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FOREWORD

Pneumoconiosis or 'black lung" caused by inhalation of coal mine
dust has been a severe problem in underground coal mines for many years.
While "engineering" controls such as improved ventilation, dust supres-
sion, and dust collection duvices on mining machines contribute greatly
to reduction of the hazard, the need for improved respiratory protective
devices is still great. In recognition of this fact the National Instit-
ute for Occupational Safety and Health, Health Services and Mental Health
Administration, Department of Health, Education, and Welfare has sponso-
red several research programs having the goal of providing hetter respira-
tory protective devices to underground coal miners. This report summarizes
the results of one of these contracts, the development of a machine-mounted
air supplied respirator for underground coal miners.

The project, performed by Synsis, Inc.,, Los Angeles, CA,pursuant to
Contract No. HSM 99-71-42 was directed by Mr. Samuel Tobey. Mr, Richard
Lester served as the Project Officer for the National Institute for
Occupational Safety and Health, His significant contributions to the
program were greatly appreciated and reflect favorably upon the dedica-
tion of NIOSH personnel.

Mr. T. P, Crooks and Mr. F, A, Stawitcke were the project engineers
for Synsis, Inc. We were encouraged by the willing cooperation of all
parties concerned including the Donaldson Company who tested the cyclone
separator, the mining machine manufacturers and miners who provided much
needed technical advice, and to Mrs. Dolores Kelley who typed this report.

ABSTRACT

Research has shown that coal miners often reject the use of respira-
tor., as do other industrial workers, for reasons of discomfort such as
poor or tight fit and high breathing resistance. One concept intended to
improve wearer acceptance is to mount the air supply and air cleaning
systems on the mining equipment, utilizing power available on the machine
to reduce breathing resistance, -

Such a respirator system was developed involving a machi.. mounted
hydraulic povered air compressor and filter system. Maintenance require-
ments were reduced to a minimum through the use of cyclone (centrifugal
separator) prefilters. A new facepiece design was also developed to
achieve increased acceptance by the user. It incorporates a pair of minia-
ture, high performance, low inhalation resistance demand regulators,
mounted directly on the facepiece, to reduce breathing effort. A small
continuous aiv fiow is provided to reduce thermal bur-en and required
seal pressures.

Trade studies were made of several concepts in machine-powered res-
pirators which led to the selection of the described system. Special
consideration was given to the harsh requirements imposed on powered
respirator systems by the underground coal mine environment. Both man-
ned and unmanned tests of system performance and acceptability in simula-
ted mine environments were conducted.
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PART ONE

INTRODUCTION AND SUMMARY



Section 1
INTRODUCTION

BACKGROUND

Pneumoconiosis or "black lung'" caused by inhalation of coal wmine dust
hus been a severe problem in the coal industry for years. After surveying
9,000 miners during 1969-1970, Shoub (1971) estimated that nearly 30% of
underground coal miners have observable signs of the disease. Previous
studies (Lainhart, 1969) showed similar results. Doyle (1969) reported
that in Pennsylvania alone, 28,000 coal miners were receiving compensation
related to pneumoconiosis in the amount of 141 million dollars per year.

Dust particles in the size range from approximately 1/2 um to 10 um
are generally considered to be particula:-ly hazardous since they tend to
remain in the lung. Particles in this size range are said to be "respirable
dust particles". Based in some extent upon the work of Wright (1953, 1954,
1957), it is generally accepted that the incidence of pneumoconiosis is
dependent upon the total amount of dust inhaled in a life time (Walton,
1970).

]

Over the years, increasing awareness of hazards and enlightened social
attitudes have resulted in progressive attention to protective measures by
miners, operators, and legislators, culminating in the Federal Coal Mine
Health and Safety Act of 1969. This act establishes limits for safe cocn-
centrations of respirable coal dust which may exist within the coal miner's
working environment. These standards are based upon averages over an
entire work shift. In recognition of the fact that these limits may be
exceeded in local areas, and for short periods of time, the act also re-
quires that the Secretaries of Interior and Health, Education and Welfare
establish standards and provide approvals for respirators which will pro-
tect individuals who are exposed to contamination levels beyond the limits
established by the act. The wisdom of such action has been borne-ocut by
experience since the act went into effect. Mine operators have found it
exceedingly difficult to meet the stringent requirements currently set at
2 mg/m3 for dust in the respirable range (Kegel, 1969; Jacobson, 1971).

A recent study by Eastern Associated Coal Corporation (1971) illustra-
ted the unfortunate fact, however, that although approved respirators are
supplied to miners they are not used routinely even in environments where
their protective capabilities are needed. The basic problem has been poor
acceptance by the coal miner because they are too uncomfortable for long
duration wear. Breathing resistance was cited most often as z major com-
plaint in the subjects interviewed in the above study. Other factors
noted as reducing acceptance included general discomfort and cumbersom-
ness, perspiration within the mask, interference with tobacco chewing and
general task interference.

OBJECTIVE and SCOPE

The objectives for the program are to design, fabricate and test a
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prototype supplied-air respirator system for use by coal mine equipment
operators. This system is to include all components necessary for pro-
cessing and delivering clean breathing air to the user.

Appropriate test procedures are required to demonstrate that the
system performs effectively within the coal mining environment. The over-
all design criteria include factors related to wearer comfort, breathing
adequacy, protection, continuous operation, reliability, and compatibility
with the coal miner, his tasks, his equipment and the coal mining environment.

As proposed, the program includes analysis of underground coal mining
systems in setting functional and performance requirements for the respira-
tor system, analysis of alternative concepts satisfying these requirements,
and selection and construction of the most attractive concept.

As summarized from the NIOSH request for proposal and Synsis' res-
ponse to it, the most basic functional and engineering requirements to be
met by the supnlied-air system are:

FUNCTIONAL REQUIREMENTS

Provide protection against airborne dust. This requirement
includes large-sized particles as well as respirable dust.
Protection against other respiratory hazards is not a require-
ment. The gravimetric protection factor for coal dust in the
respirable range is to be 10, or greater.

Provide a physiologically acééptable respiratory environment.
This requirement implies that respiratory embarassment will
not occur due to use of the system.

Maximize user acceptance and proper use. This requirement
entails provision for comfortable use by all miners without
perception of difficulties in using the device.

Prevent impedance of mining tasks and operations. TLis re-
quirement entails compatibility with the environment, equip-
ment, and effective task performance.

DEVELOPMENT CONSTRAINTS

The system is to be designed for use when installed on any
powered mining equipment routinely used near the working face.

Powered airflow is to be used for reducing breathing resis-
tance.

Power necessary for system operation may be derived from the
mining equipment, from the general mine power supplies, or
from self-contained sources.



While it was originally proposed to make use of existing facepieces
or the results of facepiece development from other research programs, these
were not considered adequate and the contract was amended to include the

development of a facepiece designed for this specific application.

SYSTEM DESIGN PROCESS

In addition to satisfying the basic protection requirements it was
necessary for the respirator system to possess a number of other attributes
if it is to meet with acceptance by the mining population. A number of dif-
ferent basic types of respirator systems are available, or could be designed,
which meet the basic requirements imposed. In order to pick the best pos-
sible candidate for the production prototype, it was necessary to carefully
weigh the costs versus the benefits :involved with various concepts and choose
the most attractive concept. Since the program, and this report describing
the program, are organized along this basic "systems engineering' process,
the fundamentals of the process are described below.

REQUIREMENTS ANALYSIS

In addition to the rather straight-forward requirements placed upon
the respirator design, noted previously, a large number of design require-
ments and constraints affect the ultimate design of the respirator and con-
sequently its suitability for use in the underground mining environment.
Sume of these requirements are intuitively obvious upon careful reflection.
A larger number of requirements, perhaps the most important ones, were
discovered by analysis of the underground environment, mining tasks and
operations, mining machine design and operation, and the attitudes of the
individuals comprising the population. The importance of this task becomes
clear in view of the overall level of respiratory protection currently ex-
isting in underground coal mines. While any of the Bureau of Mines appro-
ved dust respirators would provide adequate protection if they were worn
correctly and for the required time period, research has shown that pro-
vision of such respirators dces not indeed provide the required protection
from dust inhalation. Thus, it was first necessary to find out why this
condition exists before going ahead to the design of a brand new respirator
system

To a large extent one would expect that resistance to the proper
utilization of current icspirators would be based upon subjective discom-
fort and inconvenience associated with the devices. Such factors as face
seal comfort, breathing resistance, moisture build-up in the facepiece,

harness fit and comfort, and interference with the tasks commonly perfor-
med by coal miners arve all factors which may enter into relative acceptance

of a respiratory protective device. Therefore, an importanat part of the
program was to carefully examine the impact of each of these factors and
many others upon respirator design and utilization.

In the same vein, mining machinery such as continuous miners, shuttle
cars, face drills, roof bolters, and others were studied in temms of

power availability, space availability, and operational patterns so that
the candidate respirator system could be employed on the widest variety of



machines and with varying styles of mining. It was also necessary to analyze
the underground environm.nt in terms of potential substances which might
ieopardize the operation or reliability of the respirator system, or the
likelihood of the miners to use %> device. One example of this sort of analy-
sis concems the frequency of roc: falls. Since a roof fall is a fairly
common occurrence in underground mines it is most certainly necessary

that the respirator system not impede the miner!s ability to escape rapidly
from the face area.

CONCEPT SYNTHESIS

In light of the myriad of requirements developed in the previous phase
of the program, and in view of the fact that the respirator system was to be
designed specifically for underground miners, it was desirable to start with
a clean slate and synthesize several potentially suitable design concepts.
For example, concepts synthesized in the course of the program included both
continuous flow and demand flow systems. During this phase of the program
each of the concepts is synthesized to the point of specification of size,
weight, performance, power requirement, and potential developmental engin-
eering needed. With this information on hand it is then possible to select
the most attractive concept in terms of fullfilling the funstional and per-
formance requirements previously set forth.

DESIGN AND FABRICATION

Given the conceptual design, the purpose of this phase of the program
was to perform the detailed design and fabrication of the prototype. During
this phase of the program it was necessary to continually reevaluate the
requirements and the potential feasibility of the basepoint concept. As
specific factors regarding the cust of incorporation of various features
became available during this phase of the program, it was necessary to
perform certain costs versus benefits analyses regarding specific features
to be incorporated in the design. As well, the overall feasibility in
terms of costs, design effort and reliability to be expected from the base
point concept were determined. It was not unexpected during this phase of
the program to find that certain features of the design which satisfy im-
portant requirements could not be realized within the scope of the program.
This has an important result by itself (ie, delineation of new directions
for future research and development programs in the area}.

TEST AND DEMONSTRATION

Within the scope of this particular program the acceptance demonstra-
tion and testing requirements were limited to an eight-hour operational test
and three half-hour subjective acceptance and protection factor tests
conducted in a dusty atmosphere produced in a laboratory. However, two
additional prototypes are being constructed for testing in actual underground
coal mines as part of another contract (HSM 99-72-88).

REPORT ORGANIZATION

While the conduct of the program involves an evolutionary type develop-




ment through the requirements stage, concept synthesis stage, and the pro-
totype fabrication and testing stages, with considerable iteration and
feedback from one stage to another, the final report is orgainzed in a more
direct manner. Section Il provides a complete description.of the final
product. Section III presents a summary of the requirements developed.
Section IV presents a discussion of the various approaches or concepts
considered in developing a supplied air-respirator for underground coal
miners., Section V describes in a more narrative fashion,scme of the prob-
lems involved in implementing the features of the concept selected in the
previous phases. Test results for particular components such as the cyclone
separator for dust removal are discuyssed in this section of the report.
Section VI of the report provides considerable detail as to design operations
and the functional performance of the respirator system. Items such as
expected reliability and maintainability considerations are discussed

in this section of the report. The final section presents conclusions and
recommendations resulting from the development program. It is meant as an
overview of the program and provides a discussion of successes and failures
of the effort.



Section Il

FINAL SYSTEM DESIGN

The prototype supplied-air respirator system can be conceptualized
as an integration of four subsystems, each of which performs a specific
function in the operation of the system. These four subsystems are:

MOTOR/COMPRESSOR SYSTEM

. Hydraulic power was selecied as the primary energy source, how-
ever, electric power may be utilized as an alternate at a con-
siderable size, weight and cost penalty. A piston-type Teflon
ringed, oil-less compressor is the primary air mover. It pro-
duces a flow rateof 3.75 SCFM at an output pressure of 60 psig.

AIR CLEANING SYSTEM

The air cleaning system consists of two cyclone separators for
primary coal dust removal, and one cartridge type, fibrous final
filter. One cyclone separator serves for inlet air cleaning,

and the second cyclone separator is down stream of the com-
pressor.

AIR DELIVERY SYSTEM

The air delivery umbilical consists of a fifteen foot length of
reinforced low-pressure air hose having an external diameter of
0.50 inch. This subsystem includes automatic quick-disconnects

for emergency egress and a belt-type body attachment arrangement,
Two demand regulators, in conjunction with a small plenum cham-
ber permit the user to achieve peak instantaneous flow rates

in excess of 10 SCFM for brief periods.

FACEPIECE

The half-mask type facepiece provided with the prototype was
specially designed for the underground coal mining environment.
It incorporates a facial access port for speech and expectora-
tion, and a suspension harness which is compatible with coal
miners helmets. Two demand regulators are incorporated in the
facepiece.

A pictorial schematic of the entire system is presented in figure 2-1
and a photograph of the prototype is shown in figure 2-2,

The system was designed with the primary goal of maximizing user ac-
ceptance. The demand regulators provide peak flow rate adequate for any
work rate likely to be found in underground mining.at suction_pressures
of less than 0.75 in H,0. In addition, a small continuous ventilation flow
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Figure 2-1. Pictorial Representation of the Supplied-Air Respirator System.

is provided within the mask to reduce heat and moisture buildup within the
cavity. In the worst case, it is expected that the gravimetric protection
factor for respirable coal dust will exceed 100.

In this section of the report an overall view of the system design
and performance is presented. Subsequent sections of the report,
specifically sections five and six provide details regarding design,
operation, and performance of the various components, and more detail on
overall system performance and design integration.

MOTOR/COMPRESSOR SYSTEM

The compressor and the motor are mounted on or inside of a heavy
guage steel enclosure (figure 2-3) designed to protect them from roof falls
and to attenuate the noise generated by the compressor.

10



Figure 2-2. Prototype Supplied-Air Respirator System,

COMPRESSOR

The air compressor is a two cylinder, oil-less, piston-type, modcl
PCD-10 produced by the Gast Manufacturing Corporation. It requires 1.1 hp
at 2,000 RPM to produce 4.8 SCFM airflow at zero output pressure and
2.85 SCFM at 100 psip output pressure., Having Teflon piston rings, it re-
quires no lubrication or periodic maintenance. Inlet air is cleaned by
the inlet cyclone, shown in figure 2-3 which is discussed subsequently.

MOTOR

Hydraulic power was seclected as the primary means of driving the com-
pressor. The one-half inch gear face hydraulic meotor, Model GC-5151-A-2.D
supplied by the John S. Barnes Corporation, is rated at 1 hp at 2,000 RPM
when supplied with 2.5 gallons per minute of hydraulic fluid at approximately
900 psig. This same motor can be configured with a variety of displacement
rotors so that mining machine systems having higher hydraulic pressure avail-
able may conveniently make use of the pressure to reduce hydraulic fluid flow
rates.

ENCLOSURE AND ACCESSORILS
Since the high RPM piston type compressor was found to be noisy, it

was necessary to line the interior of the steel enclosure with a noise
supressing foam sheet material. This in turn led to heat build-up
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problems within the compressor bearings and consequently it was found
necessary to install a shrouded fan to move ambient air through the
enclosure, Cooling air enters the enclosure through holes on one end
and exits around the piston heads,

Finally, on the exterior of the enclosure, a hydraulic fluid flow con-
troller is mounted. This serves to prevent potential compressor over-
speed conditions resulting from varying hydraulic fluid supply pressures.

AIR CLEANING SYSTEM

The air cleaning system was designed to reduce maintenance require-
ments to a minimum. For that reason, two cyclone separators were special-
ly designed for the purpose, and an off-the-shelf cartridge-type
filter was employed for final filtration. Under most operating conditions
the final filter cartridge should last several months before requiring
cleaning or replacement. Air delivered to the miner's facepicce hps no
particles larger than 0.9 um and only a very small fraction of particles
larger than 0.07 um.

INLET CYCLONE SEPARATOR

The inlet cyclone separator shown installed on the compressor enclo-
sure in figure 2-3 is a reverse-flow type cyclone having a 50% collection

Figure 2-3. Compressor/Motor System. One side of

enclosure is removed. Note the cyclone-
type inlet filter in the foreground.



efficiency for 0.5 um effeetive diameter conl particles. Coal particles
collected are retained in a large volume, elastomeric boot over the bottom
port of the inlel cyclone,

PRIMARY CYCLONE SEPARNTOR

As shown in the schematic (figurce 2-1), the primary cyclone is loca-
ted in the high-pressure portion of the system downstream of the compres-
sor. This cyclone, while not intended to provide the total air cleaning
function, is remarkably cfficient. Experimental results indicate that it
will remove one half of the puartieles having an effective acrodynamic
diameter of approximately one-half micron and 95% of the particles huving
an effective acrodvnmmic diameter of 1.8 micrometers, or larger. It is in-
stalled in a protective heavy guage steel enclosure. as shown in figure
2-4. The particles arc collected in a collection chamber at the bottom
of the cyclone which must he vented occasionally by operating a toggle
valve which penetrates the wall of the encloesure.

Firoure J-0.  Auxitiary Bquipment Bous{ng. Blemoents of the
atr ocleaning and air dobivery subsystem are
shown within,

FINAL FILTER

The filter clement and canister employed in the prototype system are
manufactured by the Pall Trinity Micro Corporation. The "Epocel', MC644631C
filter cartridge is a corrugated cylinder of resin impregnated cellulose



fiber which collects dust as a surface-type filter on a 1.2 square foot
collection arca. The {ilter housing utilized, model MOA446364, is shown in-
stalled in its protective enclosure in figure 2-4, The assembiy has an
efficiency of 98% for particles of cffcctive acrodynamic diameter of 0.07
um and 100% for particles of 0.9 um diameter. With the two cyclone separa-
tors upstream, it is expected that the cartridge will need to be changed
only ance every scveral months,

AIR DELIVERY SYSTIM

The air delivery systoem includes the umbilical hose, components for
regulating system opcrating pressure, and the demand regulators. The
demand regulators represent the key puart of the system and all other com-
ponents of this subsystem arc designed around them.

DEMAND REGULATORS

Two regulators mounted in the facepiece are supplied by the Robertshaw
Company of Anaheim, California. They are demand-flow type and are a modifi-
cation of Robertshaw's Model No. 2:6 Aviator's Oxygen Demand Regulator. The
modified regulators, scen in figure 2-5. weigh only 1.58 oz (45gm) each, and

Figure .-5. Modified Robertshaw Demand Regulator.

each one will supply more than 6 SUFM flow rates at inhalation pressures of
approximately 0.75 in 11,0, In addition to the demand flow, a continuous flow
rate of approximately 0775 SCFM is supplied in order to reduce heat and
moisture build-up within the facepicce. This has the additional advantage of
reducing inboard leakage,

PLENUM CHAMBER

At a system operating pressure of approximatel, 60 psig, the compres-
sor output is 3,75 SCEM. While this is more than adequate teo supply the
minute volume for a hard working mincr, the peak or highest instantancous
flow rate required is more than three times the minute volume or average



flow rate. Therefore, a plenum chamber is necessary to assure adequate pres-
sure to the demand regulators at the peak flow rate. The plenum chamber
selected is a small, low-pressure oxygen bottle having a 104 cubic inch capa-
city, It can be seen, in figure 2-4, installed in the protective enclosure.

PRESSURE RELIEF VALVE

For all but the highest levels of energy expenditure, a miner wearing
the respirator system will require less air than the compressor produces.
For this reason, a pressure relief valve is a necessary component in the air
delivery system. The pressure relief valve is mounted downstream of the
cyclone separator so that the cyclone will see a steady flow rate at which
cyclones operate most efficiently. The pressure relief port incorporates a
muffler in order to reduce noise levels. As delivered, the valve is set to
maintain a 60 psig system operating pressure.

UMBILICAL HOSE

The air-supply umbilical runs from an attachment point on the mining
machine to the miner where it is attached to his belt. From there it runs
up the chest and branches into two smaller inlet hoses running to the de-
mand regulators on the mask. The main air-supply umbilical, manufactured
of dacron reinforced polyurethane and vinyl tubing, has a 1/4-inch bore and a
L-inch outside diameter. While it may be supplied in any desired length up
to 30 feet, depending on the requirements specified by a particular instal-
lation, a 15-foot length is supplied and is expected to suffice in most
instances. A quick-disconnect, manufactured by the R. E. Darling Co., is employed
in the main umbilical at the point where it attaches to the belt. When an
18-pound pulling force is applied to the umbilical it parts, separating
the wearer from his umbilical, It is important to note that with this quick-
disconnect, no manual operations are required. For an emergency egress,
all that is necessary is for the miner to begin running (or crawling)} from
the area. When he reaches the full extension of the umbilical, it will
part. The disadvantages of this quick-disconnect stems from the fact that
it is of a full-bore, flow-through design and has no provisions to shut
oif the air flow when disconnected. For this reason, it is necessary to
provide a flow sensor within the secondary enclosure which immediately
shuts off the air flow when the flow rate exceeds a certain value. When
shut off, the flow sensor still permits a small air flow through the um-
bilical, thus, keeping the line free from excessive dust and dirt contamin-
ation.

FACEPIECE

The new facepiece design, shown in figure 2-6, incorporates a number of
features specifically oriented toward improved acceptance of the device by
underground coal miners., Primary among these features are a facial access
port (front door) and a specially designed suspension system involving a
partial head cover,

The basic facepiece consists of a vinyl elastomeric mask body which
includes an inturned sealing surface and a supporting shell of vacuum-
formed polycarbonate plastic. The design of the facepiece centers upon in-
corporation of the two demand regulators and the facial access door whose
bulk and weight dictate the overall configuration of the assembly.
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- view. showing the ft sealing surface
Outer view, with the tacial access port closed Inner view, showing the soft g

Figure 2-6. Prototype Facepiece Design.



FACIAL ACCESS PORT

The facial access port. shown opened in figure 2-7 permits a number
of functions important to underground miners, including expectoration, speak-
ing, and the capability to leave the mask in place on the face when discon-
nected from the air supply umbilical. The port itself incorporates a voicc-
mitter, taken from a military respirator, to facilitate face-to-face com-
munication. The port can be openad or closed with one hand.

Figure 2-7. Facepiece With Opened Facial Access Port.

MASK SUSPENSION

Recognition of the fact that mining machine operators, especially are
frequently required to move their head from side to side to observe both
coal cutting and loading operations, necessitates the incorporation of a
fairly wide face sealing surface to add to mask stability during these
movements. In order to perwit comfortable wear of both the facepiece and
protective helmets, the partial head-covering type of mask suspension or
harness, shown in figure 2-8 was incorporated. This has another f:ature
specific to coal miners in that they are frequently required tu work in a
position inveolving maximal posterior flexion of the neck. It is,therefore
necessary that suspension elements be kept high on the cranium as opposed
to lower on the neck where posterior head flexion results in increased

strap tension.

Donning and doffing of the facepiece may be accomplished in several

ways. With the miners helmet in place to support the harness cap, it is
possible to loosen the hook and pile closures on one side and let the mask

dangle by the suspension elements on the other side. In this mode, sub-
sequent donning can be accomplished with one hand. Another method of
doffing and donning involves sliding the skull cap down or up on the back



Figure 2-8. Prototypce Facepicce with Suspension System.

of the head and permitting the mask to hang from it as it would from a
lanyard around the neck.

SIZING AND FIT

While the mask is produced in only one size, it is possible to adjust
the fit in several ways. With half-mask type facepieces the critical seal-
ing surface is around the nasal ridge. Adjustment in this area and others
are possible by the insertion of foam rubber pads between the outer poly-

carbonate shell and the inner mask sealing surface, or within the space be
tween the inturned seal and the external mask surface. These adjustments
are discussed in detail in the appropriate scction of this report.

OVERALL SYSTEM PERFORMANCE

Demonstration tests involving human subjects in a dust chamber reveal-
ed an overall gravimetric protection factor ranging from a low of 156.6 to
a maximum of 516.0. The lowest protection factor occurred as a result of a
small leak in the nasal ridge area due to improper donning by a subject who
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wore spectacles. The system will supply an average flow rate or "minute
volume" of at least 3.75 SCFM with inhalation pressures of less than 0.75

in H,0. Short bursts of activity at higher minute volumes are well accommo-
datea with the same demand pressures.

Subjective evaluations regarding overall facepiece comfort are quite
positive. The ventilation flow rate of 0.75 SCFM (nominal) prevents heat
ané moisture build-up within the facepiece, thus, eliminating one of the
major acceptance problems. While the facepiece is somewhat heavier than
contemporary half mask respirators, the suspension system reacts the bulk
of this load and the seal pressures are within a range which permits exten-
ded wear periods with minimum discomfort.
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PART TWO
REQUIREMENTS ANALYSIS

AND CONCEPTUAL TRADE STUDIES

Preceding page blank
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Section III
REQUIREMENTS ANALYSIS

A systems engineering analysis was conducted in order to define the
performance requirements to be met and to define the operational or compati-
bility requirements (or constraints) specific to the underground mining envi-
ronment. The performance requirements in general answer the question: "What
attributes must a respirator system possess in order to provide the desired
protection to underground coal miners?" Implicit within this class of require-
ments is the general hypothesis that in order to protect the miner, the device
must be accepted and worn whenever the threat exists. Because we feel that
this "subjective acceptance" is an integral part of overall protection, this
type of requirement is treated as a performance requirement. The compatibility
requirements are directed toward smooth integration of the respirator system
with mining machines, mining operations, and the threats to durability and
reliable operation within the underground coal mine, It should be noted that
these requirements are as important as the performance requirements in that, if
the machine is to be utilized, it must be sufficiently easy to install, that
mine operators will buy it, and then it must operate reliably for a sufficient
period of time,

In analyzing requirements, it is necessary to distinguish between those
which are absolutely mandatory and those which are desirable but not essen-
tial. Under ideal circumstances it is possible to assign values to the degree
of satisfaction of requirements and then judge subsequent design concepts
numerically, based on a quantitative objective function. Such a process is
clearly beyond the scope of this program. However, to some extent, the same
type of process is involved. The benefits obtained by satisfaction of the
requirements are weighed against the cost of providing them in an informal,
common sense manner. The point of this discussion is that all requirements
stated in this section are not met by the prototype system delivered. The
final chapter discusses these departures from the ideal and how these added
requirements might be met in the future.

In this section of the report, the fundamental protection requirement is
first listed in order to establish the basic goal. Next the various compati-
bility requirements are discussed, and finally the more complicated perfor-
mance and user acceptance requirements are presented and discussed.

PROTECTION REQUIREMENTS

The respiratory threat in underground coal mines will consist of both
particulate and gaseous contaminants. Alternative means are provided to coal
miners for protection against gaseous and smoke particle contaminants. The
supplied-air respirator is intended to provide protection against Quly those
respirable dust contaminants which prevail during non-emergency, working con-
ditions. This limits the device to protection against coal dust, rock dust
(primarily CaC0z and MgCO3) and limited quantities of quartz dust which_is
commonly part of rock dust. While quartz dust is related to pulmonary dis-
ease in coal miners, recent legislation limits the amount of quartz in rock
dust and therefore the primary emphasis of the dust protection requirement is
the removal of coal dust from inspired air,

Preceding page blank
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PNEUMOCONTOSIS

Dust particles having a mean aerodynamic diameter of less than one-half
micrometer behave much like a gas in the lungs and pass in and out in nearly
equal quantities with each breath. Dust particles largar than 10 um are
temporarily retained by the lungs, but a healthy pulmonary system will expel
them in a short time by means of the hair-like c¢ilia lining the respiratory
tract. Particles in between these sizes are less affected by these mechanisms
and are retained in a manner dependent on their size as illustrated in the
pulmonary deposition curve of figure 3-1. Once retained in the lung, local
fibrous growths in the area of the deposition result in generalized pulmonary
dysfunction.
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40 §—
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Pulmonary Deposition {percent)
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Aerodynamic Particle Size at Unit Density (micrometers)

Figure 3-1. Respiratory Deposition for Small Particles.

