants to reduce water surface~§ension and decrease
water—particle contact angle. The system meters and mixes a preset amount
of specially formulated surfactants with water and sprays the mixture on
the material through strategically located nozzles. Application usually
begins at the truck or car dump at the primary crusher, and additional
applications are normally made at all crushers where new surface is being

created.
Advantages

1) Moisture added at the transfer point in the beginning of the
process stream is claimed to have a "carryover effect” at
subsequent transfer points.

2) Effective where surfactants are tolerated, but not excessive
moisture.

3) Fixed costs are lower.
Disadvantages

1) Operating costs are higher.

2) Careful application is required at transfer points prior to.the
vibrating screen to prevent blinding.

3) The proportioning equipment, pump, etc., should be adequately

protected against freezing.
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2.4.4.,2.2, Deter Microfoam System

The Deter microfoam system, as the name suggests, uses fine foam bubbles

to control airborne dust. The foam is injected into free—falling

aggregates, and since it consists of a thin film of water around air, a

Foam is produced by mixing air, water, and specially formulated surfactants
under pressure. The metering unit automatically supplies a preset ratio
of air, water, and surfactant through the mixer, which uses vortex action

to produce many small foam bubbles (100-200 Um) .

Advantages

1) Enclosure tightness is not critical.
2) A carryover effect is claimed by Deter.

3) Moisture addition amounts to usually less than 0.1% of product

weight.
Disadvantages

1) Operating costs are higher.

2) The proportioning equipment, pump, piping, and compressor
should be adequately protected against freezing.

3) Cautious application is required at transfer points prior to the

screen to prevent blinding.
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2.4.4,3. Electrostatically Charged Fogs

Dust suppression through electrostatically charged fogs is based on the
principle that charged'water droplets will attract dust particles, thus
increasing collision probabilities. This approach is ideal for a dust
source that generates particles that have predominantly positive or negative
charges. However, charges are seldom uniforms; for example, the charge
carried by a cloud of dust can be neutral, while the individual particle
may be charged positively or negatively.

The use of electrostatic fogs must be ruled out for coal and other
gassy mines because of the potential explosion hazards due to static
electricity or sparks.

The following two systems were evaluated.

2.4.4.3.1 Aero-vironment Electrostatically Charged Fog Generator

The Aero-vironment Electrostaticallf Charged Fog Generator utilizes
centrifugal forces and a high-velocity air stream to generate fine water
droplets from water flowing into an atomizing cup. These droplets are
charged by direct contact with a high-voltage power supply. The typical
charge-to-mass ratio is as high as 1.2 x 106 C/g (coulombs per gram)

with a mass median droplet diameter of 200 um.

Advantages

1) The high charge density on the droplets makes them very efficient
for suppressing oppositely charged particles under 3 pm —— a

difficult problem to solve by any other technique.
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2) Positive, negative, or neutral fogs may be generated.

3) There is no chemical contamination,

Disadvantages

1) Capital costs are high.

D —Flectric FHSUrat O Mt teaice 15 Tt ca .

3) This method is not recommended where static electricity can

trigger an explosion.

2,4,4,3.2, Ritten Electrostatic Fogger (Sonic Development Corporation)

The Ritten Electrostatic Fogger charges atomized water droplets either
positively or negatively via induction from a metal ring surrounding the
spray. Since charging is indirect, the charge density on a given droplet

is much lower than that produced by the direct contact charging method.

Advantages

1) Costs are lower than with the direct contact method of charging,
but the charge density is also lower.

2) Effectiveness is high for oppositely charged particles smaller
than 3 im.

3) There is no chemical contamination.

4) Positive, negative, or meutral fogs can be generated,

Disadvantages

1) All droplets may not be charged by the induction ring method,

2) Electric insulation maintenance is essential.,
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3) The method is not recommended where static electricity can

trigger an explosion.

2.4.5. Selection of a Wet Dust Suppression System

One of the goals of this program was to select a commercially available
wet dust suppression system for rigorous field testing to determine its
effectiveness in reducing respirable dust concentrations. The system
selected had to meet the following criteria:

General applicability — The system should be applicable for all

products, climatic conditions, processes, etc.

Efficiency — The system should be able to reduce respirable dust
concentrations to permissible levels.

Cost - The system should be inexpensive to acquire, operate, and
maintain.

Moisture addition — Mositure addition to the product should be

mnimal.

Product contamination — The system should not contaminate the product.

Maintenance requirements = The system should be as rugged as possible

with minimal maintenance requirements.

The commercial systems reviewed for each method of wet suppression
were:

Water sprays

Sonic Dry Fog Dust Suppression System .

Homemade water sprays
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Water sprays with additives

Deter Microfoam System
Chem—Jet Dust Suppression System by Johnson-March

Electrostatically charged fog

Ritten Electrostatic Fogger

EIectrostatically Charged FOg Generator by Aero-—vironment,

To evaluate these systems on a common reference scale, we formulated
two hypothetical transfer points: crusher—-to-belt and belt-to-belt,
with characteristics commonly encountered in the mining industry (Appendix
A). We then asked the various manufacturers for information regarding
efficiencies achievable, cost, utility requirements, auxiliary equipment
requirements, etc., for each application and evaluated each system based
on the established criteria. These systems were chosen to illustrate
basic concepts; the advantages and disadvantages of each were objectively
evaluated only on the basis of their overall ability to effectively reduce

respirable dust.

2.4.5.1. System Evaluations

2.4.5.1.1. General Applicability of the Systems

Water spray systems are potentially applicable to any product that can
tolerate moisture. Conventional water sprays are unable to fully penetrate
the product stream, and some materials cannot be "wetted" by water alone.
Although a majority of the larger dust particles may be suppressed,
the efficiency in controlling airborne respirable dust may be low, since
it has been shown that coarser droplets cannot capture smaller dust

particles.
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The Sonic system (atomized water spray) introduces droplets smaller
than 20 mm in the direction of the material stream flow. These small
droplets have a much greater probability of colliding with a respirable-
sized dust particle than the larger spray droplet.

The Chem—Jet and Deter systems rely on surfactants to thoroughly wet
the product so that dust does not become airborne. These systems are
preventive and are not effective for removing airborne respirable dust.
Also, additional applications are needed whenever new surfaces are created
or exposed, e.g., when the material is transferred, crushed, or screened.
The Chem—Jet and Deter systems add a small amount of chemical contamination
to the product. In addition, their use can cause screen blinding or
create muck on the belt if adequate precautions are not taken.

. The Ritten and Aero-vironment electrostatic foggers should be

more efficient than water alone for respirable—sized particles that are
either predominantly positively or negatively charged. However, the
efficiency is highest for particles < 3 um, and decreases for larger
particles. Electrostatic sprays require a considerable amount of auxiliary
equipment which may not be economically feasible for many mining applications.

The use of electrostatic foggers is questionable in coal mines because

of potential explosion hazards.

2.4.5.1.2. Efficiency

It is impossible to compare efficiencies of these systems because they
were not tested under identical conditions. However, we can draw some
general conclusions by comparing the basic mechanisms by which these

methods control or prevent dust.
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Electrostatic foggers are effective for controlling all dust particles
< 3-5 im that have predominantly one type of charge; however, for
neutral or slightly charged dusts over the entire respirable and non-
respirable range, they are unsuitable unless the user provides an auxiliary

fog opposite in polarity to the primary fog.

The Deter foam system is a good choice for products that cannot tolerate
additional moisture but can tolerate contamination; the use of foam
generally reduces the amount of water required for control. However,
since the relatively large foam bubbles produced (100-200 tm) have very
low inertia (because of low weight), the relative velocity between the
bubbles and a particle decreases much faster than for a water droplet,
reducing the foam's effectiveness for particles below 3-5 pm. Foams
are also displaced very easily by air movement. To use foam as a preventive
measure, thorough mixiné with the material is essential.

The application of surfactants, as in the Chem~Jet system, to prevent
dust from becoming airborne is especially suitable where the effect carries
over to subsequent operatioms. When a product goes through several
processes, however, additional treatments may be needed. Surfactant
systems are ineffective in reducing respirable dust that is already
airborne.

The Sonic system seems particularly effective in capturing respirable-
sized dust particles due to the small droplet size. It mst be used
within an enclosure (settlement chamber) to facilitate thorough mixing
of the spray and air and to allow larger particles ample time to settle

out,
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2.4.5.1.3. Cost

Capital, operating, and maintenance costs for primary and auxiliary
equipment are clearly important in evaluating a system. Generally,
systems with central units are most economical when they can be used to
treat more than one point.

Cost estimates for a dust control system can vary significantly depending
upon the plant layout, location, material processed, severity of the
problem, degree of control required, climatic conditions, number of
transfer points treated, etc.

Homemade water spray systems are the least expensive wet suppression.
system. The Sonic system is relatively inexpensive to install, utilizes
low air pressure and water volume, and requires no additives.

The Chem—Jet and Deter systems are relatively inexpemsive, but require
the continued purchase of costly proprietary surfactants.

The Ritten and Aero-vironment systems require auxiliary equipment to
produce a high electric potential. In addition, the Ritten fogger may
require a fan to impart sufficient velocity to the droplets. Furthermore,

neither of these electrostatic systems is readily available commercially.

2.4,5.1.4. Moisture Addition

Most of the systems examined here claim to add less than about 1%
moisture by weight. However, wet suppression systems are not recommended

for moisture—-sensitive products such as hydrated lime, cement, etc.
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2.4.5.1.5, Product Contamination

The Chem—Jet and Deter systems require additives that may contaminate

certain products, such as certain limestone aggregates used for construction

and road building, cement, silica sand used for glass mixing, or certain

2.4,5.,1.,6., Maintenance Requirements

All the systems seem to need routine maintenance, but, relatively
speaking, the systems with the least number of moving parts are expected
to have the lowest maintenance needs.

The Chem—-Jet and Detef systems have nozzles that may clog occasionally,
and require filtered water. These systems also require additional
metering systems for adding the surfactants.

The Sonic nozzle is designed to minimize clogging, but, as with other
systems, filtered water is still required. The{fEESHéfﬁf\gap is a fragile
component and will wear out. However, the replacement cap is inexpensive
and "snaps” into place. The Sonic, Deter, and Ritten systems require an
air compressor, which adds to the maintenance requirements.

The electrostatic systems have nozzle maintenance requirements similar
to those of other systems, but also need effective electrical insulation,
covers or partial enclosures, and an electrical source.

All the systems revieﬁed have some difficulty operating under winter
conditions, and heat tracing of the water lines is required. Deter

Company'claius that foam, due to its low heat conductivity, is only
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marginally affected by cold, even after it leaves the nozzle. Sonic
Development Corporation advertises the effectiveness of their system under
freezing conditions, and attributes it to the production of droplets

too light to freeze.a However, the relatively drier atmosphere during

winter would increase evaporation losses so that it would be necessary to

change the air pressure under such conditions.
2.4.5.2. Recommended System for In— Mine Testing

Upon our recommendation, the Bureau approved the Sonic Dry Fog system
for in-mine testing. The advantages of the system are:

1) Installation and operation are simple.

2) Smaller droplets (1-20 im) are produced at much lower pressure
than with other commercially available nozzles.

3) High flexibility and turndown ratios of 1:30 are possible.

4) Fewer problems are likely during winter operation.

5) Total water consumption is very low.:

6) It is relatively inexpensive.

7)' Since there are no moving parts in the system itself, less
maintenance is expected.

8) Nozzles are self-cleaning.

9) No wetting agents are required.
Its disadvantages are:

1) Enclosures must be tight.

2) Wet systems are not recommended where excessive air turbulence

is expected.
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3)

4)

5)

Evaporation losses in drier environments may reduce efficiencies
and require additional water or somewhat coarser droplets.
Faulty resomator caps will allow coarser droplets to enter the
system, with resulting decreased eff{Fiency.

Since it is difficult to visually differentiate between fog

of the system.
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**% 3, DESIGN AND FABRICATION

3.1. BACKGROUND

Chapter 2 is a revise& version of the Phase I report as submitted
in July, 1981. Phase I also required a survey to establish typical
characteristics of belt conveyor installations in the mining industry,
and to select a site for detailed testing of dust control technology
in subsequent phases of our study. To accomplish this task, we visited
a number of mining facilities and collected appropriate information,
such as physical layout and designs of conveyor belt transfer poisnts,
location of dust sources and their expected airborne respirable dust
concentrations, and control techniques in use and thelr effectiveness.

This chapter will describe our Phase II efforts. We first used the
collected information to develop criteria for selecting an in-mine test
site. Based on these considerations, we selected Genstar Corporation's
Marriottsville, Maryland, facility, a surface limestone mine producing
crushed limestone at an average rate of 700 ton/h year-round.

Next, on the basis of the information collected during field trips,
the literature search in Phase I, and our experience, we designed
prototype bulk material handling, dust collection, and wet dust
suppression systems appropriate to this site. These were then installed

at the selected test facilities.
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Our approach to reducing respirable dust emissions from belt conveyor
transfer points was two-tiered: first, to reduce dust generation and
emissions through the use of effective and reliable bulk material
handling components, such as rockboxes, enclosures, skirtings, dust

curtains, and belt scrapers; and second, to apply either dust collection

SIS E==oiEitSE=- SO AA e 4B e RNEAItO S 0 OREEG- N ¢ D ate ; g ¢ sions

from the belt conveyor transfer points included in the study. The

following sections describe our program efforts during Phase ITI.
3.2. DESCRIPTION OF OVERALL PROCESS FLOWSHEET

As described in Chapter 2, the design of an efficient, effectivg,
and reliable dust control system requires a thorough knowledge of the
equipment and processes involved. A process flow sheet of the test
facility, including the bulk material flow and equipment characteristics
(types of crushers and vibrating screens; belt conveyor size, speed,
capacity, etc.), was develope@ at the outset of Phase II. Using the
flow sheet, we then selected the critical transfer points for applying
the prototype dust control systems. Figure 27 schematically
shows the overall process flow of the test facility and the transfer
points selected in the study.

To determine the applicability of dust control systems under a
variety of operating and process conditions, we selected transfer
points from each segment of the test facility, i.e., the primary
crushing circuit, secondary crushing circuit, and tertiary crushing

circuit. Moreover, the transfer points chosen included several different
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types of mineral processing equipment, such as belt conveyors of various
sizes, speeds, and designs; crushers of different designs (e.g., double
impeller impactor, hammermills); and the vibrating screen. As a

result, 10 of the most commonly encountered transfer points in the

mining industry were retrofitted in this study: seven were equipped

and the remaining three were equipped with a wet dust suppression

system. The selected points for each system were:

Dust Collection System

Primary crusher-to-belt conveyor #1
Secondary crusher—to-belt conveyor #4
Belt conveyor #7-to—-belt conveyor {8
Belt conveyor #4i-to—vibrating screen {2
Vibrating screen #2-to-belt conveyor #5
Vibrating screen #2-to-storage bin #1

Vibrating screen #2-to—storage bin #5

Wet Dust Suppression System
Hammermill #l-to-belt conveyor #7
Hammermill #2-to-belt conveyor #7

Belt conveyor #ll-to-belt conveyor #4

The following sections describe in detail the condition of the test

facilities before modifications; the installed bulk material handling,
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dust collection, and wet dust suppression systems; and the problems

encountered and solutions adopted at each transfer point.

3.3. EXISTING INSTALLATIONS AT IN-MINE TEST SITE

The in-mine test site, approximately 30 years old, was originally
equipped with state-of-the-art dust control technology, reflecting
an attitude of genuine concern for the working environment of plant
personnel. The same concern continues to this day, as evidenced by
the complete cooperation of the local management throughout the present
program.

Over the years, unavoidable changes and additions made to the facility
to accommodate new processes and product lines have resulted in less
than optimum dust control system efficiencies compared to those in more
recent plants. Visits to eight other mining facilities during Phase I
of the program indicated similar trends. Hence, conditions at the
selected test facility were representative of the mining industry.

The existing systems for bulk material handling, dust collection, and
wet dust suppression at the various transfer points prior to any

modifications are described below.

3.3.1. Bulk Material Handling System

Most of the bulk material at the test site was handled by belt
conveyors and transfer chutes. Before our modifications, many belt
conveyors were running at speeds which resulted in some spillage at
certain transfer points. Some transfer chutes were without the

covers needed to facilitate easy access in case of material jam—up.
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At some chutes, covers were present originally, but were not reinstalled
after maintenance or production-related work because they required

bolting.

The skirting on all of the belt conveyors had shorter and narrower

settling boxes than we would now recommend. These created higher

QIO LGOSl E8{dDCe

Moreover, the skirting rubber, fastened with nuts and bolts, was worn
out at a number of locations, resulting in considerable material spillage
and dust emissions.

We also found that bolted dust curtains and rubber seals to contain
dust emissions were not consistently in place. The head chutes of
most of the conveyors wefe equipped with rockboxes and access doors,
and no wear was apparent on these. However, some transfer chutes
without the rockboxes were worn out in places. Belt cleaners were

found at only a few transfer points.

3.3.2. Dust Collection System

The existing dust collection system consisted of three reverse jet
baghouses. One large central baghouse with 40,000-cfm capacity exhausted
most of the transfer points, while two 7,000-cfm dust collectors exhausted
the primary crusher and screen house transfer points. The dust collection
system was, most likely, designed based on approaches described in the

Industrial Ventilation Manual. (We will show in Chapter 5 that for some

of the transfer points, the Industrial Ventilation Manual estimates lead

to less than adequate exhaust volume.) Observations at individual

points, and conversations with operating personnel at the test facility,

140



revealed that several exhaust hoods had been added to counteract

losses in efficiency. However, this unbalanced ductwork resulted in
further losses of efficiency. For example, two exhaust hoods were
operating at the end of the settling box at the secondary crusher-to-
belt conveyor transfer point, but.dust emissions were still visible.
Moreover, to control the dust emissions from the sides of the conveyor,
two additional 10-ft-long exhaust manifolds had been installed on
either side of the conveyor. These suffered from poor air distribution,
and were sometimes plugged. The dust collector at the primary crusher
was located directly above belt conveyor #l1, and discharged the
collected dust back onto the same belt to avoid its subsequent handling.
However, this resulted in shifting the problem from one area of the
belt conveyor to another. On a windy day, much of this dust became
airborne again, increasing ambient dust levels.

The dust control system at vibrating screen #2 consisted of an exhaust
manifold mounted on top of the screen enclosurei Three 10-in.-diameter
ducts connected to an exhaust manifold created an in-draft through a
l-in. opéning between the vibrating screen body and the stationary
enclosure. To avoid material spillage, the rear of the vibrating
screen was equipped with rubber seals.

The storage bins receiving the material from the vibrating screen

circuit were without covers and significant dust emissions were visible.

3.3.3. Wet Dust Suppression System

Wet dust suppression systems were in use at two locations: at the

receiving hopper feeding the primary crusher, and on the discharge
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chute from vibrating screen #2 feeding belt conveyor #5. At the
primary crusher receiving hopper, water was sprayed onto the material
through a number of nozzles connected to a common manifold. The

effectiveness of the spray could not be determined because the transfer

point was also equipped with a dust collection system. The wet dust

of a simple garden hose nozzle, spraying approximately 4 gpm water on

the material. This appeared to be highly effective; sizable reductions
in airborne dust emissions were observed at the subsequent hammermill
crushers—to—-belt conveyor transfer point. In addition, a number of
spray nozzles were present at the end of the settling boxes for some of
the transfer points. These were not very effective in controlling
dust emissions at the end of the settling boxes but appeared to help

reduce dust emissions at the subsequent transfer points.
3.4. TEST INSTALLATIONS — GENERAL DESCRIPTION

The test installations at various transfer points consisted of some
common dust control system elements. Elements common to all the systems

are described in Sections 3.4; details specific to each system are discussed

in Section 3.5.

3.4.1. Bulk Material Handling System

The analysis of the data collected during our Phase 1 field visits
revealed that a transfer point involving a belt conveyor emits dust
from three locations: at the tail pulley where material is received

(location "T"), through the sides of the conveyor skirting rubber
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(location "S™), and from the end of the settling box through which

the material exits (location "E”). Our observations indicated that
dust emissions from "S" and "T" locations could be reduced by containing
them through the use of bulk material handling components such as
spacious enclosures, proper dust seals, etc.; the emissions from "E”
locations could be controlled either by dust collection or wet dust
suppression. Accordingly, we placed great emphasis on designing a
bulk material handling system to reduce not only dust generation and
emissions at a transfer point, but also to contain dust at the source.
Our typical transfer poiﬁt included bulk material handling components
such as rockboxes, inclined conveyor skirting, spacious enclosures,

dust curtains and seals, belt scrapers, and V-plows, etc. (fig. 28).

3.4.1.1. Rockboxes

Rockboxes were strategically placed in the transfer chutes to reduce
the height of free fall of the material and also to absorb the impaét
of incoming material, thus reducing chute wear and abrasion. Rockboxes
placed in the bypass chutes of primary and secondary crushers reduced
the impact of incoming material on the belt and deflected the material
in the direction of belt travel, thus reducing turbulence, dust generationm,
and emissions enough to obviate the need for an exhaust hood at the

tail pulleys of the respective conveyors.
3.4.1.2. Skirting

The conventional straight edge skirting design was replaced with

inclined conveyor skirting. This design provided a greater wear area
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for the skirting rubber seals, and maintained a proper seal with the
moving belt at all times, even when the belt was momentarily depressed
between the adjacent idlers due to the impact of the incoming material.
The skirting rubber, 1/2=-in. thick and of 55-60 durometer hardness,
was attached with quick—-disconnect clamps (Wolverine Tool Company,
Model SK-51000) for fast and easy adjustment. The design did not
require frequent adjustments, and whatever adjustments were necessary
could be performed in significantly less time than before. The original
skirting design was based on the premise that the belt conveyors would
not be operated much in excess of 75% of design capacity. However, in
practice this was seldom true. Indeed, our initial installation of
the skirting on belt conveyor #4 caused material jam—ups due to
insu;ficient belt surface area. The skirting configuration was modified
as described in figure 29.

Muckshelves installed in the material impact zone of the transfer
chutes reduéed the direct impact of some of the incoming material onto
the conveyor skirting rubber. Moreover, they also helped to place

material centrally on the belt, thus keeping the belt properly aligned.
3.4.1.3. Enclosures, Dust Seals, Idlers, Belt Cleaners, "V"-Plows

To reduce the air velocities and pressure surges that cause dust
leakage at conveyor transfer points, long and spacious enclosures, known
as settling boxes, were installed at each transfer point (fig. 30).

The purpose of such enclosures is to allow settling of coarser dust on

the belt so that an exhaust hood located far downstream can collect

145



FIL

s
LR Y™ mn\L\_L
~., - e
NSt ~ N
ol
e
b
Y ., ; >
F p— —_— ~
TYPICAL CONVEYOR SKIRTING DETAILS
e
' ! ; wom | & | w | e |w
1
; i 2 | a6 | s | 6 |10
; e T SSR S . i e L] %0 20 8 L 1
1
! : 3 % | % |2 | o |1
: : a1 4l 90 L] "
T i a8 | 48 % w %
£ ranL mouy
l 3
| o
4 | - - AL DINENSIONS IN NS
- ( - | - - SHADID MEAS REPRISENT RUSIER SEALS
\\ / = ALL WILDID CONSTRUCTION DXCAP? AS NORD
| ) - AL ANOLIS Bv) DICEPT AS HOTED
I » ALL PLANS § THICK DECEPT AS NORD
« AL BOUS § § OXDT AS NOWD
TYPICAL RETURN BELT 'V’ PLOW DETAILS
| ) [ ! nns LA
| I Y (] ﬂmm:.-: ...::‘o‘:n:;a::mu @‘@HE CannENOR BELT BT dovTRLL et o
. DEMEINES 0v:4 3o 00 OIS Ul SIS RO TR EGRENaR | I Winil  TEATRIS MiMG T 0 W @
- s AORATII: Tuskl 1A Shini S0TR T R VT witaL coivar muens 4 DR MR
= = [ == oA bvr-a. e are [or mml ] YAy MELT V. PLeuss OGSeud| 3441 000 3

FICURE 29. - Typical conveyor skirting and return belt "V"-plow designs.




werAL

Ty

Sectiod B-'p-

wd
s '
: |
(
i
HeeTioN - BB ZEcTion E-E SECTION €-¢°
2ACK SPILL RUBMER 4EAL @ TAIL ENO DUST cURTAIN & END oF SETTLING BoX
e e e B e T T L e COME  [emmermay e oo
SR b e e meeas . —— — —— - o - :l:;-mul,\- -;:; — = — LY codvEveR OUT ERALL ’::'n-n-\:::
ST —_ —— - L [fevense aseryewe ) stotamwn [ ] v, =, ; Twited €178, MANESS ore AL
DAMARG MO AEERTRCY DRAwWS DR AW 90, LT S RCE DAMRNGE = “:’::_ £an lovlen “T.- pnle “.,.:::::. m 41t 000 4 F‘
FIGURE 30,- Belt conveyor dust seals - recommended designs.




primarily the finer dust fraction, which stays airborne. This technique
is particularly useful in ore cohcentrating or other operations where
dust could be a useful product. The enclosures were equipped with
hinged access doors instead of the conventional bolted construction to

facilitate easy access. Dust curtains and dust seals were installed

the amount of air entrained (fig. 30).