It should be noted that protection of individuals is made more difficult
because of the fact that dust within the respirable range (0.5 um to 10 um)
is not visible to the naked eye even when the concentration in air is quite
hazardous.

PROTECTION FACTOR

According to the contract governing tgis program it is required that the
breathing air contain not more than 1 mg/m~ of dust in the respirable range
when the ambient air contains 10 mg/ms. As the data on coal mine dust atmos-
pheres presented in Appendix I clearly shows, ambient dust concentrations oc-
casionally exceed 100 mg/m” and it is desirable to protect against such threats,

as well.

The demonstration tests required of the system specify that the breath-
ing air within the mask have a dust concentration of less than 10% of the
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dust concentration in ambient air when ambient air contains 75 + 25 mg/m3 of
coal dust. This coal dust is sized by rejecting any not passing through a
200 mesh sieve (i.e. the dust has maximum diameter of 72 um).

COMPATIBILITY REQUIREMENTS

As stated previously, compatibility requirements have to do with such
factors as installation, power sources, and the capability of the supplied-
air respirator system to blend in with the stream of underground operations.
Analysis of these requirements requires a careful assessment of mining pro-
cedures, mining equipment and the underground environment. In order to
make this section easily understandable, much of the necessary supporting
data is provided in appendices.

MINING EQUIPMENT COMPATIBILITY

The supplied-air respirator system is intended for installation on face
working mining machinery. The type of machinery used depends upon the style
of mining employed. Two basic styles of mining predominate in this country:
1) continuous mining, in which coal is extracted from a single face (or entry)
at one time.by use of a continuous miner and various loading and hauling ma-
chines, and 2) conventional mining in which coal is extracted from several
faces in a serial fashion by use of undercutting machines, explosives, loading
machines, and hauling equipment. A more extensive treatment of the various
methods may be found in several references (Woodruff, 1966; Theodore Barry and
Associates, 1971). The longwall method, while used extensively in Europe, is
seldom employed in this country. The proportions of use of each style are
shown in table 3-1.

Table 3-1. NUMBER OF MINERS EMPLOYED AND PRODUCTIVITY BY
MIMNING METHODR IN 1871. (Note 1)

METHOD EMPLOYMENT PERCENT 2 PRODUCTIVITY PERCENT 2
CONVENTIONAL,
HAND 2,538 2.7 8.4 2.8
LOADING
CONVENTIONAL,
MECHANICAL 42,146 44,8 130.4 43,1
LOADING
CONTINUQUS 49,442 52.5 163.6 ) 54.1

Note 1. Data obtained from the Bureau of Mines, Denver, Colorado, and ex-
tracted from computer formats by T. Barry and Associates,
Los Angeles, CA

Note 2, Percent of total figures represent fraction among these three met-
thods of mining. Surface mining (strip) amounts to an additional
‘32,445 employees and 257.6 million tons of coal produced in 1971.
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Types of Machines

.Based on an analysis of the various machines produced and available
statistics on frequency of use (sez Appendix II), the requirement for com-
patibility with the following types of mining machines exists:

a) continuous miners (including auger miners)
b) 1loading machines

¢) undercutters

d) face drills

e) shuttle cars

f) conveyor heads

g) roof bolters

h) powered rock dusters

Installation Requirements

The basic installation requirements include the following:

1. When installed the system shall not increase haulage way, wall or
roof clearance requirements of the machine.

2. Installation of the system shall not necessitate the relocation of
any existing vehicle component.

3. Changes of operator sitting height or restrictions to his normal
movement when operating the equipment, are not allowed.

4. Respirator system power requirements shall not exceed the minimum
excess power available during vehicle operation at maximum load
levels and durations.

5. The system must be capable of being transported to the maintenance
area nearest the face for installation.

6. Only those tools readily available in underground maintenance areas,
such as wrenches, welding equipment, etc.,shall be required to
install the respirator.

7. It must be sufficiently easy to install; the installation should be ac-
complished without removing the machine from service.

Requirements 1, 2, and 3 above are perhaps more s$tringent than might be
expected at first glance. As illustrated by figures 3-2 and 3-3, many types
of mining machines are constructed in a very compact fashion. This is done so
that they will fit into low coal seams.

It is obvious that if a respirator system were to be installed on the
top of a mining machine it would restrict the machine's capabilities to
operate in low coal seams. A less obvious situation, however, is the ramifica-
tion of the unevenness of seam contours. As illustrated in figure 3-4, the
effect of adding thickness (or height) to a machine may cause a restriction
in seam heights of greater magnitude than reflected merely in the additional
added height. The net result of the above discussion, in terms of require-
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Figure 3-2. Continuous Mining Macline.

R , . T T— o M e “w

Figure 3-3. A Shuttle Car. ©Note the bi-directional,
recumbent operator's position,

ments, is that the supplied-air respirator must be made as small as possible,
And if possible, it should be made up of a number of small modules so that
integration of the system with the mining machine does not impact on its
clearance envelope in a serious manner.

Requirement seven implies. in general that only the third shift each
day can be devoted to installation. The majority of mines opcrate two
shifts a day for coal extraction and a third shift (hoot-owl shift) for m:-
chine maintcnance, roof bolting, and miscellaneous tasks.

Power Availability

Face equipment may be powered by hydraulic power, compressed air, or
electrical power conversion. A majority of the equipment derive their primary
power from electricity through trailing cables. Frequently, the electrical
power is converted directly to hydraulic power for each of the functions ne-
cessary on the machine (movement, drilling, cutting, etc.).

Electric Power

Mine electrical systems vary considerably in available voltage levels
and vehicle power inputs are designed for each mine in accordance with power
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Figure 3-4. Situations Which Require a Machine Clearance Envelope.

availability. Both AC and DC power can be found, however 220 VAC and 440

VAC are probably the most common found at the mining machine input. Frequently,
a limited amount of power is available at the 12 VDC level from the vehicle
lighting system.

Hyd=aulic Power

Perhaps the most uniform source of available power found in under-
ground coal mines is hydraulic. As evidenced in Appendix II a vast major-
ity of the machines commonly used in underground mines have hwvdraulic power,
of some sort, available. Discussions with several mining machine manufacturers
indicated that the extraction of a flow of hydraulic fluid in the range of
one or two gallons per minute would not tax the systems noticeably. Hydraulic
pressure in the range of 1800 to 3000 psig appears to be the most commonly
available. In many cases, several levels of hydraulic pressure are available
on a given machine.

MINING TASKS AND OPERATIONS

While the basic styles of mining addressed in this program are limited
to continuous mining and conventional mining styles, the specific operations
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involved at any mine are dependent upon a number of factors including seam
height, roof integrity, and the experiences and methods adopted by the min-
ing company and the mining supervisors., An analysis of tasks and operations
involved, based upon observation in several underground mines and upon dis-
cussions with various consultants familar with a wide variety of mining opera-
tions, produced a number of requirements that a sunplied-air respirator system
must meet. These requirements are based more upon similarities in attitudes
and operations than upon differences among the various styles of mining.
The differences in tasks and operations between continuous mining and conven-
tional mining do not necessarily result in different requirements for the sup-
plied-air respirator,

Perhaps the most enlightening result of this analysis concerns the
basic attitudes held by underground coal miners. First of all, there is a
very strong team spirit among the 7 to 14 members of a mining crew. While
each man may have a specific task, such as continuous miner operator, shut-
tle car operator, etc.,, his activities are certainly not limited to that
function. The team members are very strongly oriented toward producing the
most coal they can during each shift. Exceeding a certain production, say
400 hundred tons per shift, is cause for considerable camaraderie and brag-
ging among compatriots and, of course, approval by management. This orienta-
tion among the operators and crew results in a number of requirements for a
supplied-air respirator. These include compatibility with the hard work
commonly seen and reduction of individual task interference. While these
latter requirements will be treated in the next section the basic orientation
toward productivity must be kept in mind during all discussions of respirator
requirements and designs for meeting them.

Duty Cycle

Both continuous and conventional styles of mining result in periods of
high machine activity and periods of lesser or no machine activity. The re-
quirement for respiratory protection parallels these cycles. The order of
magnitude of these cycles might be 3 to 5 minutes of heavy activity followed
by 1 to 3 minutes of reduced activity.

Continuous Mining

Basically, a continuous miner can cut coal faster than it can be loaded
on the haulage equipment. Additionally, as the continuous miner advances it
is necessary to provide roof support in the form of timbers or roof bolting
in order to prevent a roof fall. Consequently, a typical cycle involves two
to five minutes of continuous cutting operations followed by several minutes
of inactivity on the part of the continuous miner while several auxiliary
operations are performed. These operations include installation of roof
support, loading of coal onto a shuttle car, if a separate loader is re-
quired, changing from one shuttle car to the other at the output of the con-
tinuous miner and cleaning of the loose coal from the floor by hand. Shut-
tle car operations are similarly cyclic with some periods being spent but-
ted against the rear of the continous miner accepting the coal that is
being cut, some periods being spent tramming back and forth between the
continuous miner and the secondary haulage such as a conveyor belt, or
waiting. During periods of inactivity, the operators of the machines in-
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volved are likely to dismount and assist in another operation, such as set-
ting timbers or shoveling coal from the floor. For example, the operator
of an auger miner is likely to dismount and place or remove a timber prior
to moving the auger wmachine.

Conventional Mining

Factors affecting the supplied-air respirator duty cycle requirements
in the conventional mining situation are differert but result in the same
type of duty cycle requirements. In conventional mining, several faces are
active at one time. Each machine moves from one face to another in rota-
tion. For example, a loading machine and a pair of shuttle cars might work
together as a team. Following the blasting cycle, they would load coal
from one face area until all the coal resulting from the previous blast had
been loaded, and then they would move on to the next face. It co I hap-
pen that they have to wait for a few minutes until the blasting operation
is complete or they might move directly from one to the other if the blast-
ing cycle is short enough. The same type of operating cycle apnlies for
all of the machines involved in conventional mining. Thus,as in the pre-
vious case, the duty cycle includes two to five minutes of heavy activity
during which time the machine is performing its appointed function, followed
by several minutes of either waiting or movement to the next area. During
the waiting period or the moving time,respiratory protection, while perhaps
desirable, is not needed as badly as during active operations.

Maintainability

Freedom from interuption of the normal flow of activities within the
coal mine is perhaps one of the most important requirements levied upon the
supplied-air respirator. Every man invelved, from the mine owner down
through every level of worker on the underground team, is very strongly orien-
ted toward producing as much coal as possible on each shift. If a respira-
tor system, either directly or indirectly, were to cause a halt in produc-
tion for any sizeable period of time it would be the object of considerable
hostility. Therefore, it is a requirement that the supplied-air respirator
require ¢ ..inimal amount of servicing. Furthermore, it must be sufficiently
reliable that it does not malfunction, or even worse, cause a malfunction in
the mining machine. For instance, in a hydraulically-powered device, if a
major leak in the hydraulic system were to be encountered, one would expect
to find the respirator system permanently disconnected and discarded shortly
thereafter.

Another factor affecting maintainability requirements has to do with
the logistics involved in underground coal mining operations. Articles
requiring replacement during a normal operating shift must be transported
to the underground site (face area) by the individual miner at the begin-
ning of each shift. It should be recognized that, in the vast majority of
mines in this country, the distance traveled from outside of the mines to
the working face is several miles. The trip usually involves traveling some
distance on a locomotive, in some cases a period of time riding a conveyor
belt in a prone position, and a fair amount of walking or crawling to the
area. Thus, items to be transported to the face are subjected to considerable
abuse and, if they are of any size or weight, become a problem for the individual
involved. For this reason, it appears that the supplied-air respirator sys-
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;em’must not require frequent filter changes, or refurbishment of any other
evice.

MINING ENVIRONMENT

In the underground coal mine, one finds very few devices which are not
specifically designed for the purposes intended. Articles of equipment are
designed to withstand the hazards existing and to reduce the potential haz-
ards such as fire or explosion which are always uppermost in the miner's mind.

Underground Safety

It is obviously a requirement that the supplied-air respirator be able
to achieve the permissibility requirements imposed by the Bureau of Mines
for all underground equipment. For electrically operated devices the
achievement of such a condition involves the use of explosion-proof motors
and explosion-proof housings for switches, and circuit overload protection.
Specifics of these requirements are presented in the Code of Federal Regula-
tions, Title 30, a2nd will not be repeated here., Other factors to be con-
sidered among the safety requirements include capability for emergency eg-
ress, prevention of potential entanglements, placement of the air in-
take, and compatibility with certain sensory functions.

Emergency Egress

Although the frequency of non-injury producing roof falls in the under-
ground coal mines has not been established, it may be inferred from the num-
ber of injuries produced by such occurrences that they are fairly frequent.
According to Mangelsdorf (1972), roof falls in 1968 represented 20.6% of all
lost days due to injury and resulted in 15 fatalities. Their frequency in
an individual mine is, of course, dependent upon the condition of the material
making up the roof. Some mines are known to have '"bad top" and in these
mines the individual miners are continually monitoring the roof for an impend-
ing fall. This is done by listening for creaking or groaning, and by visual
observation, or tapping the top with a suitable hammer to "sound it out'.

Accordingly, interviews with a number of underground coal miners in-
dicated that their major concern with using vehicle installed respirator
systems is the potential loss of the ability to escape rapidly from the
vehicle in an emergency. Because of the limited warning time any signifi-
cant increase in escape time imposed by "being tied"” to the system will be
unacceptable.

The establishment of an allowable escape time is not possible nor
realistic; thus, the requirement is established for detachment of the miner
from the system without involving discrete manual tasks to effect separa-
tion. This requirement implies that the miner be able to leave the vehicle
by any means possible (including any direction) and that the umbilical sepa-
rate in response to pull forces when he reaches the end of the umbilical.
These forces can vary in magnitude depending on the focal point of the
force input to the man on the one hand, and the possibility of inadvertent
detachment, on the other hand.
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While the facepiece retention mechanism is a possible reaction point
it would be hazardous in terms of neck injury with separation forces of
more than one pound.

On the basis of pilot experience in the USAF a minimum detachment
force of 20 pounds is required to prevent inadvertent disconnect. Forces
of this magnitude can be exerted by the torso with a low probability of
introducing torque forces of sufficient magnitude to change the body's path
of motion or to appreciably change its rate of travel. Similar forces re-
acted through the limbs are considered unacceptable in terms of rapid egress.

Any means provided for emergency egress may be used for normal egress
procedures. Consequently, the quick-disconnect feature is to be designed to
provide for reuse. It is estimated that under normal operational conditions
that disconnect/reconnect operations may occur as frcquently as 20 times per
shift,

A major problem envisioned with quick-disconnect concepts. where part of
the air hose remains attached to the facepiece and the belt, is the possibil-
ity of snagging the hose. For this reason, the length of hose which is free
to dangle must be minimized. A 6-inch length of free hose (from the re-
action point) is estimated to be a maximum permissible length, in terms of
safety, which can be manually manipulated to effect connection.

Entanglement

As discussed in Appendix I1 and illustrated in figure 3-2 many of the
mining machines offer a number of potential hazards involving eéntanglement
of an air supply respirator umbilical with rotating machinery on the mining
equipment. These considerations produce a design requirement that the um-
bilical be configured and managed in such a way as to reduce the potential
hazard associated with entanglement. As well, it is required that in the
event of entanglement, the user must not be drawn into the rotating machin-
ery. The same type of reasoning applies to the facepiece suspension and
any other parts of the respirator systen.

Emergency Warning Compatibility

In addition teo the requirement, already discussed, concerning a miners cap-
ability for observing an impending roof fall, he must be able to communicate
with others regarding imminent dangers. This means that he must be able to
shout a warning, without hesitation, and that its sound intensity be altered as
little as possible. Of course, at the same time the respirator should not
interfere with hearing the warning,

Because of the high ambient noise levels within mines and the logisti-
cal problems associated with a moving work place, another sensory stimulus is
sometimes used for warning devices - odor. Many underground mines employ a
"stench" type warning system in which a strong odor is released into the
ventilation system to signal an emergency such as fire or explosion. For this
reason, it is required that the supplied-air respirator system not remove odors
present in the mine environment or mask them due to odors generated by the
respirator system.
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Anti-suffocation Capability

in the event of a roof fall, for example, a miner might find himself in
the position of having his arms rendered immobile, the respirator facepiece
on his face, and the respirator supply not providing air to him. If the
respiratory facepiece were of the tight-fitting variety then it might be
possible for a man to suffocate under these circumstances. Therefore, the
requirement exists, in the event of a respirator system malfunction, that
no manual operations are required for the wearer to breathe ambient air.

Mine Atmospheric Conditions

A detailed discussion of the various results of several investigative
programs regarding atmospheric dust in underground mines is presented in Ap-
pendix I. These results, as well as other factors of interest, may be sum-
marized as follows:

1. Dust: Coal mine dust is basically comprised of small particles of
coal and the various constituents of rock dust. While the rock
dust is a comparatively small fraction of the overall dust, it is
equally important that it be removed from the breathing atmos-
phere. Dust concentration near the working face is, of course,
dependent upon the style of mining, the type of coal, and the
machines and methods used in mining. However, one can routinely
expect total airborne dust concentrations to average from 10 mg/
m’ to 50 mg/m3. Of this, approximately 10 percent would be ex-
pected to be in the respirable range. Locations within the en-
velope of certain mining machines exhibit concentrations far in
excess of this figure and in some mines, the concentration will
exceed 100 mg/m3 averaged over a day.

2. Temperature: Temperature of the air at the face is dependent upon
its initial temperature and how far and how fast it is trans-
ported to the working face. With high velocity ventilation flows
of short distance, the ventilating air will approximate the out-
sidg temperature and thus, can range from below Zero to more than
10C0°F depending upon the climate of the area. While these ex-
tremes may well be encountered in some mines, by far the predomi-
nant nusmber of mines exhibitotemperatures at the working face in
the neighborhood of 55 to 65°F.

3. Relative Humidity: 40% to 100%.

4. Airborne Water Droplets: Water droplets generated by mining machine
dust supressors, ground water being sr’ashed, and seepages from
the top and sides of the mine are communly encountered in under-
ground coal mines. In many cases, water droplets are mixed with
rock dust or coal dust, producing a serious hazard to the integrity
of respirator systems.

5. Inlet Ventilation: As discussed in Appendix ], it should be recogni-

zed that incoming ventilation air is not always free from dust
contaminants in the respirable range.
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Mine Physical Environment

The physical attributes of underground coal mines. including such fac-
tors as seam height, probability of roof fall, water and acid threats, as
well as the airborne dust contamination, produce an environment which is hos-
tile to both the individuals working there and to the machinery that they usc.
It is important to take these factors into account when establishing design
and performance requirements for the supplied-air respirator.

Seam Heights

~ As illustrated in table 3-2, seam heights in US coal mines vary from
28 inches to over 10 feet. Half of the coal mines have seam height of less than

Table 3-2. SEAM HEIGHT IN UNDERGROUND COAL MINES VERSUS MAN-HOURS
WORKED (Data from T. Barry § Associates derived from
Bureau of Mines data of 1969).

iSeam i i |
Height | <3 3-4 4-5 5-6 6-7 7-8
(feet) l

iMillions
j of
:Manhours .

14.9 38 39 20.7 17.4 11 3 4

3 feet. A requirement then exists for the supplied-air respirator system to
be designed for imstallation on mining machinery in a fashion that will pro-
vide the smallest chamge in the external dimensions of the machine. In addi-
tion, and more important perhaps, since low seam coal operations require the
miners to perform their task in a stooped or crawling position, the unit must
provide trouble-free operation when the user is limited to such positions.

@t course, imstallatiom and maintenance activities must often be performed
with the same restrictions.

Roof Falls

As mentioned previously roof falls are a fairly frequent event in the
underground enviromment. In addition to the matter of egress already dis-
cussed, it is essemtial that the supplied-air respirator systeam be able
to withstand the nacts and crushing forces of the roof fall and stiill be
operable whem it is dug out at a later time. While every possible eventua-
ity cammot be covered as a reguiresment, it is arbitrarily established that
the unit should survive intsct when 8 400-pound rock is dropped on it from
& distance of 3 feet.

Chenical Contaminamts

fue to the high seulfur content in 3ome coal seams, ground water and
water lesking from the top znd sides of the mine frequently contains high
concentraticns of sulfuric scid. A worst case for concentration of sulfuric
; Iy on the onder of a ¥ of 4.5.




Other contaminants which must be considered include hydraulic fluid,
lubricating oil, and grease, and their breakdown products. Like any heavy
machinery, large quantities of oil and grease are necessary for operation of
the continuous miners, undercutters and loading machines, As might be ex-
pected these lubricants find their way onto many surfaces, thus providing
another potential hazard to respirator reliability. Hydraulic fluid is
sometimes dumped directly on the mine floor where, in a low seam mine, it might
easily be transmitted to the gloved hands of the miner and eventually to the
respirator system components.

PERFORMANCE REQUIREMENTS

In the previous part of this section we have indicated the basic pro-
tection requirement and the requirements regarding limitations on the confi-
guration and operations of the supplied-air respirator system. The remsining
part of the section is devoted to the type of requirements commonly called
performance requirements. This class of requirements, in general, indicates
what the device must do, how much air it should provide, acceptable levels
of air quality, how comfortable it must be, and what attributes it must possess
so that individual miners will be inclined to utilize the device, if nceded.

It should be pointed out that the supplied-air respirator system will be
committed to one or two shifts underground, five days a week, for the extent
of its useful life. Acceptable performance of the requirements listed below
is, therefore, implied to mean maintenance of these levels for this entire period.
Demonstration of the system's capability for continuous performance, required
by contract, is limited to contigued performance for 8 hours in an atmosphere
containing an average of 10 mg/m” of coal dust. The dust size is to be such
that all particles pass through a 200 mesh sieve.

AIR FLOW RATE

Stating a requirement for air flow rate entails essentially two sepa-
rate statements. One concerns the minute volume and the average flow rate
over some period of time, say several minutes, to be provided. The second
concerns the peak instantaneous flow rate achieved during a single inhala-
tion. In summary, the following requirements have been derived:

Minute Volume: 2.83 SCFM
Peak Instantaneous Flow Rate: 9.3 SCFM.

While these requirements might seem excessive in view of contemporary sup-
plied-air respirator performance and performance standards, it must be kept

in mind that the underground coal mining environment is not typical of the
every day industrial environment. As previously stated, coal miners are

known to be excessively hard working individuals. Their work is not self-
paced, but is rather paced by the mining machinery cycle. The desire to produce
as much coal per shift, as possible, frequently necessitates periods of hard
work and, in many cases, this is performed in very cramped quarters. A more
detailed statement of how these figures were produced is presented in Appen-
dix III.
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While the above fiow rate requirements refic.* a worst case requirement,
that is, a big man working very hard, it should be kept in mind that the design
goal is essentially to provide the sare air flow as one would achieve if he
were not wearing a respirator. Continaous air flow rates, greatly exceeding the
demand, in our opinion, are uncomfortable causing such subjective discomforts as
eyelash flutter (in the case of full-face masks) and drying of the skin, lips,
and nasal passages. Since experimental results indicating subjective ac-
ceptance of various flow rates within the face mask are not available, it is
sufficient to state the requirement that a discomfort will not be caused from
the air flow rate within the respiratory facepiece.

AIR QUALITY

The temperature of the air delivered to the wearer is required to be
within 59F of the ambient air temperature. No additional odors may be ad-
ded to the breathing air, Air delivered to the breathing zone should be
free of water droplets. However, it is not a requirement that the brcathing
air be delivered at very low humidities. Rather, it is more comfortable to
breathe air having some moisture content. While exact data arc not avail-
able on this subject, a relative humidity on the order of 75% appears to
be reasonable.

Of particular importance in design of a machine-mounted respirator
system is that the air delivered to the user be free from carbon monoxide,
ozone, and oil vapors which may be produced by the motors powering the heavy
equipment. This requirement may necessitate the capability of providing
ducting to the system inlet so that the actual air inlet port can be posi-
tioned at a more desirable location than the location selected for system
installation. Contemporary standards regarding acceptable concentrations in
industrial work places should be consulted for determining whether or not
air quality is within satisfactory limits.

The concentration of carbon dioxide inhaled is only slightly dependent
upon inlet placement, but is strongly dependent upon the effective respira-
tory dead space within the facepiece and respirator system. While acceptable
maximum carbon dioxide concentration is sometimes set at 1%, or 1-1/2% it is
our opinion that for truly stress-free conditions over a long term for hard-
working persons, some of whom have reduced ventilatory function, the inspired
carbon dioxide concentration must be as close to zero as possible, but in no
case greater than 0.5%.

BREATHING RESISTANCE

The use of any respiratory protective device results in subjective un-
pleasantness which can not be reduced. The addition of breathing resistance,
pressure differentials at any time, and excessive air flow rates within the
confines of the facepiece add to the problem. Since the goal of this project
is to provide a particularly comfortable unit, very careful attention must be
given to these potential problems. The design goal is, of course, to achieve
similarity with the "no-mask" condition., Since this condition can not be
attained, the basic question becomes "What is a reasonable range of departure
from the ideal™?
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In determining these parameters the questions of environment and work
levels are very important. For example, a breathing resistance that is com-
fortable during sedentary conditions may not be tolerable at high work rates.
While some literature has been cited in preparing this section, many of the
statements made, herein, reflect opinions held by the authors, based on their
experience in the field.

Inhalation Resistance

The human respiratory system is a quite sensitive pressure sensing ap-
paratus. Bennett (1962) reports that all of his sedentary subjects could
detect the presence of inhalation resistance at 0.023 cm H,0/L/min,
or less. By comparison, a common inhalation resistance for military respira-
tors (eg. M-17) is 0.09 cm H,0/L/min. It is important to note that the great-
est importance of breathing Tesistance has to do with comfort. Physiological
results, limited exercise capabilities, or reduced cardiac output are not
likely to be encountered with any but very high breathing resistances. Then,
based on achievement of comfortable breathing, it is reasonable to require
that the wearer not be required to exert more than approximately 2 cm H,0
inhalation for a peak flow rate of 3 SCFM (85 L/min) which corresponds to
peak flows associated with "normal' minute volumes.

Exhalation Resistance

A rule of thumb, sometimes adopted,is that to achieve maximum subjective
acceptance, exhalation resistance should be on the order of one-half the in-
halation resistance. While little is known about subjective acceptance of
exhalation resistance, human sensitivity is probably more acute to exhala-
tion resistance than to inhalation resistance. Therefore, a tentative require-
ment of exhalation pressures of less than 1-% cm H20 at 85 L/min is stated..

Pressure Transients

With demand regulators one is ordinarily concerned with an opening or
""cracking' pressure differential, as well as the pressure differential occurring
during higher flow rates. This cracking pressure should not exceed 5 mm H,0.
On the other uand, demand regulators often ''overshoot" once triggered, result-
ing in sudden bursts of positive pressure within the respirator. These are
equally objectionable and it is, therefore, required that no mask positive pres-
sures be caused by regulator overshoot.

The tendency of exhalation valve discs to adhere to the valve seat, thus
creating a popping sound with each exhalation, has often been cited as an un-
desirable characteristic. This popping is subjectively annoying and can be
demonstrated as a pressure spike preceding valve outflow during the exhala-
tion cycle. Exhalation valve flutter is equally annoying (whether it is
audible or not). This is especially true during speech and at low flow
rates where the subjective aspects of breathing encumbrances are sometimes
more apparent.

Detection of pressure oscillations by respirator wearers is apparently

quite acute. In one limited study (Allen, 1965), it was found that the most
sensitive subject could perceive oscillations within a mask as low as +
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0.05 cm H,0 at about 30 cps. The mean for ten subjects was approximately

+ 0.15 cazﬂ 0. Instabilities, producing oscillations of this magnitude,
‘could resul% from action of the exhalation valve, compressor, regulator,
control valves, or be induced within hoses. Care must be exercised to pre-

vent or to suffle such oscillations.
FACEPIECE COMFCRT

While no precise design requirement can be indicated regarding face-
piece comfort, the overall performance objectives are clear. The face-
piece in its entirety, must be designed for continuous wear throughout a
typical coal miner's shift. Since travel time to the working face is
usually quite time consuming, the actual working shift, excluding breaks,
is about six hours. The facepiece and its suspension must be compatible,
in terms of comfort, with the underground environment. This necessitates
careful comsideration of the effect of coal dust, moisture, and perhaps
other contaminants, previously indicated, upon such factors as the facial
sealing surface. To a large extent, it may be stated that facepiece comfort
is improved by having a broad sealing area distribute the forces, and a
light-weight mask to reduce the forces. Based upon subjective analysis of
contemporary half-face facepieces it became clear that the most sensitive
area in mask design is the area around the bridge of the nose. Therefore this
area must be stressed im evaluating candidate masks.

INDIVIDUAL TASK CCMPATIBILITY

Perhaps one of the most important classes of requirements has to do with
the capability of the supplied-air respirator to blend in with the tasks
performed by the various equipment operators in underground coal mines. In
view of the workirg environment and the desire to achieve high productivity
on the part of individual miners, this class of requirements is easily the
most difficult to achieve. While the previously listed performance require-
ments tend to stand alone, the performance requirements having to do with
task compatibility, equipment compatibility, and anthropometric requirements
must be considered in an integral fashion.

Machine Operations

As discussed below, the machine operations are ordinarily conducted
from either the semi-recusbent position or a kneeling posture. The machine
controls are, typically, levers arranged in a row and exhibiting little, if any,
thought to the human factors of displays and controls. Operator manual re-
quirements are to reach the correct lever and operate it. In many cases,
such as with the continuous miner or a roof bolter, operations of the wrong
lever can result in a catastrophe. This is primarily due to the close proxi-
mity of other persomnel supporting the machine operation. For instance.
swinging the cutting boeom of the continuous miner in a lateral fashion,
rather than straight ahead, at an inappropriate time could cause the cutting
boom to strike a miner who might be setting timbers nearby.

Simce miners ordinarily wear work gloves which reduce tactile sensation,
location of the proper control is frequently based on visual observation.
Careful visual observation of a particular objective of the machine operation
is of primarv importance. Visual capabili.ies in the underground environment
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are severely limited by the nature of the environment, the tasks and the
machines involved. During most machine operations the atmosphere is clouded
with dust. The machines are fairly large and tend to obstruct vision toward
the objective. With most operations the visual tasks involve rapid alternate
observati.ons of the objective, and the controls. This fact, in conjunc-

tion with the arrangement of the controls, indicates that iapid Totational
head movements are frequently required.

In summary, essentially three respirator design requirements evolve from
these considerations.

1. Tke respirator system must not interfere with rapid hand and arm
movement forward of the body and across the chest.

2. The respirator must not impede operator vision. Since many opera-
tors must maintain the semi-recumbent position, obstruction of
vision in a downward direction is especially objectionable,

3. Because of the rapid rotational head movements, it is essential
tbat the mask suspension on the face be particularly compatible
with rapid rotational head movement,

Dismounted Tasks

As mentioned previously the spirit of cooperation and goal orientation
of underground coal mining crews results, to a great extent, in a situation
where machine operators frequently dismount and perform some auxiliary task.
Examples of these tasks include the following:

Setting timbers.
Cleaning the floor with a shovel.
Moving a heavy electric or hydraulic cable

Inspection of the machine or some aspect of the environment,

Maintenance of the machine, such as greasing or bit replacement.
Assistance with another primary task, such as shot firing.

The requirement that the respirator be worn during these diswounted tasks
is somewhat uncertain. While, from a purely physiological viewpoint, respira-
tory protection might be important during these periods, visual perception of
the dust hazards during periods when machines are not operating is usually low.
Therefore, it is unlikely that the individual miner will feel compelled to em-
ploy respiratory protection during these periods. Thus, the major requirement
resulting is that the supplied-air respirator be simple to don and doff. Alter~
nately, it may be configured in a fashion where the respirator may remain
donned but, otherwise, does not impede egress from the machine for the perfor-

mance of auxiliary tasks.

A primary impact of the dismounted tasks upon respirator performance
requirements concerns air flow rate requirements. While the matter is dis-
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cussed more explicitly in Appendix III, it is during these times that the
highest energy expenditure rates are incurred and consequently the minute
volumes demanded upon return to the machine reflect the work just completed.

Because of the high noise levels associated with machine operations, miners
have developed a rudimentary form of communication using their cap lamps. How-
ever the team work involved in underground coal mining requires a considerable
amount of verbal, face-to-face communication. Furthermore, it is sometimes
necessary for miners to shout warnings or instructions over some distances.

It is frequently necessary for a mining machine operator and the supervisor
to discuss alternative actions in some detail. For these reasons it is a re-
quirement that the supplied-air respirator system not impede hearing or ver-
bal communication. While it is possible to doff a face mask in order to
speak, the frequent requirement for verbal communication and thus for donning
andbdoffing, renders this a less than desirable solution to the communication
problem.

INDIVIDUAL EQUIFMENT COMPATIBILITY

The rigors of the underground environment make it necessary for miners
to carry on their person a considerable amount of special equipment. In order
to be acceptable to underground miners the supplied-air respirator system must
be compatible with this equipment and not add significantly to an already
heavy burden. A description of the basic items of personal gear follows.

1. Protective helmet or cap. Miners typically wear one of the stand-
ard industrial '"hard hats', The hard hat is worn all day on a con-
tinuous basis and is fitted with accessories suitable for mounting
the miner's cap lamp.

2. Cap lamp. The cap lamp system consists of a small lamp mounted on
the forward part of the helmet, an electrical cable running over the
top of the helmet, and a battery mounted on a waist belt. The elec-
trical cable, which is typically 0.35 inch diameter, is secured at the
back of the helmet by a small clip, then runs over the shoulder to-
ward the front, then rearward under the arm down to the belt where
it attaches to the cap iamp battery. The cap lamp battery, weigh-
ing several pounds, is attached to the miners belt either on the
side or further rearward, depending on the miner's job. The lamp is
turned on at the beginning of the day and ordinarily not turned
off until the miner's work is done at the end of the day.

3. Self Rescue Unit. In all mines, the self rescue unit, weighing
several pounds, and mounted on the miners belt, must be carried at all
times. It is used only in emergencies when the ambient air is unfit
to breathe. It is ordinarily mounted on the side opposite the cap
lamp battery.

4. Some miners, particularly supervisors, wear, suspended on the belt,
a flame-proof lamp whose purpose is to detect the presence of meth-
ane in the atmosphere. Again, depending on the manufacturer, it
weighs several pounds.
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5. Gloves. Almost all miners wear heavy duty work gloves continuously.

6. Clothing. Typical underground clothing consists of either coveralls
or heavy duty work clothes, Usually several layers of clothing are
worn and, in colder mines, a coat is worn, as well. Ten to fourteen-
inch high rubber boots complete the ensemble.

The above list contains the items normally found during routine mining
operations, Figure 3-5 shows a miner fully equipped, ready for work. Of
course, the full gambit of industrial protection or environmental protection
devices is sometimes seen. This includes such things as welder’s visors, eye
shields and goggles, ear protectors, radios, winter liners for the helmet, etc.
However, most of these are of less concern because they are used infrequently.

Of special consideration in the design of a supplied-air respirator is
compatibility with the helmet and cap lamp. It is, of course, required that the
respirator suspension be compatible with the helmet suspension and that the
two can be worn together comfortably for six to eight hours. Furthermore, it
is required that donning and doffing of the respirator facepiece may be con-
ducted without removal of the helmet, Helmet removal in an underground mine
is not a simple operation. Since the helmet is attached to an electrical cord
it is difficult to find a reasonably clean and dry place to lay the helmet
down. Thus, one is required to hold the helmet in one hand while donning or
doffing the respirator.

It should be pointed out that the only place to put things, aside from
where they are worn, is on the floor or on the surfaces of a machine, both
of which are covered with coal and rock dust and in many cases water., Further-
more, in low coal seams where a miner is required to crawl on all fours, his
gloves become quite wet and dirty. Consequently, anything ke touches becomes
covered with some combination of oil, water and particulate matter. For this
reason, it is required that donning and doffing of the respirator system not
involve contact with the sealing surfaces of the facepiece.

ANTHROPOMETRIC REQUIREMENTS

Anthropometric requirements are of two varieties. The first has to do
with miner work space or the physical dimensions of machines and the under-
ground mining environment. The second has to do with facial anthropometry
and the design of the respirator facepiece,

Miner Work Space

As shown in figures 3-2, 3-3 and 3-6, mining machine operator work-
space arrangements exhibit the bare minimum in creature comforts and concern
for human factors. On some machines, there is a seat for the miner upon which
he reclines to operate the controls. In another type, there is no seat pro-
vided and the operator merely stands or more likely, kneels next to the ma-
chine. In many cases, particularly shuttle cars, in order to see the work being
performed the miner must lean toward the outside of the vehicle at a consider-
able angle. Operators of machines which provide seats are precluded from wear-
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Figure 3-5.

Typical Protective Equipment
Worn By an Underground Coal Miner.

Figure 3

Typical Mining Machine Operator's Station.



ing any personal devices mounted on the back since they must assume the semi-
recumbent position. At the same time, any but the most minimal protrusions
from the chest would interfere with arm movement. Since these individua®;
usually wear the cap lamp battery on one hip and the self-rescuer on the other
hip, these areas are precluded from consideration as likely sites for mounting
respirator components. The operator kneeling at his work station could, on
the other hand, utilize back-mounted respirator system components.

When dismounted from the machine, individuals are precluded from wearing
back-mounted equipment to an extent based upon seam height in that particular
mine. Mine roofs are often cluttered with electrical cables causing severe
entanglement problems with back-mounted respirator components.

Another matter of anthropometric concern is the utilization of the cap
lamp. Because miners utilize the cap lamp to observe the work in progress,
they sometimes tilt the entire helmet forward or rearward on the head so as to
get a better view from reclining, or crawling postures. This activity must be
considered in the design of the respirator faceniece and suspension harness.

Facial Anthropometry

The facepiece of supplied-air respirator systems is to be designed to
accommodate the entire underground mining population. More than one size
may be produced,if required. A more detailed treatment of facial anthrcpom-
etric requirements is provided in the section on facepiece conceptual design.
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Section IV
CONCEPT SYNTHESIS

Supplied~air respirator systems of several configuratiors csn be con-
ceptualized which would meet the requirements set forth in the previous sec-
tion, In fact, there are several supplied-air respirators currently on the
market which in some degree meet these requirements. In the concept synthesis
phase of the program existing supplied-air respirator systems were evaluated,
several new concepts were synthesized, and all were analyzed in regard to their
feasibility of meeting the requirements.

Analysis of currently available supplied-air respirators revealed that
none were available which met the specific requirements of this program. The
requirement that the system be compatible with existing protective helmets
precluded consideration of the Whitecap HYD system, and the requirement to
use available machine power precluded consideration of the cryogenic respirator
developed by Essex Cryogenics for underground use., Evaluation of these units
and other battery-powered, portable, supplied-air respirators did, however, pro-
vide considerable insight and influenced the development of the design con~
cepts and performance requirements.

The basic process in this phase of the program is to synthesize several
alternate concepts, each of which is potentially able to meet the require-
ments set forth in the previous section. These concepts are carried through
a rudimentary design process to the point of specifying size, weight, cost,
and their potential to meet the performance and compatibility requirements.
In performing this activity, it is necessary to assess the state of the art,
or potential advances in it, for the various component technologies involved
such as air cleaming, power sources, and facepiece design.

PRELIMINARY CONCEPT FORMULATION

At the outset, self-contained air supply systems, in which air or oxygen
is stored in liquid, compressed gas or chemical form were excluded from fur-
ther consideration after a brief analysis. Their inherent size, weight, and
and logistical attributes preclude them from suitable use on a continuous
basis., Furthermore, since the thrust of the program is to utilize power avail-
able from mining machines to reduce the respiratory burden, man-portable
systems, in which battery power for continuous flow systems is carried on the
body, were, as well, precluded from further analysis. This is, in part, justified
by the fact that several such systems are currently available on the market.

While it is never entirely possible to separate the primary functions
to be performed by the supplied-air respirator system, it is helpful in the
conceptual phase and in the analysis of conceptual components to consider
the systems as composed of four major functional elements as follows:

Air moving

Dust removal

Clean air distribution
Facepiece

The air mover functional element includes an air compressor (fams, blow-
ers, reciprocating compressors, or other varieties of air compressors} and

Preceding page blank
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associated devices to power them and regulate their operation. The dust re-
moval functional element includes whatever means might be necessary to meet
the air delivery and air quality requirements. These might be filters, electro-
static precipitators, cyclone separators,or any combination of these. The
distribution functional element might be thought of as the auxiliary equip-
ment. These include the umbilical hose, quick-disconnect, pressure regulat-
ing devices, silencing equipment and demand regulators, if they are used. The
facepiece element essentially involves a haif or full-face mask and its
associated suspension system. Integration of helmet and facepiece is esential-
ly precluded from consideration by the contract.

THREE FUNDAMENTAL CONCEPTS

In conceptual terms, three basically different possibilities for provid-
ing breathing air to a miner exist:

Type 1 - Constant flow systems in which the air supply unit provides a
constant flow of clean air to a facepiece (figure 4-1).

POWER
SUPPLY
———  BLOWER — AIR o FACEPIECE
CLEANER

Figure 4-1. Type I System -- Continuous Flow, With Mask.

Type II - Demand flow systems in which air is supplied during inhalation
only, upon demand by the user (figure 4-2).

POWER FACEPIECE
AIR
AIR DEMAND
| SRR
—™] COMPRESSOR CLEANER REGULATOR

Figure 4-2. Type Il System -- High Pressure Demand Flow.
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Type II1 - Demand with ventilation flow, in which air is supplied as need-
ed during inhezlation and a smaller flow rate is provided during exhala-
tion and quiescent periods, in order to maintain a slight positive pres-
sure in the mask during approximately one half of the respiratory cycle
(figure 4-3).

POWER DEMAND _
SUPPLY REGULATOR »  FACEPIECE
]
AIR o AR . VEN';‘{&:TION
—=*1 comp EANER
RESSOR ORIFICE

Figure 4-3. Type III System -- Demand Plus Ventilation Flow.

Within the Type III system, it should be recognized that the commonly seen
"positive pressure” type of demand system may be conceptualized. Most dust
respirators in current use, as well as underwater (SCUBA} regulators, are
Type I1I demand systems in that both require the user to generate a negative
pressure diferential, within the mask or mouth piece, with respect to ambient
pressure in order to "demand" air flow. Under ordinary circumstances this type
of supplied-air respirator would regquire the least amount of air to be fil-
tered, but would be disadvantageous in that continmally producing demand
pressures, to any extent, is subjectively uncomfortable to the user. Thus, the
subjective acceptance of this type is particularly dependent upon the quality
of the demand regulator involved,

The Type I continuous flow systems are attractive in that they are ex~
tremely simple to fabricate and maintain. They require the smallest number
of elements. However, they have a basic drawback in that subjective accep-
tance is reduced by the unpleasantness associated with continuous flow rates,
Furthermore, continuous flow systems require filtration of a larger volume of
air than a demand system would. The Type III systems lie somewhere between
these two extremes. ’

As a rudimentary begining, very simple working models of each of the
three basic types of supplied-air respirators were constructed and evaluated
in terms of subjective acceptance only. Our reasoning, at this point, was that
subjective acceptance of the method of air delivery is far and away the most
important requirement to be met.

The Type I system utilized a very powerful centrifugal blower with a
speed regulator so that any desired flow rate could be delivered. Air was
delivered through 20 feet of 3/4-inch inside diameter corrugated tubing to
a Scott-Acme half-face type mask. The Types II and III systems utilized
a Rego, Teflon ring piston compressor, delivering air to a US Divers half-face
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mask with demand regulator for the Type II system, and to a Robertshaw Model
226 Aviators Oxygen Demand Regulator for the Type III system. For the Type
IIT system,a throttle valve was installed with a small air hose permitting
adjustment of the ''ventilation" flow rate. Additionally, the U.S. Divers regu-
lator was operated in the pressure-demand mode, which is an option offered by
the manufacturer. Informal evaluation by our staff members and the NIOSH
project officer produced the following conclusions:

1) The Type IIl system was clearly superior to the Type II system
and, since the components are quite similiar, future analysis
should neglect the Type 1I system. The difference in subjective
acceptance was due to the '"fresh air'" feeling produced by the
ventilation flow of the Type III system.

2) Both of the demand regulators provided flow at low inhalation pres-
sures and were marginally adequate for extended duration wear.
While the Robertshaw regulator provided "easier breathing" it was
noticeably flow limited with heavy demands. It was concluded that
slight improvements in inhalation effort and flow rate would result
in subjective acceptance of demand regulators.

3) In light of the time of wear requirement, the Type I continuous flow
system presented a paradox. When the flow rate was set at 7 or 8
SCFM to provide for higher energy expenditure flow rates, the flow
rate on the face was subjectively uncomfortable to sedentary sub-
jects. While lower flow rates were comfortable, they would not
supply sufficient air flow for exercising subjects. Therefore, it
was concluded that concepts for continuous flow systems must in-
clude a solution to this dilemma.

The continuous flow system was subsequently evaluated with a full-face mask
which tended to make the problem worse due to drying of the eyes and eye-

lash flutter, on some subjects. Experiments with baffling the flow, includ-
ing an oral-nasal mask in the full-face mask, reduced the problem but certain-
ly did not eliminate it.

PERMUTATIONS OF THE FUNDAMENTAL CONCEPTS

Of course, each of the three basic types of concepts can be conceptuali-
zed in a number of variations, each emphasizing some particularly attrac-
tive feature. Some which come to mind easily are depicted in figures 4-4
through 4-7. Type I,Model B (figure 4-4), for example would solve the basic
problem of flow rate regulation by using some device to sense the average
positive pressure in the mask and regulate the motor-blower speed control.
In another Type I concept, Model C, shown in figure 4-5, the face mask would
be replaced with nozzles providing an envelope of clean air in the breathing
zone. This is indeed an attractive concept but it was excluded from con-
sideration due to the fact that an underground miner's respirator of this
general type is being developed elsewhere. Furthermore, this concept has
a requirement for filtering a much larger quantity of air.

A promising Type III system, shown in figure 4-6, employs a low pressure

demand regulator. This system would make use of the low energy requirements
of conventional centrifugal blowers with the subjective acceptance and fil-
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Figure 4-4. Type I, Model B System -- Continuous, Variable Flow.
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Figure 4-5. Type I, Model C System -- Continuous Flow, Face Impingement.
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Figure 4-6. Type I1I, Model B -- Low Pressure Demand Plus Ventilation Flow.
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ter loading advantages of providing only the air demanded by the user. A

low pressure demand regulator has been developed to the working prototype
stage by Synsis under another contract, but further development of the device
was beyond the scope of this program.

. One potential concept for a Type III system is shown in figure 4-7. In
this concept a low pressure blower provides the continuous ventilation flow

) AIR

POWER J———

SUPPLY CLE?ﬁER

AIR
CHECK
i BLOWER — CLEANER ot yALVE |  FACEPIECE
I
Figure 4-7. Type 1II, Model C -~ "Lung Powered" Demand Plus Ventilation Flow.

while the additional flow demanded is drawn through a separate filter by
"lung power. This has the advantage of reducing overall size of the filter-
ing system since a high pressure drop-small size device such as a cyclone
separator could be used for the primary air cleaner. The secondary air
cleaner, while necessarily a low pressure drop device, could also be small in
size since it processes a relatively small amount of air.

BASEPOINT SYSTEM APPROACH

Needless to say the exercise of drawing conceptual design schematics
could be conducted at great length - with no way of determining which con-
cepts should be developed further. One solution to this is to establish
a measurement system for determining how well a system performs. To a large
extent this activity resolves into determining what is the simplest or least
expensive system that will meet the requirements. A process which has been
found to be useful for this purpose is the establishment of the "basepoint
design'.

PURPOSE

The basepoint design is a schematic diagram delineating all of the
functional components required to fulfill the requirements established. Its
purpose is somewhat like a bookkeeping function. In proposing a concept
for evaluation,one first ascertains that all the functions ascribed to each
major functional breakdown in the basepoint design are achievable in the pro-
posed concept. Comparison of one candidate concept's capability to perform
each of the stipulated functions with anotherb permits a more orderly evalua-
tion of the various possible system cornceptual configurations. Perhaps, the
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most pronounced benefit in proceeding in this fashion is that 21l of the
"accessories' necessary in integrating major components are brought to light.
Sometimes the accessories represent major decision points in selection of the
conceptual design.

THE BASEPOINT SYSTEM

Several methods are available for describing the basepoint system. One
is to draw an overall functional flow diagram; another is to list the func~-
tions to be performed in a tabular form. Both of the above methods were em-
ployed in the concept synthesis phase of the program. The tabular list of
functions is, perhaps, the most easily interpreted within the context of this
report and this chart is, therefore presented in figure 4-8. While it is neces-
sary that each of the functions listed be accounted for by each candidate sys-
tem, it is not necessary that a specific component be allocated to the perfor-
mance of each function. On the contrary, with some concepts, some of the func-
tions are not necessary and with other concepts a number of functions may be
accomplished with a single component.

CANDIDATE COMPONENT STUDIES

Further supplied-air respirator systems are dependent upon the avail-
ability of basic engineering data describing the performance and the attri-
butes of the elements from which such systems are constructed. At this
level, it is sufficient to provide such datz in a general way, neglecting
rigorous design details and emphasizing the facts necessary to determine
the suitability of a concept to perform the desired function.

DUST REMOVAL ELEMENTS

The dust removal elements analyzed are limited to those which are po-
tentially reasonable for use in underground coal mines. Small size, relatively
low volumetric flow rates and potential underground safety are primary require-
ments. The types of dust removal elements analyzed include electrostatic pre-
cipitators, cyclone separators and various filtration media.

Electrostatic Precipitator

An electrostatic precipitator has many desirable characteristics includ-
ing: very low air flow resistance, high particulate removal efficiencies, low
power consumption, and simple maintenance requirements. The low air flow re-
sistance, estimated to be less than 3 cm H,0 at tlows up to 280 L/min for an
appropriate precipitator, would allow the Use of a very small b}ower or fag
for the air supply system. Also, since there are no parts within a precipita-
tor which must be replaced on a regular basis, daily maintenance can be extrem-
ely simple.

In an electrostatic precipitator, the forces on a charged particle in an
electric field are used to separate solid or liquid aerosols from a gas stream.
In this process, the suspended aerosol is electrically charged theq passed
through an electric field where the electric forces cause the particles to
move toward the collector surfaces. The particles are retained on the col-
lector electrodes and subsequently removed from the precipitator. The two

Preceding page blank
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types of precipitators currently used in industrial applications are the tubu-
lar and plate type (figure 4-9). The tubular precipitator consists of a
cylindrical collector electrode with discharge electrodes located on the cy-
linder's axis. Gas passes through the tube and particles are collected on the
inside surface of the cylinder. The plate-type precipitator consists of paral-
lel collection plates with discharge electrodes located between the plates. In

order to minimize ozone generation, two-stage designs are often employed,
as shown in figure 4-10.

A~ COLLECTOR ELECTRODES — =

DISCHARGE ELECTATDES -7

o T UBUL AR PARALL EY,
JUBULAR
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vﬁq' \jfﬂ
<€
v.
Figure 4-9. Construction of Tubular and Plate Type Electrostatic Precipitators.
AIR FLOW
olojolololglo|o
DISCHARGE
GROUND
COLLECTOR\
Figure 4-10.

Configuration of a Two Stage Electrostatic Precipitator.

Regardless of the precipitator's physical configuration, two basic func-
tions must be performed. The first, particle charging, takes place due to
the corona created by the application of high voltage to the discharge elec-
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trodes. Particle collection, the second basic function, occurs due to the
collector electrode's electric field acting on the previously charged particle,
Cleaning collected particulate from the device may be as simple as reversing
the polarities on the electrodes and back-flushing the precipitator with a
blast of air, though numerous other methods may be employed.

The tendency for sparking to occur between the high potential electrodes
and an electrical ground within a precipitator is a potential hazard within
the mine environment. However, through the use of relatively low electrical
potentials and explosion-proof enclosures, it may be possible to eliminate
this hazard.

Since there are no commercially available electrostatic precipitators
suitable for use with a supplied-air respirator system, a preliminary design
was effected in order to provide fundameital data for subsequent trade-off
studies. This Jesign is based on a tubular, single-stage, negative-corona
configuration. Even though a two-stage, positive corona design would be more
desirable from the standpoint of ozone generation, the purposes of this il-
lustrative design are served if the former configuration is employed. In
order to take advantage of high collection efficiences and small size, this
design was based on laminar flow within the precipitator. This precipitator
consists of 17 sections, each section having a diameter of one inch, as shown

Collector . Discharge
Electrodes

3?!

- 6-3/8"

Figure 4-11. Design for a Small Size Electrostatic Precipitator Which,
Potentially, Could Provide All of the Air Cleaning Capability
Required for a supplied-Air Respirator.

in figure 4-11. Hexagonal, rather than circular sections, are us?d to achieve
better packing density. The resulting design produces the following:
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Size: 6-3/8 X 3 X 8 inches

Efficiency: 99% or better for respirable coal dust

Electrode applied voltage: 4 KV

Power consumption: 0.05 watt, (excluding control and
power supply circuitry and assuming

no losses)

Airflow resistance: less than 1.2 in HZO @ 9 SCFM

It should be kept in mind that the above values are an estimate made from a
rather simplistic treatment of a complex design problem.

Cyclone Separator

Only a limited number of cyclone separators of appropriate performance
are available on the market. Since design and performance data for these
are not readily available, an analysis was conducted to determine the character-
istics and design feasibility of cyclone separators suitable for use with
either high-pressure or low-pressure supplied-air respirator systems.

Cyclone separation depends upon the application of large centrifugal
forces to remove particulates from an air stream and is used extensively
in large-scale commereial gas cleaning equipment. In its simplest form, a
centrifugal collector consists of a dylindrical casing with a tangential

¢ AIR 0OLT

AR IN -

Figure 4-12. Operation of a Centrifugal Separator

inlet, a separating chamber, and central outlet pipe, as shown in figure 4-12.
Inside the separation chamber, the gas flows in spiral patbs (vortex flow)

with increasing velocity from outside to center. The centrifugal acceleration
can range from several hundred to several thousand 'g's. Thus, even exceeding-
ly small particles are unable to follow the gas flowlines and are, thus, forced
out of the curved paths and against the separator wall., Once the particles

are against the wall, they migrate down to a collection chamber at the bottom
of the device.

An analysis was performed for a cyclone which would operate in both a
high-pressure system (100 psig) and in a system at near ambient pressure. This
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analysis is p:-resented in Appendix IV and produced the following generalized
resn-xlts. A.h1gh—pressure cyclone separator of the reverse-flow type can be
designed |:vh1cl_1 will remove 50% of all particles greater than 0.73 um mean
aerodynamic diameter and 95% of all particles greater than 1.25 um. Predicted
pressure drop and collection efficiency curves are shown in figure 4-13.
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Figure 4-13. Collection Efficiency (ds ) and Pressure Drop vs. Flow
Characteristics for a Higg Efficiency Cyclone, at Two
System Pressures.

The size envelope of the cyclone would be approximately 3 inches in diameter
by S ipches long. Solution of the eguations for the low-pressure case indi-
cated that nearly egual collecticn efficiencies could be achieved with a
cyclone about twice as large. Pressure drop and collection efficiency for
this cyclone are shown in figure 4-14.

A centrifugal separator is almost ideal from the standpoint of routine

maintenance. Collected dust can either be stored in a hopper and periodi-
cally dumped or simply expelled into the mine through an ocutlet port.
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Figure 4-14. Collection Efficiency (d5 ) and Pressure Drop vs. Flow
Characteristics for a Higg Efficiency Cyclone, with
Atmospheric Inlet Conditions.

Fibrous Filters

A large number of fibrous-type filter units and filter materials are
available commercially. Filter-cartridges can be obtained in a wide variety
of sizes and capacities. Generally, in the selection of a filter unit or the
use of filter materials in fabricating new units, the primary considerations
involve collection efficiency and pressure drop across the filter. The selec-
tion or design of an appropriate fibrous filter depend upon practical face
velocity limits and will, in turn, determine the size of the filter and the
output level required for the air mover.

The efficiency of a fibrous filter is strongly dependent upon the

particular contaminant to be collected and upon the medium in which it is
suspended. Surprisingly little data are available concerning the change in
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pressure drop (AP) versus particle loading (amount of dust collected). This
is in part due to the aforementioned dependence on contaminant and medium.
Unfortunately, this is precisely the data needed for analyzing the size and
maintainability considerations which are quite important in the underground
coal mining application.

Data describing some representative fibrous filter cartridges are pre-
sented in table 4-1. From this data it is clear that one can achieve very

Table 4-1. COMMERCIAL FIBROUS AIR FILTER CARTRIDGES.