On some belt conveyors, additional impact idlers were installed in
the material impact zone to reduce the amount of unsupported span and
prevent belt deflection. The maximum distance between the impact
idlers was maintained at 1 ft wherever possible. Martin Engineering
Torsion Arm Belt Cleaners were Iinstalled at the head pulley of all
conveyors to dislodge the fine dust carryback on the return belt surfaces.
The stainless steel blades initially fitted on the belt cleaners
wore out within a month of operation and were replaced withAtungsten
carbide tip blades. Since then, all the belt cleaners have performed
satisfactorily. "V"-plows (fig. 29) were also installed near the
tail pulleys of the conveyors to clean the non—carrying side of the
belt and thus prevent material and dust buildup on the tail pulley

that could cause lateral movement of the belt.

3.4.2. Dust Collection System

A total of seven transfer points was equipped with dust collection
~systems. As discussed in Chapter 2, the determination of adequate exhaust
volume is one of the most important steps in designing an efficient and

economical dust collection system; however, a comprehensive approach to
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calculating exhaust volume is not available. As a result, at the conélusion
of Phase 1, we recommended that the dust collection system be designed
initially based on Anderson's approach to calculating exhaust volumes,
alléwing a sufficient reserve capacity to meet any foreseeable needs.
A subsequent contract modification expanded the program scope to
include field wvalidation of various estimates of exhaust volumes.

Variable exhaust volumes were obtained by providing air bleed-in
ducts and control dampers in the ductwork near each exhaust hood. When
air flows were low, ambient air was introduced through the air bleed-
in ducts to maintain adequate particulate transport velocities and thus.

prevented dust settling in the ductwork. The ductwork was designed and

constructed as per criferia established in the Industrial Ventilation
Manuai.

The exhaust volume calculations using the approaches most commonly
recommended in the literature are given in Appendix B and summarized in
Table B~l. The maximum design exhaust volumes at various transfer
points were:

Primary crusher~to-belt conveyor #1 - 6700 cfm
Secondary crusher—to-belt conveyor #4 — 8800 cfm
Belt conveyor #7-to-belt conveyor #8 -~ 2400 cfm
Vibrating screen #2 — 2500 cfm

Storage bins #1 and 5 - 1700 cfm each

Storage bin #5 - 1700 cfm

Belt conveyor #5 - 2500 cfm.
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Due to the physical location of the transfer points, three separate

dust collection systems were designed, as follows.
3.4.2,1. Primary Crusher

The dust collection system at the primary crusher—to-belt conveyor #1

EONSIaTed—0r—an-eXhaust Bood-nounted- On-THe-top 0T -The —

settling box to capture fine airborne dust particulates. The collected
dust was then transported through the ductwork to the existing dust
collector for the primary crusher.

The existing dust collector was also relocated so that the collected
dust could be discharged into a storage bin provided undermeath. A haul
truck periodically emptied the hopper and carried away the collected

dust to a mine dump site.
3.4.2.2. Secondary Crushing Circuit

The dust collection system at the secondary crusher-to-belt conveyor #4
and belt conveyor f7—to—be1t conveyor #8 transfer points was connected
to the existing ductwork leading to a central 40,000-cfm baghouse. The
general layout of the ductwork including the bypass and bleed-in ducts

is shown in figure 3l.
3.4.2,3. Vibrating Screen #2 Circuit

A central dust collection system connecting all the transfer points
included in the vibrating screen circuit was added onto the existing

test facility ductwork. A number of control dampers were provided to
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vary the exhaust volumes as required in testing. Figure 32 shows the
general arrangement of the ductwork at all the transfer points in the

vibrating screen #2 circuit.

3.4.3. Wet Suppression System

At the conclusion of Phase I, we recommended the Sonic system to the
Bureau of Mines as our choice for field testing and evaluation. Our
selection was approved by the Bureau, and this system was installed at
the following three transfer points:

Hammermill #l-to-belt conveyor #7
Hammermill #2-to-belt conveyor #7
Belt conveyor #ll-to—belt conveyor ta.

In consultation with the Sonic Development Corporation, the system was
initially installed as shown in fiéure 33. At the hammermills—to-belt
conveyor #7 transfer point, two spray bars, each containing two Sonic
nozzles, were installed. The first spray bar, was located at the tail ené
of hammermill #l1, and injected water in the direction of the material
flow. The second spray bar was located on top of the settling box after
hammermill #2, and injected water countercurrent to the material flow.
Because of some problems with this arrangement at the hammermills—to-belt
conveyor #7 transfer point, we eventually relocated the spray bars. The
details of these modifications are given in Section 3.5.4. At the conveyor
belt #ll—to-conveyorlﬁelt #4 transfer point, one spray bar containing

two nozzles was installed before the material impact zone.
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The Sonic control panel (figure 34) was equipped with a set of air and
water pressure gauges for each spray bar that read instrument air pressure.
However, instrument air pressure has no direct relationship to operating
pressure or flow rates of air and water near each spray bar. To measure
actual air and water pressures as well as flow rates, we installed the
following instruments near éach spray bar in a separate control box:

1) Compressed air pressure gauge

Make: Span Instruments

Type: Oil-filled

Range: 0-100 psig

Accuracy: + 2% on full scale
2) Compressed air flow meter

Make: Wallace and Tiermnan

Range: 0-24 scfm

Accuracy: + 2% on full scale

Pressure: Up to 100 psig
3) Water pressure gauge

Make: Span Instruments

Type: Oil-filled

Range: 0-30 psig

Accuracy: + 2% on full scale
4) Water flow meter

Make: Dwyer Instruments

Range: 0-20 gph

Accuracy: + 2% on full scale.
These instruments were equipped with adjustment knobs so that we could

regulate and monitor individual variables.
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To ensure reliable system operation dpring winter, the compressed air
and water supply lines and field control boxes were heat traced and
insulated. In addition, a number of drain valves were also installed at
strategic locations in both lines to drain off water when required. The
air and water lines were interconnected through a common valvé so that
the water supply line could be flushed with compressed air at the end of
the day to avoid freezing problems at nighttime.

Later in the program, the solenoid valve in thé>Sonic control panel
malfunctioned during colder weather. Since we could monitor individual
spray bars via the field control instruments we had installed, we removgd
the Sonic control panel and control valves and instrument air lines.

The tests of the Sonié system at the hammermills—to-belt conveyor
transfer point revealed that it was not fully able to reduce dust emissions
to acceptable levels. The problem was particularly severe at the
side and tail of the conveyor belt. Therefore, a separate water spray
system, consiéting of two garden hose nozzles (GH system) was installed
to augment the Sonic system. The details of the water spray are given

in Section 3.5.4.4.

3.5. TEST INSTALLATION — SPECIFIC TRANSFER POINTS

3.5.1. Primary Crusher—to—Belt Conveyor #1

3.5.1.1. Process Description

The mined material is hauled from the quarry via trucks and dumped
onto a surge pile. A front-end loader equipped a 9-yd3-capacity :

bucket dumps the material into the primary crusher surge hopper, from
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which it 1s fed through the apron feeder and vibrating grizzly into the
primary crusher — a 5360 double-impeller impactor. As the name suggests,
the impactor breaks the material into smaller fractions by impact forces,
generating considerable dust. The crusher discharges the crushed material

onto the 48-in.—wide belt conveyor #l. The finer fraction of the material

p— =

=6—ti. 7 from the vibrating prizzty bypasses the primary crusher and 15—

discharged directly onto belt conveyor #1.

3.5.1.2. Equipment Characteristics

Primary Crusher: Cedar Rapids, 5360 double-impeller impactor
Speed: 400 rpm
Capacity: 700 ton/h (average)
1000 ton/h (peak)
Material size at inlet: —-60 in.
Material size at discharge: -14 in.

Belt Conveyor #l1: Size: 48 in.; 20° idlers
Speed: 430 ft/min

Theoretical capacitylz 1700 ton/h
3.5.1.3 Test Installation

Figure 35 shows the primary crusher—to-belt conveyor #1 transfer point;
existing bulk material handling is indicated by dotted lines and new

installations by shaded areas. A single exhaust hood located downstream

1 Calculated based on Ref. (1) approach assuming:
Surcharge angle = 25°
Angle of repose = 38°
Bulk density = 85 1b/ft3

158



[} N

« e
S ° [ P — S SR, JR— Do o SN P e
] T_ POIMAZY. 5% b
HausE@MILL
: A
| ,(g&’(’*)( A NOTES
Ano 3- 5-3 wiix " P .
F,A:EuﬁM‘ a.vl—( m::‘.‘g:lu ! . ! |r_ _' 1 VODIFICAT IO To THE EisTiMG EGUAMEVT  Aas sAdouey
; ‘ I I | | ! 1. CHAN-DOTTED LIWES IMOIATE EBisTiNG ESUDMENT
h
7 \ —— ..__.._! 3. ALL DWENGIDNS AZE APPRONIAATE § SHOULD ME VERIEED 1 TN FEWD.
M \ . —- ==
3 \ [ N ; r ) 4 AL RATES age L THick ExcEPT As woTew
“ .
- f ! _— ! 5 ALL ANALES ARE 3 n 8" B E<EPT 43 Noteo
'
Lﬁ | I t 6. AlL WEILDED <oulTRUCTION S<casrT As WoT€D
\ —t—— e ——— e —— | 4. COUCRETE Pluags 7. SUPPORTS To A6 WCATED 1d EELWD To EVIT LOCAL CORMITiONG
— ~— - = | r T Btwow ne darrosd
PPV =t . H 1 :
) ‘ | | | =S
g ! I
\ e S| l 5?2\ —vT——J .
| ~ -
/ A I f 48" ey conv. §
| s ~ PEMARY . 5180 U\; HAMMERMILL
\f/ HAMME@MILL
I /
CONVEYDR FLILTIIG £ . \f I n " —“"\
@1 DETAWS $ER — - .
Dws @ 381.000-3 —_—— / 5
=LA 4 \
J f BYpAse- s
PAT cveran / IMPECLER \
For OETALS seh ; Lr T ;_
Owid i 34l co-4 . _1 Hew DUchwoat, P - {_‘- \ H -
. \ ‘ .
. H M
- 5
H Y
| H - -
=%
— - 1—1— | | -
I ‘ SPERATMG FLoGE
T r—
Remov € XisThg, l l ‘
SR ¢ cauTgl
Yo ’UIT . .
P
ROCE AoX. .
r weo 44 dg
vy . 4
7~ ACK $PILL ZUSAE, 7 TeE BUISTING Tof :
By :m “.tl;_. :". € 1haL o & ML‘, W
Ok 8 Fdtco00- 4 NEW LuwBR Bax
LN
v | |
B S S R
L
u tued WELT FLOWH
. oKRLY AafC
3\-4(1 ® Jan.00p- §
ELEVATION END- VIEW
Iy
] s{cTion: CLENT: U 4. GUREAU OF M nuES nne
1 SCALE: Y5 7 i-o" | DATE T CITIES TEEATCH cEuUTES @@HE CONVEYOR WEL] DT coutm. |[PROACHD Jerveong
| oEsigneD 0Y; vuey [ +/t7/2d W MNE TRATIG PRALE ) 4 1Y 344 CLL
1 ORAWN OV: v wrr {o9{8s/bal  eaTion: Twiid €ITIES, Misul S0TA AR MAMTTA LASORATOR MY DRAALY QIR To MELT Taaugrey  ONAWNG MaNEn
NO. DEECAIPTION [er|[~o. DESCRIFTION oaTE | av § cHECkED OY: MUtk WATEEA. ¢ DAY ST Cotilcvouy .
ORAWING NO. WEFERENCS ORAWINGS. DRAWIAG 30, WEFTRENCE DRAWINGS NEVISIONT VDO APPAGVRD BY: oS TEM CEaial 3d)aoo- 9

FIGURE 35, - Primary crusher—to-belt transfer point - bulk material
handling and dust collection system design.



of the primary crusher was installed to control the dust emissions.
The dust collection system was designed to operate at a maximum exhaust

volume of 6700 cfm.

3.5.1.4. Problems Encountered and Solutions Adopted

noticed that belt conveyor #1 was skewed with respect to the primary
crusher, i.e., the centerlines of the belt conveyor and crusher did not
coincide. The result was uneven loading of the belt. The situation was
partially- corrected through the installation of muckshelves in the impact
zone, but not totally eliminated. As a result, the skirting rubber on
one side of the conveyor continued to tear away due to rock impact, and
had to be replaced. This situation was partially corrected by extending
the muckshelf on that side. The conveyor skirting on the other side

lasted through a normal wear—and-tear cycle of approximately 8 months.

3.5.2. Secondary Crusher—to-Belt Conveyor #4

3.5.2.1. Process Description

Belt conveyor #1 discharges —14 in. material onto a 6 x l4-ft triple
deck vibrating screen. The oversize material (-14 in., + 7 in.) is
discharged through a feedbox and a vibrating feeder into the secondary
crusher — a 3645 double-impeller impactor.

The secondary crusher discharges —3-1/2-in. rocks onto the 30-in.-wide
belt conveyor #4. The smaller fraction (-3-1/2 in., +1-1/2 in.) from
the screen bypasses the secondary crusher and is discharged directly
onto belt conveyor #4 through a transfer chute.
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3.5.2.2. Equipment Characteristics

Secondary Crusher: Cedar Rapids, 3645 double—impeller impactor
Speed: 500-700 rpm
Capacity: 800 ton/h
Material size at inlet: =14 in., +3-1/2 in.
Material size at discharge: =3-1/2 in.

Belt Conveyor #4: Size: 30 in.
Speed: 535 ft/min
Theoretical capacity: 790 ton/h

Material size: =3-1/2 in.
3.5.2.3. Test Installation

Figure 36 shows the secondary crusher—to-belt conveyor #4 transfer
point. Existing bulk material handling and dust collection systems a?e
shown by dotted lines; new installations are shown by shaded portions.
Two muckshelves, approximately 10 ft long and projecting 4 in., were
installed in the material impact zone to reduce skirting rubber wear
due to direct impact of the oncoming material. Two rockboxes, one for
each impeller drum of the impactor, were also installed to reduce height
of free fall and to absorb the impact of the incoming material. A single
exhaust hood (replacing two exhaust hoods), located downstream of the
secondary crusher, was installed to control dust emissions. The dust
collection system was designed to operate at a maximum of 8800 cfm.

To vary the exhaust volumes, a bypass duct was used to bleed ambient
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air into the system, thus maintaining adequate transport velocities.
Control dampers were also provided in the ductwork to regulate the air

flows.
3.5.2.4. Problems Encountered and Solutions Adopted

The new skirting installation caused plugging of the secondary crusher.
Further investigation revealed that the peak throughput of the secondary
crusher exceeded the theoretical capacity of belt conveyor #4. Thus, the
crusher became plugged because of insufficient belt surface area. The
expanded skirting design shown in figure 29 and described in Section

3.4,1.2. eliminated the plugging.

3.5.3. Belt Conveyor #7-to-Belt Conveyor #8

3.5.3.1. Process Description

The 24-in.—wide belt conveyor #7 carries 2-in. material from two
tertiary crushers (hammermills) and discharges onto the 24-in.—wide belt
conveyor #8. Belt conveyor #8 discharges the material onto the triple

deck vibrating screen #4 for size classification.
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3.5.3.2. Equipment Characteristics

Belt Conveyor #7: Size: 24 in. wide
Speed: 410 ft/min

Theoretical capacity: 390 ton/h

Belt Conveyor #8: Size: 24 in. wide
Speed: 420 ft/min
Theoretical capacity: 320 ton/h

Material size: -2 in.
3.5.3.3. Test Installation

Figure 37 shows the existing bulk material handling and dust collection
systems as dotted lines and the new installations as shaded portioms.

The bottom surface of the transfer chute was lined with a number of
steel angles to create mini-rockboxes, which reduced abrasion of the chute
and prevented dust and material leakage. The small amount of airborne
dust generated as a result of the bulk material transfer was contained
in the spacious enclosure, where, due to the low air velocities most of
the coarser dust settled out. A single exhaust hood was installed
approximately 8 ft from the impact point to capture airborne dust. Dust
seals at the head chute of belt conveyor #7 replaced the exhaust hood
located at the head pulley.

The dust collection system was designed to operate at a maximum of
2400 cfm. To vary the airflow and still maintain sﬁfficient transport

velocities, a bypass duct was used to bleed ambient air into the
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system when required. Control dampers were also installed in the ductwork

to regulate the airflows.

3.5.3.4. Problems Encountered and Solutions Adopted

The new bulk material handling and dust collection systems have been

mﬁQLn*Lxs Sat St aCroT Iy NO— g ENndrice oY othier problems have arisen

since their installation was completed.

3.5.4. Tertiary Crushers—to—Belt Conveyor #7

3.5.4.1. Process Description

The oversize material (=3~1/2 in.) from vibrating screen #2 is fed to
the 30—in. belt conveyor #5, which in turn dumps it into a storage hopper.
Two vibrating feeders located underneath the storage hopper feed both
the hammermill c;ushers. In these crushers, considerable fine dust is
generated as the material is broken up by a number of rotating hammer
bars. Moreover, the hammermills act as fans and induce high air
velocities in the enclosure. The crushed material (-2 in.) from both
the hammermills is discharged onto the common 24-in. belt conveyor #7,

located underneath.
3.5.4.2. Equipment Characteristics

Hammermills #1 and #2: Type: Cedar Rapids, 4033 hammermill
Speed: 900 rpm

Capacity: 200 ton/h each
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Material size at inlet: =3-1/2 in.

Material size at discharge: -2 in.
Belt Conveyor #7: Size: 24 in.

Sﬁeed: 410 ft/min

Capacity: 375 ton/h

Material Size: -2 in.
3.5.4.3. Test Installation

Figure 38 shows the tertiary crushers-to-belt conveyor transfer point.
The existing bulk material handling and dust collection systems are
shown by dotted lines; new installations are shown by shaded portionms.

A number of rockboxes were installed on the transfer chutes from the
hammermills to reduce belt wear and the height of material free féll.
Muckshelves projecting approximately 3 in. were also installed. in the
material impact zone to reduce skirting rubber wear from the direct
impact of the incoming material. A hinged dust curtain was installed at
the end of the settling box to increase the residence time for water
droplets and dust particles.

The wet dust suppression installation included two Somnic spray bars,
each equipped with two nozzles, at the transfer point (fig. 39). A
typical spray bar is shown in figure 40. Spray bar #1 (SBl), initially
installed behind the impact point of hammermill #1, delivered water in
the direction of the material flow on the belt; spray bar #2 (SB2),
installed after the impact point of hammermill #2, delivered water

against the material flow.
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3.5.4.4. Problems Encountered and Solutions Adopted

The resonators on the nozzles on SBlI repeatedly either wore out or were
damaged due to the violent motion of rocks mear the impact point of the
#1 hammermill. To reduce the nozzle damage, a rockbox was added in the
transfer chute to shift the bulk material impact point forward by
approximately 1 ft. Also, the regular Sonic nozzles were replaced with
shielded Sonic nozzles to reduce resonator wear. However, resonator
wear was still not considered satisfactory. The SB2 installed after the
impact point of the hammermill #2 showed no excess resonator wear.
Subsequently, after consultation with an engineer from Sonic Development
Corporation, we relocated both spray bars as shown in figure 38. Rubber
seals Rl and R2 were also installed to further reduce resonator wear
and damage on SBl.

High velocities inside the settling box carried not only the water
droplets, but also the agglomerated dust.particulates out of the settling
box. Rubber curtains R3 and R4 were installed to further increase the
residence time for the water droplets produced by the Sonic system, and
to enhance the interaction of water droplets and airborne dust particulates.
Due to the higher air velocities, however, the agglomerated dust did
not settle out and interfered with the operation of the sampling apparatus.
The problem was solved by installing an inclined baffle plate between
rubber seals R3 and R4. The plate gradually deflected the agglomerated
dust down and facilitated its adhesion to the material pile on the belt

conveyor.
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The skirting rubber near the impact zone for the hammermill #2
continued to wear out due to direct impact of the incoming material.
This problem was corrgcted by installing double skirting in the impact
zone (fig. 41). |

It was evident that the Sonic fog system alone was not adequate to

. control the dust emissions at 'B. locations, and the problem was much
more severe at "S" and "T" locations. To improve the overall system
efficiency, we added a separate wet dust suppression system at each
vibfating feeder, consisting of two garden hose nozzles (GH system)
set to deliver 1 gpm of water to the material prior to the
hammermills. The continuous spray of water through the nozzles in winter
created freezing conditions at belt conveyor #7, as well as subsequent
traﬁsfer points. The problem was solved by coupling the water flow to
the bin feed. The storage bin feeding the hammermills was equipped with
a level controller which automatically shut off the vibrating feeders
when the stone level fell below a predetermined level. We installed an
electrical solenoid valve in the water line that was activated by the

bin level controller to stop and start water flow in concert with the

vibrating feeders.

3.5.5. Belt Conveyor #ll—-to—Belt Conveyor #4

3.5.5.1. Process Description

The cone crusher discharges =1 in. material onto the 24~in. belt conveyor
#11, which, in turn, discharges material onto the 30-in. belt conveyor

#4 through a transfer chute.
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3.5.5.2. Equipment Characteristics

Belt Conveyor #l1: Size: 24 in.
Speed: 390 ft/min
Theoretical capacity: 350 ton/h
Material size: -1 in.

S==—=———=———"B&It Conveyor 4T  Size: 30 in. = - -

Speed: 535 ft/min

Theoretical capacity: 790 ton/h

Material size: -1 in.
3.5.5.3. Test Installation

Figure 42 shows the belt conveyor #ll-to-belt conveyor #4 transfer
point. The old bulk material handling and dust collection systems are
shown by dotted lines; new installations are shown by shaded portions.

This transfgr point was equippped with the Sonic wet dust suppression
system. The position of the Sonic spray bar is shown in figure 42,

Two hinged dust curtains on either end of the settling box, as well as
a dust curtain at the head chute of conveyor #11, were placed as shown in
figure 30 to reduce the ambient air entrainment and increase the residence

time for interaction of water droplets and airborne dust particulates.
3.5.5.4. Problems Encountered and Solutions Adopted

The resonators on the spray bar lasted through a normal wear-and-
tear cycle of approximately 6 months. No problems were encountered with

the system.
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3.5.6. Vibrating Screen #2 Circuit

3.5.6.1. Process Description

Belt conveyor #4 discharges material onto the 6 x 14-ft double deck

vibrating screen #2. The vibrating screen classifies the material

which is discharged onto belt conveyor #5; —-3-1/2 in. and +2

in. material, which is discharged either onto belt conveyor #6 or into
storage bin #1; and -1/4 in. material, which is discharged either onto

the 30-in. belt conveyor #5 or into storage bin #5.
3.5.6.2. Equipment Characteristics

Belt Conveyor #4: Size: 30 in. wide
Speed: 535 ft/min
Capacity: 790 ton/h
Material size: =3-1/2 in.
Vibrating Screen #2: Type: Tyler, double deck
Size: . 6 x 14 ft
Material size at inlgt: -3-1/2 in.
Material size at discharge: -3-1/2 in., -2 in.,

3.5.6.3. Test Installation

Figure 43 depicts the belt conveyor #4-to-vibrating screen #2 transfer
point, including the existing bulk material handling (shown by dotted

lines) and the new installation (shown by shaded portioms).
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The head box of belt conveyor #4 was made wider and longer and é hinged
inspection door was provided for easy access. The need for an exhaust
hood at the head pulley was eliminated by installing dust curtains and
dust seals to contain the dust at the source and reduce ambient air

entrainment.