TYPE NOMINAL FLOW VS AP | EFFICIENCY SIZE WEIGHT
(% for 0.3um) (INCHES) (POUNDS)
AIR-MAZE FILTERS 4 in H,0 @ 90 CFM 5-1/2 D x
MODEL CD0511500 11-1/2
AIR-MAZE FILTERS 5 psi @ 12 CFM 99.96 3-5/16 D x 3-3/4
MODEL H12-FB 8-1/2
AIR-MAZE FILTERS 5 in H,0 @ 20 CFM 98 6-1/2D x 7-5/8| 3
MODELS DAU § DNU
DELTECH ENGR. 2-3 psi @ 12 CFM 59 2-1/2 D x 3
15-3/4
MSA 41 psi @ 25 CFM 99 6D x 7-1/2 3
AIR-LINE FILTER
FLANDER'S FILTERS, {1 in H,0 @ 30 CFM 99,97 8 x 8 x N/A '
MODEL F600-700 3-1/16 i
FLANDER'S FILTERS 0.4 H,0 @ 25 CFM 95 8 x 8x N/A
MODEL J 3-1/16 !
MICROPOROUS FILTER |30 psi @ 10 CFM (10um nominal, ] 1 D x 1-1/2 N/A
MODEL 4200 " 25um absolute

low pressure drop accross a filter cartridge, if the size of the cartridge is
made large enough. However, the particle loading versus pressure drop infor-
mation represents a potential problem area. If one assumes a worst case con-
dition of continuous flow for the entire shift, the conditions might be:

Air Flow Rate: 10 SCFM or 0.283 m>/min

Dust Concentration (total): 100 mg/m3

Time for One Shift: 8 hours
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Then, in one shift the filter would retain approximately 13.6 grams of dust,
Data from Revoir and Yurgilas (1968), when summarized, indicates that a dust
loading of under 200 mg resulted in doubling the flow resistance of several
simple dust respirators of the type aprroved under Bureau of Mines Schedules
21, 21A, or 21B. Therefore, to meet the worst case requirement described
above, using the criteria that filter resistance may double during the shift,
a filter having an area on the order of 2 ft?would be required. A filter
having this area would have to be changed daily.

Membrane Filters

This concept functions through the control of flow area; thus limiting
the penetration of particles by a "seiving" action. This results in a great-
er restriction of airflow than do fibrous filters which remove particulates,
primarily, as a consequence of inertial losses.

Membrane filters are selected on the basis of pore size; it is, thus, the~
oretically possible to achieve 100% efficiency in removing particles larger
than the pore size. The most important advantage is that it is possible to
almost completely clean a membrane filter of accumulated particulate matter
by reversing the flow of gas for some period of time. Obviously, this character-
istic can be very important in reducing cost and time requirements for main-
tenance.

Or the negative side, membrane filters exhibit a fairly high pressure
drop. Though the amount of pressure drop depends on pore size, flow rate,
and filter area, it is still apparent that membrane filters are not suit-
able for low-pressure systems. For example, figure 4.15 shows the pressure
flow relationship for various types of General Electric Company's Nuclepore
membrane filter. Using thesedata in a hypothetical design for a low-pressure
blower type system we might postulate system characteristics as:

Blower Output: 7.1 SCFM (200 L/Min)
Pressure Drop Available: 8 in Hy0

In this case, one would need a membrane filter of more than 3.5 ft2 surface
area to pass the required flow.

A search to find a filter cartridge which employs a membrane filter
was more difficult than might be expected. This stems from the fact that the
primary use of membrane filters is based upon sampling of atmospheves and pro-
duction of ultra-clean laboratory atmospheres. One particular unit, however,
Gelman Instrument Company, Ann Arbor, Michigan, Model No. 12106, appeared to be
suitable and was purchased for evaluation. This unit, it turned out, is pri-
marily used in milk pasteurization. A pressure versus flow rate curve for
this unit is shown in figure 4-16. The cartridge proved to have less resis-
tance than would be anticipated from the curves shown in figure 4-15.

Membrane filter systems can be used in two places on a supplied-air res-
pirator. One is as an inlet filter and the second is at some location in the
high-pressure side of a fairly high-pressure system. When used in the high-
pressure side one can best take advantages of the membrane filter's character-
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Filter Capsule, Gelman ‘Acroflow'! Pleated Membrane
Filter Capsule (No. 12104) with 3/8 Inch I1.D.
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istics by using some sort of automatic back-flushing system. One concept for
doing this is illustrated schematically in figure 4-18. A dump valve upstreanm
of the filter element is activated either periodically by a timer, or perhaps
more simply, each time the system is turned off. In this concept, enough air
must be stored in a plenum chamber at high pressure downstream of the filter
element so that when the dump valve is opened a sufficient quantity of air
flows through the membrane filter in a backward direction to purge it. Us-
ing the Geiman filter, such a system was rigged-up in our laboratory using
manual operation of the appropriate valves. Tests using three to five-micro-
m-*er silica dioxide powder (Micro Abbrasive Systems, Westfield, Mass.) were
irconclusive as to the effectiveness of back-flushing. Perhaps, part of this
is due to the construction of the filter element.

When used as an inlet filter one may make use of the turbulent flow
concept for keeping the filter clean. As shown in fi,ure 4-18, air is drawn
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Figure 4-18. Turbulence Flow Concept for Filter Cleaning,

from a fast moving stream pa551ng over the flat filter. This high-velocity
stream of contaminant laden air serves to scrub trapped particles from the
filter element. One simple way of executing this would be to use a venturi
pump to provide the additional turbulent air over the membrane element. These
venturi pumps (such as those produced by Air-Vac, Inc.) are fairly efficient
for this purpose, in that they can pump up to four times the volume of air utili-
zed to power them. Thus, if it were possible to select a compressor to produce
half again as much flow as needed for breathinz purposes, then one could pro-
duce a volumetric flow through the filter chamber of twice the volumetric flow
rate required of the compressor, While this concept seems fairly attractive,
it is untried in this context and, if adopted, would require significant
development effort. Therefore, laboratory tests of the feasibility of such a
system were deferred.

Electrostatically Augmented Filtration Methods

Electrostatic attraction is identified as a factor for improving the per-
formance of conventional particulate removal equipment. Electrostatic aug-
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mentation has been applied to such devices as fabric filters, fibrous filters,
packed-bed filters, wet scrubbers, and mechanical collectors.

Powered Non-Ionizing Electrostatic Air Filters

In this type of air cleaner, the performance of a fibrous particulate
filter is improved by the application of electrostatic forces. The parti-
cles are not intentionally charged as in an electrostatic precipitator.
Rather, a field is set up across the fibrous filter matte. Electrostatic
forces combine with inertial forces to enhance particle collection. Commercial
embodiments of the charged-fiber filter have taken the form of pleated fiber
matte containing a noninsulated, grounded conductor and an insulated conduc-
tor with the insulated conductor at several thousand volts dc with respect to
ground, the electric field between charged and grounded rod is concentrated
within the matte, since its dielectric constant is approximately twice that of
the air. The fundamental explanation for electrostatic force improvement of
fibrous filter efficiency is that particles will migrate more rapidly than they
would from inertial effects alone and have a higher probability of capture
than when the field is not present. Typical electrical power requirements
are 3 KV and 150 uA/1000 SCFM, It is particularly important to note that the
greatest degree of improvement in collection efficiency occurs within the
respirable dust particle size range. Data from one commercially available,
electrostatically- augmented, fibrous filter indicates that the application of
the electrostatic field improves the collection efficiency by a factor of
approximately five for one micron dust.

Constraints on using this approach include the following:

1. The fibrous matte must possess low moisture absorptivity
characteristics. In a high humidity coal mine, moisture
w21l tend to reduce the efficiency of the electric field.

2. Electrostatic effects are highly sensitive to airflow velocity.
Velocities must be kept low; normally 40 fpm.

3. Similiar to ordinary electrostatic precipitators, the danger of
sparking, or of a short circuit resulting in heating an electrode,
presents an unacceptable threat in the underground environment.

4. Installation of electrical equipment on underground equipment is much
more difficult than might be expected due to Bureau of Mines per-
missibility requirements.

Non-Powered Non-Ionizing Electrostatic Air Filters, (Electret Filters).

In this type of filter, electrostatic and inertial effects are also com-
bined to achieve filtration. However, the electric field is created through
the use of an electret, rather than electrodes, and an external power supply.

An electret is a device which can retain a permanent or nearly permanent di-
electric polarization resulting.in an external electric field about the object.
Thus, an electret creates an electric field in a fashion analogous to the way
a permanent magnet creates a magnetic field. In an electret filter, the actual
filter fibers become polarized and create the external field. Most electret
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filters are thermo-electrets, which refers to the means of formation. This
method involves the application of an intense electric field, while maintaining
a high temperature, then allowing it to cool to room temperature while main-
taining the applied electric field. Because of the high porosity characteristic
of these filters, inertial effects are minimal and collection efficiency depends
almost entirely upon the type and quantity of charge stored in the electret.
Stability can be a potential problem. The charge stored in an electret filter
tends to decay with time. Stability is, however, enhanced by using a high
formation electric field {24 KV/cm or higher), as well as the highest possible
formation temperature. In an unprotected state, electret filters can be stored
for up to two weeks before performance is affected seriously. If an electret
filter is stored in a protected state, storage time is considerably longer,
perhaps indefinite. The best way to store electrets involves keeping them
short-circuited, for example, by wrapping the electret filter in metal foil.
Another potentially serious problem is the tendency for collection efficiency

to decrease as particle loading on the fibrous matte increases. It appears

that this is due to charge cancellation or charge migration between the electret
fibrous matte and airborne particles.

Although electret filters are not currently available,a prototype fil-
ter has been constructed in Canada. This filter consists of a fibrous matte
composed of 23 um diameter polyethylene terephthalate plastic tibers, measures
38 mm in diameter (30 mm active}, and has a thickness of 2.9-3.5mm. 1In
penetration tests, a test aerosol consist%ng of 0.36 um particles of DOP smoke
was used at a concentration of 23-34 mg/m”., Under these conditions, with a
face velocity of 6.4 cm/sec, the filter exhibited a pressure drop of only
imm Hzo.

For this particular filter collection efficiency was more than 99,9% for
a particle loading of up to 100 mg. Note, that as particle loading increases,
collection efficiency decreases until, ultimately, collection efficiency is
determined only by inertial effects and the electret filter operates as an
ordinary fibrous filter.

A possible solution to the problem of decreased collection efficiency
with increasing particle loading involves placing a low pressure drop pre-
filter. This prevents the larger particles from impacting the electret fil-
ter and, since the larger pariitles remove most of the electret's charge, the
filter can sustain a greater particle loading before becoming ineffective,

Based on discussions with the Canadian firm currently developing electret
filters, it may be assumed thaE an electret filter, with prefilter, can carry
a particle loading of 10 mg/in” and still maintain a collection efficiency of
90%, or higher. Therefore, if the dust collection requirement of 13.6 grams
per shift were reduced by three-fourths by use of a prefilter, such a filter
could be made using a surface area of about 2.5 ft2 of material. Such a
filter would have a pressure drop of only a few inches of water,

While the electrical hazard associated with the other electrostatically
augmented methods are eliminated with the electret remain, two serious draw-
backs remain:

1. Electret filter elements are not currently available on a commercial
basis but are still developmental in nature.
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Z The.logistics of procuring the filters and transport of the fragile
devices to the underground work site for installation would be a
serious problen.

ATR MOVING DEVICES

At the conceptual stage, it is necessary to categorize and describe
the attributes of air moving devices covering the entire spectrum from
fans, which have a very low pressure ocutput, up to piston Compressors pro-
ducing 100 psig, or more. There are no preestablished requirements regard-
ing power consumption since this may range from a battery-.pa~k mounted on
the machine up through electrical or hydraulic power available from the
mining machinery. Since the characteristics of hydraulic and electric
power available in underground mines has already been discussed, the only
new power source to be described is battery power. Motors utilizing these
power sources are discussed briefly. Following that, a number of potential-
ly attractive air compressor concepts are described. The purpose of this
discussion is to present sufficient information to permit trades to be
made between such parameters as size, weight and performance in designing
the candidate conceptual systems.

In addition to the size and weight integration trade-offs just mention-
ed, a basic design criteria has to do with performance matching. Consider
the diagram of figure 4-19 in which the two dashed curves represent air mov-
er pressure versus flow rate curves and the solid line represents system pres-
sure drop versus flow rate. The intersection of an air mover curve and the
system resistance curve defines the point at which the integrated system
described will operate. Thus, it is necessary to select system configuration
and air mover characteristics so that the intersection of the two curves oc-
curs at the desired flow rate.

Power Sources

The availability of electrical, hydraulic, and compressed air power with-
in the underground environment has been discussed in the requirements section
of this report. Electrical power, while available in abundant quantity, has
the problem of being highly variable in terms of frequency, phase and volt-
age available among the several thousand underground mines in this country.

A majority of the mining machinery, however, operate on 230 VAC, 250 VDC or
440 VAC. Of course, it is possible to provide a transformer to suitably con-
dition the AC voltage. However, this would imply the design and testing of
dozens of such devices.

Hydraulic power is readily available on nearly all types of underground
machinery. It also may be found in a wide variety of system pressures. The
advantage of hydraulic power, however, is that it is relatively easy to regulate
by use of a single flow controller installed on the respirator system. On
the other hand, in normal underground operations, the supply is unavailable
during parts of the working shift, '

Another potential source of energy is the use of batteries mounted on the
machine. For example, it might be reasonable for a miner to bring a new bat-
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tery each day to power his respirator. If this could be done handily, it
would be an acceptable concept for powering a respirator system. In this sec-
tion, characteristics of a number of the potential sources of battery power
will be reviewed. In a subsequent section, this data will be utilized in
configuring conceptual candidate systems.

Table 4-2 provides some overall generalizations regarding potential bat-
tery performance. Silver-zinc and zinc-air batteries, as may be seen from
the table, produce energy densities upwards of 40 amp - hours per pound. How-
ever, these high energy densities usually result in a battery which is quite
expensive and has some important limits to rechargeability. As noted in the
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Table 4.2 . GENERAL CHARACTERISTICS FOR SEVERAL TYPES OF RECHARGEABLE CELLS. SIZE, WEIGHT AND
CAPACITY ARE LISTED FOR ONE PARTICULAR MODEL SELECTED FROM MANUFACTURERS DATA
[ TYPE ENERGY DENSITY| VOLTAGE | RECHARGABILITY TEMP. CHAR. STORAGE CAPACITY | SIZE |WEIGHT
(watt-hours per (Lxwx | fpounds)
per pound) cell inches)
LEAD-ACID| 11-15 2 Good Loses 50% capacH
ity in 60 days
Special Type:
15% - Year
NICKEL- 12-18 1.25 Good 09F-1159F May be stored 11 amp-hr{ 3.56x 1.76
CADMIUM 93% of cap. charged or dis-| @ 1.1 amp| 1.05x
at 40°F charged. 80% Discharge]| 4.90
cap. after 3mo.
at 709F
NICKEL~ 25 1.68-1.50 Good -200F - 10-11 2.06x
ZINC 1209F amp-hr 1.75x 0.85
g 2-10 4.28
amp Dis-
charge
SILVER- 11-33 1.4 More than 0%- 2 years
CADMIUM 500 Cycles 1609F
SILVER- 40 1.5 100 Cycles 0%F - 2 years 25 amp-hy 2.00x 0.8
ZINC 1609F @ 10 amp | 1.75x
Dischargel 4.13
ZINC-AIR 80-95 1.5 Rechargeable -200F- 7 day activ- 20 amp- | 9.75x4x
by addition of 1259F ated stand hre 4- 4.8

a new anode

50 watts




table for example, the silver-zinc battery may be charged for 100 cycles. How-
ever, this number may be misleading as it is stated. One or two very deep dis-
charges of the battery will result in a significant degradation in its over-
all performance. On the contrary, if it is never discharged by more than 10%
of the total capacity it may last for several hundred cycles. Theoretically,
the zinc-air battery may be recharged an infinite number of times by discard-
ing the old anode and inserting a new one. This type of recharging has one
basic drawback, and that is that the anodes which must be replaced are quite
expensive and, therefore, would not be suitable within the economic structure

of underground mining operations.

Another factor having to do with potential battery selection is the dis-
charge rate. In many cases, the high energy densities available are depen-
dent upon a specific current of discharge. Some types of batteries produce
their best energy density when discharged very slowly, while others exhibit
their best energy density when discharged very rapidly. Consequently, selec-
tion of a type of battery power is strongly dependen: upon the intended use
and must be made in light of the specific motor and compressor to be selec-
ted

Motors

It is necessary at this stage of development to characterize both hydraul-

ic and electrical motors suitable for use with several potential candidate
respirator systems. For reasons already discussed, small electrical motors
such as are used in portable, powered-respirator systems, such as the units
manufactured by Air Flow Inc., Martindale Electric Co., The ZM Co,, and Siebe
Gorman Co., are excluded from further consideration In the interest of
brevity, the results of a rather extensive analysis are summarized in the fol-
lowing paragraphs.

Motors for powering blowers and fans are required to produce fractional
horsepowers, perhaps 1/8 hp, at shaft rotational speeds on the order of 8000
to 10000 RPM. Motors for powering reciprocating compressors must produce on
the order of 1 hp at shaft rotational speeds in the range of 1500 to
2500 RPM.

Any electrical motor must be approved by the Bureau of Mines for use
underground. Achievement of such permissibility ordinarily involves placing
the motor in an explosion proof enclosure. These enciosures result in con-
siderable increase in size of the motor and in its cost. For example, a one
horsepower motor commercially available in a permissible configuration is
more than a foot long and ten inches in diameter. Fractional horsepower mo-
tors, in a suitable power range, are not known to be produced with explosion-
proof motors so that considerable development work would be required to
achieve permissibility.

Hydraulic motors can be purchased in nearly any horsepower and shaft ro-
tational speed desired. The gear face type motors illustrated in figure 4-20
are generally smaller in size and less expensive than the sliding vane type,
also illustrated in figure 4-20. The sliding vane motors, however, are quieter
and exhibit other advantages of lesser importance to this particular applica-
tion, While most hydraulic motors are designed for low shaft rotational
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Figure 4-20. A Comparison of Two Types of Hydraulic Motors.

speeds, it is possible to procure units which operate at speeds to 10,000 RPM,
or more.

One hydraulic motor of particular interest for this application is a
gear face type motor produced by the John 8. Barnes Co. It is 4-inches long
and has a diameter of 3 inches. The same motor frame can accommodate a
variety of flow rates to produce nearly any power and rotational speeds which
might be desired for a supplied-air respirator.

Air Compressors

A survey and analysis of air compressors was conducted in order to pro-
vide information on the fundamental characteristics, advantages, and dis-
advantages of the various types of compressors available on the market today.
Some of the more attractive types of compressors such as axial tlow positive
displacement and two-lobe positive displacement compressors were not found
to be available in small enough sizes to be of use in this application.
Table 4-3.and figure 4-21 summarize the results of the survey and analysis.
The five most attractive conceptual types of air compressor are discussed
further in the following paragraphs.

Axial Flow Fans

Axial flow air compressors, commonly called fans, are perhaps the light-
est weight and smallest of the air compressors examined. However, excepting
multi-stage units, output pressures are the lowest, on the order of ten in-
ches of water for a single stage unit. As shown in figure 4-22, the output
pressure is fairly constant over a wide range of flow rates. A typical high
performance fan must be operated at high RPM on the order of 10,000 to 15,000
RPM. The majority of fans surveyed are manufactured to provide ventilation
flow rate for cooling electronic equipment, room ventilation, or marine ven-
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" Table 4-3. CHARACTERISTICS OF TYPICAL COMPRESSORS.

CLASS TYPE COMMON RANGES WEIGHT POSSIBLE REMARKS
PRESSURE FLOW (pounds) { CONTAMINANTS
OUTPUT RATE
(psig) (SCFM)
RECIPROCATING -
PISTON 40-100 1-7 40 0il, teflon Lower flows at reasonable sizes
Heat, vibration Oscillatory pressure output
DIAPHRAGM 6-20 1-5 5-30 Vibration, heat Units are small and self contained
Pulsatile flow a potential
problem
ROTARY, FIXED
DISPLACEMENT
SLIDING VANE 3-10 1-15 20-50 Dust Higher pressure available with
water cooling
TWO LOBE 3-10 30-70 50-80 Possible poor performance at
low flow
LIQUID PISTON 28 11 40-50 Water Water is required in quantity
for operation
SPIRAL-AXIAL 18 100 200 A small size unit could not be
: found
ROTARY, DYNAMIC
RADIAL FLOW 0-20 inHZO 1-50 5-30 Pulsations Limited stable output range,
(Single stage) .7 Noise good pressure over flow rates
from 50% of rated output
RADIAL FLOW -100 inH20 10-50 15-30 Pulsations, Multi-staging results in higher
(Multi-stage) ’,5) Noise pressure, however, 5000-12,000
rpm is required
AXIAL FLOW 5-8 inHZO 10-60 3-5 Pulsations, Flow more constant with pressure
Noise, heat, than radial flow machines,
Qzone 12,000-14,000 rpm required, units
are very small and light,
. permissible motors not likely )
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Figure 4-21. Characteristics of Commonly Available Types of
Air Compressors

tilation purposes. Most of the units come with an integral electric motor
presenting some problems to the designer of a supplied-air respirator in
rendering it explosion proof. A fan providing suitable performance would be
perhaps 5 inches in diameter and 8 inches long.

Radial Flow Compressors

The only type within this category of importance here is the rotary
induced flow compressor. The usual configuration shown in figure 4-23 in-
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Figure 4-23. Construction of a Squirrel Cage

This is a type of radial induced flow compressor.
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cludes the category commonly called squirrel-cage blowers, These units are
characterized by much more non-linear characteristic curves (output pressure
versus flow rate) than axial flow fansas shown in figure 4-23. While a sin-
gle stage radial-flow hlower might produce more than twenty inches of water
output pressure, multi-stage units having up to five stages can produce as
much as 100 in H,0 pressure head. Again, high rotational speeds are required
for the output. “Among the various types of radial flow compressors one must
choose among forward curved, backward curved, or straight hlade configurations.
In general, it can be said that blowers with forward curved blades produce a
rising characteristic curve, pressure increasing with flow rate, while blowers
with backward curved blades have a drooping characteristic curve in which pres-
sure decreases with increasing flow rate. For two radial flow blowers, identi-
cal in all dimensions excepting blade curvature, the compressor with forward
curved blades will produce higher pressures at the same RPM. Reverse curved
blades are desirable for some applications because of their self-limiting
characteristics. However, for a supplied-air respirntor, a blower with forward
blade curvature is desirable due to size and weight considerations and the
ability to deliver a more constant flow rateas system flow resistance changes.

in radial flow compressors, an instability in the form of pulsations in
pressure output 1is frequently present when they are operated at levels below
fifty percent of the design.rated flow rate. Another potential problem in
this type of compressor is that the majority of the units are manufactured to
operate at much higher flow rate than the 10 SCFM flow rate desired for a
supplied air respirator,

Rotary Sliding Vane Compressors

While there are a number of potentially suitable types of positive dis-
placement rotary compressors available, only the sliding vane type is deemed
worthy of careful consideration. Rotary sliding vane compressors are quite
common and have a number of distinct advantages for the present purpose,
They operate at moderate pressures, in the neighborhood of 15 psig, and are
net as heavy or bulky as the other rotary positive displacemént Liype
compressors. Oil-less sliding vane compressors, as shown in figure 4-24, arc
fitted with graphite vanes which are held to the chamber wall by centrifugal
force so that no oil is required within the chamber. On the other hand, con-
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-
Sliding Vane

Figure 4-24.. Sliding Vane Compressor.
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tinual wear on the graphitc vane produces carbon dust which increases demand
on subsequent filtering systems. One particular model produced by Gast Manu-
r?cturing Corporation was procured for laboratory evaluation. As shown in
figure 4-25,its output pressure curve is quite linear with flow rate and
the flow rate is adequate for the intended purpose.
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Figure 4-25. Pressure-flow Characteristics of Rotary
Sliding Vane Compressors.

One potential drawback in this type of unit, which came to light in the labora-
tory evaluation, was the fairly high noise level and the pulsations evident
in the flow. :

Reciprocating Air Compressors

Within the reciprocating class of air compressors, both the piston-type
and the diaphragm type are of interest to this program. Diaphragm c~wnves-
sors can be designed with no lubricant exposed to the compressed .. .. @ »-
cause the diaphragm must be an elastic material most diaphragm r :: ‘.
an upper pressure limit on the order of 20 psig for continuou:
number of units are available with potentially suitable flow ow: . ‘
pressure range. Flow rate is essentially linearly dependent vpen po - -,
as shown in figure 4-26.

Many of the piston-type pumps are not basically suitable for the present
application because a lubricant is required to reduce wear batween piston and
cylinder wall. The lubricant, in turn, results in oil mists being introduced
into the air supply necessitating a more complex air cleaning system. How-
ever, a number of piston-type compressors of approximately the right size are
constructed using Teflon piston rings and, therefore, do not require oil in the
compression chamber. Seyeral Teflon ringed compressors operating at 100 psig
and producing suitable flow rates are currently available. Flow rate versus
output pressure for one such unit procured and evaluated is shown in figure
4-26. As may be seen in the figure the flow rate is less dependent upon pres-
sure in the piston compressor than for the diaphragm compressor.
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Reciprocating Air Compressors

Within the reciprocating class of air compressors, both the piston-type
and the diaphragm type are of interest to this program. Diaphragm c~mnres-
sors can be designed with no lubricant exposed to the compressed :: .. :@.»-
cause the diaphragm must be an elastic material most diaphragm = .. huwx
an upper pressure limit on the order of 20 psig for continuou. ; S
number of units are available with potentially suitable flow out .« i';s
pressure range. Flow rate is essentially linearly dependent vpcen po - o,
as shown in figure 4-26.

Many of the piston-type pumps are not basically suitable for the present
application because a lubricant is required to reduce wear bz2tween piston and
cylinder wall. The lubricant, in turn, results in oil mists being introduced
into the air supply necessitating a more complex air cleaning system. How-
ever, a number of piston-type compressors of approximately the right size are
constructed using Teflon piston rings and, therefore, do not require oil in the
compression chamber. Seyeral Teflon ringed compressors operating at 100 psig
and producing suitable flow rates are currently available. Flow rate versus
output pressure for one such unit procured and evaluated is shown in figure
4-26. As may be seen in the figure the flow rate is less dependent upon pres-
sure in the piston compressor than for the diaphragm compressor.
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Figure 4-26. Flow Characteristics for Reciprocating Compressors.

AIR DELIVERY SYSTEM COMPONENTS

Potential components to be included in the air delivery systems of the
candidate designs depend very largely on the particular type of supplied-air
respirators selected for design. Components such as pressure relief valves,
connectors, plenum chambers, and quick release devices, for example, are not
the types of components upon which one would accept or reject one particular
type of respirator. Therefore, this analysis will center upon two major com-
ponents which are considered to be quite important in choosing the final de-
sign concept; the air umbilical and the demand regulator.

Umbilical Hoses

Based upon some very rudimentary simulations of underground mining opera-
tor tasks, it became quite clear that the miners umbilical plays an important
role in acceptance of the overall respirator system. While the miners umbili-
cal must satisfy a large number of requirements having to do with compatibil-
ity with the hazards of the underground environment, the primary concern is, of
course, the length and diameter which may be utilized with given upstream pres-
sures. Within the range of pressures and flow rates studied in this program,
available tabular flow resistance data produced conflicting results.
Therefore, an engineering analysis was performed. Numerical results were pro-
duced by means of a digital computer and specific examples of these numeri-
cal results were tested by experiments in the laboratory. While the bulk
of this information is presented in Appendix V, a number of important results
arc summarized here. The first result is somewhat suprising in that pressure
drop from one end of hose to another, for a given flow rate, is not linear with
length of the hose. Rather, a hose twice as long as another one will ex-
hibit less than twice the pressure drop. This phenomenon is displayed in
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Figure 4-27. Linear Pressure Drop vs. Length of Pipe For Several Pipe
Diameters and Flow Rates.

figure 4-27. The second result, which is much more obvious, is that the higher
the exit pressure the less the pressure drop across the length of hose for a
given mass flow rate. For example, suppose that the hose has an inside dia-
meter of one-quarter inch, was 30 feet long, and that the mass flow was 10
SCFM. When the hose is exhausting to ambient pressure the pressure drop

along the hose is 46 psi. However, when the hose exit pressure is raised to
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50 psig, the pressure drop over the entire length of the hose is reduced to

21 psi. This same phenomenon is reflected in the maximum possible flow rates
to be produced from the exit of a. hose of any given diameter. The limiting
condition at the exit of a hose¢ is that the velocity can not be greater:than
sonic velocity. Computing sonic velocity and the cross-sectional area produces
the curve shown in figure 4-28 for several exit pressures,

50 -

40 |-

30 -

20 f=

Maximum Volumetric Flow Rate (SCFM)

1¢

| | | 1 i
1/8 3/16 1/4 5/16 3/8
Pipe Diameter (inches)

Figure 4-28. Maximum Volumetric Flow Rate for Isothermal Flow
Obtainable for Various Pipe Diameters.