Vibrating screen #2 was é;hipped with a Trellex dust sealing system,

which contained the dust and reduced the amount of air entrained at
the source. The Trellex system consists of a rubber cloth cover clamped
to metal hardware by a special rubber molding. The covers made out of
Trellex rubber cloth replaced the conventional metal covers used to enclose
the screen and provided an almost perfect seal between the vibrating
and stationary parts of the screen. Moreover, removing these lightweight .
covers required considerably less effort and time than before during
operations such as screen changing or routine inspection. The Trellex
dust seéling_system provided a totally enclosed system which not only
reduced the dust emissions considerably but also kept the amount of
entrained air to an absolute minimum. The dust collection system for
the vibrating screen consisted of a single exhaust hood on top of the
screen to collect the dust resulting from the bulk material transfer.
The maximum design exhaust volume was 2500 cfm.

To contain the dust at the source and reduce ambient air entrainment
further, storage bins #1 and 5 and the connecting transfer chutes were
enclosed by metal covers. The dust collection system was designed to

exhaust 1750 cfm per bin.
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The vibrating screen—to-belt #5 transfer point was modified as shown
in figure 44, and an exhaust hood was installed on top of the settling

box to exhaust a maximum of 2500 cfm.
3.5.6.4. Problems Encountered and Solutions Adopted

The first batch of Trellex rubber seals installed between the stationary
and vibrating components lasted only about 2 months, primarily because
of inadequate slack in the rubber cloth. New rubber cloth installed
with proper slack has been performing satisfactorily over an 8-month
period and shows no signs of wear.

The belt cleaner scraped off the majority of dust sticking to the
return belt. However, the remaining dust was dislodged either at the
rubber seal or at the conveyor return rollers, and accumulated on the
screen covers. Installation of a second belt scraper and a scraping
chute to transfer the dislodged material back into the process stream
would probably eliminate this problen.

Two cracks developed on the side plates of the vibrating screen,
probably as a result of welding the Trellex hardware. A 1/4-in. plate
was welded on the cracked surface to stop the cracks from propagating
further. This problem can be prevented by bolting on the Trellex hardware

in future installations. ~
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*%% 4, SAMPLING AND DATA ANALYSIS PROCEDURES
4,1. BACKGROUND

The following sections describe the sampling strategies and data analysis
techniques used to evaluate the performance of the installed dust control

systems at the various transfer points.
4,2, SAMPLING STRATEGIES

4,2,1. General Description

To ensure that the samples collected were representative of actual
local dust emissions, we established a number of sampling locations
around each transfer point, close enough to the source to minimize
interference from other dust sources. Samples of airborne respirable
dust and total dust were then collected around each transfer point with
the new control systems "on" and "off."

To evaluate the systems' performance under various test conditions,
respirable dust sampling was repeated for a number of days. Each set of
samples was collected at the same locations to avoid spatial variation
and, whenever possible, on the same day to minimize the effect of
uncontrollable variables such as production rate, aggregate size, material
moisture content, ambient temperature, and weather conditions. To account
for possible fluctuations at a sampling location, more than one sample
was collected at each site.

Sampling duration, as well as the specific sampling sites, at each of
the transfer points was selected on the basis of trial data obtained

prior to actual sampling. Since both the processing equipment and dust
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emissions varied from transfer point to transfer point, sampling
times were selected to ensure that:
1) Enough dust sample was collected for reliable and accurate
gravimetric analysis,

2) Dust loadings in the sampling device were low enough to prevent

caking and possible 1os§-3f-gzﬁﬁle during handling and transport.
3) Sampling pumps maintained the required steady flow of 1.7 L/min
under heavier dust loadings (see Section 4.2.3).

Though not required in the scope of work, we ééllected a limited number
of total dust samples at various transfer points prior to any modifications.
These samples established the total dust emission levels with the old
dust control systems operating in "as is" condition. (Comparison between
the "as is" and new system data showed remarkable reductions in dust

emissions at the 'various transfer points —- see Appendix C.)

4.2.2 Sampling Locations

Based on the trial data, the following sampling locations were

established. The number of samples taken at each is also indicated.

4.2.2.1 Primary Crusher—to—Belt Conveyor #1 (fig. 45)

3 ~ End of the settling box (E)
3 - Side of the conveyor (S)

2 = Tail end of the conveyor (T)
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4.2.2.2, Secondary Crusher-to-Belt Conveyor #4 (fig. 46)
3 -~ End of the settling box (E)

3

Side of the conveyor (S)

N
1

Tail end of the conveyor (T)

3 - End of the settling box (E)
3 ~ Side of the conveyor (S)
2 - Tail end of the conveyor (T)

4.2.2,4, Vibrating Screen #2 Circuit (fig. 48)
3 - Head chute, belt conveyor #4 (H)

3 - Rear of the vibrating screen #2 (R)

w
I

Side of the vibrating screen #2 (D)

3 = End of settling box, belt conveyor #5 (E)

N
I

Side of the belt conveyor #5 (S)

4.2.2.5. Belt Conveyor #7-to-Belt Conveyor #8 (fig. 49)
3 - End of the settling box (E)
3 - Side of the conveyor (S)

2 - Tail end of the settling box (T)
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FIGURE 48. — Sampling locations for vibrating screen #2 circuit.
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4,2.2.6. Belt Conveyor #ll-to-Belt Conveyor #4 (fig. 50)
3 - End of the settling box (E)

3 = Side of the conveyor (S)

4,2.,3, Sampling Hardware

Respirable dust samples were collected, dsing standard MSHA procedures,
with Bendix BDX~-44 or MSA sampling pumps and a 10-mm nylon cyclone
preceding a 37-mm—diameter, 5—-um pore size PVC filter. The total
dust samples were collected with a "closed face cassette.” 1In addition,
numerous instantaneous samples were collected during startup and fine
tuning of the control systems using GCA Corporation RDM—101 and RAM-1
respirable dust monitors. The pumps were calibrated regularly with a

bubble meter at 1.7 L/min to ensure uniform flow rates during the sampling.

4,2.4, Sample Analysis and Quality Control

Respirable and total dust concentrations were determined by gravimetric
analysis using a Mettler ME-22 electronic balance system. The balance
has an internal standard, traceable to the National Bureau of Standards
(NBS), which is checked and calibrated daily. Weighing accuracy is
further ensured by a special quality control procedﬁre conducted by our
laboratory, which is accredited by the American Industrial Hygiene
Association (AIHA); the laboratory weighs six reference filters at specified
dates each month to detect possible variations caused by the weighing
system or procedure.

As an additional quality control measure, two blank (unexposed) samples
were processed on each sampling day to ensure accuracy in sample preparation

and analysis.
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A typical field sampling sheet and laboratory analysis sheet are given

in Appendix D.

4.,2.5. Data Analysis

The performance of the control systems on an individual sampling day was
evaluated by collecting respirable or total dust samples with the control

system "off"” and “on." Performance was then calculated using the following

equations:
c C,
j T3
nj = x 1007 (20)
€3
where
ny = control system efficiency on jth day,
Cj = geometric mean dust concentration with control system
"off" on jth day
- (21)
/
and Cj = geometric mean dust concentration with control system
"on" on jth day.
(22)
where xjj = dust concentration with control system "off" on jth day
at ith position
yij = dust concentration with control system "on" om jth day at

ith position.

and n and p = number of samples in a given set,
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Standard error =

n i
 (x., - X (25)

SE- =.
X N (N - 1)

4,2.5.2. Dust Control System "On"

Arithmetic mean dust concentration (Y) = arithmetic mean of dust concen-—

trations with control system “on.’

p (q
z Z  y..)
— i = 1 = 1J
T - i 1 i 1 (26)
K
where K = total number of samples with control system “on."
and q = number of sets with control system "on."

Standard deviation =

P q — 2 :
z z (yi. -Y) (27)
i=1 4=1 4
O’ =
y K
Standard error =
P q —
)X I (y.,. -Y) (28)
i=1 j=1 M
SEﬁ' =
K-1

4,2,5.3. Dust Control System Performance

Mean dust control efficiency =

X-Y

E = x 100% (29)

]|
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Standard error in mean dust éontrol efficiency =

2 =2 2
(SEg ) . Y (SER) (30)
2 7

SE=

The approximate 95% confidence limits were computed using Student's
"t" distribution:
1) Control system "off" concentration (X)
= X -+ - ) ®
X=X+ (SEg)"t( 025,8-1) (31
2) Control system "on" concentration (Y)
= Y + =)°
T =71+ (SEg)°t(,025,k-1) (32)
3) Efficiency of the control system (E)
E =E + (SER)"t( 025 N+K-2) (33)
where t(,025,N~1)>t(.025,k-1) and t(_025 N+k-2) are "t" values from

statistical tables.
4,2,5.,4. Significance of Standard Deviations and Standard Errors

The use of standard deviétion and standard error in statistical
analysis to describe the degree of variation of the data is fairly common.
These terms are described briefly here for reference.

Standard deviation is simply the square root of population variance,
where population variance is defined as the average of the squared
deviations from the average of the distribution. Thus, the standard

deviation is a measure of variability or dispersion of population.
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The standard error of the mean, on the other hand, is defined as the
square root of sampling variance. This is a statistical expression of
the well-known facg that a large number of samples represents a population
more accurately than a small one. Therefore, the standard error is a measure
of precision in the estimated mean of the distribution. The standard
deviation and the standard error for dust concentrations with the control
systems “"on" and "off" reported here thus indicate the reproducibility
of mean dust concentrations and the dispersion of the concentrations
around the mean. We have reported the standard error in the mean
efficiency of the control system as a measure of the precision in the

estimate of performance of the control system.

* 4,2,6., Sampling Problems Encountered and Solutions Adopted

4.2.6.1. Ambient Dust Samples

Due to the physical constraints of the test facilities and the limited
scope of the program, individual transfer points could not be completely
isolated from other dust sources in the vicinity. We attempted to account
and correct for the contribution of these other dust sources in the
sampling strategy by collecting numerous ambient samples. The ambient
sampling was discontinued within a few months of testing.

Some of the ambient sampling data and the detailed reasons for

discontinuing ambient dust sampling are presented in Appendix E.
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4.2,6.2. Wet Dust Suppression System Testing

As with all the transfer points, the actual sampling locations and

duration at the hammermills-to-belt comnveyor #7 transfer point selected

for evaluating the Sonic system were based on the initial trial data.

1) Partial clogging of the cyclone inlet

2) Partial-to-complete clogging of the cyclone discharge opening.

These problems were seen only during testing of the Sonic wet dust

suppression system and were attributed to the following causes:

9]

2)

3)

A portion of the fog/fine mist produced by the Sonic system escaped
the settling box and impacted on the sampling cyclones, thus
wetting them.

Rotating at 900 rpm, the two hammermills acted as fans and created
high air velocities (approx. 400 ft/min) within the settling box
that prevented the agglomerated dust particulates from settling
out. Hence, the airstream exiting from the settling on consisted
of fine droplets/mist, fine untréated dust, and agglomerated
coarser dust particulates that adhered to the wetted exteriors

of the cyclone and clogged the cyclone inlet.

Some of the fine droplets/mist produced also entered the cyclones,
wetting their innmer walls and eventually clogging the discharge

opening.

Reducing sampling duration minimized the problem somewhat but did not
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eliminate it completely. Therefore, sampling was discontinued until a
proper sampling procedure could be formulated. After discussions with

Bureau of Mines personnel, we changed the orientation of the cyclone

inlet from a facihg "in" to a facing "out” position (the facing "out
position was at 180° to the direction of the airstream), so that water
droplets and agglomerated wet dust would not impact directly on it.

This approach, coupled with a shorter sampling duration, eliminated the
clogging problems.

The effect of cyclone orientation on actual dust emissions was evaluated
by Cecala Qgg), who showed that there is a difference in recorded
concentrations with the cyclone facing "in"™ and cyclone facing "out."”

We would expect the dust emissions recorded with the cyclone "out” to be
lowé} than the actual control system "on" and "off."” However, since
efficiency is defined as the ratio of concentrations (E =1 = Y/X),
relative efficiency can still be obtained. With the concurrence of the
Bureau of Mines, we modified our sampling strategy accordingly for
evaluating efficiency of the wet dust suppression system at the "E"
location. The samples for the "S" location were not subject to the same
problems; hence, sampling at that location was conducted with the cyclone
facing "in."” Some of the trial data comparing dust emissions with the

cyclone facing "in" and "out" at the "E” location are presented in

Appendix F.
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**%* 5., PERFORMANCE EVALUATION AND DATA ANALYSIS

To evaluate the dust control systems installed in Phase II, we collected
respirable dust samples over a period of 18 months both with and without

the control systems operating.

exhaust volume, which we varied systematically. In the tests of the wet

dust suppression system, the test parameters were kept constant.

As noted in Section 4.2.l1., a comparison of limited data from the old
("as is") and new systems indicated that the new systems were far superior
to the old.

The following sections describe the performance evaluation of the'dust
collection and wet dust suppression systems installed at various transfer

points.
5.1. TRANSFER POINTS EQUIPPED WITH DUST COLLECTION SYSTEMS

Sel.le Primary Crusher-to-Belt Conveyor #1

The following two approaches were used to establish the upper and
lower limits of the exhaust volume in the design of the dust collection
system.?

1) Anderson 6700 cfm

2) Industrial Ventilation Manual (IVM)

= Non~dusty material 2000 cfm

= Dusty material 5000 cfm.

2 Detailed calculations are shown in Appendix B.
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Although the dust collection system was designed to operate in the above

range, the field tests were conducted only between 4000 to 6700 cfm because

no dust control was apparent visually below 4000 cfm.

A new crushing circuit, added to the existing facilities in September

1983, increased the primary crusher throughput to 1000 ton/h from an average

of 700 ton/h. Table 3 summarizes the test data under various conditions

while Tables 4 through 13 show summaries of test data for individual

test conditions. The following discussions are based on Table 3 unless

otherwise noted:

1)

2)

3)

4)

The mean dust control efficiencies for respirable as well

as total dust emissions under similar test conditions were
higher at "E" locations than at "S$" and "T" locations.

The scatter in dust control efficiencies at "S" and "T™ locations
was much wider than at "E" locations because the exhaust hood
had a greater effect on dust emissions at "E" locatioms.

In other words, the performance of the dust control system was
more sensitive to changes in dust concentrations at "S" and "T"
locations than at "E” locations.

Compared to "S" and "T" locations, the dust control system at

"E" locations, was more reliable and efficient on a day-to-day
basis (fig. 51, Table 4), as well as over a period of 6 months
(fig. 52, Tables 5 & 7). At "E" locations, the control
efficiencies for total dust were higher than those for respirable
dust. This was epecially true at lower exhaust volumes.
Comparison of July 1982 and June 1983 data indicated that the

mean dust concentrations at "E" locations with the control
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SUMMARY OF TEST RESULTS AT PRIMARY CRUSHER-TQO-BELT

EYOR #1

CONTRO1. SYSTEM: Dust Collection

e

(n
SAMPLING LOCATIONS
E T S
TEST TIME REFERENCE
ARITH. ARITH. ARTTH.
CONDTTION PERTON |MEAN DIST FEFFICTENCY MEAN DUST FEFFICIENCY MEAN NUST FFEICTENCY TABLF.S
coNe. (2) STANDARD | conc. (2) STANDARD | GONG.(2) STANDARD
SYS. OFF MFEAN ERROR SYS. OFF MEAN ERROR SYS. OFF MEAN FRROR -’
mg/m3 % % mg /m3 Z Z mg/m> % A
RESPIRABLE nNnmwsT
Crusher throughput: 700 tph
6700 cfm 07/82 109.0 98.7 0.4 32.5 77.6 7.2 43.6 72.% 11.6 4
6000 cfm 06/83 163.0 97.4 0.7 - - - 47.0 54. 11.7 5
5000 cfm 06/83 163.0 66.0 5.3 - - - 47.0 36. 15.6 6
Crusher throughput: 1000 tph
6000 cfm 11/83 105.7 98.3 0.4 - - - 13.3 17.{ 26.8 7
5400 cfm 11/83 105,7 69.1 8.9 - - - 13.3 2(3) ? 8
4500 cfm 11/83 105.7 60.2 9.4 — —— - 13.3 ? ? 9
4000 cfm 11/83 105.7 ? ? - - - 13.3 ? ? 10
TOTAL NUST
Crusher throughput: 700 tph
6700 cfm 08/82 772.7 99.5 0.1 126.1 55.0 20.9 603.5 45.0 17.3 11
6000 cfm 06/83 1638.2 99.7 0.1 - - - 220.2 0.3 29.5 12
5000 cfm NA/83 1638.2 92.4 2,1 - - - 220.2 ? ? 13
(1) E - End of the settling box.
T — Tail end of the conveyor.
S8 - Side of the conveyor.
(2) p-=-= to~=-*‘on 4 "7, fo; <*lana’ " T oo tod 0| ) 198 sl
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FIGURE 51.- Day-to—-day variations in efficiency of dust control system at
the primary crusher—to-belt conveyor #l transfer point.
Testing condition = 6700 cfm; type of sampling — respirable dust.







5)

6)

system "off" increased from 109.0 mg/m3 to 163.0 mg/m3 for
respirable dust (Tables 4 and 5) and from 772.7 mg/m3 to

1638.2 mg/m3 for total dust (Tables 11 and 12). These increases
could be attributed to several factors such as changes in the
moisture content of the material, type of rock, rock hardness,
etc. However, at "S” locations, the mean respirable dust
concentrations with the system "off" were essentially the

same, indicating that the bulk material handling components at
this location were functioning as in July 1982. It is also
interesting to note that the total dust emissions at “S" locations
during the same time period decreased from 603.5 to 220.2 mg/m3.
The mean respirable dust control efficiency at "E" locations
remained unchanged between 6700 cfm énd 6000 cfm exhaust volumes,
but dropped to 667% at 5000 cfm. Figure 53 illustrates

this result. It can be concluded that the Anderson approach
predicts adequate exﬁaust volumes at this location whereas

the Industrial Ventilation Manual does not. We interpret

the curve in figure 53 to mean that there exists a exhaust volume
below which the effectiveness of the dust control system at "E™
locations decreases sharply. We call that exhaust volume the
“critical exhaust volume"” (refer to Section 5.l.1.2. for further
discussion).

The respirable dust control efficiency at "S" locations fell
from 72.3% at 6700 cfm to 54.6% at 6000 cfm, and to 36.0% at

5000 cfm. The decrease in system performance between 6700 cfm
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and 5000 cfm was relatively smooth, without an obvious sharp drop
(fig. 54). Therefore, it appears that at "S" locations, there is
no critical exhaust volume in the range of testing.

7) The control efficiency for total dust at "E" locations followed
the same trend as that for respirable dust, i.e., there was
a drastic drop in effectiveness of the dust control system
between 5000 cfm and 6000 cfm. Thus, the "critical exhaust

volume,” as defined earlier, is valid for both the respirable
and total dust emissions.

8) The total dust data at "S$" locations were inconclusive.

9) At the increased production rate (from 700 ton/h to 1000 ton/h),
mean respirable dust concentrations with the system “off"
decreased from 163.0 mg/m3 to 105.7 mg/m3 at "E" locationms,
and from 47.0 mg/m3 to 13.3 mg/m3 at "S" locatioms. This reduction
may be attributed to the fact that at a higher production rate
the size of the opening through which air (i.e., induced air)
can enter into the circuit is smaller and, therefore, results in
lower airborne dust concentrations.

10) At 6000 cfm, the mean dust control efficiency for "E" locations
remained unchanged with increased production rates. However,
the mean efficiency at "S" locations decreased from 54.6% to
17.4%, indicating that the dust collection efficiency at “S"
and "T" locations was more sensitive to changes in production
rate than at "E” locationms.

11) At higher production rates, the mean respirable dust control

efficiency at "E” locations decreased sharply from 98.3% at 6000
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cfm to 69.1% at 5400 cfm. However, between 5400 cfm and 4500
cfm, the drop in efficiency was more gradual =-— from 69.1% to

60.2%.
5.1.1.2. Explanation of "Critical Exhaust Volume"” Phenomenon

Figures 53 and 54 show the mean efficiency data for respirable dust at
"E" and "S” locations, respectively. A close examination of figure 53
indicates that there exists a “critical exhaust volume” at "E" locations
below which the dust control efficiency decreases drastically. We observed
during field testing that when the exhaust system was turned "off,"
dust-laden air emerged continuo;sly from the settling box at high velocity
(fig. 55). When the dust collection system was turned "on" and exhaust
volume was gradually increased, the velocity of this dust—laden airstream
decreased continuously until there was a reversal in the direction of
air flow from the settling box (the point at which no dust was emitted -
fig. 56). The point at which flow reversal occurred coincides with the
"critical exhaust volume,” defined earlier.

At "S” locations, however, the nature of dust emissions is different.
Here, the dust emissions are chiefly due to puffing through the gaps
between the conveyor belt and skirting rubber or through imperfections
such as holes or cracks in the rubber. Since the exhaust hood normally
is installed far from the dust source, it is less effective in reducing
dust emissions at the sides. Within the testing range for the primary
crusher—to-belt conveyor #l transfer point, no flow reversal trend was

observed at "S" locations. (Figures 57 and 58 show a “S" location with
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and without the dust collection system operating.) Figure 54 shows the
test daté; they are not definitive, but the "ecritical exhaust volume"”
phenomenon does not seem to exist on the sides. Testing could not be
conducted at higher exhaust volumes at this #l transfer point due to

limitations on the dust collector's capacity. However, at the secondary

capacity was adequate to explore this phenomenon at much higher exhaust

volumes.
5.1.1.3. Results

Based on the detailed discussion so far, the following conclusions can
be drawn concerning dust control for the primary crusher-to-belt conveyor
#1 transfer point.

1) Reducing exhaust volume below a "critical exhaust volume"
drastically reduces dust control efficiency at "E" locations.

2) The efficiency at "S" locations increases smoothly as the
exhaust volume increases and a "critical exhaust volume”
does not appear to exist in Fhe range of testing.

3) The exhaust volume calculated based on the Anderson approach
was adequate for controlling both respirable and total dust
emissions at "E" locatioms (fig. 53).

4) The exhaust volume calculated based on The Industrial Ventilation

Manual was inadequate for comtrolling both the respirable and

total dust emissions at "E" locations (fig. 53).
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TABLE 4. -~ RESPIRABLE DUST RESULTS FOR PRIMARY CRUSHER-TO-BELT CONVEYOR #1 -

6700 cfm, 700 ton/h (Con'd)

DUST CONTROL SYSTEM "OFF”

Arith. Mean Dust Concentration (mg/m3)(2);
Standard Deviation:
Standard Frror:

DUST CONTROL SYSTEM “ON”

Arith. Mean Dust Concentration (mg/m3)(2):
Standard Deviation:
Standard Error:

DUST CONTROL SYSTEM PERFORMANCE

Mean Control System Efficiency (%):
Standard Frror:

95% CONFIDENCE LEVELS (APPROXIMATE)

Control System OFf Concentration (X) (mg/m3):
Control System On Concentration (Y) (mg/m3):
Control System Performance (E) (mg/m3):

(1) E - Fnd of the settling hox.
T — Tail end of the conveyor.
S ~ Side of the conveyvor.

(2) Refer to section 4.2.5. for explanation.

|-

109.0
82.2
20.5

SAMPLING LOGATION(D)

T S

5 43.6
19.3 39.4
. 10.9
7.3 12.1
B.5 14.7
2.1 4.1
77.6 72.3
7.2 I1.6
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TABLE 5., = RESPIRABLE DUST RESULTS FOR PRIMARY CRUSHER-TO-BELT CONVEYOR #1 -

6000 cfm, 700 ton/h (Con'd)

DUST CONTROL SYSTEM "OFF"

DUST

Arith. Mean Dust Concentration (mg/m3)(2):
Standard Deviation:
Standard Error:

CONTROL SYSTEM “ON"

DUST

Arith. Mean Dust Concentration (mg/m3)(2):
Standard Deviation:
Standard Error:

CONTROL SYSTEM PERFORMANCE

Mean Control System Efficlency (%):
Standard Error:

95% CONFIDENCE LEVELS (APPROXIMATE)

(N

(2)

Control System Off Concentration (X) (mg/m3):
Control System On Concentration (Y) (mg/m3):
Control System Performance (E) (mg/m3):

E - End of the settling box.
S -~ Side of the conveyor.

Refer to section 4.2.5. for explanation.

163.0
80.6
18.0

SAMPLING LOCATTON(1)

T3S
O 0 W
AN AN
= >4
AN AN
~N W
» D —
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TABLE 6. - RESPIRABLE DUST RESULTS FOR PRIMARY CRUSHER-TO~BELT CONVEYOR #1 -

5000 cfm, 700 ton/h (Con'd)

SAMPLING LOCATION(!)

B
DUST CONTROL SYSTEM "OFF"
Arith. Mean Dust Concentration (mg/m3)(2) 163.0
Standard Deviation: 80.6
Standard Error: 18.0
DUST CONTROL SYSTEM "ON"
Arith. Mean DNDust Concentration (mg/m3)(2): 55.4
Standard Deviation: 26.8
Standard Error: 6.0 ~
DUST CONTROL SYSTEM PERFORMANCE
Mean Control System Efficiency (%): 66.0
Standard Error: 5.3
957 CONFIDENCE LEVELS (APPROXIMATE)
Control System QOff Concentratiom (X) (mg/m3) 125.4 < X < 200.6
Control System On Concentration (Y) (mg/m ): 42,9 < Y < 67.9
Control System Performance (E) (mg/m3): 55.4 ¢ E < 76.6

(1)

(2)
(3)

E - End of the settling box.
§ - Side of the conveyor.

Refer to section 4.2.5. for explanation.

Control System efficlency is not computed because mean concentration with Control System
mean concentration with Control System 'on'.

‘of £’

was lower than
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DUST

TABLE 7. - RESPIRABLE DUST RESULTS FOR PRIMARY CRUSHER-TO-BELT CONVEYOR #1 —

CONTROL SYSTEM "OFF"

DUST

Arith. Mean Dust Concentration (mg/m3)(2):
Standard Deviation:
Standard Error:

CONTROL SYSTEM "ON"

DUST

Arith. Mean Dust Concentration (mg/m3)(2):
Standard Neviation:
Standard Error:

CONTROL _SYSTEM PERFORMANCE

957%

Mean Control System Efficiency (7%):
Standard Error:

CONFIDENCE LEVELS (APPROXIMATE)

(1)

(2)
(3)

Control System Off Concentration (X) (mg/m3):
Control System On Concentration (Y) (mg/m3):
Control System Performance (E) (mg/m3):

E - End of the settling box.
S - Side of the conveyor.

Refer to section 4.2.5. for explanation.

6000 cfm, 1000 ton/h (Con'd)

SAMPLING LOCATION(1)

105
85.2
17.8

SDwn
——D

Control System efficiency Is not computed because mean concentration with Control System 'off’

mean concentration with Control System 'on'.

was lower than
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TABLE 8. — RESPIRABLE DUST RESULTS FOR PRIMARY CRUSHER-TO-BELT CONVEYOR #1 -

5400 cfm, 1000 ton/h (Con'd)

SAMPLING LocATION(1)

_E_ S

DUST CONTROL SYSTEM "OFF"
Arith. Mean Dust Concentration (mg/m3)(2): 105.7 13.3
Standard Deviation: 85.2 11.4
Standard Error: 17.8 3.0

DUST CONTROL SYSTEM “ON"

Arith. Mean Dust Concentration (mg/m3)(2): 32.7 18.5
Standard Deviation: 27.3 15.7
Standard Error: 7.6 .5

DUST CONTROL SYSTEM PERFORMANCE
Mean Control System Efficiency (Z): 69.1 2(3)
Standard Error: 8.9 ?

957 CONFIDENCE LEVELS (APPROXIMATE)
Control System Off Concentration (X) (mg/m3): 68.9 < X < 142.4 7.0 < X < 19,6
Control System On Concentration (Y) (mg/m3): 16.3 <Y< 49.1 5.7 <Y < 31.2
Control System Performance (E) (mg/m3): 51.1 < E < 87.0 - <CE<C -

(1) E - End of the settling box.
8§ - Side of the conveyor.

(2) Refer to section 4.2.5. for explanation.

(3) Control System efficiency is not computed because mean concentration with Control System 'off' was lower
than the mean concentration with Control System 'on’.
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TABLE 9, - RESPIRABLE DUST RESULTS FOR PRIMARY CRUSHER-TO-BELT CONVEYOR #1 -

4500 cfm, 1000 ton/h (Con'd) y -

DUST CONTROL SYSTEM "OFF"

Arith. Mean Dust Concentration (mg/m3)(2):
Standard Deviation:
Standard Error:

DUST CONTROL SYSTEM "ON"

Arith. Mean Dust Concentration (mg/m3)(2):
Standard Deviation:
Standard Error:

DUST CONTROL SYSTEM PERFORMANCE

Mean Control System Efficiency (%):
Standard Error:

957 CONFIDENCE LEVELS (APPROXIMATE)

Control Syatem Off Concentration (X) (mg/m3):
Control System On Concentration (Y) (mg/m3):
Control Syatem Performance (E) (mg/m3):

(1) E - End of the settling box.
S — Side of the conveyor.

(2) Refer to section 4.2.5. for explanation.

105.7
85.2
17.8

SAMPLING LOCATION(1)

S

11.4

14,2

9.1

3.0

2(3)

?
142.4 7.0 < X < 19.6
56 .9 7.3 <Y < 21.0
79.2 - <ELC -

(3) Control System efficiency is not computed because mean concentration with Control System 'off' was lower

than the mean concentration with Control System ‘'on'.
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TABLE 10. —

RESPIRABLE DUST RESULTS FOR PRIMARY CRUSHER-TO-BELT CONVEYOR #1 -

4000 cfm, 1000 ton/h (Con'd)

CONTROL SYSTFM "OFF"

DUST

Arith. Mean Dust Concentration (mg/m3)(2):
Standard Deviation:
Standard Error:

CONTROL SYSTEM "ON"

DUST

Arith. Mean Dust Concentration (mg/m3)(2):
Standard Deviation:
Standard Error:

CONTROL SYSTEM PERFORMANCE

957%

Mean Control System Efficiency (7):
Standard Frror:

CONFIDENCE LEVELS (APPROXIMATE)

1

(2)
(3

Control System Off Concentration (X) (mg/m3):
Control System On Concentration (Y) (mg/m3):
Control System Performance (E) (mg/m3):

E - End of the settling box.
S —~ Side of the conveyor.

Refer to section 4.2.5, for explapatioh.

SAMPLING L0CATION(1)

105.7
85.2
17.8

111.0
85.8
25.9

1 v~
o
w o

ANAA

o B -]

AAN

Control System efficiency is not computed because mean concentration with Control System 'of f' was

than the mean concentration with Control System 'on'.

-~
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TABLE 11, = TOTAL DUST RESULTS FOR PRIMARY CRUSHER-TO-~BELT CONVEYOR #1 -

6700 cfm, 700 ton/h (Con'd)

SAMPLING LOCATION(1)

_E X S5

DUST CONTROL SYSTEM “OFF"

Arith. Mean Dust Concentration (mg/m3)(2): 772.7 126.1 603.5

Standard Deviation: 290.4 92.8 313.6

Standard Error: 129.9 46.4 156.8
DUST CONTROL SYSTEM "ON"

Arith, Mean Dust Concentration (mg/m3)(2): 3.9 56.8 332.0

Standard Deviation: 1.0 35.8 102.6

Standard Error: 0.4 16.0 59.2
DUST CONTROL SYSTEM PERFORMANCE

Mean Control System Efficilency (%): 99.5 55.0 45,0

Standard Error: 0.1 20.9 17.3
95% CONFIDENCE LEVELS (APPROXIMATE)

Control System Off Concentration (X) (mg/m3): 438.4 < X < 1106.7 0.1 ¢ X < 254.9 168.2 < X <

Control System On Concentration (Y) (mg/m3): 2.8 <YK 5.0 15.7 < Y < 97.9 143.4 < Y <

Control System Performance (E) (mg/m3): 99.3 ¢ E < 99.7 7.8 < E < 99.9 4,0 < E <

(1) E - End of the settling box.
T - Tail end of the conveyor.
S - Side of the conveyor.

(2) Refer to section 4.2.5. for explanation.






TABLE 12. — TOTAL DUST RESULTS FOR PRIMARY CRUSHER-TO-BELT CONVEYOR #1 -

6000 cfm, 700 ton/h" (Con'd)

SAMPLING LOCATION(1)

62T

E S
DUST CONTROL SYSTEM "OFF”
Arith. Mean Dust Concentration (mg/m3)(2): 1638.2 220.2
Standard Deviation: 787.9 367.6
Standard Error: 237.6 139.0
DUST CONTROL SYSTEM "“ON"
Arith. Mean Dust Concentration (mg/m3)(2): 4.8 87.5
Standard Deviation: 4.3 107.8
Standard Error: 1.3 34,1
DUST CONTROL SYSTEM PERFORMANCE
Mean Control System Efficlency (7%): 99.7 60.3
Standard Error: 0.1 29.5

95% CONFIDENCE LEVELS (APPROXIMATE)

Control System Off Concentration (X) (mg/m3): 1115.3 < X < < X
Control System On Concentration (Y) (mg/m3): 1.9 < Y < <Y
Control System Performance (E) (mg/m3): 99,5 < E < <E

(1) E - End of the settling box.
S - Side of the conveyor.

(2) Refer to section 4.2.5. for explanation.
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TABLE 13, -

TOTAL DUST RESULTS FOR PRIMARY CRUSHER-TO-BELT CONVEYOR #1 -

5000 cfm, 700 ton/h (Con'd)

DUST CONTROL SYSTEM "OFF"

DUST

Arith. Mean Dust Concentration (mg/m3)(2):
Standard Deviation:
Standard Error:

CONTROL SYSTEM "ON"

DUST

Arith. Mean Dust Concentration (mg/m3)(2);
Standard Deviation:
Standard Error:

CONTROL SYSTFM PERFORMANCE

Mean Control System Efficiency (%):
Standard Error:

957 CONFIDENCE LEVELS (APPROXIMATE)

(1)

(2)
(3)

Control System Off Concentration (X) (mg/m3):
Control System On Concentration
Control System Performance

(Y) (mg/m3):
(E) (mg/m3):

E = End of the settling box.
S - Side of the conveyor.

Refer to section 4.2.5. for explanation.

Control System efficiency 1s not computed because mean

than the mean concentration with Control System 'on'.

SAMPLING LOCATION(1)

£ S
1638.2 220.2
787.9 367.6
237.6 139.0
125.3 426.0
95.7 322.9
28.9 107.6
92.4 2(3)

2.1 ?

I115.3 < X < 2141.1 0.1 < X < 548.9
61.7 <Y < 188.8 182.6 < Y < 669.4
88.0 < E < 96.7 - <EXK -

concentration with Control System 'off' was lower



5) Increasing production rate does not necessarily increase dust
emlssions. In fact, at this transfer point, the dust emlissions

decreased at a higher production rate.

5.1.2. Secondary Crusher—to-Belt Conveyor #4

é
e ———— ]

- e Tollowing two approaches were used to establish the upper and lower

limits of the exhaust volume in the design of the dust collection system.3
1) Anderson 3000 cfm

2) Industrial Ventilation Manual (IVM)

-~ Non—-dusty material 1250 cfm
- Dusty material 3000 cfm

Although the established range of exhaust volumes was between 1250 and
3000 cfm, the dust collection system was designed to operate up to a
maximum of 8800 cfm to test the effect of very high exhaust volumes on
control at "S" and "T" locations. No testing was conducted at exhaust
volumes below 2500 cfm because dust emissions below that exhaust volume
did not appear Qisually to be controlled.

The average secondary crusher throughput until September 1983 was
approximately 675 ton/h. A new crushing circuit added to the existing
facilities in September 1983 decreased the secondary crusher throughput
to approximately 300 ton/h. To determine the control system's performance
under the new throughput, additional respirable dust sampling was
conducted. Table 14 summarizes the test data under various conditions

while Tables 15 through 22 show summaries of test data for individual

3 Dpetailed calculations are shown in Appendix B.
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TABLE 14. — SUMMARY OF TEST RESULTS AT SECONDARY CRUSHER-TO-BELT CONVEYOR #4

CONTROL, SYSTEM: Dust Colleetion ) ' ’ : T

1)
SAMPLING LOCATIONS
B T » 8
TEST TIME : REFERENCE
ARITH. ARITH. ARTTH.
CONDITION PERTIOD |MEAN DUST EFFICIENCY MEAN DIST EFFICIENCY MEAN RDUST EFFICIENCY TABLES
cone.(2) STANDARD | coNc.(2) STANDARD | conc,(2) STANDARD
5YS. OFF MEAN ERROR SYS. OFF MEAN ERRNR 8YS. NFF MEAN ERROR
mg/m3 % % mer/m3 % % mg/m? z Z
RESPIRABLE DUST

Crusher throughput: /75 tph

R800 cfm 08/82 592.3 98.8 0.4 75,2 91,5 3.7 74,5 89,1 4.9 15
6000 cfm 06/83 537.5 99.4 0.2 - - —_— 19.0 78.6 7.4 16
3000 cfm 06/83 537.5 99.3 0.2 - -— - 19,0 68.3 10.4 18
Crusher throughput: 300 tph

4500 cfm 12/83 62.7 96.9 0.9 - —_— - 7.9 58.4 14 .8 17
2500 cfm 12/83 62.7 74.6 11.3 —— —— - 7.9 35.3 21.8 19

TOTAL DPUST

Crusher throughput: 675 tph

8800 cfm 08/82 2043.6 B6.8 4.8 676.4 90.7 3.7 1944 .0 83.6 5.1 20
6000 cfm 06/83 5093.h 99.0 0.4 _ —_ -— 789.2 87.0 5.1 21
3000 ofm 06/83 5093.6 97.9 0.8 —— —_— - 789.2 77.0 8,2 22

(1) . = End of the settling box.
T - Tail end of the conveyor.
S — Side of the cenveyor.

(2) Refer to section 4,2,5. for explanattom.






5) As indicated for the primary crusher—to-belt conveyor #l transfer
point, the scatter in dust control efficiencies at "S" and
"T" locations was much greater than at "E" locations.

6) To indicate fhe reliability of the control system on a day-to-
day basis, the data of Table 18 are plotted in figure 61. The
figure shows that the control system is more reliable and
efficient at "E" locations than at "S" locationms,

7) With the control system "off,"” the mean dust concentrations
for respirable as well as total dust were generaliy much higher
than those for the primary crusher, at all locations. This
may be due to the higher amount of new surface area produced
per ton of material by the secondary crusher.

8) At "S" locations, the mean respirable and total dust concentra—
tions with the control system "off" decreased from 74.5
mg/m3 to 19.0 mg/m3, and from 1944.0 mg/m3 to 789.2 mg/m3,
respectively, between 1982 and 1983. We believe that such a
drastic reduction in dust concentrations at these locations
was due to the installation of rockboxes at the transfer point
in December 1982.

9) At the higher production rate (675 tph) and a 3000~cfm exhaust
volume, mean control efficiency was 99.3% while at the lower
production rate (300 tph) and a higher exhaust volume (4500
cfm), the efficiency for respirable dust was 96.9%Z. This
difference occurred because the control efficiency is a nonlinear

function of uncontrolled dust emissions. This can be seen

237






from the data in summary Table 14: mean respirable dust
concentrations at "E" locations with the dust collection
system "off” were 62.7 mg/m3 in December 1983, compared to

537.5 mg/m3 6 months earlier.

5.1.2.1. Results

Based on the detailed discussion, the following conclusions can be

drawn concerning dust control for the secondary crusher-to—belt conveyor

#4 transfer point.

1)

2)

3)

4)

Reducing exhaust volume below a "critical exhaust volume"
significantly reduces dust control efficiency at "E"

locations.

The efficiency at "S" locations increases smoothly with exhaust
volume up to 3 times that recommended by Anderson, indicating
that there is no "critical exhaust volume” at "S" locations,

at least in the range of practical. importance.

The exhaust volumes calculated by the Anderson approach and

by the Industrial Ventilation Manual for dusty material

(identical in this case) are adequate to control both the
respirable and total dust emissions.

The exhaust volume calculated by the Industrial Ventilation

Manual approach for non—-dusty material is inadequate to

control both the respirable and total dust emissions.
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Control System:
Type of Sampling:
Testing Condition:

TABLE 15. — RESPIRABLE DUST RESULTS FOR SECONDARY CRUSHER-TO-BELT CO]u YOR #4 -

Crusher Throughput: 675 tph

Dust Collection
Respirable Dust
Exhaust Volume - 8800 cfm.

8800 cfm, 675 ton/h

DATE OF

SAMPLING GEOMETRIC MEAN CONCENTRATIONS(Z) SYSTEM RELATTVE
DATE LOCATION(I) mg/m EFFICIENCY |TEMP, HUMIDITY LAST PRECIP TION| COMMENTS
System off System on 4 °F %
7/12/82 E 313.2 2.4 99,3 82 89 7/9/82
T 6.5 0.9 86.2
S 1.9 1.4 26.3
7/15/82 E 380.7 1.4 99.6 89 83 7/14/82
T 21.7 1.9 91.3
S 13.7 3.0 78.
7/21/82 E - 3.8 - 76 65 7/20/82
T - 2,2 -
S - 6.7 -
7/22/82 E 601.7 - - 74 74 7/20/82
T 48.0 - -
s 27.6 - - '
7/26/82 E 2021.2 31.8 98,5 92 63 7/23/82 Primary dust
T 202.9 9.1 95.5 collector as
S 65,7 4.8 92.7 well as wet
suppresion
system down.
7/27/82 E 288.9 4.7 98.4 94 62 7/23/82
T 43,0 4,1 90.5
S 25.6 5.7 77.7
8/2/82 E 59.3 1.8 97,0 90 72 7/31/82 Same as above
T 12.0 2.3 80.8
s - - -
8/4/82 E 123.9 8.9 92.8 91 60 8/2/82 Same as ahove
T 33.8 13.7 59.4
S 42,5 S.4 87.3
8/5/82 E 983.3 1.1 99.9 88 62 8/4/82 Same as ahove
T 132.6 1.9 98.6
S 77.3 4.1 94,7
8/26/82 E 677.6 16.5 97.6 75 68 8/25/82 Same as above
T 53.2 19.4 63.5
S 124,1 16.0 87.1
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DUST

TABLE 15. ~ RESPIRABLE DUST RESULTS FOR SECONDARY CRUSHER-TO-BELT #4 —

8800 cfm, 675 ton/h (Con'd)

CONTROL SYSTEM "OFF"

DUST

Arith. Mean Dust Concentration (mg/m3)(2);
Standard Deviation:
Standard Error:

CONTROL SYSTEM "ON"

DUST

Arith. Mean Dust Concentration (mg/m3)(2):
Standard Deviation:
Standard FError:

CONTROL SYSTEM PERFORMANCE

Mean Control System Efficiency (%):
Standard Error:

95% CONFIDENCE LEVELS (APPROXIMATE)

(1)

(2)

Control System Off Concentration (X) (mg/m3):
Control System On Concentration (Y) (mg/m3):
Control System Performance (E) (mg/m3):

E - End of the settling box.
T - Tail end of the conveyor.
S - Side of the conveyor.

Refer to section 4.2.5. for explanation.

SAMPLING LocCATION(1)

E T

592.3 75.2

559.1 139.6

119.2 29.1

7.4 6.4

9.1 6.4

1.9 1.2

98.8 91.5

0.4 3.7
345.1 < X < 839.5 15.0 < X < 135.4
3.5<Y < 11.2 3.8<Y< 8.9
97.9 < E < 99.6 84.1 < E < 98.9

74
101.4
26.2
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DUST

TABLE 16. — RESPIRABLE DUST RESULTS FOR SECONDARY CRUSHER-TO-BELT #4 —

6000 cfm, 675 ton/h (Con'd)

CONTROL SYSTEM "OFF"

DUST

Arith. Mean Dust Concentration (mg/m3)(2);
Standard Deviation:
Standard Frror:

CONTROL SYSTEM "ON™

DUST

Arith. Mean Dust Concentration (mg/m3)(2):
Standard Deviation:
Standard Error:

CONTROL SYSTEM PERFORMANCE

Mean Control System Efficiency (Z7):
Standard Error:

957 CONFIDENCE LEVELS (APPROXIMATE)

(N

(2)

Control System Off Concentration (X) (mg/m3):
Control System On Concentration (Y) (mg/m3):
Control System Performance (E) (%):

E = End of the settling box.
S - Side of the conveyor.

Refer to section 4.2.5. for explanation.

SAMPLING LOCATION(D)

537.5
416.1
115.4
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TABLE 17. —~ RESPIRABLE DUST RESULTS FOR SECONDARY CRUSHEK-TO-BELT CONVEYOR #4 -

4500 cfm, 300 ton/h (Con'd)

SAMPLING LOCATION(1)

B S

DUST CONTROL SYSTEM "OFF"
Arith. Mean Dust Concentration (mg/m3)(2): 62.7 7.9
Standard Neviation: 40,2 6.1
Standard Error: 10.8 1.6

DUST CONTROL SYSTEM "ON"

Arith. Mean Dust Concentration (mg/m3)(2): 2.0 3.3
Standard Deviation: 1.5 3.3
Standard Error: 0.4 0.9

DUST CONTROL SYSTEM PERFORMANCE

Mean Control System Efficiency (Z): 96.9 58.4
Standard Error: 0.9 14.8

957 CONFIDENCE LEVELS (APPROXIMATE)
Control System Off Concentration (X) (mg/m3): 39.6 < X < 85.7 4.4 <X < 11.3
Control System On Concentration (Y) (mg/m3): 1.0<Y < 2.9 1,2<Y < 5.3
Control System Performance (E) (mg/m3): 95,1 < E < 98.6 28.1 < E < 88.8

(1) E - End of the settling box. -
S — Side of the conveyor.

(2) Refer to section 4.2.5. for explanation.
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TABLE 18. — RESPIRABLE DUST RESULTS FOR SECONDARY CRUSHER-TO-BELT CONVEYOR #4 -

3000 cfm, 675 ton/h (Con'd)

SAMPLING LoCATION(1)

E S

DUST CONTROL SYSTEM "OFF"
Arith. Mean Dust Concentration (mg/m3)(2): 537.5 19.0
Standard Deviation: 416,1 19.7
Standard Error: 115.4 5.3

DUST CONTROL SYSTEM "ON"

Arith. Mean Dust Concentration (mg/m3)(2): 4.0 6.0

Standard Deviation: 1.5 3.9

Standard Error: 0.4 1.0
DUST CONTROL SYSTEM PERFORMANCE

Mean Control System Efficiency (%): 99.3 68.3

Standard Error: 0.2 10.4

95% CONFIDENCE LEVELS (APPROXIMATE)

Control System Off Concentration (X) (mg/m3): 288.2 < X <€ 786.7 7.7 < X < 30.3
Control System On Concentration (Y) (mg/m3): 3.1 <Y< 4.9 3.8<Y< 8.3
Control System Performance (E) (mg/m3): 98.9 < E < 99.6 47.1 < E € 89.5

(1) E - End of the settling box.
5 — Side of the conveyor.