Another important relationship resulting from this analysis is the inter-
relationship of the friction factor, f, and the pipe length,L. Essentially
they are totally dependent in that "the product fL always. appears together in
the equations describing gas flow through ducts. . Therefore,for any given de-
sired flow rate and available pressure drop, the smaller the friction factor
can be made the longer the duct can be. Unfortunately, with most of the types
of tubing surveyed, there was no indication of what the friction factor might
be.: In the computer programs-used in producing the flow resistance values
found in Appendix V, a friction factor of 0.010 was assumed. Laboratory
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measurement of flow resistance for several lengths and diameters of plastic
tubing corresponded closely with the computed predictions. Therefore, the

assumed friction factor of 0.010 for smooth bore, plastic tubing appears to
be suitable for use in conceptual design.

Pressure drop at various flow rates through a number of common connec-

tors was also measured experimentally in the laboratory and these data are
also found in the appendix.

Demand Regulators

The overall feasibility of adopting a Type II or Type III supplied-air
respirator system hinges very heavily on the performance characteristics of
the demand regulator employed in the unit. Therefore, it was appropriate,
during the conceptual analysis phase of the program to evaluate the demand
regulators currently available on the market, and the possibility of develop-
ment of a new regulator especially suited for the purpose.

One unit which has been on the market for some time, is produced by
Scott-Acme Safety Products, Inc. This unit is mounted on their half-mask
type facepiece, Pressure versus flow rate curves for several supply pressures
with this unit mounted on a head form are shown in figure 4-29. While the
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Figure 4-29. Flow Rate Versus Suction Pressura at Two Inlet Pressures
for the Scott-Azme Demand Regulator.
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entire unit is quite light in weight, the construction of the demand regu-
lator leaves some doubt as to its ability to stand up to the rigors of the
underground envivonment. The unit is 3-1/8 inches in diameter and 1-1/4
inches thick and weighs 15 ounces.

The U.S. Divers Company manufacturers, as part of their "Survivair" line,
a light weight demand regulator suitable for use in either a Type II or Type
ITI system. They were kind enough to furnish us with a sample regulator for
examination, as well as curves of airflow vs. demand pressure at different in-
let pressures Ghown in figure 4-30). These pressure flow curves were measured

9 I 1 1

70 psig

Air Flow (SCFM)

| ] |

1 2 3
Suction Pressure (inﬂzo)

Figure 4-30, Flow Rate Versus Suction Pressure at Three
Different Inlet Pressures for US Divers Co.,
Survivair Demand Regulator, Part No. 9104-60.
recently at the U.S. Divers plant and were not verified by us. The regulator
tested had been modified and its operation was slightly sub par. Subjective
response to breathing with Lhis regulator, by a number of individuals, was
one of approval.

The regﬁlater is 3-3/8 inches in diameter and may be cut down to a thick-
ness of 1-3/4 inches or slightly less, if desired. The unit is strongly con-
structed of plastic, fairly light weight, weighing 2 ounces, and appears as
if it would tolerate the underground environment with some modifications.

The Robertshaw Company also furnishedﬁé;pOtehtiaily‘attfactive demand
regulator. Pressure versus flow curves, from their literature, are shown
in figure 4-31 and have been verified in our laboratory. Although the dif-
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Figure 4-31. Flow Rate Versus Sliction Pressure at
Two Inlet Pressures for Robertshaw
Model 226 Demand Regulator.

ference in inhalation effort for a given flow between this unit and the Sur-
vivair regulator is small, our subjects judged this regulator more acceptable
than the Survivair unit in ease of breathing. Its small size, measuring 1,79
inches in diameter by 2.3 inches long, and light weight (1.6 ounces) are
considered a significant advantage; especially since it can be made much
thinner with some development. '

Regulators commonly available to SCUBA divers were examined briefly and
found to offer no significant advantage over the above units, except possibly
durability, ‘at the expense of considerably more weight.

While the Robertshaw and the U.S. Divers regulators appear to be the
best available, both of these regulators exhibit two potential deficiencies
in meeting desired characteristics: 1) they are too large and heavy for mask
mounting, and 2} they do not provide sufficient flow at inlet pressures on the
order of 70 psig.

After discussions with a number of regulator manufacturers it was deci-
ded to determine if a prototype regulator meeting our requirements could be
produced without an extensive development program.

Two companies, Robertshaw Controls Co., Anaheim, CA and Rego, Chicago,
I11., proposed development programs. Rego proposed a unit which would be
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suitable for belt mounting, weighing 8 to 9 ounces and being 3-1/8 inches

in diameter by 1-3/4 inches thick. This proposal was rejected in favor of
Robertshaw's proposal for modification of their type 226 Aviator's Oxygen
Regulator, described above. The plan was to make the unit smaller and capable
of the desired flow at lower inlet pressures. The resulting regulator, shown
installed on a test mask (figure 2-6) weighs 1.56 ounces and produced the flow
curves shown in figure 4-32 which were taken in our laboratory.
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Figure 4-32. Flow Rate Versus Suction Pressure at Four Inlet
Pressures For a Single Robertshaw 226 Demand Regulator.
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FACEPIECE CONCEPTS

In the concept synthesis phase of the program, facepiece studies centered
upon two related activities: 1) evaluation of currently available facepieces
and 2) conceptual design of a new facepiece. Initially, the facepiece develop-
ment effort was to make use of results of another research and development pro-
gram to be funded concurrently by the Bureau of Mines. Since that program was
never initiated, thiscontract was amended to provide additicnal funding for
facepiece development. Prototypes of both half~face and full-face masks were
to be developed. Compatibility with the miners tasks and mining population
facial anthropometry were key objectives of the effort. Part of that effort
is described in this chapter and part in the remaining chapters.

Evaluation of Existing Facepieces

The first step in analyzing potential facepiece concepts for use with
the supplied-air respirator system was to evaluate the half and full-face
masks currently available on the market. This analysis was concerned pri-
marily with the potential for modification of each facepiece to a form suit-
able for use in the underground mining environment. The analysis included
discussions with manufacturers, sales representatives and some safety pro-
fessionals, regarding such subjects as sizing and fit of the various facepieces.
Miners and mine operators were also interviewed for their opinions regarding
the acceptance of half-face masks versus full-face masks,

Sizing and Fit

In current practice for many industrial locations, selecting a respira-
tor to fit a particular individual involves choosing among respirators
produced by various manufacturers. While some half-face masks permit adjust-
ment of the width of the mask by use of bendable metal components, the range
of adaptability was not found to be sufficient to provide a suitable fit on
all subjects in our test panel. With perhaps the single exception of the
Scott-Acme half-face mask, it would be necessary to adapt a supplied-air res-
pirator air distribution system to more than one mask if we were to use off-
the-shelf facepieces,

Design Limitations

In speaking with sales representatives, as well as industrial users, it
became quite apparent that the cost factor is very significant in the design
of current half-face and full-face masks. For this reason, some design fea-
tures which are potentially very important in the supplied-air respirator
for underground coal miners, are not found in commercially available masks.
Since the supplied-air respirator system is a moderately expensive system,
it would seem appropriate that cost limitations should not be an important
factor in designing the facepiece for use with the system.

Mask Suspensiun

Nearly all of the half-face masks and all of the full-face masks in-
volve rubber suspension elemenis or mask harnesses. These were found in all
cases to make donning and doffing of the facepiece more burdensome than might
otherwise be the case. Furthermore, in the underground environment, which in-




volves rapid head movements and crawling in the head-down position, many of
the masks were found to be poorly stablized with existing suspension systems,

This is especially important when one considers that the facepiece will be

gequired to support demand regulators or equally heavy corrugated breathing
ose.

Full-Face Mask Concepts

Based upon underground experience gained in our field surveys in the
Beckley, West Virginia area, and upon discussions with other mine operators,
miners, and mining consultants, it was decided that a full-face mask would
achieve considerably less acceptance in the underground environment than
would a half-mask type facepiece., A primary consideration in this decision is
vision. It was felt that full-face mask vision would become degraded due to
the combination of water and dust in the underground environment. Further-
more, in this environment there is no effective way to wipe the mask clean.

Another deciding factor dealt with donning and doffing of the mask. With
currently employed musks, donning and doffing is very frequent. The size
and bulk of a full-face mask and the complicated harness usually associated
with such masks would make donning and doffing extremely difficult. For
these reasons, full-face masks were precluded from furthcr cxamination and con-
sideration, This decision was made after considerable discussion with, and
full agreement from, the NIOSH Technical Project Officer.

Facepiece Uoncept Synthesis

The half-mask facepiece concept formulation process involves defini-
tion of four major elements of the design process:

. Mask configurations.
Suspension Characteristics,
Air supply integration.

. Prototype model fabrication.

F =K L 38 S

The basic approach to the problem was to sketch a number of different con-
cepts, each meeting the requirements and guidelines previously stated. Each
concept was oriented toward solving the problems previously discussed, as
well as incorporating new features not previously identified. A number of
jiterative steps were taken and several candidate mask concepts were fabrica-~
ted.

Basepoint Mask Concept

The basic premise in facepiece design is to reduce the burden on the
wearer to a point at which unprotected exposure to the threat is more un-
desirable than wearing the facepiece. Achieving this level of acceptance,
and at the same time ensuring the required protection factor, is the desired
goai

The conceptual elements for facepiece design, referenced to the sketch
in figure 4-33 are as follows:




== CHIN STRAP

- FLAT RUBBER FACE SEAL
" ~DUCTILE ALUMINUM FRAME

I . HINGED OUTER BODY

Figure 4-33 ,Facepiece Assembly (top) and Components From Which
it is Assembled.
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1. The fage seal has a broad contact area and envelopes the oronasal
area fitting over the cheeks and under the chin. The seal has an
agjuspab}e.strap girdling the forward portion of the chin, facilita-
ting individual fitting.

2. The metal or plastic frame or shell has a shape compatible with the
face seal and is attached to the suspension. The function of this
frame is to overlay the seal, applying sufficient compressive force
for ensuring the positive seating of the seal on the face. The
frame includes a component to permit shaping to the facial con-

tours of the individual wearer. The frame also serves_as, the mount-
ing platform for the demand reguiators and/or air supply hose connec-

tors, the airflow diffuser, the exhalation valve, and a voicemitter.
The body may be attached to the frame by a permcnent bonding method.
The shell is to be constructed to permit opening of the forward por-
tion {as a door), thus, providing for facial access and expectoration.

3. Stable positioning on the face is effected by the combined action of
the chin strap and the portion of the seal lying along the cheek
bones. Together they prevent facepiece translation on the face and
provide an effective means for reacting the suspension forces. Forces
on the nasal ridge are to be kept to a minimum.

Access to the face for speaking on a telephone, for expectoration, for
relief of the confined feeling, or 'getting a breath of fresh air", was a
principal factor in conceptual design of the basepoint system. This resulted
in the three-component concept already described (figure 4-33) which facili-
tates the incorporation of a hinged '"door" in the facepiece. With somewhat
greater attachment problems, the door could be removable - separating the front
piece from the frame.

One possible method for providing all of the necessary functions is to
construct the outer portion of the facepiece of a fabric, filter-type matexr-
ial., This could be based upon a skeleton type structure as shown in figure
4-34., This fabric, although making a poor exhalation valve, could eliminate
the need for a separate voicemitter and will serve, as well, as an anti-suffoca-
tion device which would otherwise be an added component.

Suspension Concepts

Since either demand regulators or large diameter breathing hoses are
fairly heavy, four to six ounces total, the demands upon suspension elements
are much more severe than for contemporary dust respirators. As previously
discussed, these demands require significant departures from current prac-
tices with half-face respirators. Consequently, a number of conceptual ap-
proaches to mask suspension and retention have been considered. The base-
point system shown in figure 4-35 provides a number of features held to be
important both in good dynamic suspension and in promoting acceptance by

the miner:

1. The mounting horns prevent interference with the ears and permit
adjustment of chin and nasal compressive sealing forces.
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Figure 4-34. Facepiece Incorporating Fabric Cover Over Plastic Frame

2. The two strap suspension provides suitable vertical and transverse
stability while evenly distributing retention forces over a broad
area of the scalp.

3. Doffing may be accomplished with one hand since the two straps are
connected in the rear.

4. Rotational adjustment of the horn, relative to the mask, as well as
adjustment of strap temsion, permits the achievement of suitable
mask retention forces with a wide variety of head shapes and sizes.

Because the suspension is such an important factor in respirator accep-
tance by miners, considerable attention has been given to this matter, pro-
ducing a number of feasihle concepts. Another potentially suitable concept
is to provide a comfortable harness that can be worn all day, attaching the
facepiece to it, when needed. This concept, shown in figure 4-36, features a
light weight net, or knitted type material for a chin pouch. Potentially, the
chin strap can be "hinged" at the ring near to the joint of the lower mandi-
ble so that jaw movement does not change the tension on the strap. The ring
is necessary so that the harness does not pass over the ear causing discomfort.
More importantly it can be used as a mounting platform for a number of items -
mainly the mask and the regulators. However, other devices such as strap ten-
sion adjustments, purge control, ear defenders, or a helmet vertical retainer
(""chin strap") could, as well, be mounted on the ring.
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Figure 4-35.Basepoint Concept - Half Mask Supplied Air Respirator
Facepiece Assembly
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Figure 4-36. Chin Strap Type Respirator Suspension Showing "ring" for
Mounting Facepiece.

A number of other attractive, potentially feasible concepts are illustra-
ted in figure 4-37. In this drawing, the mask is shown hinged on the ring so
that it can, with one hand, be swung around for access to the face, expectora-
tion, using the telephone, etc. Alternatively, the entire front portion of the
respirator may be removed from the ring and suspended by the lanyard while not
in use. Feasible concepts have been developed indicating that the latching
device, for either the hinged or the completely removed mask, can also serve
as an adjustable mask tensioning device permitting periodic manual adjustment
of the mask seal pressure on the face by the miner.

Another concept incorporated in the sketch of figure 4-37 is integration
of helmet and respirator suspensions. This system, because of the chin strap,
facilitates helmet security while at the same time providing a superior res-
pirator harness. It of :.urse, necessitates a completely removable mask as
discussed above. Un’-::'mately, the concept is not feasible at this time be-
cause of the great d 73ty in helmets, and in some cases due to unsuit-
able suspensions of c.::.éent helmets.
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One further advantage of the ''ring" concept is that it may be formed so
as to permit unrestricted use of eyeglasses by allowing a channel for the
stems. The major problem to development of the chin strap type of concept is
the paucity of anthropometric data relating the head and facial landmarks ne-
cessary to good design of the "ring'". This can be overcome by more flexible
design at the cost of complexity, bulk, and weight.

Air Supply Integration

Integration of the air delivery elements with mask design is centered
upon two goals: 1) reduction of forces transmitted to the face mask and 2)
management of air flow inside the mask to avoid discomfort. In order to avoid
the requirement for the nasal ridge to react inertial or gravitational loads,
it is necessary to mount the air supply elements, regulators or supply hose
attachments as rearward as possible on the mask.

In the basepoint concept, the demand regulatur. are externally mounted
to the frame, as shown in figure 4-35. Air is ducted forward to the oronasal
cavity. High-pressure air is provided to each of the regulators through a
smail diameter, light weight tubing system connected to the miner's umbilical
at the belt.

Since either regulators or hose connectors would be about 3/4-inch thick,
they result in an increased facial clearance width, but less total width than
commenly found in contemporary protective helmets. However, by attaching the
regulators to the frame they will be retained in a stable manner and will ob-
viate the inertial problems noted with current mask-mounted regulators.

Air flow management within the mask is necessary to prevent local high
velocity impingement of alt streams on the face. Additional functional ele-
ments include devices to insure drainage of water from the mask and to keep
the exhaust valve free from dirt accumulation or dust ingestion upon valve
closing.

In the sketch of the basepoint design, an exhalation valve is located at
the underside of the facepiece body. This location was selected for pro-
moting moisture drainage. Although not specifically shown, the exhalation
valve location is to prevent the problems of flow path occlusion due to seal
interference noted with many contemporary facepieces.

The valve housing serves to protect it from damage and dirt and to serve
as a clean-air plenum preventing dust ingestion,

Facepiece Engineering Prototype Fabrication

In a program such as this, it is necessary to keep in mind the differences
between a prototype and a production version of the design. Every attempt has
been made to produce prototypes which reflect easily producible items. On
the other hand, many components built by hand on the prototypes could be done
much better in a mass production situation. For this reason, the prototype
facepiece systems delivered may not reflect the "design' produced by the
program,
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_ Three distinctly different facepiece concepts were fabricated for evalua-
tion during this phase »f the program. Each prototype represented different
design wethods for achieving the various goals of the facepiece design,

Methods

The masks were fabricated using a number of methods especially suited
for this purpose. Rubber-like parts were molded of thermo setting vinyl
elastomeric materials, plastiscls, using the dip molding process. Metal
parts were fabricated using the electrnforming technique and hard plastic
parts were vacuum formed.

Initially, it was planned to use facial clearance envelopes available
(Goldberg 1966) as base-line data for producing the size and shape of the
prototype facepieces. These clearance envelopes, which are essentially
three-dimensional surfaces indexed to the chin and forehead, had previously
proved quite valuable in the design of full-face masks. However, upon analysis
it was evident that these data were not suitable for the design of half-face
masks. This was basically due to the paucity of data points in the area im-
mediately surrounding the nose. Therefore, a combination of methods was em-
ployed in arriving at mask seal and internal envelope dimensions. Basic
mask mold sculpture was based upon several head and face forms, based upon
US Air Force anthropometric data., Numeric facial anthropometric data sum-
marized by McConville (1972) and new facial anthropometric data produced by
Hack (1972} were utilized to augment the faceforms and in assembling a test
panel from available employees and associates.

First Prototype Facepiece

Using the above methods, the facepiece assembly shown in figure '4-38 was
fabricated. As shown in figure 4-39 the assembly consists of three basic
components:

1) A 45-durometer vinyl mask body with an inturned seal.

2} A copper frame, or shell, with ports for mounting regulators, or
hose connections, and an exhalation valve.

3) A polycarbonate harness attachment "horn" with snaps for installing
a two-strap harness suspension.

The vinyl mask body, dip-molded on an aluminum mold, Incorporates two flat
areas for mounting hose connections or demand regulators, a bellows section
under the chin to facilitate speaking and sizing, and an inturned seal which
is considered desirable both in terms of fit and in terms of preventing out-
board leakage. The copper alloy shell was electroformed to a thickness of
0.025 inch over the vinyl plastic component and, as shown in figure 4-39, per-
mits mounting of both the regulators and the suspension horn. The suspension
mounting horn was fabricated from flat Lexan plastic stock and riveted to the
copper alloy shell. The two Robertshaw demand regulators were threaded into
the copper alloy shell also. Rubber head straps used for the mask suspension
were attached to the mounting horn by means of snaps. Vinyl adhesives were
used to bond the vinyl to the copper frame.
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Figure 4-38. Test Subject Wearing the First Prototype Facepiece

Using members of the test panel, the mask was cvaluated for fit, comfort,
stability and other design requirements. Due to the wide scal contour extend-
ing well rearward, stability of the mask on the fuace with rapid heac movements
was excellent. The harness attachment horn augmented this stability and pro-
vided some degree of adjustment of facial pressures. However, the lower harness
strap caused excessive seial pressures upon posterior head flexion.

While fit and comfort were adequate for most subjects, the accommodation
available by bending the frame was not adequate for the pancl members with
smaller faces. Furthermore, exhalation resistance with the single exhalation
valve was considered slightly cxcessive. Therefore. a second prototype wus
conceptualized and designed.

Second Prototype Facepicce

Concurrent with the facepicce development effort, a final decision was
made to employ two of the modificd Robertshaw demand regulators in the proto-
type supplied-air respirator. "Therefore, all subsequent mask development



Figure 4-39. Exploded View of the First Prototype Facepiece.

work was oriented toward accommodation of this method of air delivery. While
the first prototype mask allowed space for mounting the various features
required, such as a voicemitter and a facial access port, it was decided that
the second prototype should actually embody those features.

After consideration of a number of novel concepts for providing the re-
quired features, the following features were incorporated in the second proto-
type facepiece:

Space for mounting two Robertshaw demand regulators which pro-
vide a small continuous flow, in addition to their demand flow
capabilities,

A spring-loaded, swing-away door at the front of the mask to
permit facial access and expectoration.

A diaphragm-type voicemitter to permit speaking.

An anti-suffocation device consisting of two vent holes covered
with fine mesh fabric filter material.

Two exhalation valves to reduce exhalation resistance.

A broad contact-area face seal with bellows at the chin to facili-
tate speaking.
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A ductile metul scal-support device, or “shell," which included u
nurber of "finger'" type bendable elements to permit accommodi-
tion of a large range of face sizes and contours.

A primary difference between this mask and the first is that the metal
frame is completely imbedded in the vinyl mask body. The metal frame shown
in figure 4-40 was clectroformed of copper and given a mild heat treatment
to make it suitably ductile. The holes or open spaces seen in the frame
serve to reduce weight. While the entire frame may be bent to accommodate
various facial sizes, accommiodation of contours in the nasal area is provided
by the bendable fingers of the metal frame.

The mask body in this prototype mask is integral with the frame. Its
sealing surface contours arc the same as used in the previous model. The
assembled mask may be scon in figure 4-41. The various features are discusscd
helow.

Figure 4-40. The Copper Seal Support Shell of
the Second Prototype Facepiece.

Facial Access Port. A swing-away door with a spring-loaded hinge and spring
steel latck is located on the front of the mask. The door, which can be opened
or closed with a single motion of one hand, permits facial access for cxpectora-
tion, speaking on the telephone, or just 'getting a breath of fresh air". Hope-
fully this will encourage more continuous wearing of the respirator than with
currently-used respirators. The facial access door also incorporates the
voicemitter and anti-suffocation provision.

The hinge for the door consists of two short tubes soldered to the copper
mask frame and a rod bonded to the deor. The door is spring-loaded so that it
will fly open when the latch is released.

The door itself is made of vinyl covering a copper form and was fabricated
in the same manner as the rest of the facepiece.

The voicemitter which is located on the door directly in front of the
mouth is of the passive metal-diaphragm type and gives excellent speech trans-
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mission characteristics. It wasadapted from the voicemitter used on the U.S.
Army M-17 protective mask. vy s o

Anti-Suffocation Device. The anti-suffocation provision consists of two vent
holes in the facial door, covered with high-density dacron felt Filter material.
The flow resistance of this material is high enocugh to insure that far more air
enters the mask from the air supply system than through the vents during in-
halation. Furthermore, this filter media has a nominal rating of 0.5 um,

which is on the order of filtration afforded by the air cleaning system. Still,
the flow characteristics are such that breathing is possible in emergency sit-
uations.

Exhalation Valves. Two exhalation valves are provided in the chin of the mask,
below the facial door. They were also adapted from the U.S. Army M-17 mask.

The addition of the second valve aids in the realization of very low exhala-
tion resistance, less than one-half inch of water at the highest flow rates ex-
pected. An exhalation plenum, or shroud, was not incorporated into the design
but is a necessary design feature.

Sealing Surfaces. The seal area of the mask was designed for maximal contact
area to reduce the seal forces necessary to provide stability and bear the
weight of the mask. This was accomplished with a 1/2-inch wide inturned

seal which extends well back along the cheeks. A "hellows" fold at the chin
permits seal maintenance without hampering jaw motion during speaking.

Facepiece Suspension. The suspension system consists of a single, rubber neck

strap and a double strap passing over the crown, held together by a vertical

strap. The "horns' on the mask, to which the straps are attached, lift the
harness straps away from contact with the ears and permit the wearing of
eyeglasses with the mask without the discomfort associated with straps pres-

sing on the stems. The "horns" can also be rotated on the mask, allowing the
wearer to adjust *Le location of the straps on his head. However, the rub-

ber straps are not completely satisfactory as they can pinch the scalp and :
cannot be easily adjusted. :

The design of the mask seal contour is such that the majority of the sus-
pension forces are rcacted against the cheek areas. A chin stop has not been
incorperated on the interior of the mask, thus, allowing the bellows to seal well
back under the chin.

Facepiece Fvaluation. The second prototype mask exhibited a number of serious
problems. One of the most apparent problems was the weight, 17,ounces, and bulk
of the mask. The requirement for mounting two regulators, two exhalation valves.
and a fairly large facial access port was, therefore, revaluated. It was decided
that the facial access port should be no larger than the voicemitter, 2-3/8 inch
diameter, and that a single exhalation valve would have to suffice.

While the overall weight of the mask was clearly excessive, part cf that
weight was due to the use of an electroformed copper frame rather than light
weight aluminum which could be employed on a production mask. However, upon
further evaluation it was felt that an aluminum frame mask of similiar dimen-
sions would still be too heavy. Therefore, it was decided that the overall
seal contours should be made smaller by reducing the posterior extension of
the sealing surface. Mask fit and comfort evaluations supported this deci-
sion in that the seal encroached into the sideburns of the smaller subjects
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Another finding of the fit tests was that, on some subjects, the seal inter-
sected the mandible at the notch through which the facial artery and facial
vein pass, Occlusion of these vessels for long periods of time is undesirable

and it was decided to keep the seal surface well forward of this facial land-
mark.

The mask was also quite difficult to manage when not on the face, Wear-
ing it suspended by the harness hanging from the neck was unpleasant due to
both weight and size, 1Its size and bulk also contributed to mask deforna-
tion when not in use.

While the bendable fingers permitted forming the seal contour to fit any
face in the test panel, it was found that such procedures were an unpleasant
burden upon the wearer. The adjustments, it turned out, were made frequently
during extended wear of the mask, tending to intensify the annoyance of using
a respirator face mask. Therefore, it was decided that the next prototype
should not be adjustable in the sense that changes in seal contour can be made
at will. Rather, a better concept would be te provide adjustments at the time
the mask is issued to a miner. If u pressure point or leak is encountered sub-
sequently, it can be adjusted as pavt of a regular mask maintenance program,

Third Prototype Facepisce

The third and final prototype facepiece produced is much smaller than
the previous two prototypes and weighs only 8.2 ounces with regulator instal-
led. The overall concept is different in that the shell or frame is made
from light weight plastic. The prototype mask is shown in figure 4-42.
Several prototypes of this general configuration were produced before ar-
riving at the mask shown in figure 4-42., Final development of the mask and
a more complete discussion of its fabrication are presented in Section V of
this report. The mask concept incorporates most of the features found in
the second prototype.

Figure 4-41. Second Prototype Facepiece,.
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Figure 4-42. Third Prototype Facepiece. (Note the dust sampling
tube attached to the mask in the foreground of the
picture).

Facial Access Port, The facial access port in the third prototype consists
mainly of the voicemitter and a support ring. The latch is configured so
that the port may be opened or closed with one hand,

Exhalation Valve. In order to reduce bulk, only a single exhalation valve
is incorporated in the prototype mask, It is situated at the bottom of the
mask to promote drainage of any water which might collect in the mask,

Sealing Surfaces. The vinyl mask body, incorporating an inturnesd seal, was
fabricated from a different mold than used in the first two prototype masks,
The bellows feature in the chin cup of previous masks was omitted. While
the seal contour does not extend as far back as previous prototypes, it re-
mains 1/2 to l-inch posterior to contemporary masks and runs higher on the
cheek bones.

Mask Shell. The mask support shell is vacuum formed from 0.060-inch thick
polycarbonate sheet. On either side of the shell a "V" shaped elastic strap
suspension element is riveted to the shell. The shell includes two ports to
facilitate mounting the Robertshaw regulators and a port fur installation of
the exhalation valve.

Fit and Sizing Adjustment. While the shell cannot be deformed to facilitate
fitting, several methods of adjustment are available. The mask seal contour
and interior c¢learance envelope are designed so that the mask may be donned
by positioning it on the bridge of the nose and then rotating it downward
until the chin and cheek sealing surfaces contact flesh. In this way, a
large percentage of the population range in face length can be accommodated
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Additional accommodation in face length, face width, and most importantly ‘in
the area around the nose, may be achieved by use of foam rubber inserts,

These inserts may be glued in place on the seal suppert shell to exert ad-
ditional pressures on the seal against the face. Anctiher possibility is to
insert the foam rubber inserts within the folds of the inturned seal. This
latter method was found 1o be particularly successful in accommodating

poor fit in the nasal areas. Accommodations for fittimg particulavly short
faces is best achieved by placing a 1/2-inch wide by 3-inch long strip of foam
along the inside of the bottom edge of the shell.

SYSTEM SYNTHESIS TRADE STUDIES

Using the basic engineering data and concepts presented in the previous
pages, the next step in the systems synthesis process is to produce tengative
designs for Type I continuous flow and Type III demand with ventilatiun
flow supplied-air respirators. At this level of design it is appropriate to
actually specify particular components or type of components which could be
used in the design. This permits identification of poteitial problem areas
resulting from one design or another. [t 21so permits one to establish
an order of magnitude for the cost and complexity of the system,

Bszed on previous work, the Type II system was eliminated from the com-
petition at this point since, in all probability, it would result in a system
very similar to a Type I1I system. It should be recognized that while parti-
cular components are specified in these designs a more detailed design pro-
cess might result in better components than those listed here. However we
feel that the components specified are sufficiently representative to make
ths competition between the two types of systems a fair one.

TYPE 1 CANDIDATE DESIGN

A schematic drawing of the Type I system design is shown in figure
4-43 and details regarding the various components are listed in table 4-4.
The high output-pressure blower was incorperated in order to make effective
use of the cyclone separator preliminary dust removal element. This was
incorporated in order to reduce the loading on final filter and to reduce the
amount of maintenance necessary on that filter. The hydraulic motor was
selected due to its ease of adaptability in the underground environment and
the small-size envelope compared to the size required for an explosion-proof
electric motor of equivalent output.

The miners umbilical was restricted in length because a longer length
umbilical would be quite heavy and require considerable amount of storage
space in the crowded mining machine operator's work space. As a result, the
Type 1 system does not permit the miner to continue wearing the respirator
when he is working a short distance away from his mining machine.

The roughing filter presents some problem in design. Since ingestion
of the larger size coal particles by the blower could cause severe damage to
the high-speed blower, the roughing filter must remove a considerable amount
of dust from the inlet air. Data are not available which would permit specifi-
cation of blower life as affected by ingested particulate matter. In order
to reducc maintenance requirements to a minimum, a2 reverse flow cyclone is
specified as an inlet roughing filter.
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Table 4-

4. COMPONENTS OF THE CANDIDATE TYPE I SYSTEM.

Item

Manufacturer
and
Model Number

Size

Weight

Remarks

Iniet Filter Synsis Inlet 8in x6inx 4 in I 5-1/2 1b . Designed by Synsis especially for

"Acme Duo-5eal"”

Cyclone this application
. 50% collection efficiency for 3 um
particles
Pressure drop only a few inches of
water
Blower Torin Corp. PO»I/S in long x 8-1/2 1b . 3-stage centrifugsl blower
m/n SC 560- 7-1/2 in dia. . 4 SCFM air flow against a back
30058 pressure of 9 inH,0
. Power input requifed is 1/3 hp &
5000 rpm
Hydraulic Motor jJohn S. Barnes Co approx. 1/8-inch gearface pump run as a
Series GC-5155 4 in long x 3 in 31 motor S
dia. . Requires 1.7 gpm & 425 psi hydraulic '
0il supply R
Final Filter HEPA Corp. f in x 4 in x 3 in Depends on | . 5 SCFM air flow @ .25 inH,0 pressure |
n/n C4-6MAD Housing drop o
. 99.99% efficient in 0.3 um DOP test |
Auxiliary Filter]Same as the - - . Air enters the umbilical line k o)
final filter through a low pressure check valve iﬂ, e
mask pressure becomes negative .}
Umbilical Hose {Not specified 1 in inside dia. - . Light weight, inexpensive h,osé‘ that |
x 8 feet long can be easily replaced in case of
lamage > :
Facepiece Scott~Acme - Less than Could be replaced by unit designed .
Safety Products 6 0z

by Synsis especially for this appli- |}

cation
Half-mask variety




Hydraulic
Motor
Cyclone Multi-Stage Final
Inlet .
nie R Inlet .| Centrifugal Filter
pAr Filter Blower
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Filter —— >
‘,/“’*“
Umbilical Hose—’/
Half-Mask
Exhaled
Facepiece
ALt
Flow

Figure 4-43. Candidate Type I System Design,

Despite the desirability of providing a blower speed control to regulate
air flow rates, such a device is not considered feasible at this time. De-
mand for inhalation flow rate in excess of the blower output is provided by
the auxiliary filter.

TYPE III CANDIDATE SYSTEM DESIGN

The candidate design proposed for a Type III system is shown schematical-
ly in figure 4-44 and component specifications are given in table 4.5, Its
primary features include the smail, light weight, demand regulators produced
by Robertshaw, which result in the smallest amount of encumbrance to the in-
dividual. A small ventilation flow rate, less than 1 SCFM, is provided con-
tinually into the mask to reduce moisture accumulation and thermal build-up.

The basic rationale behind system design centers upon minimizing c¢mcum-
brance to the user and achievement. Prototypes of the Robertshaw regulutors
indicats that they exhibit a cracking pressure of less than l’zmnnch H)0 and
maintain that level of pressure, or less, until they reach their ma:: imum flow
rates, Unfortunately, they are somewhat flow rate limited and, ther:fore, it
was necessary to utilize two of these regulators in order to achiexa the de-
sired 10 SCFM peak flow capability. Their light weight, it is felt will
net contribute appreciably to the overall weight of the mask.

Perhaps the key component in this design is the use of a small diameter,
long length umbilical, It is felt that in the cramped quarters of the under-
ground mine, this umbilical will meet with comsiderably more acceptance than

would one of a shorter and larger diameter.
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Table 4-5,

COMPONENTS OF THE CANDIDATE TYPE 111 SYSTEM

Item Mnnufagturer Size Weight Remarks
an
Model Number
. {Inlet Filter Synsis Inlet 8in x 6 in x 4 in 5-1/2 1b Designea by Synsis especially for
Cyclone this application
Pressure drop only a few inches of
water
50% collection efficiency for 3 um
particles
Compressor Gast Corp. 12 in x 9-1/2 in 19-1/2 ib 2-cylinder, piston type compressor
m/n PCD-10 x 7 in with Teflon rings
3,5 SCFM air flow at a system pres-
sure of 60 psig.
Power input required is 1 hp @ 2008
Tpm
[gydraulic John S. Barnes Co 4 in long x Approx. 1/2-inch gearface pump run as a moto
otor m/n GC-5155-A-2-D 3 4in dia. 31k Requires 2.5 gpm & 900 psi hydraulic
cil supply :
[Cyclone Pre- Synsis Primary 3-3/4 in long x 1-1/4 1b Designed by Synsis especially for th
Filter Cyclone 2-1/4 in dia. application
Pressure drop only a few inches of m
cury
50% collection efficiency for 0.70 u
particles
Final Filter Pall Trinity 7-1/2 in long 1-1/2 1b 6.7 SCFM air flow at a system pressu
Micro Coxp. x 4 in dia. of 50 psig causes a pressure drop of
m/n MC 64463EC 4 inH,0 :
100% &fficient for 0.9 um particles .
98% efficient for 0,07 um particles
Umbilical Hose| Not specified 10-30 ft long - Lightweight, flexible, and able to w
1/4 in 1.D. stand the underground mine environme
Demand Robertshaw 1-1/2 in dia. 1.56 oz Two regulators mounted on each face-
Regulators Controls Co. piece :
m/n 226-22004 . Demand plus continuous flow supplied
Facepiece Synsis Pacepiece - 8.6 oz Espscially designed by Synsis for th
application
Half-mask variety
Incorporates a facial access portal
a passive voice transmitter
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——t=l Inlet Compressor Pre-Filter Filter

Alr Filter
Flow

Miner's
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Mask-
Exhaled Half-Mask ~|Mounted
Alr ‘ TFacepiece | Demand

Regulators]
Figure 4-44. Candidate Type III System Design.

The use of the small-diameter umbilical and the demand regulators neces-
sitates the use of a high-pressure piston-type compressor. Due to the cum-
bersomeness and difficulty of installation, in regards to achieving permis~
sibility, a hydraulic motor was selected to power the compressor rather than
an electric motor. One pays the penalty in doing this since for some ma-
chines hydraulic power is intermittent in nature. Therefore, respiratory pro-
tection using the system may not be provided at all times, However, it was
decided, in this design, that during the periods when the hydraulic power is
not available, the need for respiratory protection will be much reduced and
miners might be tempted to remove their masks under any circumstance. The
size and maintainability requirement of the fabric-type final filter are re-
duced significantly by use of the cyclone separators, Wwhile the inlet cy-
.clone separator is, in fact, adequate to reduce the requirements significantly,
the additional cyclone in the high-pressure side of the system augments this
capability and provides for redundancy in the event of a malfunction of one
or the other elements.

CONCEPT SELECTION

If indeed, the two candidate conceptual systems discussed in the previous
pages represent optimal designs within their class, then all that remains is
to select one or the other for subsequent detailed design. Common systems
engineering practice at this point is to choose the lowest cost system which
meets all of the requirements (Asimow, 1962). However, in this case, that pro-
cedure is not appropriate. In the first place, the costs are nearly similiar
since most of the components are quite similiar (cyclone separators, filters,
hydraulic motors). Secondly, in judging miner acceptance, there is no non-
interference condition. One must, therefore, decide which system is most
acceptable. Each of the systems has been designed to meet or exceed a
large number of the more basic requirements. It is, therefore, not necessary
to include these requirements in the trade-off study, but rather to compare
their level of meeting the remaining requirements. To assist in this process,
table 4-6 was prepared and summarizes results of the trade study. From this
chart it appears obvious that a Type III system is the better choice.
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Table 4-6 . CANDIDATE SYSTEMS TRADE ANALYSIS.

REQUIREMENTS TYPE I TYPE 11
COMPATABILITY
EQUIPMENT
installation large diameter breathing
hose potential problem
reliability machine vibration a poten-

tial hazard to high speed
blower

TASKS AND OPERATIONS
duty cycle

seated operator may have
filtered air but higher
breathing resistance

dismounted tasks

large diameter hose
hard to use if long

potential for supply-
ing clean air during
short down time
better for dismounted
operations

maintainance more frequently, perhaps weekly monthly or less
filter change
ENVIRONMENTAL
safety more chance of entanglementy
anti-suffocation somewhat automatic must be built into

provision for it

atmospheric contaminants

some hazard to
respirator due to
high rpm rotor

mask
some hazard to
pistons and cylinders

abrasion hard to make big hose can be made
hose abrasion resistant abrasion resistant
PERFORMANCE

AIR FLOW RATE

adequate

more than adequate

BREATHING RESISTANCE

exhalation higher than inhalation

less than 1/2 in Hy0 on

inhalation resistance
depends on minute volume

inhalation for all minute
volumes




Among the numerous compatibility requirements, essentially two features stood
out, weighing against a Type I system, having to do with installation and reli-
ability in the underground environment., It was felt that the larger diameter
hoses required to pass the given flow rate in a Type 1 system, on the order
of one-inch diameter and larger, when properly protected, might present some-
what of a burden when installing a respirator system on the compactly design-
ed mining equipment. One example of this would be in the case of a continuous
mining machine where it could turn out that the only reasonable place to in-
stall the compressor and air cleaning equipment would be at a distance quite
remote from the operators station. In this case one would then be required

to route a quite large diameter hose, perhaps several inches in diameter,

from the blower output to the work station. A large diameter hose would,

of course, be necessary to prevent excessive pipe flow losses to that point.
In addition to the mechanics of installation, which of course need only

be performed one time, it would be necessary to take some pains to protect
that hose from roof falls which are a fact of life in an underground coal mine.
It would certainly be undesirabie to have to change the hose each time a roof
fall occurred.

The reliability factor in a Type I system is concerned primarily with
very violent accelerations exhibited by certain types of mining equipment;
particularly continuous miners, under cutters, and roof bolters. It is felt
that a blower with high rotational speeds on the order of 5000 to 10,000 RPM,
would exhibit extremely punishing bearing loads in this situation. Thus, in
order to achieve reliable operation for such equipment, fairly extensive
compressor bearing development would be required. This was beyond the scope
of the program.

Considerations having to do with compatibility with underground mining
tasks and operations are somewhat more straight forward. Trade-offs concern-
ing duty cycle seem to be a toss up, to some extent. While the Type I system
design provides the user with filtered air when the machine is shut down, it
does so at a higher breathing resistance and with a reduced capability to dis-
mount the machine during these periods. A Type III system currently pro-
vides no such capability. On the other hand, it is entirely possible if
space permits, to install a plenum chamber as large as might be desired in
order to provide breathing air when the hydraulic power is not available.
Furthermore, since it appears to be common practice for a miner to dismount
his machine during these brief periods, a Type III respirator would permit
this practice while still providing respiratory protection. In providing
respiratory protection during dismounted tasks, it could be argued that the
same level of protection is provided with each type of system. However, it
is our opinion that if a larger diameter umbilical is used, such as on the
Type I system, that the miners preference would be for a short hose. If this
is true, then the Type III system provides for better compatibility with dis-
mour.ted tasks.

Because of its capability to produce much higher output pressures, thereby
admitting larger pressure drops with the various components, the Type III sys-
tem can be designed for much longer maintenance intervals than can a Type |
system. This factor was weighed quite heavily in making our decision for a

Type 111 system.
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The Type I11 system was judged to present a slightly greater hazard than
a Type 1 system, in regard to ratanglement of the breathing umbilical. How-
ever, it is felt that this hazard can be reduced to a bare minimum through
proper use of emergency disconnects. The Type I system has a slight advan-
tage in regard to the provision of the required anti-suffocation character-
istics due to the fact that it is possible to draw air through the system
when the hydraulic power is off. Such a capability in the Type III system
must be built into the mask in the form of a valve or small filter disc which
would provide sufficient air to support life in the event of a catastrophic
malfunction of the system in conjunction with a roof fall, or some such event.

Although there is some uncertainty concerning hazards to the respirator
system due to atmospheric contaminants, the two systems appear to share a
weakness in regard to ingestion of large particles of coal. If a sufficiently
large particle of coal were to be ingested in the rotor blade of the high RPM
blower, a blade could be destroyed causing an imbalance which could destroy
the blower. In the same regard, it would be possible for the piston compres-
sor to have the walls scored severely by an ingested coal particle. This
probably would not result in compressor failure. However, it would exhibit
a reduced level of performance until it was renaired.

Compatibility with the abrasive factors in the underground coal mines
is a very sirong consideration for both systems. While each system could be
designed to resist abrasion, such as dragging the breathing hose accross loose
¢52) or over sharp edges of the mining machine, satisfactory design in this
arca results in heavy penalties in meeting the other requirements. A large-
diameter breathing hose, such as used on a Type I system, highly resistant to
the abrasive environment, kink-proof, and resistant to the chemical environ-
mental contaminants, would be a stiff, heavy hose. If a Type I system were
indeed selected, our design approach would probably not include such a hose,
but rather a lighter weight hose which is inexpensive and easy to replace on,
say, a bi-weekly basis. It should be kept in mind that the primary goal in
this program is to achieve miner acceptance. Therefore, the same line of
reasoning applies to the miners umbilical designed for a Type III system.
Even with the above provisg it is clear that the umbilical hose for a Type
11I system can always be made more acceptable to the miner than the umbili-

cal for a Type I system.

Perhaps, one of the most important factors in the comparison of the two
systems has to do with breathing resistance. It is, indeed, unfortunate that
so little is known about the subjective acceptance of the various levels
and types of breathing resistance. This paucity of data makes it extremely
difficult to compare one system with the other and we must rely upon previous
experience and a small amount of data available. The Type I, while provid-
ing essentially zero inhalation resistance at minute volumes up to some
level, would probably, in the final design, exhibit a higher exhalation resis-
tance during all levels of flow. This is essentially due to the fact that
the exhalation valve must pass not only the exhaled air but at the same
time, must pass the supplied-air flow rate. This results in a situation which
has been said, by some, to be undesirable., The Type III system on the other
hand employs demand regulators which, by definition, require the wearer to
exert some suction in order to breathe. In making the choice, between the
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two systems, on this factor, the subjective response of a number of persons

to breathing on prototype systems of each type weighed heavily in favor of
the Type I11 system.

It should be kept in mind that the decisions made in the trade-off analy-
sus are necessarily tentative conclusions based upon predictions of the per-
formance to be expected from a given design. The validity of the analysis can
only be demonstrated if the resulting system works as well as predicted and,

at the same time, it can be shown that the alternate system would not work any
better than predicted. Furthermore, as one becomes embroiled in the detailed

process, new design factors, which might be thought of as design requirements

or performance requirements, emerge and must be considered. For this reason,

it is always necessary in the final analysis of a system to decide if it remains
better than the alternate considered previously.
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Section V

PROTUTYPE DESIGN AND FABRICATION

This section describes the details of the design arrived at for the Type
IIT1, demand with ventilation flow, supplied-air respirator system and provides
some rationale for the particular components employed. Test results pertaining
to specific components are presented; overall system operation and performance
is discussed in the following section. The section is organized by functional
element of the supplied-air respirator system; air moving element, dust removal,
air distribution, and facepiece. Readily available production components were
used for all major elements of the system except for the two cyclone separators
and the facepiece, both of which were specifically designed as part of this
program. For most of the production items employed, similar components were
available from alternate manufacturers and our choice depended upon such factors
as delivery time.

An overall schematic diagram of the final design is shown in figure 5-1
and a photograph of the prototype system appears in figure 2-2. As stated

Inlet Cyclone Final
Air ———uf Inlet »{ Compressor » Cyclone o] Fina
Flow Filter Pre-Filter Filter
compressor
Motor
(Hydraulic
or Electric)
Mask~
Exhaled Half-Mask Mounted
Air Facepiece | Demand
Regulators

Figure 5-1. Schematic of the Supplied-Air Respirator System.

previously, the vasic rationale behind the design is to employ a high pres-
sure compressor so that: 1) a small diameter, long length umbilical may be
used in improving potential acceptance by the wearer, and 2) high pressure
drop air cleaning systems may be employed to reduce the maintenance require-
ments. Other important considerations in the rationale for the design in-
clude the requirement for modularity in order to simplify installation of
the system on the compactly built underground mining machinery, freedom from
routine maintenance, and problem-free integration of the personnel-mounted
components of the system, Supplementing this basic rationale are the com-
patibility and performance requirements, as stated in section three.

MOTOR/COMPRESSOR SYSTEM

The motor/compressor system includes a hydraulic motor and its associa-
ted control devices, and a two-cylinder piston compressor. This entire subsys-
tem is mounted on, or inside, a heavy guage steel enclosure for noise re-
duction and protection from mine hazards. This module, measuring approximz-

Preceding page blank
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tely 13 X 11 X 9-1/2 inches, can be mounted at any convenient location on
the mining machine.

MOTOR

The air compressor selected requires approximately 1 hp at a shaft ro-
tational speed of approximately 2,000 RPM for the required pressure and flow
rates to be produced. Choices for the type of power supply were essentially
between electric and hydraulic., A very fundamental trade-off in this choice
exists. The majority of underground mining equipment obtains its primary
power from electrical cables which trail behind the machine. This electrical
energy is then converted to hydraulic power for performing the various functions
ascribed to each machine. The electricel energy is available during the entire
shift and, therefore, an electrical-powered respirator system would be available
for respiratory protection during the eirire shift. As discussed previously,
mining machines operate in a cyclic fashion and since the large hydraulic pumps
utilized are fairly noisy, they are frequently shut off when not needed. Con-
sequently, hydraulic power is avaiiable only when the machine is actually operating..
In general, this makes hydraulic power much less desirable than electric power.
However, the other side of the argument is that a permissible 1 hp electrical
motor is quite large. The compact design of typical underground mining equip-
ment makes it very difficult to find sufficient space on the machine to in-
stall such a motor. This basic choice is illustrated in figure 5-2 which

Electric t
Hydraulic Motor Motor

U

10°D —

..

et~ 4*
PEEEEPYTINN

Figure 5-2. Size Comparison Between Typical 1 hp Hydraulic and Electric Motors.

shows the size comparison between the hydraulic motor utilized in tkis system g
and an electric motor which could have been used. Furthermore, electric motors
are much more costly then the hydraulic motor chosen.

The motor chosen, manufactured by the John 5. Barnes Company, Model No.
GC-5155-A-2-D, requires a flow rate of approximately 2.5 gallons per minute,
depending upon the viscosity of the hydraulic fluid utilized at an opera-
ting pressure of 900 psig. The desired flow rate is achieved through use
of & flow controller produced by Auto-Ponents, Inc, (Model PC5-2. A particular
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advantage of this hydraulic¢ motor is that the same motor frame can be pur-
chased with & variety of different displacement rotors. Therefore, when a
mining machine employs higher hydraulic pressures the hydraulic fluid con-
sumption can be reduced accordingly. This attribute is important because
there appears to be no consistency in hydraulic pressures utilized with var-
ious underground equipment.

AIR COMPRESSOR

The 100 psig, Teflon-ringed air compressor, Model No. PCD-10 produced
by the Gast Manufacturing Company, shown in figure 5-3,was selected for the

Figure 5-3. Gast PCD-10 Air Compressor.

prototype supplied-air respirator. As previously stated, the requirement
for a long, small diametcr umbilical and demand regulators necessitated a
fairly high-pressure compressor. Once this was established it was quite
casy to arrive at the figure of 100 psig since the choice is either less than
50 psig or 100 psig. This particular compressor has the pressure versus
flow rate curve, shown in figure 5-4, when powered by the hydraulic motor
described previously. While compressors having similar output curves are
produced by other manufacturers, no manufacturer produces a similar-sized,
Teflon-ringed compressor with greater output. Compressors of smaller out-
put are not significantly smaller in overall dimensions and there are ne
compressors available with larger output within the required dimensional
envelope.

The compressor is ordinarily configured by the manufacturer with an
electric motor supplied. For this reason, mounting flanges and the bearing
support structure, which are integral with the pump head, are somewhat lar-
ger than desired for this application. However, the manufacturer indicated
that modification to these structures would require an ertensive develop-
ment c¢ffort and, thus, some compactness in the compressor erclosure was sa-
crificed. Were the supplied-air respiriator to he made on a production basis,
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Figure 5-4. Performance of Gast PCD-10 Compressor weem Driven
at 2000 RPM by the Barnes Hydraulic Motor.

it would be possible to commit the development effort and achieve a more
compact design,

~ In orxdinary usage, the manufacturer guarantees the compressor for one
year of continuous operation at maximum output. It is understood that in
actual use, the reliability is considerably better than this, o

There was concern, at first, regarding the potential health hazard re-
sulting from the use of Teflon piston rings. It was discovered, however,
that the toxic fumes generated from heated Teflon could not occur in this
application. The rings would malfunction causing the compressor to stop
at lower temperature than that at which hazardous fumes are generated.
The piston ring reliability in the presence of coal dust is a matter of some
speculation. A considerable amount of protection is afforded by cleaning
the inlet air with the inlet cyclone, as discussed in the air cleaning section
of this report. More positive methods of providing dust-free air to the com-
pressor would result in considerably greater degradation in overall system
performance.

While t: : hydraulic motor and piston compressor appear to be an ex-
tremely simple combination in terms of engineering design, two problems in-
volved in their use required considerable developmental work. One had to
do with air quality in terms of temperature and moisture, and the other had
to do with the noise generated by both the hydraulic motor and piston com-
pressor.

SUBSYSTEM INTEGRATION
The final configuration of the unit as ready for installation on a

mining machine, is shown in figure 2-3. While éxtepsive testing was-not con-
ducted, it appears safe to say that the 1/4-inch thick steel enclosure should

protect the compressor against most roof falls.

112



Compressor overheating, which was found to be a problem, is prevented by
use of the fan and fan shroud which is providad with the compressor head.
The shroud is modified slightly to reduce its overall size and the ports in
the end of the enclosure permiv inward flow of cooling air. Air is ex-
hausted frem the enclosure past the compressor heads which extend through
the walls of the enclosure.

Noise produced by the compressor is attenuated by lining the enclosure
with 1/2-inch thick lead-polyurethane foam sandwich material produced by
Sound Coat Co., Inc., and mounting it on rubber supports. Noise produced
by the gear face hydraulic motor, which was found to be quite significant,
is reduced by use of the rubber-isolated mounting plate.

DUST REMOVAL, COMPONENTS

Two cyclone separators and one fibrous filter have been incorporated
in the supplied-air respirator design. A cyclone separator is provided at
the inlet to the compressor in order to protect the compressor itself from
damage to piston rings and cylinder walls due to ingestion of dust laden
air. The primary cyclone separator is placed downstream of the compressor
in the high-pressure portion of the system., It is much smaller, exhibits a
higher pressure drop, and is much more efficient than the inlet cyclone.
While the two cyclones together provide more than adequate dust removal capa-
bilities, flow rate transients resulting from start-up and shut-down will
permit the cyclones to pass some dust into the system since cyclones do
not work efficiently at low flow rates. Therefore a final fibrous filter
element, which is not dependent upon air flow rate, is provided as the final
measure in the dust removal system, Due to the overall efficiency of the
two cyclones, it is possible to make the fibrous filter element quite small.

While it is not certain how much dust may be collected in the final
filter before it is necessary for it to be replaced, it is possible to pre-
dict a service interval of several months for this element. The require-
ment for maintenance of the cyclone separators could not be predicted.

This is a matter which must be learned by trial and error within the coal
mine. However, routine maintenance procedures simply involve emptying the
dust receptacles at the bottom of each cyclone.

A difficult decision to be made in designing the dust removal components,
concerned the trade-off between system bulk and overall reliability and main-
tainability. For instance, the inlet cyclone could have been made smaller
in size and more efficient so that the primary cyclone would have been less
important; however, doing so produced two essential problems. The first was
that compressor flow rate is linearly dependent upon inlet pressure. Thus,
increased efficiency of the inlet cyclone and reduced size could only be
obtained through reduction in compressor output. On the other hand, it is
possible to obtain any reasonable efficiency in the high-pressure portion
of the system since the relative pressure drop in that range is not as im-
portant to overall system performance. In the second case, it was observed
that, being exposed to the mine environment, the inlet cyclone was much more
likely to become fouled, thus, degrading its performance and exposing the
final filter to a much higher loading rate. While it is realized that ex-
cessive bulk of the system is undesirabie, it was felt that reliable pex-
formance and low maintenance requirements were more important in this case
than the potential reduction in size by removing one air cleaning element.
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PRIMARY CYCLONE SEPARATOR

The purpose of the primary cyclone -uparator is to remove nearly all of
the coal dust from the air presented to it, so that dust loading on the final
filter will be as small as possible. The final filter will, of course, reccive
some loading,as discussed previously, due to transients in air flow rate. The
primary cyclone separator is located in the auxiliary cquipment enclosure and
thus, situated, perhaps, some distance from the air compressor. Between the
air compressor and the primary cyclore separatoer, air cooling coils have becn
installed in order to precipitate some of the moisture from the air. The
primary cyclone separator removes this moisture from the system. Removal
of the collected dust and moisture from the primary cyclone is performed by
opening a relief valve which protrudes through the enclosure. This relief
valve should be operated daily.

Construction

The primary cyclone separator shown in figure 5-5 is 2,25 inches in diameter
and 3.5 inches long, exclusive of fittings. As shown in the exploded view of

Figure 5-5. Primary Cyclone Separator,

the c¢veclone, figure 5-0, the body of the cyclone is machined in two halves.
They may be scparated ecasily, by removal of four screws, so that the inter-
jor of the unit may be cleancd with a rag or a blast of water or other sol-
vent .

The prototypes were machined at our facility from aluminum stock and
the inlet and outlet tubes were welded in place. In a productiocn version.
of course, it would be possible to produce these units in a more cost-ef-
fective fashion sco that the net cost of the units would easily be in the
range of a few dollars or less.