(2) Refer to section 4.2.5. for explanation.
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TABLE 19, — RESPIRABLE DUST RESULTS FOR SECONDARY CRUSHER-TO-BELT CONVEYOR #4 -

2500 cfm, 300 ton/h {Con'd)

SAMPLING T.oCATION(1)

E 5
DUST CONTROL SYSTREM "OFF"
Arith. Mean Dust Concentration (mg/m3}{2); 62.7 . 7.9
Standard Deviation: 40,2 6.1
Standard Error: 10.8 1.6

DOST CONTROL SYSTEM “ON™

Arith. Mean Nust Concentration (mg/m3)(2): 15.9 5.1
Standard Deviation: 23.5 5.1
Standard Error: 6.5 1.4

DNST CONTROL SYSTEM PERFORMANCE
Mean Control System Efficlency (%): 74.6 35.3
Standard Error: 11.3 21.8

95% CONFIDENCE [.EVELS (APPROXIMATE)
Contrel System Off Concentration (X) (mg/m3): 9.6 < X < B5.7 4.4 ¢ X < 11.3
Control System On Concentration (Y) (mg/m3): 1.9 <Y < 30.0 2.2 ¢¥ < 8.0
Contrel System Performance (E) (mg/m3): 5l.4 < E < 97.7 .1 < E < B(1

(1) E - End of the gsettling hox.
5 ~ 8ide of the conveyor.

(2) Refer to section 4.2.5. for explanation.
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TABLE 20, — TOTAL DUST RESULTS FOR SECONDARY CRUSHER-TO-BELT CONVEYOR #4 -

8800 cfm, 675 ton/h (Con'd)

CONTROL SYSTEM "OFF"

DUST

Arith. Mean Dust Concentration (mg/m3)(2):
Standard Deviation:
Standard Error:

CONTROL SYSTEM "“ON"

NIST

Arith. Mean Dust Concentration (mg/m3)(2):
Standard Deviation:
Standard Frror:

CONTROL SYSTEM PERFORMANCE

Mean Control System Efficiency (%)"
Standard Error:

95% CONFIDENCE LEVELS (APPROXIMATE)

(1)

(2)
(3)

Control System Off Concentration (X) (mg/m3): 607.9 < X <
Control System On Concentration (Y) (mg/m3): 147.2 < Y <
7<EXL

Control System Performance (E) (mg/m3): 76

E - End of the settling box.
T — Tail end of the conveyor.
S - Side of the conveyor.

Refer to section 4.2.5. for explanation.

Control System efficiency 1s not computed because
mean concentration with Control System 'on'.

SAMPLING LOGATTON(D)

£ X S
2043.6 676.4 1944.0
1761.4 415.4 1184.1
622.7 146.9 483.4

269.0 62.8 317.9
149.3 52.3 149.3

52.8 21.4 60.9

86.8 90.7 83.6

4.8 3.7 5.1

3479.7 337.7 < X < 1015.1 761.,2 < X< 3
390.7 10.6 < Y < 115.1 168.8 < Y <
. 97.0 82.7 < E < 98.7 72,5 < E K

mean concentration with Control System 'off' was lower than
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TABLE 2)., — TOTAL DUST RESULTS FOR SECONDARY CRUSHER-TO-BELT CONVEYOR #4 —

6000 cfm, 675 ton/h (Con'd)

SAMPLING LocaTron(1)

E 5

NUST CONTROL SYSTEM "OFF"
Arith, Mean Dust Concentration (mg/m3)(2). 5093.6 789.2
Standard Deviation: 1722,1 737.4
Standard Error: 519.2 222.13

DUST CONTROL SYSTEM "ON"
Arith. Mean Dust Concentration (mg/m3)(2): 48.6 102.9
Standard Neviation: 64.8 87.9
Standard Error: 20.5 27.8

DUST CONTROL SYSTEPi PERFORMANCE
Mean Control System Efficiency (2): 99,0 87.0
Standard Error: 0.4 5.1

95% CONFIDENCE LEVELS (APPROXIMATE)
Control Syetem Off Concentration (X} (mg/mj): 3950.8 ¢ ¥ < 6236.4 299.9 ¢ X < 1278.5
Contrel System On Concentration ({Y) (mg/mj): 3.0CY ¢ 94,2 41.0 < Y ¢ 164.8
Control System PerFormance (E) (mg/m3): 98.2 CE < 99,9 76.4 CE < 97.5

{1} E - End of the settling box.
§ = Side of the conveyor.

(2) Refer to section 4.2.5. for explanation.
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TABLE 22, = TOTAL DUST RESULTS FOR SECONDARY CRUSHER-TO-BELT CONVEYOR #4 -

3000 cfm, 675 ton/h (Con'd)

DUST CONTROL SYSTEM "OFF"

Arith. Mean Dust Concentration (mg/m3)(2):
Standard Deviation:
Standard Error:

DUST CONTROL SYSTEM “ON"

Arith. Mean Nust Concentration (mg/m3)(2):
Standard Deviation:
Standard Error:

DUST CONTROL SYSTEM PERFORMANCE

Mean Control System Efficlency (%):
Standard Error:

95% CONFIDENCE LEVELS (APPROXIMATE)

Control System Off Concentration (X) (mg/mJ):
Control System On Concentration (Y) (mg/m3):
Control System Performance (E) (mg/m3):

(1) E - End of the settling box.
S - Side of the conveyor.

(2) Refer to section 4.2.5. for explanation.

SAMPLING LOCATION(1)

5093,6
17221
519.2

105.9
129.2
40.9

789.2
737.4
222.3

181.5
131.4
39.6



* 5) The efficiency of the control system may depend not only on the
exhaust volume but also on dust emissions with the dust
collection system "off."

Figures 62 and 63 sﬂow an "E" location, with and without the control

system, for the secondary crusher-to-belt conveyor #4 transfer point.

= ripgure OF SHOWS A S  IOCALION WITH CtNE cRNaust s8ystem operating.

5.1.3. Conveyor Belt i#7-to-Conveyor Belt {8

The following three approaches were used to establish the upper and

lower limits for the exhaust volume in the design of the dust collection

system.4
1) Anderson 1400 cfm
2) Morrison 2950 cfm

3) Industrial Ventilation Manual (IVM)

= Non~dusty material 2000 cfm
- Dusty material 4700 cfm.

Based on our past experience, we believed that some of these exhaust
volumes were overestimates; therefore, the dust collection system was
arbitrarily designed to operate at a maximum exhaust volume of 2400 cfm.

Table 23 summarizes the test data under various conditions. Tables 24
through 26 present summaries of test data for individual test conditions.
The following discussions are based on Table 23 unless otherwise noted:

1) The mean respirable dust concentrations at all locations with
the dust collection system "off"” ranged from only 4.4 to 16.5

mg/m3. Concentrations were low at this transfer point because

4 Dpetailed calculations are shown in Appendix B.
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FIGURE 64.- "S5" location at the secondary crusher=~to-belt conveyor #4
transfer point. Dust collection system “on."
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TABLE 23. - SUMMARY OF TEST RESULTS AT BELT CONVEYOR #7-TO-BELT CONVEYOR #8

CONTROL SYSTEM: Dust Collection

T
SAMPLING LOCATIONS
E T S
TEST TIME . REFERENCE
ARITH. ARTTH. ARTTH.
CONDITION | PERIOD |MEAN DUST EFFICIENCY MEAN DUST EFFICIENCY MEAN DUST EFFICIENCY TABLES
conc. (2) STANDARD | CONC.(2 STANDARD | conc.(2) STANDARD
SYS. OFF | MEAN ERRORS |SYS. OFF | MEAN ERRORS |SYS. OFF | MEAN ERRORS
mg/m3 % % mgjm3 % % mg/m3 % %
RESPIRABLE DUST
2400 cfm | 7-8/82 13.4 94,1 1.1 20.8 97.2 0.5 16.5 92.5 2.1 24
2400 cfm 06/83 12.8 86.0 5.5 - - - b4 60.1 21.5 25
1750 cfm 06/83 12.8 74,503 — - - - b4 5.3(3 - 25
900 cfm 06/83 12.8 67.3(3) — - - - bob 47.4(3) - 25
TOTAL DUST
2400 cfm 08/82 | 162.7 88.0 1.9 198.4 94 .4 1.8 140.6 87.7 7.0 26

(1) E - End of the settling box.
T = Tail end of the conveyor.
S8 ~ Side of the conveyor.
(2) Refer to section 4.2,5, for explanation.

(3) Data based on one test set.




no new surfaces were created, and the transfer of bulk material
from belt conveyor #7-to-belt conveyor #8 was very gradual and
smooth (due to multiple rockboxes).

2) At 2400 cfm, the respirable dust control efficlencies at all

locations were over 90%, and the mean dust concentrations at

less than 1.5 mg/m3.

3) Dust control efficlencies for total dust ranged fram 87.7% to
94.4%; mean total dust concentrations with the control system
"on" ranged from ll.1 to 19.5 mg/m3 at all locations.

Plans to conduct additional tests for other exhaust volumes were
cancelled when, due to process modifications at the plant, conveyor belt
#8 was taken out of tﬁe circuit and conveyor belt #7 discharge was diverted
to conveyor belt #4. Consequently, only one set of data could be obtained
at different exhaust volumes. These very limited data indicated that:

1) Only a marginal improvement in dust control efficiency was
obtained at "E" locatlons when exhaust volume was increased
from 900 cfm to 2400 cfm.
2) The dust emission data at "S" locations were too erratic to

provide a basis for any conclusions.
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2)

3)

5.1.3.1. Results

The dust sealing system and multiple rockbox design used at
this transfer point were mainly responsible for the reduction in
dust generation.

Exhaust volumes recommended by the Industrial Ventilation Manual

for dusty material (4700 cfm) and those calculated using Morrison's
approach (2950 cfm) seem to be overestimates. The data show
that 2400 cfm is adequate to control both respirable and total
dust emissions. Although the IVM calls for an exhaust hood at
the head box of conveyor belt #7, we believe that a hood at this
location is unhecessary. The large chute allows the induced air
to travel down with the material, and a hood at this point would
unnecessarily exhaust ambient air.

Due to process modifications, we could not rigorously test the
perfbrmance of the dust collection system at the exhaust volumes
recommended by Anderson, or the IVM for "non—dusty"” material.
However, our limited visual observations and test data showed

good promise for those two approaches.
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TABLE 24. — RESPIRABLE DUST RESULTS FOR BELT CONVEYOR #7-TO-BELT CONVEYOR #8 -

2400 cfm (Con'd)

CONTROL SYSTEM "OFF"

DUST

Arith. Mean Dust Concentration (mg/m3)(2):
Standard Neviation:
Standard Error:

CONTROL SYSTEM "ON"

DUST

Arith. Mean Dust Concentration (mg/m3)(2):
Standard Deviation:
Standard Error:

CONTROL SYSTEM PERFORMANCE

Mean Control System Efficiency (%):
Standard Error:

95% CONFIDENCE LEVELS (APPROXIMATE)

(1)

(2)

Control System Off Concentration (X) (mg/m3):
Control System On Concentration (Y) (mg/m3):
Control System Performance (E) (mg/m3):

E - End of the settling box.
T -~ Tail end of the conveyor.
S - Side of the conveyor.

Refer to section 4.2.5. for explanation.

SAMPLING LOCATTON(1)

E T S
13.4 16.5
7.2 11.6 8.2
1.8 2.5
0.8 0.6 1
0.4 0.3 1.0
0.1 0.1 0.3
94.1 97.2 92.5
1.1 0.5 2.1

9.6< X < 17.2 14.4< X < 27.2 11.0<¢ X < 2
0.6< Y < 1.0 0.4< Y < 0.7 0.6 X< 1
91.9< E < 96.4 96.1< E < 98.3 88.1< X < 9
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RESPIRABLE DUST RESULTS FOR BELT CONVEYOR #7-TO-BELT CONVEYOR #8 (Con'd)

SAMPLING LocaTIon(!)

_E_

DUST CONTROL SYSTEM "QOFF"
Arith, Mean Dust Concentration (mg/m3)(2): 12,8
Standard Neviation: 9.6
Standard Error: 4.3

DIIST CONTROL SYSTEM "ON"

Arith. Mean Nust Concentration (mglm3)(2): 1.
Standard Deviation: 0.
Standard Error: n

DUST CONTROL SYSTEM PERFORMANCE

Mean Control System Efficlency (X): B6.0
Standard Error: 5.5
95% CONFIDENCE LEVELS (APPROXIMATE)
Control System Off Concentration (X) (me/m3): 1.8¢ X < 23.8
Controel System On Concentration (Y) {mg/md)s 0.7 Y < 2.8
Control System Performance (E) (mg/m3): 73.5¢ E € 98.5
(1) E - BEnd of the settling box.
§ = Side of the cenveyor.
(2) Refer to section 4.2.5. for explanation.
(3) 0O, = Exhaust Volume Rate
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TABLE 26. — TOTAL DUST RESULTS FOR BELT CONVEYOR #7-TO-BELT CONVEYOR #8 -

2400 cfm (Con'd)

DUST CONTROL SYSTEM "OFF"

Arith. Mean Dust Concentration (mg/m3){2):
Standard Deviation:
Standard Error:

DUST CONTROL SYSTEM "ON”

Arith. Mesn Dust Concentration {mg/m3){2}:
Standard Deviation:
Standard Error:

DUST CONTROL SYSTEM PERFORMANCE

Hean Control System Efficiency {(%):
Standard Error:

95% CONFIDENCE LEVELS (APPROXIMATE)

Control System Off Concentration (X) (mg/m3):
Control Syetem On Concentration (¥) {mg/m3):
Control System Performance (E) (mg/m3):

(1) E - End of the settling box.
T - Tail end of the conveyor,
S — Side of the conveyor.

(2) Refer to section 4.2.5. for explanatiomn.

162.7
55.5
24.8

98.9<¢ X < 226.5
18.2< ¥ < 20.9
Bl.7¢ F < 92,3

SAMPLING LocATTION(]1)

mg/m3
mg/m
mg /m3

140.6
133.1
66.6



5.1.4. Vibrating Screen #2 Circuit

The vibrating screen circuit consists of the followlng transfer
points (fig. 65):

1) Belt conveyor #4~to-vibrating screen i#2

3) Vibrating screen #2-to-storage bin #1

4) Vibrating screen #2-to-storage bin #5.

To evaluate the performance of the dust control system, data were
first obtained with dust control system "off" and then with the -
system "on" for different exhaust volumes. The following two approaches
were used to establish the upper and lower limits of the exhaust volume

in the design of the dust collection system.5

Industrial Ventilation Manual

~ At vibrating screen #2 4200 cfm

- Vibrating screen #2-to-belt conveyor #5

Non~dusty material 1250 cfm
Dusty material 3200 cfm
- Vibrating screen #2-to-storage bin #1 850 cfm
- Vibrating screen #2-to~storage bin #5 850 cfm

-~ Conveyor belt #4 head box
Non-dusty material 1250 cfm

Dusty material 2500 cfm

5 Detailed calculations are shown in Appendix B.
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B - Denotes actual sampling site.

FIGURE 65. — Sampling locations for vibrating screen #2 circulte.






Respirable dust sampling was conducted in twe groups consisting

of four sets each, at the exhaust volumes (Q) shown.

Group I
Set 1
Q screen = 2500 cfm
Q conveyor #5 = 2500 ecfm
Q bin #1 = 1700 cfm
Q bin #5 = 1700 efm
Total exhaust volume =  B400 cfm
Set 2
Q screen = 0
Q conveyor #5 = 1250 cfm
Q bin #1 = 850 cfm
Q bin #5 = 850 c¢fm
Total exhaust volume = 2950 cfm
Set 3
Q screen = 0
Q conveyor #5 = 1250 cfm
Q bin #1 = 1700 cfm
Q bin #5 = 1700 cfm
Total exhaust volume = 4650 éfm
Set 4
Exhaust system off
Total exhaust volume = 0 c¢fm
Group I1
Set 1
Q screen = 2500 cfm
Q conveyor #5 = 2500 cfm
Q bin #1 = 1700 cfm
Q bin #5 = 1700 cfm
Total exhaust volume = 8400 cfm
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Set 2

Q screen = 2500 cfm
Q conveyor #5 = 1250 cfm
Q bin #1 = 0
Q bin #5 = 0
Total exhaust volume = 3750 cfm
%
Q screen = 0
Q conveyor #5 = 1250 cfm
Q bin #1 = 0
Q bin #5 = 0
Total exhaust volume = 1250 cfm
Set 4
Exhaust system off

Total exhaust volume = 0 cfm
Table 27 summarizes test data for grouﬁs I and II. The detailed
'data are presented in Table 28 for group I and in Table 29 for group II.
The following discussions are based on Table 27 unless otherwise noted

1) The mean dust concentrations with the dust collection system "off"
ranged from 5.7 mg/m3 to 25.6 mg/m3 at various locations, and
the data within groups showed good agreement.

2) The mean dust control efficiencies, presented in Table 27, are
plotted in figure 66, It can be seen that throughout the
testing period, the collection efficiency essentially remained
between 60% and 90%. Further, there seems to be no consistant
trend in dust control efficiency with increasing total exhaust

volume.
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TABLE 27. - SUMMARY OF TEST RESULTS AT VIBRATING SCREEN AND RELATED TRANSFER POINTS °

Control System: Dust Collection
Type Of Sampling: Respirable Dust

GROUP I GROUP II

3750

TOTAL EXHAUST

SET 1 SET 2 SET 3 SET 1 SET 2 SET 3

ARTTH.
MEAN DUST
CONCENTRATION(2) | mg

8.1 8.1 8.1 9.5 9.5 9.5
SYSTEM OFF |m3

ARITH.
EFFI- | MEAN 66.7 74.
CIENCY |STANDARD | % 1 5
ERROR
ARITH.
MEAN DUST
CONCENTRATTON(2)

7.0 7.0 7.0 5.7 5.7 5.7

T

SYSTEM OFF

L

ARITH.
EFFI- | MEAN | 52.3 79.6 87.5 73.
CIENCY |STANDARD | % 19.0 10.9 2.6 5
ERROR _
ARITH.
MEAN DUST
CONCENTRATION(2) | ng

65.1 7

17.5 17.5 17.5 17.0 17.0 17.0
SYSTEM OFF |m°

ARTTH.
EFFI- | MEAN | 69
CIENCY |STANDARD | % 5
ERROR
ARTTH.
MEAN DUST
CONCENTRATION(2) |ng

14,0 14.0 - 14,0 16.0 16.0 16.0
SYSTEM OFF |m3

ARITH,
EFFI- | MEAN | 84.
CIENCY|STANDARD | % 5.
ERROR
ARTTH,
MEAN DUST
CONCENTRATION(2) |mg

25.6 25.6 25.6 17.7 17.7 17.7
SYSTEM OFF |m3

ARITH.

EFFI- | MEAN 85.5 84.3 74,1 79.1 6
CIENCY|STANDARD | % 10.2 12.0 21.2 3.8
ERROR
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TABLE 27. - SUMMARY OF TEST RESULTS AT VIBRATING SCREEN AND RELATED TRANSFER POINTS (Con'd)

Group 1 Group 11
Ind%x%dual Exhaust Volumes Set 1 = Q) = 2500 Qp = 2500
cfml3): Qy = 2500 Q, = 2500,
Q3 = Q4 = 1700 Q3 = Q4 = 1700
Set 2 =Q] = 0 Q] = 2500
Q = 1250 Qy = 1250
Q3 = Q4 = 850 Q3 =Q4 =0
Set 3 ~=Q] =0 QL =0
Q2 = 1250 Q2 = 1250
Q3 = Q4 = 1700 Q3 =Q =0
Time Period: June, 1983 ' July, 1983
Reference Tables: 28 29
(1) H = Head box for feed conveyor #4
D = Side of the screen #2
R = Rear of the screen #2
' E = End of the settling box, conveyor #5
S = Side of the conveyor #5

(2) Refer to section 4.2.5. for explanation.

= Screen exhaust volume

= Belt conveyor #5 exhaust volume
Q3 = Bin #1 exhaust volume

= Bin #5 exhaust volume

(3) Q4







3)

4)

No trends are apparent when mean dust control efficiency along
with 957 confidence levels are plotted for individual locations
separately (fig. 67 through 71). The effectiveness of the
exhaust system was essentially constant between the total
exhaust volumes of 1250 cfm and 8400 cfm.

The day-to—day efficiency of the dust collection system at a
total exhaust volume of 1250 cfm at all the sampling locations

is plotted in figure 72,

5.1l.4.1. Results

Based on the detailed discussion so far, the following conclusions

can be drawn concerning dust control for the vibrating screen #2 circuit:

1Y)

2)

3)

The bulk material handling components, including the Trellex
dust seals, can achieve sizable reductions in dust generation
and emissions.

An exhaust volume of only 1250 cfm at belt conveyor #5 alone

was enough to produce more than a 65% dust control efficiency

at all the sampling locations. Increasing total exhaust

volume from 1250 cfm to 8400 cfm produced only marginal improve-
ments, if any, at all the sampling locations (figs. 67 to 71).

The exhaust volumes calculated using the Industrial Ventilation

Manual (8,400 cfm to 11,600 cfm) and Anderson approaches (7,600
cfm) are gross overestimates for a well-sealed system (fig.

71).
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18¢

E, MEAN EFFICIENCY, %

100

80

60

40

20

=
=
pa—
——
—
e
—

{Anderson approach)

“"Non-dusty' (IVM approach!
- y e 1’H———|J|—1—| —

B

| ] |

"Dusty" (IVM approach)

|
2000 4000 6000 8000 10000

TOTAL EXHAUST VOLUME, cfm

FIGURE 70.- Effect of exhaust volume on dust control efficiency (and
probable trends) at "E" locations for the vibrating screen #2
circuit., Type of sampling - respirable dust,

12000






DAILY EFFICIENCY, %

£8¢

uk

100
80
60

40

- \\ / e '"H" |ocation
\ II ——===—0 "S§" location
20— \“ —-=——u "E'|ocation
"""" 4 'R location
F — =0 "D" jocation

0 1 | | | | | | | |
7112 7114 7119 7120 1121 7125 7126 1121 7128 7129

SAMPLING DATE

FIGURE 72. - Day-to-day variation in efficiency of dust control system at
the vibrating screen #2 circuit. Type of sampling — respirable
dust; total exhaust volume = 1250 cfm (Group II).






g8¢

TABLE 28. — RESPIRABLE DUST RESULTS FOR VIBRATING SCREEN #2 CIRCUIT -

DUST CONTROL SYSTEM “OFF”

Arith. Mean Dust Concentration
Standard Deviation:
Standard Error:

DUST CONTROL SYSTEM “ON"

SET 1

Arith. Mean Dust Concentration
Standard Deviation:
Standard Error:

SET 2

Arith. Mean Dust Concentration
Standard Deviation:
Standard Error:

SET 3

Arith. Mean Dust Concentration
Standard Deviation:
Standard Error:

CONTROL SYSTEM PERFORMANCE

SET 1

Mean Control System Efficiency
Standard Error:

SET 2

Mean Control System Efficiency
Standard Error:

SET 3

Mean Control System Efficiency
Standard Error:

(mg/m3)(2):

(mg/m3)(2);

(mg/m3)(2);

(mg/m3)(2):

(%):

(%):

GROUP I (Con'd)
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TABLE 29. - RESPIRABLE DUST RESULTS FOR VIBRATING SCREEN #2 CIRCUIT -

GROUP 11
Control System: Dust Collection
Type of Sampling: Regpirable Dust
Testing Conditions: Group II (3)
Set I: Q; = 2500 cfm.  Q = 2500 cfm.  Q = Q4 = 1700 cfm.
Set 2: Q) = 2500 cfm. Qg = 1250 ¢fm. Q3 =04 = 0 cfm.
Set 3: Qp = 0 cfm. Q9 = 1250 cfm. Q3 =04 = 0 cfm.
SAMPLING GEOMETRIC MEAN CONCENTRATIONS(Z) SYSTEM RELATIVE DATE OF
DATE LOCATION(I) mg/m EFFICIENCY TEMP. HUMIDITY LAST PRECIPITATION| COMMENTS
System of f System on A °F %
Set 1|Set 2[Set 3{Set 1]|Set 2]Set 3 A
7/12/83 H 15.5 4.6 4,3 - 70.3 72.3 - 91 64 over one week |New plant was
D 6.5 2,1 2,7 - 67.7 58.5 - not running,
R 46,7 9.7 12.5 -~ 79.2 73.2 - heavy flow.
E 15.7 0.9 1.3 - 94,3 91.7 -
S 17.2 4.3 4,2 - 75.0 75.6 -~
7/14/83 H 10.9 1.7 4.0 - 84.4 63.3 - 91 30 over one Week {New circuit
D 9.6 4,2 3.4 - 56.3 64.6 - was running,
R 18.4 3.1 7.3 - 83.2 60,1 - normal rock
E 19.3 10.3 8.3 - 47,2 57.3 - flow,
S - 4,7 14,6 - - - -
7/19/83 H 5.8 1.4 3.0 1.1} 75.9 48.3 81.0} 89 54 over one week
D 2.7 0.5 1.5 2,01 81,5 44.4 25.9
R 7.9 1.9 1.7 5.1] 75.9 78.5 35.4
E 4,9 1.7 4,1 1.3] 65.3 16.3 73.5
S 11.2 5.4 6.2 2,8| 51.8 44,6 75,0
7/20/83 H 11.6 1.9 2,5 1.9 83.6 78.4 83.6 94 38 over one week
D 8.7 1.3 3.9 2,2; 85.1 55.2 74,7
R 15.7 2,3 2.9 5.9 85.4 8l1.5 62.4
E 13.6 2.3 2.3 1.5] 83.1 83.1 89.0
S 13.6 3.0 7.4 3.1} 77.9 45.6 77.2
7/21/83 H 11.1 1.5 1.2 - 86.5 89.2 - 93 37 7/21/83
D 7.3 2,0 1.5 -~ 72,6 79.5 -
R 9.6 2.7 3.6 - 71.9 62.5 -
E 15.8 1.3 1.7 =~ 91.8 89.2 -
S 20.5 3.6 3.6 - 82.4 82.4 -
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TABLE 29. — RESPIRABLE DUST RESULTS FOR VIBRATING SCREEN #2 CIRCUIT -

DUST CONTROL SYSTEM "OFF"

Arith, Mean Dust Concentration (mg/m3)(2):
Standard Deviation:
Standard Error:

PUST CONTROL SYSTEM "ON"

SET 1

Arith. Mean Dust Concentration (mg/m3)(2):
Standard Deviation:
Standard Error:

SET 2

Arith. Mean Dust Concentration (mg/m3)(2):
Standard Deviation:
Standard Error:

SET 3

Arith. Mean Dust Concentration (mg/m3)(2):
Standard Deviation:
Standard Error:

CONTROL_SYSTEM PERFORMANCE

SET 1

Mean Control System Efficiency (%):
Standard Error:

SET 2

Mean Control Efficiency (%):
Standard Error:

SET 3

Mean Control System Efficiency (%):
Standard Error:

GROUP II (Con'd)
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5.2. TRANSFER POINTS EQUIPPED WITH WET DUST SUPPRESSION SYSTEMS

5.2.1. Hammermills—to-Belt Conveyor #7

Tﬁis transfer point consisted of two hammermills installed back to
back, both’feeding belt conveyor #7 located underneath. Wet dust
suppression at this transfer.point consisted of two independent wet
dust suppression systems:
1) A Sonic wet dust suppression system to control airborne
respirable dust == a control technique
2) A GH system consisting of two garden hose nozzles to "condition”
the material to generate less dust — a preventive technique.
To evaluate the performance of these systems separately and combined,

resbirable dust emission samples were obtained under the following

four conditionms: )
1) Both systems "off"
2) Only the Sonic system operating
3) Only the GH system operating
4) Both systems operating at the same time.
Throughout the sampling period, test conditions, such as water and
compressed air flow rates and pressures and material throughput, were

maintained at the same level.® The samples at "E"” locations were taken

with the cyclones facing "out" (180° from the "in" position) of the air-

6 Compressed alr pressure — 55-60 psig
Compressed air flow rate - 9.5 scfm/nozzle
Water pressure - 10-14 psig
Water flow rate - 5-6 gph/nozzle
GH system water flow rate - 1 gpm
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stream, as described earlier in Chapter 4. The samples at "$" and "I"
locations were obtained using the same sampling strategy as established
for the rest of the transfer points.

Table 30 describes the test data collected for 15 sampling days.

The following discussions are based on Table 30.

Sl=—The—dugt amisagigne data with the-contral sUystam ottt —showad-——

&

significant day—-to-day scatter at all locations (e.g., at
"E" locations, they varied from 15.6 mg/m3 to 521.2 mg/m3).
2) The efficiency of the Sonic system alone was significantly
lower at all three locations than that of the GH system.
3) The combined_GH and Sonic system efficiency was only margin-

ally better than that of the GH system alone.

The Sonic system was also evaluated with the GH system operating all
the time at 1 gpm and the Sonic system "on" and "off.” The'data in
Table 31 show that with this approach, mean Sonic system efficiency at "E”
locations was 34.7%Z, vs 43.9% with the GH system "on"™ and “gff" (Table 31).
The efficiency with the GH system "on" was lower because, as discussed
earlier, the dust control efficiency is a non—=linear function of the
dust concentrations with the control system ;off,' i.e., lower initial

dust concentrations produce lower system efficiencies,

5.2.1.1, Problems Encountered - Negative Efficiencies

The quéstion marks in the efficiency columns in Table 31 indicate
occasions when the dust concentrations with the Sonic system "on™ were

higher than those with the system “"off."™ This occurred for 7 days out
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TABLE

J0. = RESPIRABLE DUST RESULTS FOR HAMMERMILLS-TO-BELT CONVEYOR #7 ~

SONIC & CH”
Control System: Dust Suppression "
Type of Sempling: Reapirable Dust
Testing Conditions: Sonic System: Water Flow Rate = 6~6.5 gph/nozzle, Water Pressure = lN-14 prig,
Compregsed Air Flow Rate = 9.5 gcfm/nozzle, Compressed Air Pressure = 55-60 psig,
Number of Nozzlea/Spray Rar = 2, Number of Spray Rers = 2,
G.H, Nozzle Bystem: Water Flow Rate = 1 gpm-
Crusher Throughput: 400 tph
SAMPLING GEOMETRIC MFAN CONCENTRATIONS(Z) SYSTREM RELATIVE|DATE OF LAST
DATE I.OCATION(I) mg/m EFFICIENCY TEMP. | RIIMIDITY | PRECIPITATION | COMMENTS
Soniec and GH System on __x : °F X
Nozzle off |Sonlc|GH Nozzle|Sonie [Soniec|GH NozzleSenice
Only Only & GH |Only Only & GH
2/08/83 E 22,1 524.5| 30.4 30.4 § 203 Bo.6 [9n.,5 | 33 47 2/02/83
T 60,1 39.8 4.1 5.6 |34,3 93,2 90,8
8 43,4 10.7 4.2 — 75.1 90.3 -
2/n09/83 E 421.9 54,11 27.1 —_ 87.1 93.6 - 28 49 2/02/83
T 83.8 B.9 2.3 — 89.4 97.3 -
S 54-6 9-2 5.4 — BS.Z 90-1 -
3/15/83 E 36.5| 13.0 22,0 |-- - - 58 37 3/13/83
T - 23.5 7.0 B.2 |== - -
8 14.2 15.0 B.9 |— - -
a/le/83 E 84.1 23.8 21.0 16,3 71,7 75.0 BO.A 52 46 \3/13/33
T 55.6 6.0 4.1 8.8 |&1,2 92.6 84,2
s 28,1 2.2 1.8 3.3 92,2 93.6 88,3
3/22/83 E 196.8 63.0) 25.9 24.3 |6R.0 B6.8 87.6 { 3s 34 3/21/83
T 177 .4 77.1 12,1 B.2 |56.,5 | , 93.2 95.4
1 49.1 27.5 2,0 2,0 |44.0 95.9 95.9
3/23/83 E 308.5 142.7] 17.8 9.6 |53.7 94,2 96.9 | 38 35 3/21/83
T 183.9 115,2 17.2 4,2 (37.4 90.6 97.7
8 - 22,5 8.7 8.6 |-~ - -
3/24/83 E 99.4 110.2 23.9 5.9 ? 75.%9 94,1 34 40 3/21/83
T 67.9 55,3 - 16,0 (18.6 - 76.4
-8 — — 6.3 ‘Be2 |— - -
4704 /83 E 41.8 62,07 25.5 17.0 | 7 39.0 59.3 | 42 45 5702783
T 33,7 109.1 13.0 7.4 | 7 6l.4 78.0
8 19.8 35.2 9.3 5.0 | ? 53.0 74,7
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TABLE 30. - RESPIRABLE DUST RESULTS FOR»HAMMERMILLS—TO—BELT CONVEYOR #7 -

SONIC & GH (Con'd)

L

SANPLING LOCATION(1)

E_ L S
DUST CONTROIL, SYSTEM "OFF”
Arith. Mean Dust Concentration (mg/m3)(2): 236.7 72.0 43,5
Standard Deviation: 193.8 63,6 40.6
Standard Error: n.s 13.6 14,13
NUST CONTROL SYSTEM “ON"
SONIC ONLY
Arith. Mean Dust Concentration tme/m3)(2); 132.8 63.1 27.3
Standard Deviation: 150.0 91,7 25,1
Standard Error: 23.4 17.6 6.3
GH NOZZLF ONLY
Arith. Mean Dust Concentration (mg/mz)(z): 40.5 9.4 1n.6
Standard Deviation: 35.6 7.7 14.0
Standard Brror: 5.4 1.6 3.7
SONIC AND GH "
Arith. Mean Dust Coneentration (mglmj)(n: 26.5 9.6 7.8
Standard Deviation: . 19.2 14.0 9.3
Standard Error: .34 3.1 2.6
CONTROL SYSTEM PERFORMANCE
A
SONIC ONLY
Mean Control System Efficiency (Z): 43.9 12.1 37.3
Standard Error: 12.3 29.5 25.3
GR_NOZZLE ONLY
Mean Control Syetem Efficiency (2): 82.9 A7.0 75.5
Standard Ervor: 3.2 3.3 11.8
SONIC AND GH
Mean Control System Efficiency (X): 88.8 R6.6 B2.0
Standard Brror: 2.0 4,9 - B.4






TABLE 31. — RESPIRABLE DUST RESULTS FOR HAMMERMILLS=-TO~BELT CONVEYOR #7 -

CH & SONIE

Contrel System: Dust Suppression

Type of Sampling: Respirable NDust

Testing Conditions: Sonle System: Water Flow Rate = 6-6.5 gph/nozzle, Water Pressure = 10-14 psig,
Compressed Alr Flow Rate = 9.5 gefm/nozzla, Compressed Alr Prassure = 55-60 psig
Number of Nozzles/Spray Bar = 2, Number of Spray Bars = 2,
G.H. Nozzle System: Water Flow Rate = 1 gpm

Crusher Throughput: 400 tph

L62

CEOMETRIC MEAN SONIC SYSTEM RELATIVE |DATE OF LAST
DATE CONCENTRATIONS(2) EFFICIENCY TEMP. {HUMLDITY | PRECIP1TATION | COMMENTS
SONIC SYSTEM SON1C SYSTEM

oFF oN X °r zZ

mg/m3 mg/m3
2/08/83 33.5 30.4 9,13 kk} 47 2/2/83
2/09/83 27.1 - - 28 49 2/2/83
3/15/83 13.0 22,0 () 58 37 3/13/83
3/16/83 21.0 16.3 22.4 52 46 3/13/83
3/22/83 25.9 24.3 6.2 36 3% 3/21/83
1/231/83 17.8 9.6 i 46.0 " 3 ) 1/21/83
3/24/83 23.9 5.9 75.3 3% 40 3/21/83
4/04/83 25.5 17.0 33.3 42 45 472783
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TABLE 31. — RESPIRABLE DUST RESULTS FOR HAMMERMILLS-TO-BELT CONVEYOR #7 -

GH & SONIC (Con'd)

SAMPLING LOCATION(!)

“E
SONIC SYSTEM "OFF”
Mean Dust Concentration (mg/m3)(2) 40,5
Standard Deviation: 35,6
Standard Error: S.4
SONIC SYSTEM "ON"
Mean Dust Concentration (mglm3)(2) 26,5
Standard Deviation: 19.2
Standard Error: 3.1
SONIC SYSTEM PERFORMANCE
Mean Control S5ystem Efficiency I: 34,7
Standard Error: 11.6

u

(1) E - End of the settling bpx.

(2) Refer to section 4.2.5. for explanation.

{3) Sonic system efficlency wae not cohputed bechuse mean concentration with the Sonie
aystem "off" was Iower that mean concentration with the Sonic system “on.”



of 15 at "E" locations. We believe that these results were due to
variations in parameters beyond our control. For example, the dust
concentration with the control system "off" varied significantly from
day to day (coefficient of variation’/ = 81.8% at "E" locations) even
though the size range and material throughput of the hammermills were

the same throughout the éampling period. Therefore, other variables,

= sSuch as type of rock and molsture content mist hawe contributed to the .

day-to-day variation. Indeed, the GH system data showed that the addition
of 1 gpm of water prior to the hammermills —- only 0.07% of the total
throughput by weight -- produced a dust control efficiency on the order
of 80%, proving that a minor variation in moisture content significantly
affeéts the dust emission rate. With such a small change in a parameter

'.m?king such a large difference in measured dust emissions, it is likely
f;at the one set of system "off"” data obtained on each samﬁling day
was not representative of dust emissions throughout the day. Thus, if

the time variation in dust emissions (with the system "off") were on the

order of the change produced by the control system, the performance

calculated on _any given day would not only be unreliable but meaningless.

To tesf this hypothesis, we collected several sets of dust emission
data with the control system "off"” for 3 days (Table 32). The data
showed a coefficient of varlation as high as 75.7%, supporting the
hypothesis that the negative efficlencies for the Sonic system were
due to the large daily variations in dust emissions.

For the éame reason, some of the positive efficlencies on other days

may have been higher (or lower) than the actual efficiencies.

7 Coefficient of variation = standard deviation/arithmetic mean dust
concentration.
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TABLE 32. — RESPIRABLE DUST RESULTS FOR HAMMERMILLS—~TO-BELT CONVEYOR #7 -

CONTROL SYSTEM OFF (Con'd)

9/28/83 10/11/83 11/17/83
CONTROL, SYSTEM "QFF"
Arith. Mean Dust Concentration (mg/m3)(2): 609.1 713.2 285.6
Standard Deviation: 460.9 321.2 113.0
Standard Error: 163.0 5.8 n.2
Coefficient of Variation (Z)(3): 75.7 45.0 39.6

(1) E - End of the settling box.
(2) Refer to section 4.2.5. for explanation.

(3) Coefficient of Variation = Standard Neviation/Mean Dust Concentration.



5.2.1.2. Results

1) Although the GH system used more water than the Sonic system,
it was far superior to the Sonic system in controlling respir-

able dust emissions at this transfer point. However, the

transfer points or to different environments. The lower

efficiencies for the Sonic wet dust suppression system at
this transfer point are attributed to:
— The high turbulence in the impact zone of the belt conveyor
~ The high average velocity of the dust—laden air (400 ft/min;
2 m/s) in the settling box

— The high dust concentrations. i

2) Thé GH system performance was good because the nozzles were
strategically located and the hammermill acted as a good
mixing chamber for water and m;terial.

Figures 73 through 76 show photographs of "E" and "S" locations with

and without the dust suppression systems “on.”

5.2.2. Conveyor Belt #ll-to—Conveyor Belt #4

The dust control system at the conveyor belt #ll-to—conveyor belt #4
transfer point consisted of the Sonic wet dust suppression system.
Sampling was not conducted at "T" locations because the dust collection
system installed at the secondary crusher—to-belt conveyor #4 transfer

point could have affected the dust concentrations at this tranfer point.
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FIGURE 75.,=- "8" location at the hammermills—to;belt conveyor #7
transfer point. GH and Sonic systems “on."

FIGURE 76.~ "S" location at the hammermills—to-belE conveyor #7
transfer point. GH and Sonic systems "off.

306



Table 33 presents the respirable dust emission and performance data
for the Sonic wet dust suppression system. These data indicate that:

1) The Sonic wet dust suppression system achieved a 72.7% mean
control efficiency at "E" locations; however, the mean dust
concentrations with the control system "on” were still high —
54.8 mg/m. ’

2) The bulk material handlinglsystem was operating satisfactorily,
since the dust concentrations with the dust control system "off"
were only 1.6 mg/m3 at "S" locations.

Thg Sonic system seemed to work better at this transfer point than at
the hammermills—to—-belt conveyor #7 transfer point (discussed earlier).
) %he reasons are believed to be lower turbulence and lower average air

velocity.
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TABLE 33. —~ RESPIRABLE DUST RESULTS FOR BELT CONVEYOR #11-TO-~BELT CONVEYOR #4 (Con'd)

NUST CONTROL SYSTEM "OFF"

NIST

Arith. Mean Dust Concentration (mg/m3)(2):
Standard Neviation:
Standard Error:

CONTROL SYSTEM "ON"

Arith, Mean Dust Concentration (mz/m3)(2):
Standard Deviation:
Standard Frror:

CONTROL SYSTEM PERFORMANCE

Mean Control System Efficiency (%):
Standard Error:

95% CONFIDENCE LEVELS (APPROXIMATE)

(M

(2)
(3)

Control System Off Concentration (X) (mg/m3):
Control System On Concentration (Y) (mg/m3):
Control System Performance (E) (mg/m3):

F - End of the settling hox.
S - Side of the conveyor.

Refer to section 4.,2.5. for explanation,

200.8
146.7
26.4

SAMPLING LOCATION(1)

Control System efficiency 1s not computed because mean concentration with Control System 'off'
was lower than mean concentration with Control System 'on',.



*%% 6, DESIGN GUIDELINES

6.1. INTRODUCTION

This chapter contains guidelines for designing an effective -dust control

system for some commonly encountered transfer points involving belt

Although the nature of dust emlssions varies significantly from facility
to facility and depends on the type of equipment and processes used, how
well the equipment is maintained, the type of material being processed,
weather conditions, etc., these guidelines can be a useful tool for
designing dust control systems for specific conditions.

Mbst of this information is discussed in greater detail in previous

"cpapters; the purpose of including this simplified version here is to
pfovide an overall view of dust control conceﬁts to a novice reader.

In general, adequate dust control at any transfer point can be achieved
by a combination of properly designed bulk material handling components
and dust suppression or coliection systems. Although the dust collection
and suppression systems treat the dust emission problem difectly, the
importance of well-designed bulk material handling components for reducing
dust generation and emissions should not be underestimated.

The guidelines presented here for designing dust collection or wet
dust suppression systems are based on the assumption that the recommended
bulk material handling system has been implemented. The following transfer
points are discussed:

1) Belt-to-belt conveyor

2) Crusher-to~belt conveyor
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3) Vibrating screen-to-belt conveyor
4) Belt conveyor-to-vibrating screen
5) Vibrating screen—to-bin.
Sections 6.2 through 6.4 illustrates the design criteria common to all
the transfer points,‘while Section 6.5 describes the applicétion of dust

control systems to specific transfer points.

6.2. BULK MATERIAL HANDLING SYSTEMS FOR DUST CONTROL

Proper design of bulk material handling components should be the first
step in designing a dust control system for a transfer point. Since most
tran§fer points covered under this program included a belt conveyor and a
transfer chute, the following discussion primarily deals with the bulk
) material handling considerations for these two elements. However, basic
&esign guidelines for bulk material handling components for other equipment,

such as vibrating screens, crushers and storage bins, are also provided.

6.2.1. Belt Conveyors

Belt conveyors emit dust exclusively from four points:
1) The tail pulley where material is received ‘
2) The head pulley where material is discharged
3) The return idlers (due to the “"carryback™ of fine
dust on the return belt)
4) The sides of the conveyor.

The following factors must be considered in designing belt conveyors.

311



6.2.1.1. Belt Loading

The amount of dust generated at a belt conveyor transfer point depends

partially on how the material is initially loaded on the belt. Belt

loading should meet the following criterias

2) The material should enter the belt tra&élling in the same
direction and at the same speed as the belt whenever possible.
These measures will reduce turbulence in the material and thus decrease

dust generation.
6.2.1.2., Impact at Loading Point

.Adequately spaced (1-ft centers) impact idlers should be located at
the transfer point (fig. 77) to absorb the impact of the incoming material
and prevent deflection of the belt between the idlers. These measures will

reduce dust leakage under the skirting rubber seals.
6.2.1.3. Conveyor Skirting

Figure 78 shows the conventional skirting ("knife-edge”) design. This
design is not recommended because the vertical rubber seals tend to wear
out quickly, requiring frequent adjustment of the rubber to prevent dust
leakage. This maintenance is time consuming and, hence, often neglected.

Figure 79 shows the recommended skirting design. This design has the

following important features:
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O e Chute Skirt plates

Screen hars

Fines to belt
Closely spaced impact idlers

-

Bed of fines on belt

FIGURE 77. - Impact idler location.
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" Bolted adjustabfe~
rubber edging

Belt

NOT RECOMMENDED

FIGURE 78, - Conventional skirting design.
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MUCK SHELF
AT IMPACT POINT

NEOPRENE GASKET /

b B—

2-1/12 x 1-1/12 x 1/4 ANGLE /

]

D ¢
4_*1,4 SKIRTBOARD SEALING RUBBER
| 60 DUROMETER HARDNESS
_V 1/2 THICK

s

~——4 Quick release
l | clamps - 18 in. apart

Wolverene SK-51000

Belt Width A B ¥ D
2 24 15 6 18
30 30 2 8 21
36 36 24 9 .27
42 42 30 10 32
43 48 36 12 36

All dimensions in inches.
* This dimension may vary depending on rock size.

FIGURE 79. - Recommended skirting design.
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1)

The skirtboard is high and wide enocugh to accommodate both
the material volume and the pressure surges caused by the

inflowing material and inﬂuced air.

2) " The inclined skirting rubber prévides greater wear area.
3) The flexibility of the inclined skirting rubber allows it to
- ;;st on the ﬁzﬁing belt at all ti;;;: p }

4) The skirting rubber is 1/2 in. thick and 60 to 65 durometer
hardness.

5) Quick-disconnect clamps are used instead of conventional bolts
to allow quick and easy adjustment.

‘ 6) The top edges of the skirtboard are covered and sealed with

self-adhesive neoprene rubber gaskets.

6.2.1.4. Conveyor Capacity

-

The belt conveyor should be operated at 75% of its theoretical capacity.

(The theoretical capacity of the belt conveyors can be calculated by the

-

approach recommended by CEMA; Ref. 1:) This measure will reduce

spillage, dust emissions, and wear on skirting rubber seals.

To bring the loading of existing installations into conformance with

this specification, the following measures are recommended:

1) Increase belt speed.

2)

3

Change idlers (e.g., from 20° to 35°).

Change the conveyor width (e.g., from 24 to 30 inches).

316



6.2.1.5. Belt Scrapers

A belt scraper should be installed at the head pulley of the belt conveyor
to reduce carryback of fine materials on the return belt and to provide
a cleaner belt surface. A scrapings chute should be installed to
redirect the material removed by the belt scraper into the process

stream or into a covered container.

6.2.1.6. V-Plows

A V-plow should be installed, as shown in figure 80, to clean the
non—-carrying side of the belt, thus preventing material and dust buildup

on the tail pulley. This measure will also keep the belt properly aligned.

N 6.2.2, Transfer Chute Design

The function of a transfer chute is to transport material from one piece
of equipment to another, primarily by gravity. The foilowi;g génégéi{
guidelines should be considered in designing a transfer chute:

1) To reduce air entraimment and wear, the chute shguld be sized
adequately and its design should take into consideration the
path or trajectory that material will tend to follow when it
is discharged over a pulley. This path/trajectory is affected
by a combination of gravity, belt speed, and pulley diameter.
To avoid jamming, the chute should be at least three times

the maximum lump size when lumps and fines are mixed in the

product stream.
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2) Curved chute bottoms, perfbrated chute bottoms, or grizzly
chutes should be used to place a layer of fines on the belt
ahead of the lumps to avoid heavy impact from loading
(fig. 81).