Consideration was given to casting the cyclone from urethane or machin-
ing them from a harder metal such as stainless steel, however, the obvious
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Figure 5-6. Exploded View of the Primary Cyclone Separator.

advantage of working in aluminum was elected for the prototype units. It
is known that there is a considerable amount of abrasion on the walls of
the cyclone, but is felt that the aluminum will survive sufficiently long
for the present purposes.

Performance

While cyclone dust removal efficiency depends upon flow rate, and flow
rate through this system vazries depending upon demand, we would estimate
that on the average, the primary cyclone separator will remove more than
95% of the dust presented to it. The collection efficiency curve is shown
in figure 5-7. This curve is based upon data taken at the Donaldson
Company Minneapolis, Minnesota. Specific test results upon which this curve
was based are presented in table 5-1.

Table 5-1. PRIMARY CYCLONE SEPARATOR TEST CONDITIONS AND RESULTS

Run #1 Run #2 !

Total dust fed 0.135 gms 0.426 gms
Total dust collected 0.130 gms 0.411 gms
Total dust penetrated 0.005 gms 0.015 gms
Resulting gravimetric efficiency 96.3% 96.47%
dgy (cut size)! 0.505 um 0.402 um
195 1.75 um 1.80 um

Extrapolation from measured data due to inability to count particles

in this range accurately.
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Two tests were conducted in order to cross-check the results, In both
tests, the flow rate was 0.5 SCFM and all of the coal dust was within the res-
pirable range, 0-10 um. Coal dust concentration in the inlet air was 940 mg/
m3 which resulted in a dust feed rate of 0,0135 grams per minute. This value
is an order of magnitude greater than might be experienced in actual under-
ground operations for this cyclone; but was as low as the available dust feed-
ing equipment could produce,

Cyclone separator efficiency is st—ongly dependent upon the velocity
of the air entering the tube. For this reason, a more efficient cyclone can
be made if the inlet and outlet tubes are of small diameter with the result
being that cyclone efficiency is directly dependent upon pressure drop
across the unit. As it is used in the supplied-air respirator system, the
flow rate through the primary cyclone is inversely related to the pressure
at the inlet to the cyclone. However, in terms of absolute velocities, the
lower inlet pressures result in higher velocity and, thus, a higher pressure
drop. This is somewhat unfortunate in that, during periods of heavy demand,
the compressor output pressure is reduced and, at the same time, the pressure
drop across the cyclone is increased. Thus, the air pressure delivered to
the regulators under these conditions is markedly reduced. For this reason,
it is necessary to design the cyclone to have an acceptable pressure drop
at higher flow rates and lower pressures than occur in normal operation.
Predictions, based upon the analysis of Appendix IV, indicated little need for
concern with the proposed design. However, measured pressure drops taken
at a variety of pressures and flow rates, as shown in table 5-2, were about
twice as high as the predicted values. This was still felt to be no cause
for concern and the design was readily adopted rather than to make the
cyclone larger. Certainly, a pressure drop of less than 2 psi at a system
flow rate of 3.5 SCFM is most acceptable.

Table 5-2. PRESSURE DROP VS. FLOW FOR THE PRIMARY CYCLONE, WHILE
SUPPLIED BY THE GAST COMPRESSOR.

ryclone Inlet Air Flow (SCFM) Measured Pressure Predicted
P

ressure (psig) Drop across Cyclone | Pressure Drop
Across Cyclone

f
l

20.0 4.00 3.1 1,72
27.0 5.87 2.6 1.34
35.0 3.77 2.2 1.07
45,7 3.57 1.8 0.79
55.5 3.33 1.5 0.59
67.5 3.11 1.2 0.44
80.7 2.86 0.8 0.32

INLET CYCLONE SEPARATOR

Due to the high dust content of the mine atmosphere, some type of in:
let filter will be required to protect the compressor piston ring and cylin-

der walls from unduly rapid wear. The felt pads which are ordinarily sup-
plied with the compressor are unsuitable because of unnecessarily high pressure

losses and because they would become clogged very quickly. Based on a funda-
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mental requirement for minimal maintenance other types of fibrous filters
were precluded from consideration and the decision was made to use a cyclone
separator as the inlet dust removal element,

Two alternate approaches are possible, One is to design and construct
a reverse-flow cyclone based upon the computer programs developed in design-
ing the primary cyclone separator. Another concept is to employ a com-
mercially available cyclone separator, of which at least two are available.
Both the Donaldson Company, Inc, and the Paul Trinity Micrn Csip., produce
axial flow cyclones in the performance range which wouid be suitable for
this application. The flow in an axial cyclone is entirely along the axis
of the tube with the swirling component being added by vanes at the inlet,
as illustrated in figure 5-§, The cyclones produced by the above manu-

_. ~— VYortex Tube

//’//‘ ///f Fins which Outlet Tube

generate vortex

£ S S e - Y Db el

Input Qutput

“Clean Air"

R N Ap—— lm—_-—.‘-—.-n‘b
"Dirty Air"

Qutput
Y'Contaminated Air"

Figure 5-8. Typical Axial Flow Cyclone Separator

facturers are typically four or five inches long, ane inch in diameter,
have a 50% collection efficiency (d..) for 10 um particles and handle flow
rates of 10 to 30 SCFM. How well tﬁgy function at the lower flow rates of
3 to 5 SCFM, required for this application, was not determined.

The main difficulty with axial flow cyclone tubes is that an under-
feed, or slight suction at the port where the dirty air is expelled, is re-
quired. A number of concepts for providing the necessary underfeed, such
as an auxiliary blower, or a venturi pump operating from the high pressure
compressor output, were investigated. Because of the complexities in
providing underfeed, the reverse flow-type cyclone appeared to be much move
suitable for this particular application. Therefore, a new cyclone was
designed and produced.

Construction
In order to achieve a very low pressure drop, thus preserviyg the lar-
gest proportion of compressor output, a fairly large cyclone design was pro-

duced. This cyclone, shown in figure 5-9, was machined from aluminum and
the inlet and outlet ports were welded in place. Due to the use of 1/2-inch
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Figure 5-9. 1Inlet Cyvclone Separator.

inside diameter inlet and outlet ports, the pressure drop at typical system
flow rates is less than 2 in. of water. Since no underfeed is provided,
the dust collection is accomplished by use of a specially designed and
fabricated elastomeric cap situated on the bottom of the cyclone tube. The
volume of this cap is large enough that it should only need to be serviced
(emptied) on a weekly or a monthly basis. This is accomplished by merely
loosening the hose clamp with a screwdriver and dumping out the collected
dust,

Performance

The desired low pressure drop was achieved as illustrated by the flow
versus pressure drop curve shown in figure 5-10. While the efficiency was
not experimentally determined, the analysis indicated that at a flow rate
of 3.0 SCFM the unit would have a 50% efficiency (d..) for 2.5 um particles.
Based on the good corrclatidn of predicted and expeTimentally determined col-
lection cfficiencies experienced in the design, and evaluation of the pri-
mary cyclone separator, it was felt that experimental verification of this
particular cyclone performance was not warranted.
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FINAL FILTER

In selecting a final filter, it was desired to procure a commercially
available, small-size unit with high filtration efficiency for 1 um coal dust
particles, The unit selected, housing Model MDA 446364 and element Model
MC64463EC, is produced by the Pall Trinity Micro Corp. The filter element
is pleated paper having a surface area of 2.2 ft? and is an absolute filter
{100% collection) for 0.9 um particles and is 98% efficient for 0.07 um
particles. For a clean filter element passing 6.7 SCFM at 50 psig the pres-
sure drop is only 4.2 in HZO'

The unit, which may be seen in figure 2-4, is approximately 7-1/2 inches
long and has a diameter of 4 inches. Filter elements may be replaced by re-
moving a hose clamp and installing a new element. Based on preliminary
system tests, the filter element should need to be replaced only once every
several months.

AIR DISTRIBUTION COMPONENTS

If there were a single key to acceptance in the design of the supplied-
air respirator system, it would have to lie within the area of air distri-
bution components. The small diameter, 1ight weight, breathing umbilical,
and the low inhalation resistance demand regulator certainly qualify as
the most readily apparent components of the system presented to the user,
Other components within this system, such as the quick~disconnect, the body

attachment method, and the pressure regulation devices, are equally impor-
tant to the success of the system in terms of reliable operation and sys-

tem management.
UMBILICAL DESIGN
There are essentially three interacting factors to be considered in

selecting the miners umbilical: length of the umbilical, desired flow
resistance, and material and construction.
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Flow Resistance

Since the goal of choosing an air umbilical having a minimum inside
diameter for a particular length is obvious, it became necessary to examine
the relationship between flow resistance, or pressurc drop along the hese,
to inside diameter. Basic inconsistencies were found in some of the stand-
ard equations and charts and graphs available for ready reference. There~
fore it was necessary to perform a detailed engineering analysis of pipe
flow resistance in the domain of interest., This analysis appears as Ap-
pendix V. The analysis produced two results important to this program:

1) Within the range of flow rate and pipe diameter of interest to
this program, flow resistance is not linear with the length of
the pipe.

2) Flow resistance and maximum flow obtainable can be improved con-
siderably by increasing the exit pressure.

Flow resistance for 20 and 30-foot lengths of 1/4-inch inside diameter tubing
are presented in figure 5-11. After careful consideration of the alter-
natives available, it was decided that the umbilical tubing should have a
1/4-inch inside diameter with the smoothest bore possible. It was further
decided that the length of the umbilical need not depend heavily upon the
flow resistance and that factors having to do with miner acceptance should
dictate the length. These will be discussed subsequently.

Umbilical Construction

Perhaps, one of the most difficult problems faced in designint this
system concerns the type of construction of the miners umbilical. On one
hand, it is possible to select sz heavy-duty medium-pressure hose which will
withstand the abrasion, rough handling, and chemical enviromment within
the mine, remaining kink-free and leak-free for an indefinite period of
time. Such a hose would be of a composite construction with perhaps a
vinyl core, several layers of fabric breid reinforcement, and a urethane
outer covering. Unfortunately, hoses of this category are large diamester,
perhaps 0.75 inch, quite heavy, and hard to manage in a confined work space.
Low-pressure air hoses, on the other hand, are lighter, have a smaller dia-
meter (0.50 inch) and are much easier to manage. Hoses made with no fiber
reinforcement, such as the homogenous vinyl or polyurethane, are particularly
attractive in this regard. However, these low-pressure hoses would require
more frequent replacement than the heavier hoses. While a medium-pressure
hose could be expected to last up to a year in the underground environment)
the best of the low-pressure, lighter weight hoses would have to be re-
placed, perhaps, as often as bimonthly. Unfortunately, there are no suitable
methods available for making this prediction with any accuracy.

In view of the overall mission and requirements of the system, the cost
of the miner's umbilical, a few dollars, is not significant., Therefore,
based on the performance requirements for ease of handling of the umbili-
cal, the choice of using the lighter weight low-pressure air hose was made.
It should be noted that hoses classed by manufacturers as "low pressure"
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are ordinarily rated for a working pressure of 200 psig and a burst pres-
sure of 500 psig,or more.

Air hoses are manufactured from a wide variety of material, only some
of which are compatible with the chemical and physical environment of coal
mines. With synthetic materials it is especially important that the parti-
cular compounding process employed is suitable for use with breathing air.
This is a matter which can best be determined at the time a large oxrder for

the hose is being negotiated with a manufacturer. A summary of the proper-
ties of some of the basic materials employed in hose construction is presen-
ted in table 5-3. From this chart alone it would appear that polyurethane

is the most attractive material based upon its excellent abrasion resistance.

Table 5-3. PROPERTIES OF SEVERAL COMMON PLASTIC HOSE TYPES.

§
WORKING ABRASION
HOSE TYPE PRESSURE | ODOR B
b ooy FLAMMABLE RESISTANCE
Poly-
. . Self-
urethane 70 N -
R psig | Nil Extinguishing Excellent
pvC
W/Dacron . Self-
. 210
Braid psig | Some Extinguishing Very Good
174" X 3/8"
Nylon "11% Self
{Semi-Flexible 250 psi i T
Ly 1z ) psig |Nil Extinguishing Excellent
Poly-
Ethy lene - . Slow
(Semi-Flexible) | 6% Psig [Nil fpioine Very Good
378" X 1/2v
|Stabilized
i Poly-
. Propylene 185 psig [Nil | Faries Very Good
! (Semi-Flexible
:3/8" x 1/2v

The fact that it can be procured in a traaslucent compound permits examina-
tion of the hose for water or dust to check on system performance.

One-quarter inch inside diameter hoses constructed of polyurethane,
vinyl, neoprene and nylon were procured for laboratory evaluation. The
most flexible nylon hose obtainable was far toostiff for consideration as
the miner’s umbilical, but was selected for other ducting purposes. While
fabric reinforced neoprene hose is potentially suitable, it is heavier and
less abrasion resistant than either vinyl or polyurethane. All of the
several types of vinyl hose procured produced a slight odor. Some of them,
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however, can be procured with the "food grade" compound of vinyl which ex-
hibits no odor. For rcasons which are not clear, there are a very limited
number of hose products utilizing polyurethane, One product tested was a
homogeneous, non-reinforced polyurethane hose having a 1/4~inch ID and a 1/2-
inch OD. While the hose was rated at a working pressure of only 70 psig, it
was utilized on the prototype respirator system for a number of operational
tests. It proved to be exceptionally durable and quite suitable for the in-
tended application. It can be obtained with an imbedded inner braid of
dacron and an inner lining of food grade vinyl which are molded in place
during fabrication of the hose. 1In this configuration, a hose of 3/8-inch
0D is rated at a working pressure of more than 200 psig. Unfortunately,
procurement of this product, which can be manufactured by several compan-
ies, requires a special production run and a minimum order of 1000 feet.
Such a procurement was considered imprudent for construction of a single
prototype, so further evaluation of the product centered upon a

hose produced from vinyl which is quite similiar, except for a lower abras-
ion resistance. From this evaluation it was decided that the reinforced
polyurethane hose meets the requirements and, therefore, it is incorporated
in the design. The construction of the desired hose includes a trans-
parent food grade vinyl inner lining, a dacron braid, and a translucent
polyurethane covering. The product is similar, except for materials, to
several products readily available such as Tygon B-44-4X "Inner Braided"
tubing. The vinyl inner lining is necessary because a 'food grade" poly-
urethane is not currently available.

Umbilical Assembly Design

Based upon consideration of miner’s tasks, miner work space considera-
tion, and the necessity of managing the umbilical in terms of precluding
task interference and snagging, it was decided that the umbilical should
be supplied in a standard 15-ft. length. .dditional ten-foot sections may
be provided for those miners who find it desirable. One example of the
necessity for longer umbilical lengths is compatibility with somz of the
newer continuous miners, such as the new Lee Norse miner, which provide a
remote operator control station to the rear of the machine. The design as-
sembly is depicted in figure 5-12. It incorporates the R. E. Uarling Co
emergency disconnect device which is also used for routine connect-discon-
nect operations,

DEMAND REGULATORS

Perhaps one of the more rewarding portions of the program was the pro-
curement and evaluation of the demand regulators used in the system. An
initial design proposed by the Robertshaw Company, Anaheim, California was
nearly perfect in meeting the requirements. The only potential shortcoming
of the prototype unit produced for evaluation was a deficiency in maxiumum
flow rate obtainable. Flow rate versus suction pressure at several differ-
ent supply pressures are shown for the prototype in figure 4-34.

Again the paradox is encountered that at the time when the highest flow
rates are needed, the system supply pressure is necessarily reduced., It was
decided that while this regulator exhibits remarkably good pressure flow
curves in comparison with other demand regulators, the peak flow requirement
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should not be sacrificed. Since Robertshaw had done all that was possible

in improving the flow rate of this particular unit, other manufacturers were
contacted once again. A better regulator could not be found. Therefore, in
view of the fact that the Robertshaw models, shown in figure 5-13,are quite
small and light weight, it was decided to employ two of them in the air deli-
very system. Two units were installed in a prototype face mask mounted on a
head form and the flow rate versus suction pressure curves at various supply
pressures for this assembly are shown in figure 5-14.

Figure 5-12, Umbilical Hose Assembly

Qutside View Inside View

Figure 5-13. Modified Robertshaw Regulator.
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Ventilation Flow

As discussed previously, it was determined that ventilation flow should
be incorporated into the air delivery system in order to reduce thermal and
moisture build-up within the facepiece. A search of the available litera-
ture produced no applicable results describing how to choose a suitable
flow rate under this circumstance. Therefore, an experiment was conducted in
our laboratory. A rudimentary simulation of the underground working en-
vironment was constructed using plywood and other laboratory furniture. The
interior was darkened so that it was necessary to use a miner’s cap lamp, and
the relative humidity was increased by flooding the floor with water, Sub-
jects were dressed in full mining equipment, including helmet, cap lamp,
coveralls, safety equipment, rubber boots and one of the prototype facepieces.
The facepiecs included two of the Robertshaw demand regulators. The mask
was modified so that the individual subject could set the ventilation flow
cate at whatever he desired. The ventilation flow was introduced through
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two 1/8-inch diameter ports mounted near the demand regulators, one experi-
mental run was made with no air flow baffles within the mask, so that the
ventilation flow impinged directly on the cheeks of the wearer; a second
series of runs was made with suitable baffles over the regulator input and
the ventilation flow inlet so that the sensation of air “low velocity was
reduced to a minimum.

The simulated work space was approximately 25 feet long and 8 feet
wide. A work station at one end of the enclosure involved a small displny
with a control function to keep the subjects occupied during the non work-
ing phase of the underground exposure. The display consisted of a volt-
meter at the work space directly in front of the subjects location, and
another voltmeter at the far end of the work space. The meter at the far
end of the work space was controlled by the experimenter, so that he could
set the indicator for any voltage desired. The miner's task was then to con-
tinually monitor the controlled meter and set his own meter to match it, the
task was made more difficult by providing two non-linear controls for volt-

age to the subjects' meter. As desired, it was found that the control task
was fairly demanding. Alternating with the control task was a task involv-
ing a fair amount of energy expenditure so that the subjects choice of venti-
lation flow rate would reflect some combination of his desire for flow rate
during sedentary and working tasks. The working task involved moving a 25~
pound weight from one end of the simulated mine to the other and back again,
Subjects activities were controlled by the experiment, using a light signal-
ing system so that no verbal communication would be necessary. A single
subject-exposure lasted one-half hour, and was conducted according to the
activity profile shown in table 5-4, The subject had five opportunities to
adjust his ventilation flow rate. The experimental data are alsc shown in
table 5-4. Since the variation in flow settings for the last two opportuni-
ties to do so in the experiment showed little variation, it was decided

that the experimental period was sufficiently lengthy to extract data. As
might be expected, the flow rate settings the subjects chose for the baffled
condition were higher than for the non-baffled condition. All of the subjects
reported that this was a much more pleasant condition.

Based upon discussions of the matter with the experimental subjects, it
was decided that setting the flow rate at the average flow rate of the ex-
perimental subjects would result in half of the subjects being uncomfortable
due to having a ventilation flow rate that was too high. The converse did
not appear to be true; most subjects felt that having the flow rate too low
was less objectionable than having it too high. Therefore, a compromise was
decided upon of setting the flow rate at approximately 30% of the range be-
tween the minimum and the maximum. Thus,a final flow rate for ventilation
flow was set at 0.75 SCFM. It should be immediately stated that this flow
rate is dependent on supply pressure at the regulator and will be less than the
design value when the subjects are working hard and the system pressure has
dropped below its normal operating value.

Regulator Installation

In order to make the demand regulators compatible with the prototype
face mask and its suspension harness, it was necessary to modify the regula-
tor inlets from those normally supplied with the unit. This was performed
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Table 5-4. VENTILATION FLOW SELECTION TEST

ELAPSED ACTIVITY ELAPSED ACTIVITY
TIME TIME
{(Minutes) Minutes)
1 Set Flow 1 12 Carry
3 Monitor 14 Monitor
4 Set Flow 2 18 Set Flow 4
5 Carry 16 Carry
7 Monitor 17 Carry
8 Carry 19 Monitor
9 Set Flow 3 20 Set Flow 5
i1 Monitor
Activity Schedule for Test Subjects
'WENTILATION i| FLOW (SCFM) | FLOW (SCFM)
i FLOW WITHOUT BAFFLES WITH BAFFLES
ADJUSTMENT MIN. MEAN MAX || MIN. MEAN MAX.
i
1 0.25 1.03 1.7 ||0.75 1.34 2.1
i 2 0.20 1.03 1.7 J|0.75 1.49 2.2
3 0.20 1.12 1.7 1}0.80 1.69 2,7
4 0.30 1.09 1.7 }10.80 1.73 2.7
.5 0.30 1.09 1.7 || - - -
Mean 0.25 1,07 1.7 110,775 1,56 2.4

Ventilation Flow Chosen by Test Subjecis; With and Without Baffles.

by cutting off the inlet tube and welding it to its base in a different
orientation. The modified inlets are visible in figure 5-13,

The regulators are supplied with a threaded body. A mounting plate was
machined to accept these threads and to provide for installation of the
fiow baffles. The baffle plates are formed of 0.030-inch thick polycarbonate
piastic. Further flow diffusion and noise attenuation were achieved by in-
stallation, by Robertshaw, of fine mesh screens in the regulator outlet ports.
A photograph of the regulator assembly installation is shown in figure 5-15.

PLENUM CHAMBER DESIGN AND FABRICATION

A plenum chamber, in a system such as this, can serve two functions. One
function is to provide storage for a sufficient volume air, at a pressure
adequate to supply the regulators, to provide for a period of time during
which the air compressor is not operating, or when the demand far exceeds
the supply rate. The second function is to even out the supply pressure
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Figure 5-15, Regulator Assembly Installation.

seen by the regulators from breath-to~breath. If a plenum chamber were
net provided for this purpose then the flow rate could never exeeed the com-
pressor output flow rate of approximately 3.5 SCFM,

In evaluating the feasibility of providing the first type of feature,
a simple engineering analysis was performed relating size of the pressure
chamber, system output pressure, and length of time that breathing air
could reasonably be provided for user. As shown in figure 5-16,which
describes some of the results of the analysis, it would take an unaccep~
tably large plenum chamber to provide even a few minutes supply of breath-
ing air. While this is most certainly a very desirable feature to have
on the supplied-air system, the provision of such large plenum chambers
could be utilized on only a small number of machines. Therefore, it was
determined that the prototype design should not include such a chauber,
However, when properly integrated with the mining machine during manu-
facture or a retrofit situation, such a plenum chamber should be incor-
porated.

A plenum chamber serving the second function mentioned above, smoothing
of the air supply pressure to the demand regulators is, of course a neces-
sary element in the design of the supplied-air respirator system. To
determine an appropriate size for the plenum chamber, it was necessary to
perform a mathematical analysis of the situation. The compressor's supply
pressure and flow rate, while slightly non-iinear, as shown in figure 5.4,
may be approximated by the relation

ni‘l(t) = Mlll - Klp(t)] ’ (5-1)
where M; and K; are constants describing a particular compressor.
The system output, or the air supplied to the user, may be approximated by
sine waves and a constant flow as shown in figure 5.17. The mathematical
function used to describe this flow in the simulation is
Mz Sinwt + My, Sinwt>0
m2(t) = (5-2)
Mo » Sinwt40
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Equation 5-1 represents flow into a plenum chamber and equation 5-2 re-
presents flow out of the chamber. Therefore this system of differential

equations can be solved for instantaneous pressure within the plenum cham-
ber. The solution was obtained and the resulting equation was programed

130



for numerical solution on a Wang Model 600 programmable calculator. Sanm-
ple results from these computations are shown in figure 5-18.

Based on the regulator supply pressures required, at least 4% psig
and the pressure losses through the umbilical hose, one can then determine
the relationship between the time pericd for which any minute volume can
be supported, aud the size of the plenum chamber. Consideration of these
physiologic and engineering parameters resulted in a selection of the plenum
chamber of approximately 110 in”. In the design of the system, it was fognd
convenient to procure a suitable plenum chamber having a volume of 102 in”.
This plenum chamber is a surplus stainless steel oxygen bottle rated at a
burst pressure of 500 psig. Several of these units were procured, refur-
bished and hydrostatically tested before incorporation into the prototype
system.

AUXILIARY EQUIPMENT

A number of components such as pressure relief valve, attachment points,
and other such items are part of the air distribution components and will
be discussed briefly below,

Pressure Relief Valve

The miner's respiratory minute volume is normally less than the out-
put rate of the compressor. To prevent a catastrophic build-up of system
pressure, the excess air must be bled off in a controlled fashion. This is
achieved by means of a spring-and-diaphragm type pressure relief valve.
Such units are commercially available with slight variations £rom several
manufacturers. The prototype system employs a Norgren Co. Model Number
V06-200-NNK.

It is essentially the same as their miniature air-line regulator, with
internal modifications so that it regulates upstream rather than downstream
pressure. This type of regulator was chosen over the spring-loaded 'poppet"
type of pressure relief for two reasons. One is that it affords a more ac-
curate and reliable control of system air pressure. Additionally, it is suit-
able for continuous operation, while the "poppet" type is ordinarily em-
ployed for intermittent use only.

As shown in the system schematic, figure 5-1, the pressure relief
valve is located downstream from the cyclone separator, the final filter,
and the plenum chamber. There are several reasons for this. Most important-
ly, it insures that the cyclone separator is exposed to a more continuous
flow rate. Pressure relief valve reliability and noise generation are more
acceptable when it is exposed to a non-cyclic flow rate and clean air.

A muffler was found to be necessary to reduce noise generated by the
pressure relief valve. A model MO-1 manufactured by Allied Witan Co.,

Cleveland, Chio, is employed for this purpose.

Flow Sensor

The emergency quick disconnect employed is a full-bore type which does
not incorporate a device to stop the flow when it is disconnected. There-
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fore, it is necessary to provide z device to reduce the flow in the umbilical
when disconnected (or broken) so that it will not flail. A Hansen Flow
Sensor, mounted in the auxiliary enclosure is employed for this purpose,

A spring-loaded check valve closes when the flow rate exceeds 20 SCFM, A
small orifice in the device allows a small flow to continue. This serves
two purposes in the system. It keeps dirt from entering the loose end of
the umbilical and it permits the reconnected umbilical to restore pressure,
opening the flow sensor to a full-flow condition,

Machine Attachment

Recognizing that it may be necessary to mount the auxiliary enclosure
some distance from the operator's station, a small machine attachment point
for the miners umbilical is included in the system. It includes a water
trap and a swivel, The water trap is located at this point, rather than
within the auxiliary enclosure, to allow more chance for condensation through
the necessary ducting to that point,

FACEPIECE DESIGN AND CONSTRUCTION

Following modification of the contract in February 1972, considerable effort
was expended in developing a facepiece suitable for use with the suppiied-air
respirator system. As previously discussed, the requirement for this effort
stems from the fact that currently available facepieces fall short of the
desired performance for the present purpose on several counts, mainly:

. Capability to mount and support, comfortably, the weight and
bulk of demand regulators,

. Seal type, seal contours, and suspension suitable for use with
regulators under the stresses of rapid and varied head move-
ments found in the underground mining tasks,

. Capability for speaking, and expectoration.

These requirements have been discussed more fully in previous sections and
lead to the necessity of developing a new facepiece which can satisfy the
requirements specific to the underground environment.

To review the concepts presented previously, the facepiece to be produced
must facilitate the incorporation of a number of features each imposing dem-
ands upon the configuration and, thus, upon the prototype fabrication techni-
ques. These features include:

. A suspension harness permitting comfortable continuous wear and
ease of doffing § donning

., Broad contact area face seal,

. Space for mounting two Robertshaw demand regulators,

. Provision of a door to permit speaking and expectoration,
. A rigid seal support device or "shell",

. Space for mounting exhaust valves and an anti-suffocation device.
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Based on thg conceptual designs presented previously, the development
work progressed in an evolutionary fashion, as shown in figure 5-19. This
process was performed through a total of three facepiece design prototypes

Develop Proto. Construct
-t Fabrication - Candidate
Techniques Facepiece
4
1
Propose Evaluate
New - Candidate §:§i?§;:io
Candidate Facepiece Procedur Sn
Design Requirements =

|

Figure 5~19. Steps in Development of the Prototype Facepiece.
culminating in the design shown in figure 2-8,
FINAL FACEPIECE DESIGN

The final facepiece design consists primarily of a vinyl elastomeric
body supported by a vacuum formed polycarbonate shell. The overall face~
piece assembly including the suspension elements weighs 8.5 ounces, includ-
ing the demand regulators., The unit is best described by discussion of the
various design features. In these paragraphs, each of the features im-
portant to the design and performance of the facepiece assembly will be dis-
cussed in terms of their overall impact upon the design and its performance.
In the next section, detailed designs will be provided and the development
involved in arriving at that design will be presented.