Whenever possible, the following components should be incorporated into

a transfer chute.
6.2.2.1. Rockboxes

Rockboxes or stoneboxes should be used to absorb the impact of incoming
material. Reducing impact reduces the wear and abrasion on the chute
bottém, reduces the height of material fall, and also reduces dust
~emissions from the backspill rubber seal at the tail end of the conveyor
(fig. 82).

6.2.2.2. Muckshelves

-

Muckshelves should be installed at the impact point for the following
reasons: N
1) They help load the material centrally on the belt and keep the
belt properly aligned.
2) There is room for air to expand under the muckshelves, which
reduces pressure surges.
3) They protect the inclined skirting rubber from the direct impact

of the incoming material.

Refer to figure 79 for a typical mckshelf location.
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Very abrasive material

Loading chute
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N7 o%%%’;}m@mésm S Belt

- Tail pulley

FIGUEE 82, -~ Rockbox location.
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6.3. DUST COLLECTION SYSTEM

A dust collection system is one of the most effective ways available
to reduce respirable dust emissions. It is the only known "dry”™ method of

capturing dust from the process stream.

1) An exhaust hood to capture dust emissions at the source

2) Ductwork to transport the captured dust to a dust collector
3) A dust collector to clean the dust—laden gases

4) A fan and motor to provide the necessary exhaust volumes.

Of .the four major components, the design of the exhaust hood is most
critical for efficient capture of dust emissions at a transfer point,

and will be specifically addressed here. The principles of ductwork

(3), and are not included here. Chapter 2 describes some of the important

design and/or selection criteria for these . components.

6.3.1. Exhaust Hood

The exhaust hood must be carefully designed because it is the capture
efficiency of the exhaust hood'and not the collection efficiency of a
dust collector that is important from the occupational health standpoint.
The degree of dust control at a transfer point depends upon the location
of the exhaust hood and the rate of air flow through it, i.e., the exhaust

volume.,
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FAN & MOTOR

COMPONENTS OF DUST COLLECTION SYSTEM

FIGURE 84, — Major components of a dust collection system.



6.3-1.1. ‘LOCatiOD

The exhaust hood should be located so that it captures predominantly
respirable-sized dust. The coarser dust should be allowed to settle down

in long and spacious enclosures. This arrangement will reduce dust

‘bf coarse and valuable product material, and also:reduce the possibility

of dust settling in the horizontal ducts.

6.3.1.2. Exhaust Volume

Determination of adequate but not excessive exhaust volume is the moét
important step in the design of a dust collection system. Two basic
concepts commonly used in the industry are:

1) Air induction
2) Control velocity. .

The air induction approach is the most generally applicable to
calculating exhaust volumes because the calculations take into account
the characteristics of a transfer point, such as the material feed rate,
height of free fall, aggregate size, bulk demsity, etc.

The control velocity approach, on the other hand, has very limited use
because it does not take into account these important variables. We,
therefore, do not recommend this approach. It is discussed in greater

detail in Chapter 2 for the readers who want additiomal informatiomn.
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The Anderson approach, widely used in the industry to determine exhaust
volume, is based on the air induction principle. It was found to be
satisfactory for comﬁuting adequate exhaust volumes for some of the
transfer points included in this program. Based on our past experience,
we recommend its application in calculating exhaust volumes for many

other transfer points.

6.3.1.2.1. Anderson Approach

Following is a brief outline of Anderson's approach. The relationship

for induced air volume suggested is:

. Qg =10.0x A, = 3[/rs?/D
. where Qjnq4 = induced air flow, cfm,

: Ay = enclosure open area at the upstream end (point
where air is induced.into the system by the actiqn
of the'f‘al“ling. m;'ttéria.l),h ft2, | ’ |

R = rate of material fall, ton/h,
S =  height of fall, ft, )
and D = average material particle diameter, ft .

In the above equation, the most important parameter is Ay, the open
area at the upstream end through which air is induced. Its values for
different equipment/transfer points are presenfed in Section 6.5 for
specific transfer points.

Anderson suggests that for some transfer points, exhaust volume; Qg, may
not be the same as induced volume, Qypq. He therefore arbitrarily defines
the following relationships between Qg and Qjpq for various transfer

points:
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Belt—to—belt transfer point E Qe = Qingd
Crusher—to-belt transfer point Qg = 1/3 Qipq
Belt-to—bin and chute—to-bin

transfer point Qg = 1/2 Qind

By definition, wet dust suppression systems use liquids (nainly water)

to control dust emissions. The dust control can be achieved primarily by

one or a combination of the following approaches:

1) Preventive approach: The product is wetted so that it generates

less dust.

X 2) Control approach: Through interaction with water droplets, the

dust becomes too heavy to remain airborne, thus sett11ng out.

The constraints on. allowable water and the desired performance of the
control system dlctate the wet dust suppression approach to be used
(i.e., preventive, control, or a combination of both). The degree of
control achieved under the preventive approach depends on the extent of
mixing between the material and water sprays. Thus, the use of surfactants
may help water sprays to spread further onto the mterial and wet a
greater surface area. On the other hand, small water droplet size (10-100 ym),
high droplet velocity, high residence time, and low air turbulence are
essential for the control type of dust suppression. The volume of water

needed for the preventive approach may be significantly larger than for

the control approach.
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"We recommend the use of the preventive type of wet dust suppression
first, wherever possible, because it helps reduce the load on the dust
control system. A control type of wet dust suppression system can

then be installed, if necessary, to reduce the dust emissions further.

6.4.1. Selection of a Wet Dus: Suppression Approach

Selection of the appropriate approach should be:based on an engineering
analysis of the facility. The plant should be surveyed in detail by a
qualified engineer to determine operating conditions and the nature of
the dust problem. Some of the factors to be determined are:

1) Type of material being handled
2) Material flow through the plant
3) Plant layout, including overall dimensions

4) 8ize, capacity, and type of crushers, conveyors; screens, bins,
feeders, etc.

5) Retention time of material in bins or stock piles
6) Material temperatures at various transfer points
7) WVater availability .
8) Electrical service availability
9) Areas requiring protection against freezing’
10) Major dust points and conditions that occur at these points
during normal operation

11) Desired performance of the system.
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6.4.2. Wet Dust Suppression Techniques

The various commercial wet dust suppression systems, both the
preventive and control type, can be classified into three broad categories
employing the following wet dust suppression techniques:

1) Water sprays

7) Water sprays With additives (l.e., surf;ctants, polymers, etc.)

3) Electrostatically charged fogs.

A detailed discussion of the mechanisms of wet dust suppression and
the parameters affecting performance of wet dust suppression systems is
inclyded in Chapter 2. However, the salient features of some commerciélly
available wet dust suppfession systems are summarized in Table 34 to

) aid in system selection.

6.4.3. Designing a Wet Dust Suppression System

Wet dust suppression systems are quite popular in the mining industry;
however, designing an effective wet dust suppression system requires a cafeful
evaluation of the operations, materials, and processes involved.

The engineering analysis outlined in Section 6.4.1 should be conducted
before any system is considered. The analysis will help identify the
transfer points suitable for the application of specific wet dust sup—~
pression syétens based on the product specifications, water availability,
equipment, process, etc. The following steps in designing wet dust

suppression systems are recommended.
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REQUIREMENTS FOR ANNUAL OPERATING

CHLEF
ADVANTAGES - -

MAINTENANCE (§ x 10°) COST
Nozzles, 7.7 K
compressor (0.32 ¢£/ton)

Fan, pump, elec— Not available
tric insulation,
compressor,

nozzles

Fog th;‘ower, Not available
fan, pump,
electric

insulation

79.5 K
(3.32 ¢/ton)

Metering device,
pumps, nozzles,
conmpressor

9.4 K
(0.4 £/con)

Metering device,
pumps, nozzles

1. Low main-
tenance cost
2, Purely
mechanical
system with
no moving
parts

3. Low water

contamination

& no chemical
contamination
4, Easy
vwinterizing
5. 1:30 turn-
down ratio

1. Yo chemical
contamination;
low water con~
tamination

2. Flexibility
to change to
to +, -, or
neutral fog

1. Flexibility
to change to
+, -, or
neutral fog

2. Very attrac-

tive for lower
fraction of

respirable dust

i1f it carries
predominantly
one type of
charge

1. Carryover
effect

2. Enclosure
tightness not
critical

1. Carryover
effect

2. Enclosure
tightness not
critical

-CHIEF
DISADVANTAGES

1. Tight enclosure
requirements, so
cannot be used in
open space nor in
excessively turbu-
lent zone
2. In very dry
conditions, evapor-
ative losses could
be significant,
and it would be
necessary to
increase droplet
size ’
3. Resonator cap is
a fragile component
and may need fregquent
replacement or ad-
justments.

1. High capital
cost

2, Good insula-
tion essential

1. High capital
cost

2. Electrical
insulation very
critical

3. Highly charged
droplets - explo-
sion hazard in
underground oper-—
ation

1. High operatigpg
costs

2. lot suitable
when use of sur—
factant is objec-
tionable

3. Yot attractive,
if crusher or
screen follows
the transfer
point

1. High working
cost

2. tlot suitable
when surfactant
is objectionable
3. Not attractive
if crusher or
screen follows
the transfer
point hecause of
packing or clog-

ging.

COMMENTS

It 1s difficult to
differentiate hetween
the fog and the dust to
visually evaluate the
effectiveness of the
system.

All the droplets may not

be charged by the induction
ring wmethod, especially at

high flow rates.

Not yet commercially
available
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FULL CONE
SPRAY PATTERN -

FLAT
SPRAY PATTERN

HOLLOW CONE
SPRAY PATTERN

FIGURE 85. - Basic categories of nozzles based on spray patterns,



- SolidAcone: Solid cone nozzles produce droplets that
maintain a high velocity o?er a distance. They are
therefore recommended for preventive-type wet dust
suppression systems where the spray has to reach over

longer distances.

droplets. They are usually not used for dust suppression

applications.
— Flat spray: The droplets produced are relatively large
and are delivered at high pressure. These nozzles are

useful in preventive dust control applications.

3) SEraX'angle: Each nozzle has a characteristic spray angle,
available from the manufacturer. A knowledge of spray
angle and spray pattern is;gssgntia}ttq:dggermineaghe;p¥gwhw&
area of coverage of a nozzle, and, therefore, thé total
number of nozzles needed to control dust for a required
area. .

4) Flow rate: The flow rate through any nozzle depends on the

operating pressure according to the following relationship:

Flow rate = K _x/ operating pressure

where K = nozzle constant.

Flow rate determines how much material can be treated per
unit time.

5) Droplet velocity: Higher droplet velocities are desirable

for dust suppression applications.
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6.4.3.2. Select Nozzle Location

The nozzle should be located so that:
1) 1t is readily accessible for maintenance.
2) It is not in the path of flying material.
3) For preventive applications, it should be located prior to
the point where new surfaces are being .created and where
maximum mixing between material and water can be achieved.
For control applications, it is located where maximum residence

time for the water droplets camn be obtained.
6.4.3.3. Determine Water (and Air) Flow Rate and Pressure Requirements

Once the nozzle is chosen, its spray patterm and area of coverage
éllow the designer to derive flow rates (water and air) and pressure
requirements from the literature published by the nozzle manufacturers.
These must be carefully coordinated with the maximum allowagle water

usage.
6.4.3.4, Design the Piping, Insulation, and Heat Tracing

The piping should be designed so that each nozzle receives water and/or
air at specified flow rates and pressures. Drains must be provided at
the lowest point in each subcircuit to flush the air and water lines in
winter months. Heat tracing and insulation must be provided at facilities
where the ambient temperature may drop below 30°F. The heat tracing tape
should be able to provide approximately 4 watts per linear foot for water
pipes up to 2 in. in diameter. The pump and other hardware, such as

valves, gauges, etc., should also be heat traced and insulated.
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6.4.3.5. Select the Insfrumentation

A few inexpensive instruments, such as pressure and flow gauges, are
recommended to ensure consistency in system performance. The instruments

should be located as close to -the point of application as possible.

to be very satisfactory during the present program.

6.4.3.6. Select the Pump, Compressor, Etc.

An appropriate pump (and compressor) should be selected once the water

(and air) delivery rates and pressure are determined.

.

6.5. ILLUSTRATIONS OF DUST CONTROL SYSTEMS

6.5.1. Dust Collection System

T - > - CIyoeeNs -

1) Belt-to-belt tramsfer point (fig: 86). - =. - * R
2) Impactor crusher—~to~belt transfer point (fig. 87)

3) Belt-to-vibrating screem transfer point (fig. 88)

4) Vibrating screen—to-belt transfer point (fig. 89)

5) Vibrating screen—to-bin transfer point (fig. 90)

6.5.2. Wet Dust Suppression System

1) Hammermill crusher-to-belt transfer point (fig. 91)

2) Belt-to-belt—transfer point (fig. 92)
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Dust curtain
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Conveyor skirting
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RS’
QE =10 x AU X ——D—
Where,
QE = Exhaust volume, cfm
4 = 0.5 x feed conveyor belt width, f° -

Material feed rate, ton/h
Height of free fall, ft

Average material size, ft . DUST COLLECTION SYSTEM
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FIGURE 86. ~ Dust collection system: Belt-to—Belt transfer point.
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3
RS
QE = 0.33(10xAux 5 )

Where,

Q
A

£
u

Enclosure
Dust curtain

= Exhaust volume, cfm

= Open area at the crusher
throat, ﬁz

= Material feed rate, ton/h

= Height of free fafl, ft

= Average material size, ft

FIGURE 87. —

¢ Double impelldr|impactor crusher

[
- ¢ Impeller
g Dust collection system d

¢ Bypass chute

Ner

Conveyor skirting

V-plow

DUST COLLECTION SYSTEM
IMPACTOR CRUSHER-TO-BELT TRANSFER POINT

Dust collection system: Impactor crusher—to—belt transfel

Rockbox

Backspill rubber seal

point.
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.Belt cleaner -
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DE Exhaust volume, cfm ‘

Au Open area at upstream of screen
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R Material feed rate, ton/h

S = Height of free latl, ft

D Average material size, ft ]

DUST COLLECTION SYSTEM
BELT-TO-VIBRATING SCREEN TRANSFER POINT

FIGURE 88. = Dust collection system: Belt—to-vibrating screen transfer point.
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OE =10x Au X ’ Bg—z
Where,
0E = Exhaust volume, cfm
Au Open area of the screen through
which air can enter, 1"(2
R Material feed rate, ton/h
S Height of free fall, ft
D Average material size, ft

FIGURE 89. -
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DUST COLLECTION SYSTEM
VIBRATING SCREEN-TO-BELT TRANSFER POINT
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Vibrating screen

ARLERRLLR LGSR Wb
a7 TRRLALRRRR R

Inspection door —=

, locate the exhaust

. Storage bin — hood as far as possible
from the feed chute
S2 =

1/2 bin height

3 2
- RS
OE =05 (IOXAUK -"D— ) J

Where,
QE = Exhaust valume, cfm

1>
"

u Open area of the screen through
which air can enter, 1‘l2

R+ Malerial feed rate, tonth

S = Sl+ 52 = height of free fall, R
D Average material size. f DUST COLLECTION SYSTEM
VIBRATING SCREEN-TO-BIN TRANSFER POINT
FIGURE 90. — Dust collection system: Vibrating screen-to-bin transfer point.
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FIGURE 91. — Wet dust suppression system: Hammermill crusher-—to-
transfer point.
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FIGURE 92. - Wet dust suppression system:

Belt-to-belt transfer point.









After appropriate bulk material handling components were installed
to reduce the generation and dispersion of the dust, dust control systems
—— dust collection or wet dust suppression —— were then instailed to

control the remaining dust.

The Phase I work established that dust collection is the only known dry

he four

main components of a dust collection system, we féund that the exhaust
hood is the most important element for occupational health considerations
because it is the capture efficiency of the exhaust hood that ié important
for respirable dust control and not the collection efficigncy_of the

dust collector. Designing an effective exhaust hood critically depends

on accurately determining adequate exhaust volume; however, the Phase I
-wprk showed that many of the existing rules—of-thumb and empirical formulas

used in calculating exhaust volumes lead to an unacceptably broad range
of exhaust volumes. )

We further found that no comprehensive approach exists that is suitable
for calculating proper exhaust volumes for a wide variety of transfer
points in mining operations. Therefore, the major emphasis in the design
of a dust collection system for capturing airborne respirable dust
emissions at the transfer points was on determination of adequate, but
not excessive, exhaust volpmes.

The review of state—of-the—art wet dust suppression techniques during
Phase I indicated that these systems can be classified into two broad
categories: preventive (prevent dust from becoming airborne) or control

(remove airborne dust). Both approacheé have advantages and disadvantages.

The degree of dust control achieved under the preventive approach depends
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on the extent of mixing between the matgrial and water. In the control
approach, on the other hand, thg critical parameters for effective
operation are small water droplet size (comparable to airborme dust
particles), high droplet velocity, high residence time, and low air
turbulence. We also collected information on various commercially
available systems and evaluated them against a uniform set of criteria,
such as predicted effectivéness, capital and operating costs, reliability
during freezing weather conditions, and applicability to a wide range of
belt conveyor transfer points. On the basis of this assessment, the
Sonic Dry Fog Development Corporation system was selected and recommended
to th? Bureau for field testing and evaluation in the subsequent
phases of the program.

:Phase I1 of the program included the detailed design and installation

of the prototype dust control systems at the following transfer points:

Dust Collection System -

Primary crusher—to-belt conveyor #1

Secondary crusher-to-belt conveyor #4
Belt conveyor #7-to-belt conveyor #8
Belt conveyor #4-to-vibrating screen
Vibrating screen-to-belt conveyor #5

Vibrating screen-to-storage bins #1 and #5

Wet Dust Suppression System

Hammermill crushers-to-belt conveyor #7

Belt conveyor #ll-to-belt conveyor #4
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In Phase III, we evaluated the insta;led dust control systems to establish
their effectiveness and reliability. -During the field tests, several
problems were found and remedied.

1Y Some of the belt conveyors were skewed with respect to adjoining

equipment, i.e., their centerlines did not coincide. This resulted

of the inclined skirting rubber due to rock;impact. The situation

was partially corrected by extending the muckshelf on the affected
side.
2) The skirting design at the secondary crusher caused plugging of the
secondary crusher, primarily because the peak throughput of the
secondary crusher exceeded the theoretical capacity of the belt
N conveyor. To rectify the situation, the skirting design was
expanded to account for such variations in production.

3) When the skirting rubber at the hammgrmill crushers—-to-belt canveyor
transfer point continued to wear out due to the direct impact of
the incoming material from the hammermills, we installed double
skirting attached to the existing muckshelves.

4) The Trellex rubber seals installed at the vibrating screen lasted
initially for only about 2 months. The primary cause for this
failure was inadequate slack in the rubber. The problem was
resolved by installing new rubber cloth with adequate slack.

5) The belt scrapers installed initially were equipped with stainless
steel blades that wore out quickly, probably due to excessive
moisture in the material and its abrasiveness. This problemvwas

rectified by installing tungsten carbide-tipped blades.
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6) The resonators on the nozzles of the Sonic Dry Fog system repeatedly
wore out or were damaged due to.the rocks flying in all directions
near the impact point at the hammermill crusher #l-to-belt conveyor
#7 transfer point. Replacing the existing nozzles with shielded
nozzles improved the length of the wear cycle, but results were
still not considered satisfactory.

7) At the same transfer point, the higher air velocities within the
enclosure (created by two hammermills acting as fans) not only
carried the fine droplets but also the agglomerated dust particles
out of the enclosure. Measures such as rubber curtains to increase
the residence time and the interaction between droplets and dust
particles improved the system's efficiency.

:For the dust collection system, no major difficulties were encountered,
and the system has been performing satisfactorily.

Our detailed conclusions for the overall program are presgnted below.
They are based on actual field data and our observations from the systems
designed and installed under the Bureau sponsorship. These conclusions
are generally consistent with the initial indications derived from our
Phase I study. It should be noted that our comments and conclusions are
based on the systems at specific transfer points. Therefore, a careful

evaluation should be made before these conclusions are generalized or

extrapolated.
7.1. BULK MATERIAL HANDLING SYSTEM
1) The design of a bulk material handling system should be the

first step in developing a dust control system. For new plants,
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the bulk material handling gystems should be incorporated at
the design stage. For the 6lder plants, they mst be retrofitted
along with the appropriate dust control system.

2) For a belt conveyor, dust is emitted from the side, the tail

pulley, and the end of the settling box. The dust emissions

due to spillage and puffing fhrough the’éonveyor skirting and

the rubber seals, and are more semsitive to changes in production
rate. The exhaust hood, which is located some distance away

(at the end of the settling box), is not as efficient in comtrol-
ling dust at these points as it is for the end of the settling
box. Very high exhaust volumes are needed to control dust puffing.
Therefore, good sealing between the conveyor and the backspill
rubbér and the conveyor and the skirting is essential to obtain
good results. .

3) Even a well-designed dust control system can become ineffective
if it is not maintained properly. Our inclined skirting design
needed less maintenance and adjustments than the conventional
straight edge skirting, but periodic checking and adjusting
were still required. We found that at least monthly inspection
and adjustment were necessary to keep it fumctioning properly.

4) A Trellex dust sealing system installed at the vibrating screen
contained the dust emissions at the vibrating screen and also
helped minimize the amount of induced entrainmed air in the

entire screening circuit.
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1)

2)

3)

7.2, DUST COLLECTION SYSTEM

For a well sealed system at the vibrating screen and associated
transfer points, the calculated exhaust volumes of 8,400 cfm to

11,600 cfm (based on the Industrial Ventilation Manual approach)

and 7,600 cfm (basgd on Anderson's approach) were clearly over-
estimates. We found no difference in d&gt control system
efficiency between 1,250 cfm and 8,400 cfm. At an exhaust volume
of 1,250 c¢fm, the dust control system efficiency at all the
sampling locations was over 657, and the respirable dust con-
centrations were less than 5.5 mg/m3 at all samplihé;loéatioﬁs.
The data and all visual observations showed that below a certain
exhaust volume, the efficiency of dust collection decreased dras-
tically at "E" locations (end of the settling box) for the
primary crusher—to-belt conveyor and the secondary, crusher-to-belt
conveyor transfer points. Above this exhaust volume, however,
efficiency remained almost constant. We, therefore, call this
exhaust volume the "critical exhaust volume.” This breakpoint

is significant because the design exhaust.volume must exceed

the "critical exhaust volume” to achieve adequate and reliable
dust control, but volumes greatly in excess (obtained at addi-
tional cost) will not lead to improvements in efficiency.

The data and our visual observations at "S" locations (side of
the conveyor) for the primary crusher—-to-belt conveyor and
secondary crusher—to-belt conveyor transfer points indicated

that the efficiency of dust control increased continuously
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with increase in exhaust volume. We believe that in the range
of practical exhaust volumes, the critical exhaust volume phenomenon
does not exist at these locationms.

4) The exhaust volumes calculated based on Anderson's approach were
adequate in controll;ng both respirable and total dust emissions at

- "E" lo | crusher—to—belt conveyor and the

secondary crusher-to-belt conveyor tran%fer points. We believe
that these results are applicable to any similar crusher-to-
belt conveyor transfer points, provided that the bulk material
handling system is designed and maintained as per the guidelines
suggested in Chapter 6.

5) The exhaust volumes calculated based on the approach’ recommended

in the Industrial Ventilation Manual for non-dusty material were

inadequate for controlling dust at both the primary and secondary

crusher transfer points. Therefore, we do not recommend this method

Cn - b W e e et

for computing éxﬁaﬁgt volﬁﬁés fbi cfushér—ﬁo;belt Zonveyo;
transfer points.

6) The efficiency of the dust control system is a nonlinear function
of initial concentration, i.e., the efficiency depends not
only on the exhaust volume of the collectibﬁ system, but also

on the initial dust concentration.
7.3. WET DUST SUPPRESSION SYSTEM

1) Dust generation at the hammermills (tertiary crushers) was sub-—
stantially reduced by the addition of simple water sprays at

strategic locations. A dust suppression efficiency of over
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2)

3)

4)

75% was obtained at all locations, primarily because of the
good material-water mixing érovided by the hammermills. The
results obtained are unique for hammermill installations and
may not be extrapolated to other types of crushers without
further studies. However, these results demonstrate that
even a small amounf of water (0.07% of product weight), if
properly mixed, caﬁ produce dramatic regults. We recommend
usage of such water sprays (weather and process permitting) to
reduce dust generation, and also to reduce the load on any other
dust control systems.

Based on test data in this program, it seems that the

Sonic system alone may not be able to coﬁtrol respirable dust
emissions effectively. However, it may be useful in supple-
menting other dust control techmiques.

For "E,” "S," and "T" (tail end of the conveyor) locations

at the hammermills—-to-belt conveyor transfer point, the Sonic
wet dust suppression system efficiencies were only 43.9%,
37.3%, and 12.3%, respectively. The probable causes for the
low efficiencies at these transfer points were:

— High dust concentrations

- High turbulence in the impact zone

- High air velocities (approximately 2 m/s).

For "E" locations at the belt conveyor #ll-to-belt conveyor #4
transfer point, the Sonic system proved to be 72.7% efficient;
but, the dust concentration with the system operating was

still high: 54.8 mg/m3.
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8.2, DUST COLLECTION SYSTEM

Our data indicated that none of the empirical formulas or rules-—
of-thumb widely used in the industry is universally applicable to all
processes and equipment. Hence, we recommend fundamental research to
determine the various parameters affecting exhaust volumes. In the
meantime, a number of field £esearch programs, similar to the present
program, should be carried out to determine the applicability of wvarious
dust control approaches for other processes and equipment, such as:

1) Bulk loading and unloading operations
2) Truck unloading operations at the primary crusher-

3) Crushing operations.
8.3. WET DUST SUPPRESSION SYSTEM

We have shown that at the,hammermillf;pjbglt%gonveyorHtraqéfer~poinqtp
effective control of dust emissions can be achieved through.use of simple
water sprays. We believe that a similar potential exists for controlling
dust at other processes and equipment and recomﬁend:further work in the
following areas:

1) Fundamental research in the areas of water and material wixing,
fluid penetration, dust agglomeration and settling, and airborme
dust capture by liquid droplets

2) Applied research in the design and testing of wet dust suppression

systems at various transfer points.
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8.4. SAMPLING HARDWARE

We encountered considerable difficulties in testing the Sonic wet dust
suppression system because it produces very fine water droplets. These

fine droplets, along with the heavy dust concentrations and high air

. vwelocities at the hammermills alidated the conventional samplin

strategy of using a 10-mm nylon cycle to pre-separate the respirable dust.
Since wet dust suppression systems are widely used and fine droplets are
becoming more common in commercially available systems, better sampling

hardware for testing wét dust suppression systems is needed.
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/
BELT TO BELT TRANSFER POINT

(IN THE DIRECTION OF BELT TRAVEL)
FEED & RECEIVING BELT CONVEYORS
INCLINED
35° TROUGHED IDLERS
BELT SPEED - 300 FPM
BELT WIDTH - 36"
AGGREGATE SIZE - -1*
FEED RATE - 500 T.P.H.
MOISTURE CONTENT - 1-6%
MATERIAL CARRIED: CASE 1) COAL - 50-60 #/FT°

CASE 2) LIMESTONE - 90-100 #/FT°

CASE 3) METAL ORE - 125-150 #/FT°
EXPECTED DUST CONCENTRATIONS AT THE RECEIVING CONVEYOR

RESPIRABLE TOTAL

BEFORE THE IMPACT POINT 5 mg/m- 60 mg/m>
AFTER THE IMPACT POINT 7 mg/m3 75 mg/m3

@@D‘-{ é TITLE 8.0.M. NO.
PAQUECT NO. | DIVISION NO.

conren rom oot o evamemwa | TYPICAL BELT TO BELT TRANSFER

HAATIN MARIETTA LARORATORIES PO INT

DRAWING NUMBER

ey

FIGURE A-2. - Typical belt-to-belt transfer point.
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APPENDIX B

#%% DESIGN OF DUST COLLECTION SYSTEM

The exhaust volume calculations based on various approaches reported
in the literature are presented below and summarized in Table B-l.

PRIMARY CRUSHER-TO-BELT CONVEYOR #1 TRANSFER POINT

Specifications
B = Belt width = 48 in.
S = Belt speed = 430 ft/min

]

Tayg = Average throughput 800 ton/h
Tpmax = Maximum throughput = 1000 ton/h

Z = Bulk material denmsity = 90 1b/ft3

]

Dpax = Maximum size 14 in. (1.17 ft)

Davg = Average size = 7 in. (0.58 ft)

H = Height of fall = 10 ft

Au = Crusher throat area = 36 ft2

Exhaust Volume Calculations

Industrial Ventilation Manual (IVM)(3)

Non—-Dusty Material

500 cfm/ft of belt width
2000 cfm

Q
Qe

Dusty Material

Q = 1000 cfm/ft of belt width

1

Q" = 1000 cfm at the tail pulley

g = 5000 cfm

1 This volume is added when the exhaust volume at the main hood
(QE) is calculated.
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where

Exhaust volume

Qe

L
Il

Exhaust volume per foot of belt width

Thus, according to IVM, the required exhaust volume is 2000 cfm to

5000 cfm, depending on the dustiness of the material.

Anderson Approach (9)

3} 2
Q = 10 x Au Davg
and
Qe = 1/3 Q1
where
Qr = Induced air volume.
Therefore,

Qg = 6700 cfm.

SECONDARY CRUSHER-TO-BELT CONVEYOR #4 TRANSFER POINT

Specifications
B = Belt width = 30 in.
S = Belt speed = 535 ft/min
Tayg = Average throughput = 775 ton/h
Tpax = Maximum throughput = 968 ton/h
z = Bulk material demsity = 90 1b/ft3
Dpax = Maximum size = 3-1/2 in. (O.29_ft)
Dyyg = Average size = 1-3/4 in. (0.146 ft)
H = Height of fall = 6 ft
A, = Crusher throat area = 14.25 ft2
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Exhaust Volume Célculations

Industrial Ventilation Manual(IVM)(3)

Non-Dusty Material

Qg 1000 cfm at the head box of conveyor #7

Qg = 1000 cfm at the settling box of conveyor #8
Total Qg = 2000 cfm

Dusty Material

Qg 2000 cfm at the head box of conveyor #7

Qg

2700 cfm at the settling box of conveyor #8
Total Qg = 4700 cfm
Thus, according to the IVM, the required exhaust volumes are 2000 cfm
to 4700 cfm, depending on the dustiness of the material.

Anderson Approach (9)

QR 1400 cfm

Morrison Approach (11)

2950 cfm

Qe

See figure B-1 for detailed calculationmns.

VIBRATING SCREEN AND ASSOCTIATED TRANSFER POINTS

Specifications

Vibrating Screen #2
Screen size = 14 ft x 6 ft

Tmax = Maximum throughput = 968 ton/h
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Tayg = Average throughput = 775 ton/h

=
|

= 3-1/2 in. (0.29 ft)

avg = 1 in. (0.83 ft)

Belt Conveyor #4
Specifications given earlier

Storage Bins #1 and 5

Hpax = Maximum height of fall = 30 ft

15 ft

Havg = Average height of fall
Davg = Average size =1 in. (0.08 ft)
A = Chute opening = 3.34 ft2

Thax = 500 ton/h

Tavg = 250 ton/h

Belt Conveyor #5

B = belt width 30 in.

S = belt speed 400 ft/min

Exhaust Volume Calculations

Industrial Ventilation Manual(IVM)(3)

Belt Conveyor #4 Head Box

Non-Dusty Material
Qg = 1250 cfm
Dusty Material
Qg = 2500 cfm

Vibrating Screen #2

Qg = 50 cfm/ft?
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Qg = 4200 cfm

Storage Bins #1 and 5

Bins are fully enclosed.

250 cfm/ft2

Qg
Qe

:Belt Conveyor fﬁ

850 cfm

Non-Dusty Material
Qg = 1250 cfm
Dusty Material

Qg = 3200 cfm

Thus, the total exhaust volume required by the IVM at the vibrating screen
#2 circuit ranges from 8,400 cfm to 11,600 cfm.
Anderson Approach (9)

Conveyor Belt #4

Qg = 0

Vibrating Screen

Qg = 10 x A, x 3/ mH?

Davg
A, = open area at the head pulley and conveyor #4 = 1.25 £t2
T = 968 ton/h
H = Height of fall = 4 ft
Qg = 750 cfm
Conveyor Belt #5
Tmax = 500 ton/h
H = 8 ft
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Davg = 2 im. (0.17 ft)

= 2
A, =3.34 ft
Q =10 x A}
Qg = 3150 cfm

A, = 3.34 ft?
Thax = 500 ton/h
Tavg = 250 ton/h
Hayg = 15 ft

Dayg = ! in. (0.083 ft)

Q1 = Induced volume = 10 x A = 3675 cfm
Qe =1/2 Q1
Qg = 1850 cfm

Thus, the total exhaust volume required by the Anderson approach is

7,600 cfm.
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APPENDIX C

%%% COMPARISON OF OLD AND NEW DUST CONTROL SYSTEMS

Limited total dust emissions data were obtained with the old dust
control system operating under normal plant condition ("as is")
prior to installation of the modifications. These data are
shown in Tables C-1, C-2, and C-3 for the primary crusher—to-belt
conveyor #1 transfer point, the secondary crusher—to-belt conveyor
#4 transfer point, and the belt conveyor #7—to—be1t'conveyor #8
transfer point, respectively. A summary of these data and sampling
results from the new dust control system are given in Table C-4.
Data analysis shows that at all transfer points, the new dust
control systems were significantly more effective in controlling
dust.than the old dust control system, with mean dust concentration
from 78.6% to 99.87% lower. The improvements are particularly
impressive at the primary crusher and secondary crusher "E”

locations -~ the most severe problem points.
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TABLE C-2. — RESULTS FOR SECONDARY CRUSHER-TO-BELT CONVEYOR #4 TRANSFER POINT

WITH THE OLD PLANT DUST CONTROL SYSTEM.

Control System: 0l1d Dust Control System
Type of Sampling: Total

Testing Condition: "As Is"

Crusher Throughput: 675 ton/h

SAMPLING MEAN GEOMETRIC
DATE LocaTION(1) CONCENTRATION COMMENTS
: mg/m3
11/02/81 E 7664,7
S 1130.9
11/10/81 E 3620.4 The data are average
S 946 .0 of two sets.
11/11/81 E 3161.6 "S" location data are
S 907.8 average of two sets.
11/16/81 E 3635.3 The data are average
S 1396.2 of two sets.
11/17/81 E 3806.5 "E” location data are
S 582.8 average of three sets.
"S" location data are
average of two sets.

SAMPLING LOCATION(L)

DUST CONTROL SYSTEM "AS IS" E S

Arithmetic Mean Dust Concentration (mg/m3)(2) 4393.6 1119,1
Standard Deviation: 2213.3 838.2
Standard Error: 411.0 153.0

(1) E — End of the settling box
S — Side of the conveyor

(2) Refer to section 4.2.5. for explanation.
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TABLE C-4. — ARITHMETIC MEAN DUST CONCENTRATION AT THREE TRANSFER POINTS FOR OLD AND NEW DUST CONTROL SYSTEMS

86¢

Type of Sampling: Total
Exhaust Volumes: Primary crusher-to-belt conveyor #1 6700 cfm
Secondary crusher—-to—-belt conveyor #4 3000 cfm
Belt conveyor #7-to—-belt conveyor #8 2400 cfm
Dust Emissions Dust Emissions,
01d Dust Control New Dust Control
System System
Arithmetic
Mean Dust Standard Mean Dust Standard Improvement 7%
Transfer Point Sampling(l) Concentration Deviation Concentration Deviation
Location mg/m3 mg/m3 mg /m3 mg /m3
Primary Crusher E 2082.2 2392.,5 3.9 1.0 99.8
to T - - 56.8 35.8 -
Belt Conveyor #1 S 3019.1 2898.1 332.0 102.6 89.0
Secondary Crusher| E 4393.6 2213.3 105.9 129.2 97.6
to T ~ - - - -
Belt Conveyor #4 S 1119.1 838.2 181.5 131.4 83.8
Belt Conveyor #7 E 91.3 81.7 19.5 0.7 78.6
to T - - 11.1 6.2 -
Belt Conveyor #8 S - - 17.3 10.9 -
(1) E = End of the settling box
T — Tail of the conveyor
S — Side of the conveyor
(2) Refer to section 4.2.5. for explanation.
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) ) ) —S_AMPLE DO.CUMENTATlO‘N FOl—RM_ o B
: DATE F-26-Kd WEATHER CONDITIONS ! 10am | 2om |'PLANT CONDTIONS: L znv == % T
SURvEYCR K. Holderied TEMP DRY BULBOF 3 103 |no oF operatiG HOURS - T mRs
CONTROL SYSTEM On ot WET BULBOF TOTAL PRODUCTION - TONS
k\ TYPE OF SAMPLE Respiravle Total WIND VELOCITY 0-5 AVERAGE PRODUCTION p—
> ¥ PumP CALBRATION DATE “2 ~ 13— 82, DIRECTION — |COMMENTS: fir  fompresse~ afF
] PUMP FLOW RATE 1. F Liters/Min § % RELATIVE HUMDITY 56 |/ /AN 2annG . b~
~'YDATE SUBMITTED “F-=7F ANALYZED :11--&7 DATE OF LAST PRECIPITATION F-23-8L S n
| LocaTion | Pump No. | CASSETTE TEST PERIOD LAB ANALYSIS NO, NET .;o: Sess.] am  |resemase} GEO.
¢ - RESP. WT, wT. VOLUME CONC., MEANM
5 START sTOP UTES mg mg m3 mg/m3 masm3
5 Cantro/lSusTem OF#
S&l |Bmao |36 (A0 QNS | A5 §1.25Y 0.042.5|4/%%.15
ASEL |BmIS |53 4,65/ H09. 4% | ta0al. 3
SE3 18m/7 13K £0,85% 1902,54
57) [Bmiy (3% |V [ 4 , 399 ) 2 K ))
T2 _|Bmi6 |333 6./49 144,68 1rd03.9
ST2 | gml) |HY 305K #8.09 )
S ERET 7ML LT 3%3Y |2 65%
SS3. |ZmZ | 3] 4,913 /15,60 D
| OM = __[RR00 cFn
186/ {Bmad [ /5% |(Z:15| ;55 | /o0 6. BF 0.1%00| 363% |
Nsed |8mis 13589 | | 4L L 0.013 T bko.o? 1Y 29%
sex 1am/e /52 17 | 1 .65/ L% |/
ST (Bmm [ 550 @ 740 | &% [515 OJ%% 17013 |)
S72 |Bmib | (60 At i ] 5.6 |+ 9/
| 73 |Bmiu | 666 , 1980 [, 1733y 1)
' 4 4 d 4
881 _|Bml | 60% a4a3 2.83 R 498
11682, [BmZ | 625 /233 822 [
i
“Blank 122 +0.0/4
" |I'BlahK 0% - 0,023
BlaaK 332 - (0.02/
Blaak 419 - |0.023
J /fl/j?. loss+ 0,0/3
1
KThis date. omited From qeometrc. mean calotloction, R
5 ECOL'@IEY [kVSng —fC) 3&2‘7 COUVPVO/E. # y <intin :(::‘cf"::::;:r:zi:_ ‘:v:-;u---c
TRAS FER FoNT. 400 . —







Ms X 'IN MARIETTA LABORATORIES
CENTER FCR OCCUPATIONAL HEALTH ENGINEERING

DATE suBMrTTED: F ~d9-{ .

SUBMITTED BY: K. K. /-/o/der‘/é/
pLant:  BHyrea of MIES

ANALYSTS: (GraymethC

SAMPLE WORKSHEET
(GRAVIMETRIC)

CHAIN OF CUSTODY

INITIALS | DATE
REC'D BY LAB: K. |3as
REC'D BY ANALYST: YR E=T
ANALYSIS COMPLETED: £ #W. Z-2.9

DATA CHECKED:

~ |REPORT COMPLETED:

BALANCE CALIBRATION PERFORMED
CALIBRATION WEIGHT USED

GRAVIMETRIC ANALYSIS
LAB ANALYSIS PRE WEIGHT POST WEIGHT FINAL ADJUSTED
FIELD ID NUMBER mg mg WI. mg WI. mg
W - 36) /3.209 JOHH5 913% | 9135y
153 10.90%F /5.545 4,63% H, (5]
353 /13.334 94,359 80.845 80.¢5%
3R6 /3.89% | /%303 | 3406 3.419
382 /3.23F | 19.363 | 136 6.149
2y 13.94) Yy Yyt | 30.506 | 30,519
Y23 /3.348 JH.82 [5F | 537
O /3.009 /3909 4,900 .92
|23 BLAVK /4.361 /4333 | 10.01L
3.0% BLANK 4930 | M08 |—0.042

402




APPENDIX E

*%%* SAMPLE AMBIENT DATA

403



APPENDIX E

*%% SAMPLE AMBIENT DATA

Due to physical comnstraints, the individual transfer points could not be
isolated from the other dust sources. Therefore, the original sampling
strategy provided for ambient sampling to determine and correct for the
contribution of background dust levels to the true source concentrations.

Tables E-1 and E-2 show the source and ambient sampling data for the
primary crusher—to—belt conveyor #1 transfer point and the secondary
crusher-to-belt conveyor #4 transfer point, respectively. Data analysis
shows that:

1) Ambient concentrationé were not constant for the control
systems "off” or "on.”

2) Ambient concentrations followed the trends of the source
concentrations at all three sampling locations for the control
systems "off” and "on."

We therefore concluded that these ambient samples were not representative
of true background dust levels. After consultation with the Bureau of

Mines Technical Project Officer, we discontinued ambient sampling during

the subsequent testing.

404



THIS IS A BLANK PAGE

405



90%

TABLE E-1. - AMBIENT SAMPLING RESULTS FOR PRIMARY CRUSHER-TO-BELT CONVEYOR #1

Control System:
Type of Sampling:
Testing Condition:

Dust Collection
Respirable Dust
Exhaust Volume 6700 cfam
Crusher Throughput: 700 tph

SAMPLING |CEOMETRIC MEAN CONCENTRATIONS(2) RELATIVE DATE OF
DATE LocaTIon(l) ug/ TEMP.| HUMIDITY | LAST PRECIPITATION|  COMMENTS
System Off System On °F 4
Source |Ambient|Source |Ambient
7/13/82 E 63.0 23.2 | 0.6 0.3 89 92 7/13/82
T 27.4 26.7 | 0.5 0.2 ’
s 30.0 32.4 | 10.8 16.5
7/16/82 E 53.6 17.9 | 3.4 1.6 84 88 7/15/82
T 30.2 15.2 1.6 0.2
s 24.1 19.1 7.5 5.0
7/27/82 E 66.6 27,2 1.7 0.5 94 62 7/23/82
T 32.3 22,5 | 2.1 1.4 .
s 23.5 17.5 5.5 5.4
8/2/82 E 84.3 6.2 0.7 0.6 90 72 7/31/82 Water spray system
T 8.5 5.3 6.5 8.3 upstream of primary
s 15.4 17,1 7.3 6.5 crusher was off.
8/4/82 E 259.9 42.4 0.4 0.3 91 60 8/2/82 Same as above
T 46.3 32,1 | 22.1 16.2
s 104.0 59.7 | 24.7 23.3
8/5/82 E 117.0 - 0.3 - 88 b2 8/4/82 Same as above
T 19.4 75.5 7.6 8.0
5 63.1 33.5 8.4 5.8

(1) E ~ End of the settling box.
T -~ Tail end of the conveyor.

§ = S5ide of the conveyor.

(2) Refer to section 4.2.5. for explanation.
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APPENDIX F

*%%* ADDITIONAL TEST DATA AT THE HAMMERMILLS TO BELT CONVEYOR #7
TRANSFER POINT

As mentioned previously, we encountered severe clogging problems with

system at the hammermills transfer point. Table F~1 presents some of

the data taken while we were establishing a sampling technique with the
cyclones facing "out" (i.e., at 180° from the "in" position). These
tests were conducted with some cyclones facing “"in" to the airstream

and some facing "out” of the airstream. Our trial dafa indicated that
-clogging was less severe for cyclones facing "out," but, even so, the
cyclones started clogging after about 15 minutes. Our final sampling
strategy for fhis transfer point called for a 10-minute sampling with the
system "on" and the cyclones facing "out.” The data in Table F-1
indicate that dust concentrations for cyclones facing "out" were lower
than actual concentrations. Therefore, the dust concentrations reported

with the modified sampling strategy were lower than the true dust

concentrations.
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TABLE F-1. - RESPIRABLE DUST CONCENTRATIONS — CYCLONE FACING IN vs. FACING OUT

. | |
|
[ R Respirable Concentrations - | Gaouw. |
Wacer @ Top | Sonic System | Cyclone Facing at Sampling Locstion "E" Mean |
ng/w3 ! |
| ] ]
Tast| | . . | Coae. |
¢ | Dace! on off on of f in out 1 2 3 4 5 | (ag/ad)i C 3
1 : i i | ]
1! 9/13] x 4 X 211.67 | | ‘39-51i 269.87. 303.45 |
| ! ] !
9/131 X X X | 228.57 | 261,42 244,41 |
i ! H 1 !
2 | 9/14] X X X 1651.67 | | 749.91] 297.161 526.28 |
! ] i i |
9/14) X X X 1587.12 ] 991.40 !125«.3& ;
\ ] ’ |
!
3] 9/14| X x| X 26.220 47.621 36.931 35.88 |
| | | ! i
9/14] X X X 97.59 I 77.64 | 87.064 |
: i i 1
a | 9/13| X X X 434.99 1053.58' 737.38} 696.54 |
|
9/13I S X X 707.17 j 732.99 719.96 |
} i ] i i ]
S | 9/13} X X X la.48 | | 49.92] 32.63] 28.68 |
| | | { i
9/13 X X X | 6.4 | | 40.92 38.59 |
| 1 ] « '
6 | 10/7] x x X 21.14%] 43.08] 21.00} 26.82%)
| ] | ] |
10/7} X x X 21.42 | 21.82 21.62°%]
1
7 ! 10/8) X X X 26.16 41.13 16.117] 24.76
ol
8 | 10/8] X X | X 10.85* 16.18 8.164%] 11.26°
I
9 | 10/8] x X X 50. 10 44.70 47.32
1
l k3
10 | 10/8] X e | 14.68 | 12.31 13.42°
. ' i . i
1 |
14 l10/18] X X X |126.65 | 137.65] 123.98] 103.16] 77.92| 111.68 |
i |
%
12 [10/18] X X X 23.68%) 19.47] 75.321 18.67] 16.9] 25.55°
,
| I |
13 110/19! | x X X [567.94 | 525.531 472.07! 395.931 321.19] 447.36
] : | ! ] \
| ] | ! |
| : | | 4 d J
14 ! 10/19! i x S X [(8232)*] 187.741 209.78] 187.56] 83.441 157.56°
i ] | ! [ i
| }
15 |10/19 X X X (&) 453.9 I 543.7 | 454.8 | 396.7 | 459.4
1 i | |
l | L |
16 _10/19} X x| X 19.2¢ | 27.4%1 26.1°! 17.3%] 14.6¢l 20.2° 1
1 { | i |
X | X X 28.12 ! = 1 21.9} - | 15.098' 21.06 |
| | I i ! ! | { i
17 _|10/11] X I | x| X ] - | 38.04] - | 32,08] = | 34,93 i
[ T i I | i { o :
X X X 18,348 - -} - 10.32] 13.75*)
-
18 l10/11] x X X hd :(-901)-' - L 16.65 - ' 16.65‘|
| i ) I ]
X X | X J2es.2* - | 2s7.3"| - 171,30 221.1° |
' ‘ i | |
19 |10/11 | X 1= [ 326.1%] - | 230.1%) - 273.1%!

NOTk: Data witn asterisks are not reliable for the reasons mentioned in
the text. Data in parentheses are neglected in the calculation

of geometric mean.
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