Facial Access Port

One of the primary features affecting overall mask design was the fa-
cial access port, or front door. The facial access port permits the wearer
to open the port for expectoration, when necessary, take 'a breath € fresh
air", carry on face-to-face conversation, or use a telephone. The facial
access port is composed primarily of a voicemitter and, thus, permits speak-
ing even with the port closed. Although not measured in a quantitative
sense, it is possible to conduct a face-to-face conversation in a fairly
noisy environment with the facial access port closed, Another reason for
providing the voicemitter was so that a miners warning shout in an emer-
gency situation would be transmitted.

The latch holding the door closed was designed so that it can be opera-
ted with one gloved hand.

Sealing Surfaces

The vinyl elastomeric body incorporating the sealing surfaces is of
approximately 45-durometer material and varies in thickness. Since the
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sealing surfaces are required to support at least part of the weight of
the mask assembly, they are designed to cover a broad area of the facial
structure, Particular emphasis is placed on providing a significant
amount of area near the cheek bone to react downward forces on the mask.
In doing this, it is intended to reduce the forces exerted on the nasal
bridge. The seal is designed to extend quite far backward along the
cheeks so that inertial forces resulting from twisting the head from side-
to-side are reacted with a sizeable moment arm, thus, reducing the pressure
on the face,

An inturned type of seal is used in order to provide better fit ac-
commodation and to prevent outward leakage of positive pressures.

while the mask is produced in only one size, adjustments to the seal-
ing contours may be achieved by the use of foam rubber inserts between the
shell and the body or, if desired, within the inturned seal.

Regulator Integration

The primary goal of the facepiece shell design is to locate the mass
of the demand regulators as far rearward as possible. The shell is made

from polycarbonate plastic vacuum- formed over an aluminum mandrel. Being
only approximately .055-inch thick the shell is quite light in weight but
surprisingly resilient.

Suspension Harness

After considering a number of quite novel approaches to facepiece sus-
pension, the design shown in figure 5.20 was adopted. A moderately elastic
knit cap is worn on the head. On either side of the head, near the ears,
the cap incorporates a large patch of hook and pile type fastening material.
Two elastic straps on either side of the facepiece terminate in mating
patches. With the miner's helmet in place, the suspension cap is firmly held
in place, so that either side of the harness may be loosened and the mask
permitted to dangle by the other strap. Subsequent donning may be accom-
plished with one hand. This suspension system also affords another mode
of donning and doffing in that the cap may be utilized much as an elastic
strap-type harness would be and that it may be pulled down so that the
entire respirator is suspended from the neck., This would of course be the
desired mode of wearing during periods when the respirator was not fre-
quently held on the face. One of the considerations in the design of the
facepiece was to permit it to be tucked under the coveralls while suspended
from the suspension so that it would be protected from accumulating dirt
from the mine environment.

DEVELOPMENT AND FABRICATION

The following paragraphs describe the detailed design of the components
of the facepiece assembly and give some background as to how the particular
design was derived, This particular prctotype design evolved from three
prototypes produced previously, each being quite different from one another,
Furthermore, within this particular design several masks were produced with
minor modifications among them.
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Figure 5-20. Facepiece with Suspension System,

Facial Access Port

Components included in the facial access door assembly include the
support ring, which provides the basic structure for attachment of the shell
to the mask body, and hinge and latch components for the door. The door,
itself, is composed of a support ring and a voicemitter, a hinge and a
clasp, and a foam rubber sealing ring. These components are shown in an
exploded view in figure 5-21. The support ring and the access port support
ring are machined from aluminum flat stock. The voicemitter is honded into
the support with Eastman 910.

Sealing Surfaces

The method of fabrication of the mask body is essentially a combina-
tion of procedures used in the previous prototype construction with some
modification to achieve better quality control and appearance. The fabri-
cation procedure proceeds in the following steps:

The aluminum mandrel on which the previous prutotype had been
made was reshaped slightly, extending the sealing surface
slightly farther back on the cheeks, increasing the sharp-
ness of the corner where the seal turns in, extending the
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mandrel further forward about 1/4 inch to provide better

clearance for the nose, and extending it downward by 1/4 inch
and providing a flat area for mounting the exhalation valve.
The mandrel was then finished to the desired surface finish.

. The aluminum mandrel is heated to 360°F in an oven and the
first layers of the vinyl elastomeric material (Hastings
Plastic, Inc., Polyvinyl Plastisol No. 1951), painted on
with a brush, The painting is alternated with re-heating,
for several steps and then finally the entire mandrel is
dipped in the container of liquid vinyl.

The hot mandrel is then attached to a machine which continual-
1y rotates it in all possible orientations so that runs in

the vinyl do not occur while it ig setting., This entire pro-
cess occurs within an oven at 360 F.

Finally, the vinyl is stripped from the mandrel and trimmed
to the desired finish contours. The inturned seal width is
maintained at approximately 3/4-inch along the entire contour.

Using a previously developed pattern,the required ports for
regulators and valves are cut in the vinyl mask body.

HINGE PIN
VOICEMITTER
/ CLASP
A

SUPPORT RING
WITH SEALING RING
LATCH SCREW

SPRING -~
STRIKER

Figure 5-21. Exploded View of the Facial Access Port Construction.
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It should be noted, in doing this process by hand, that the rejection rate
required to obtain a good quality mask body is quite high. However, using
the technique of painting on the first coat, and the multi-axis rotational
device, which is essentially part of a rotomoulding machine within the
oven, it was possible to obtain very good surface finishes and good thick~
ness control. This amount of effort is certainly necessary to produce a
comfortable seal which depends upon a thin, smooth sealing surface. The
net result of this process, the mask body, is shown in figure 5-22.

Figure 5-22. Molded Facepiece and Tooling.

During production of the final prototype we attempted to use a sili-
cone elastomeric material based on the belief that its properties, regard-
ing tactile sensation on the skin, are superior to vinyl. Unfortunately,
we were not able to produce a good quality product using the silicone
materials due, primarily, to an inability to achieve respectable tear resis-
tance.

Facepiece Support Shell

The facepiece support shell shown in figure 5-23 is fabricated from
0.060 inch thick polycarbonate (G.E. Lexan) by vacuum-forming over an epoxy
pattern. The pattern is sculpted from a model of the vinyl mask body pat-
tern by addition of material to form flaired edges along the periphery.

The polycarbonate is trimmed to the desired contours after forming and the
various ports are located by use of a template.

Exhalation Valve

The exhalation valve chosen for the final design is a model
produced by Wilson Manufacturing Company. It was selected solely on the
basis that it had the least flow resistance of any potentially suitable
exhalation valve tested, The valve seat was further modified to reduce
flow resistance by removing part of the valve support structuxe 2nd smoo-
thing some of the sharp edges exposed to air flow . The finz? flow resis-
tance curve, shown in figure 5-24, however, continues to exhibit more resis-
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Figure 5-23. Facepiece Support Shell with its Tooling.
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Figure 5-24, Flow versus Pressure Drop Characteristic
of the Modified Wilson Exhalation Valve.

tance than desired. As discussed previously, the only reasonable means
for further reduction in exhalation resistance is to incorporate dual exhaust

valves. This concept was rejected for reasons of excessive facemask bulk
and weight.
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Anti Suffocation Device

Modification of the exhalation valve, as previously described, resulted
in a unique type of anti-suffocation device. When a suction pressure of
approximately & in HyQ is presented to the modified exhaust valve, the
valvo disk is deformed and pulled into the valve seat support bars., When
this happens, a two-way free flow of air is permitted through the deformed
exhalation valve. In this way, the miner has the capability to breath

when the system is in operation and he is unable to open the facial access
port.

Facepiece Suspension Harness

The cap-type suspension harness shown in figure 5-20 was found to be
considerably more comfortable and convenient to use than any of the poten-
tial harnesses involving straps which were evaluated. The contours of the
cap ave designed in a way so that, with tension on the harness, the cap will
not slip up or down on the head. While a single cap will suffice in fit-
ting people with a wide variety of head sizes, it is most appropriate to
supply the unit in two sizes. With either cap size, if a cap is too large, it
is possible for the individual to cut a portiun of the hook fastening material
away with a pair of shears.

The portion of the harness attatched to the mask utilizes two elastic
bands, on each side, riveted to the mask on one end and to the pile portion
of the hook and pile fastener on thu other. A small loop is sewn to the
attachment top to support the weight of the air supply leads.

Breathing Air Leads

High-pressure air leads from the miner's belt to the face mask are
constcucted from the same vinyl and polyurethane reinforced tubing as is used
in the miner's umbilical. A suitable, lighter-weight, smaller-diameter tub-
ing could not be found. The lead is bifurcated near its midpoint rather
than near the mask, in order to provide less resistance to head movements.

A sketch of the air-lead design is shown in figure 5-25.

1/4% 1D - 3/8" 0D
Nylon Wrapped Vinyl Hose

Barbed MYY Fitting e

Quick Disconnect

Figure 5-25. Inlet Air Leads.
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Small clips are provided along the lead so that it can be clipped to
the front of the miner's clothing to reduce the incidence of entanglement
or impediments to hand and arm movements, Consideration was given to
routing the umbilical along the same path commonly used for the cap lamp
eiectrical cable. However, this would result in the possibility for neck
injury in the event of entanglement since the mask does not easily slip
off the face when subjected to a rearward pulling force. On the other
hand, when an entanglement results in a forward pull, the suspension can more
easily slip over the head relieving the potential hazard,
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PART THREE

CONCLUSIONS AND RECOMMENDATIONS

Preceding page biank
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Section VI
PROTOTYPE TEST AND EVALUATION

Formal test and demonstration objectives include measurement of the
protection factor and demonstration of the system's ability to function for
extended periods of time in a simulated mine environment. Noise production
tests, fit and comfort tests, and evaluation of the unit for compatibility
with the miners tasks were included and a summary of the methods and results
are presented in this section.

PROTECTION FACTOR

Measurement of the protection afforded by the system were conducted
in a dust chamber at Wyle Laboratories, El Segundo, CA., The test report
issued by Wyle is presented in Appendix VI and is discussed below.

PURPOSE

The purpose of the dust chamber testing was to measure the protection
factor afforded by the total system and by the facepiece independent of
the air supply system. The protection factor is defined as the ratio of
the mass concentration of dust in the breathing zone (inside the facepiece)
to the mass concentration of dust in the atmosphere immediately surround-
ing the test subject. The protection factor for the facepiece, independent
of the air supply system, may be determined by the same principal if the
air supply to the facepiece is dust free,

METHOD

Three experimental subjects were exposed to a dusty environment for
30 minutes each in a small dust chamber., The entire respirator system was
situated within the chamber. Gravimetric samples were obtained from the
chamber atmosphere and from inside the mask.

Environmental Control and Measurement

The three subject tests were conducted within a 6 X 8 X 8 foot dust
chamber equipped with temperature, humidity, and dust concentration controls.
Bituminous woal dust admitted into the chamber, as needed, was prepared by
grinding, then sieving through a U.S. Standard Sieve, Number 230, which has
openings of 63 um. Dust was injected with a compressed-air delivery unit.

Gravimetric dust concentration within the chamber and within the mask
was obtained by drawing air samples through Gelman Instrument Model 4323
dust sampling cartridges. Air samples from within the facepiece were
drawn continuously for the 30-minute test period at a rate of 0.25 SCFM.
Chamber atmosphere dust samples were taken at higher flow rates, at least
three times during each test period. Sample cassettes were weighed with
an analytical balance having an accuracy of 0.05 mg.

Subject Activities

Mining tasks and work place environment were simulated by use of the
“operators station' shown in figure 6-1. The subject's control task was to

Preceding page blank

145



Figure o-1. Simulated Operator's Work Station Used
During Svstem Test Program.

switch one of four indicator lamps on or off in order to match a pattern
displayved above the controlloed lamps.  The subject-controlled lamps were
operated by four ievers "borrowed'" from a surplus aircraft engine control
console. The task was made more demanding by perturbing the control-displav
positional correspondence,  The display pattern was controlled manually by
the experimenter from outside the dust chamber so that, during the control
activity phases of the test program, the subject was constantly busy moving
his head, arms, and huands.

A sccond activity required of the subjects was designed to stimulate his
metabolic rate und to simulate the movements likely to be exhibited during
miner's dismounted tasks. In this activity, the subject stood up and walked
‘to a corner of the room. From there he carried a 25-pound weight to the other
corner of the room, a distuance of 10 feet, and returrned to his semi-recumbent
position at the operator's station. e then pot up again and returned the
weight to its origin, assumed his scat and had a few scconds rest hefore the
control function resuncd.

This activity cyele, consisting of dismounted exercise und operator con-

trol functions, lasted six minutes and was repeated five times during the
course of the 30-minute experiment for cach subject.
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Subject Profiles

) The cyree subjects were Synsis personnel familiar with underground min-
ing operations and the use of respirators. Facial anthropometric dimen-
sions of the subjects are shown in table 6-1, The percentile scores as-

Table 6-1. SUBJECT FACIAL ANTHROPOMETRIC DATA

DIMENSION
MENTON-NASAL ROOT DEPRESSION WS 13:3 cm 88%
(FACE LENGTH) TC 11.5 cm 23%
GG 14,0 em 30%
IRIZYGOMATIC BREADTH WS 14.5 en 71%
(FACE BREADTH) TC 14.1 em 30.5%

signed to the measurements are based upon values produced at Los Alamos
Scientific Laboratory (Hack, 1972). One subject, TC, wore spectacles through-
out the test. All subjects were dressed in coveralls and rubber boots and wore
all of the usual miner's personal equipment including helmets, cap lamps and
self-rescue units.

RESULTS
Test results and test environmental conditions are shown in table 6-2,

Table 6~2. EXPERIMENTAL CONDITIONS AND RESULTS

SUBJECT| TEMPERATURE] HUMIDITY AVERAGE AVERAGE GRAIMETRIC
RANGE  RANGE | ATMOSPHERIC DUST PROTECTION
(OF) (% RH) DUST CONCENTRATION| FACTOR
' CONCENTRATION WITHIN
: (mg/m") MASK
{mg/m")
W
WS 84 - 89 85 - 90 78.5 0.3 262
GG 81 - 88 Bl - 85 51.6 0.1 516
TC 79 - 86 .87 - 91 78.3 0.5 156
i i

The effect of facepiece leakage was determined by measuring the dust
content of the air supplied to it under the test conditions. At the con-
clusion of the tgst series, wgen the dust chamber dgst concentration ranged
between 5.5 mg/m” and 48 mg/m”, averaging 17.3 mg/m”, a five-minute sample
was collected from the miner's umbilical. This sample, weighed to an ac-
curacy of 0.05 mg, indicated that no dust was being delivered to the face-
piece,

Consequently it was concluded that the mask protection factor is the
same as the system protection factor.
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DISCUSSION

The lowest protection factor, 156, was achieved with the only subject
who wore spectacles. While this value is an order of magnitude greater
than required, the cause for the difference between this subject and the
others was investigated. In no case were particularly stringent procedures
for donning the respirator utilized., Suspension forces were adjusted for
a comfortable fit rather than & tight fit and resulting better seal. Con-
sequently, this subject had donned the facepiece without removing his spec-
tacles. The result was that a slight interference caused the respirator
to ride too high on the face and a small leak occurred along the dorsal por-
tion of the nasal ridge. This was evidenced by a nivrrow black line (accum-
ulated coal dust) along the nose. More careful donning procedures would have
prevented this leak entirely.

It should be noted further that the mask was specifically designed to
be worn with safety glasses and subjective evaluation by a number of sub-
jects who wore glasses, was one of acceptance,

OPERATIONAL TEST

While rigorous operational performance and reliability tests were be-
yond the scope of the program, an eight-hour test of the equipment in a
dusty atmosphere was required. Therefore on the day after the subject
testing in the dust chamber, the unit was attached to a breathing machine
and run continuously for eight hours.

PURPOSE

The purpose of this experiment was to demonstrate the ability of the
prototype supplied-air respirator system to operate continuously and in a
satisfactory manner for eight hours in a dusty environment.

METHOD

The respirator system was placed in the dust chamber prev%ously des-
cribed. Over the eight-hour period, tempe:rature ranged from 67 F to 85 F
and gumidity ranged from 80% to B6%, Dust concentration ranged from 5.5
mg/m” to 48 mg/m", Tge average dust concentration computed from twelve
samples was 17.3 mg/m”.

A one-inch diameter hose passed through the wall to a breathing ma-
chine outside the dust chamber. The breathing machine, operating at 12.5
cycles per minute, produced a minute voiume of 40 L/min (1.41 SCFM). Hydraul-
ic hoses for powering the supplied-air respirator system penetrated the
chamber walls. The system pressure regulator was set at 70 psig.

RESULTS

With the exception of a ruptured hose, which was merely an oversight
in assembly, the unit performed well throughout the duration of the eight-
hour test. Inspection of the dust removal elements, at the conclusion of
the test, supported the predictions made regarding performance. The inlet
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filter dust receptacle was heavily laden with collected coal dust. The
primary cyclone exhibited less collected dust and the final filter was
only slightly soiled. Unfortunately, it was not possible to accurately
neasure the dust collected by each element.

Pressure drop across the final element was not significantly differ-
ent from the pre-test measures; however, a sizeable experimental error was in-
volved in this measurement.

Regulator performance appeared to be unaffected by the exposure both
in maximum flow rate attainable and in demand inhalation pressures required.

DESIGN REVIEW
Having finished the detailed design and testing, the question is often
raised, "Is this what was originally intended?'" This question was answered

by comparing system attributes with the requirements generated at the out-
set of the program. A summary of this analysis is presented in table 6-3.

Table 6-3. DESIGN EVALUATION

REQUIREMENT MEASURED OR ESTIMATED LEVEL OF ACHIEVEMENT

; PROTECTION Gravimetric protection factor, measured with 30 minute
tests on each of three human subjects, ranged from 156.6

: to 516.0.

g MINING EQUIPMENT | Intended for either continuous or conventional style of

; COMPATIBILITY mining.

|

! Types of Suitable for all face-working machines.

| Machines

!

1

Installation | Use of three small modules facilitates machine integration
with no change in envelope, or relocation of existing

! equipment. Hydraulic power requires less than 3 gal/min,
: Each module can be hand carried, bolted, clamped or

I welded in place. Electric power available.

MINING TASKS AND
OPERATIONS
Duty Cycle Has approximately 30-second reserve as delivered, longer

reserve supply available if machine envelope permits in-
stallation of larger plenum chamber. During power-down
periods, air provided by opening facial access port.

i Not necessary to remove mask.

! Maintain- Filter element replacement less often than monthly. Daily

ability maintenance consists only of opening drain valves. Weekly

dumping of inlet cyclone dust receptacle, visual checks
of system integrity required.
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Table 6-3.

DESIGN EVALUATION (continued)

MINING ENVIRONMENT |

COMPATIBILITY

Underground
Safety

Mine Atmos-
phere Condi-
tions

Mine Physical

No electricity utilized. 'No-hands' quick-disconnects used
in several places, Long, small diameter, light-weight
hose does not impede egress. Hearing not impaired.
Voicemitter and facial access port permits good trans-
mission of verbal warnings. Anti-suffocation device

provided.

Piston compressor and hydraulic motor not subject to foul-
ing from external airborne contaminants. Inlet cyclone
separator removes majority of dust and water particulate
contaminants. Inlet can be located anywhere on machine

with compressor located elsewhere. i

Respirator system is modular so that it can fit within
external clearance of most machines working in low coal.

AIR FLOW RATE

BREATHING
RESISTANCE

Inhalation
Resistance

Exhalation

Pressure
fransients
FACEPIECE COMFORT
INDIVIDUAL TASK
COMPATIBILITY

Machine
Operations

Conditions
All components enclosed in steel enclosures to protect
against damage from roof falls. Materials are acid, oil
and water resistant. Abrasion-resistant air umbilical. '
PERFORMANCE

Maximum minute volume for sustained period 3.75 SCFM, short
periods at higher minute volumes available. Peak instan-
taneous flow rates greater than 10 SCFM possible.

Less than 0.75 in Hp0 (2 cm H,0) at all flow rates up to
10 SCFM. No resistance to iInhalation for flow rates
less than 0.75 SCFM.

Resistance linear with flow rate at 0.33 in H,0/SCFM
{0.012 cm Hy0/L/min) or 1.02 cm HZO @ 85 L/min.

Ventilation flow prevents exhalation valve popping. No

others observed.

Single size with adjustments fits test panel comfortably
for extended test periods.

One-half inch diameter umbilical and smaller diameter face-

piece air leads do not interfere with hand and arm
movements. Downward vision not impaired. Wide sealing

surface and rearward center of gravity of mask provide
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Tabie 6-3. DESIGN EVALUATION {concluded)

i good stability for head movements. System generates
5 less than 80 dBA while operating. Noise transmitted to
wearer through regulators and facepiece less than 70 dBA,

Dismounted Respirator facepiece may be worn in two modes during dis-
Tasks mounted tasks: 1) with air supply connected and facial
access port closed, and 2) with air supply disconnected

and facial access port open breathing ambient air.
Facial access port may be opened or closed for speaking
or shouting warnings. Fifteen foot, small diameter
umbilical is easy to handle during dismounted tasks,

INDIVIDUAL Suspension-cap type harness rather than straps can be
EQUIPMENT worn comfortably with helmets. Single-handed donning
COMPATIBILITY and doffing possible with helmet in place. Facial access

i port may be opened with gloves on, Umbilical attach
! point requires small space on miner's belt,

BIOMECHANICAL
REQUIREMENTS
Miner Work Minimal visual restrictions. No components mounied on
Space miner's back. Fifteen-foot length of miners umbilical
permits any posture for operator. Donning and doffing
utilizes tabs separate from respirator body.
Facial An- A single-size facepiece with adjustments fits a panel of
thropometry subjects representing the 23rd to 88th percentile in face

length and the 30th to 7lst in facial breadth. Mask seal-
ing capabilities afforded overall protection factor
ranging from 156.6 to 516 in manned dust chamber tests.

151



Section VII
CONCLUSIONS AND RECOMMENDATIONS

This program culminated in the production of a prototype supplied-air
respirator for underground coal mines. The respirator system, which includes
a specially designed and fabricated facepiece, is especially suited for in-
stallation on underground mining machinery, such as continuous miners, shuttle
cars, undercutters, and loaders. The prototype design incorporated concepts
resulting from a combination of task and environmental analyses and evaluation
of a number of alternate candidate designs.

The research and development activities produced a number of potentially
important insights into powered respirator technology, as a whole, and to the
specific application of supplied-air respirators to underground coal mines.
While the majority of these comments are contained within the body of this
report, certain conclusions and recommendations are repeated for emphasis in
this part of the report.

CONCLUSIONS

The prototype supplied-air respirator exceeded the majority of its per-
formance goals. Demonstrated protection efficiency was an order of magnitude
greater than required. Maintenance intervals for filter replacement are on
the order of monthly, rather than daily, as required initially. Based upon
tests and evaluations performed at this time, the basic concept of a machine~
mounted supplied-air respirator system appears to be quite attractive. It
should be possible to achieve excellent levels of miner acceptance and mini-
mal resistance by mine operators. While the supplied-air system is larger
and more costly than contemporary respiratory protective devices, it's low
maintenance requirements and minimal task and operational interference should
contribute to it's overall acceptance by the mining community.

The size of both the compressor modules and the air-cleaning modules are
slightly larger than could be achieved in a production version of the umnit,
if some additional component development were undertaken. Currently avail-
able components and the necessities of prototype production resulted in a unit
which, if produced in small quantities, would be inordinately expensive. The
expense is primarily due to small quantity production of the facepiece and the
demand regulators,

RECOMMENDATIONS

The fundamental recommendation resulting from the program is that several
units be constructed and used continuously in underground coal mines for evalua-
tion. This recommendation will be tulfilled, in part, by another program funded
by the Health Services and Mental Health Administration, HSM 99-72-88, in which
this supplied-air respirator and nine other supplied-air respirators will te
evaluated under working conditions in coal mines.

ADDITIONAL DEVELOPMENT

Should quantity production be anticipated, several changes in the design
would be recommended. Each of these changes would involve a significant amount
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ot development work in specialized areas. The changes are:

1. A single high-performance demand regulator should be utilized in
order to reduce *he cost of the system. Operating pressures, size
and weight of such a regulator should be close to the units supplied
with the prototype but higher flow rates must be available.

2. The oil-free piston compressor should be reworked to reduce its
overall dimensions. A higher flow rate compressor would reduce the
size required of the plenum chamber and, thus, the size of the whole
system.

3. While a vinyl and polyurethane fiber reinforced breathing umbilical
hose was specified in the design, a substitute all-vinyl, dacron
reinforced hose was provided on the prototypu system. In either
case, there is some degree of incompatibility among the hose, the
fittings, and the flow rate requirement. The basic problem is that
"inner-braid' types of hose are poorly suited tu fittings which seal
on the outside circumference of the hose. On the other hand, the use
of barbed fittings which seal to the inside of the hose result in
greater pressure drop due to the reduced diameter ot the flow path
within the fittings. Two solutions exist to this dilemma. One is to
use a larger diameter breathing hose with barbed fittings. However,
a better solution would be to use a more suitable hose or tittings,
retaining the specified 0.250 inch inside diameter. 1his would re-
quire additional development work which is recommended.

4. The hydraulic motor supplied with the prototype unit represents a
compromise between difficulty of installaticn and system performance
An electric motor would be more desirable because of its capability
to operate continuously. However, the required one horsepower permis-
sible electric motor was judged to be too large for installation on
compactly designed mining machines. Consequently, it is recom-
mendedthat development of smaller size permissible motors be en-
covraged,

USE IN OTHER INDUSTRIES

While the dust removal requirements and many of the compatibility require-
ments specific to underground coal mines, such as facial access, have had signi-
ficant impact on the system design, similiar requirements exist in other indus-
tries. Adaptation of this supplied-air respirator system is especially suit-
able for vehicle or machine operators. For workers who must move about within
a limited workspace, the breathing umbilical may be extended, to as much as
thirty feet in length, with minor modification; to the system. For situations
in which hydraulic power is not available or in which explosion-proof motors
are not necessary, adaptation to electric motors is quite simple and is recom-
mended.

When configured for operation in less hostile environments than under-
ground coal mines, many components of the system could be produced at a much
lower cost. Therefore, it is recommended that a number of units be produced
for protection of workers in other industries such as coke ovens or paint spray-

ing.
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INTEGRATED HELMET/RESPIRATOR SYSTEM

During development and evaluation of respirator facepiece suspension con-
cepts, it became quite apparent that significant advantages could be achieved
by combining helmet and respirator suspension systems in a single unit. This
is particularly true for this facepiece because of its size and weight and the
requirement for frequent donning and doffing. An integrated helmet/respirator
suspension system could be developed which would permit very simple donning
and doffing. This would, in turn, reduce the requirement for the facial ac-
cess port on the existing facepiece and reduce its cost, weight and complexity
quite dramatically,

The fundamental advantage of such concepts is that hoth helmet and res-
pirator suspension would be improved. Better protection performance and com-
fort would be achieved for both devices. The primary drawbacks to integra-
tion of helmet and respirator suspensions is the wide variety of helmets and
helmet suspensions in current use. While retrofit modifications might be
possible, it seems most reasonable at this time to develop a fully integrated
system unencumbered by existing concepts. ‘This is especially true when con-
sidering the potential improvements in helmet design proposed by Mangelsdorf
{19723.

FACIAL TOPOGRAPHY

Current anthropometric data summarized by McConville (1973) and new
anthropometric data by Hack (1973} were utilized in designing the facepiece
for the prototype supplied-air respirator system. These data were utilized
mainly to select and evaluate members of a subject testpanel which was used to
aid in design and evaluation of candidate mask contours,

A different approach would be recommended for future facepiece design.
The type of information desired for facepiece design is a set of actual three-
dimensional topographic 'maps" of a variety of faces. It is possible to pro-
duce a series of representative facial contours which represent the range of
population facial topographies much like Sheldon's somatotypes representing
various bodily dimensions.

One method for producing these contours would be the use of stereo-photo-
grammetTy and computer analysis. The net result of such a program would be a
series of fifteen to twenty, or more, faceforms. These rigid three~dimensional
faceforms would substitute in part for the human subject test panel used in
this program and would produce mask contour designs more likely to fit the
entire population.
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Appendix I
COAL MINE DUST CONCENTRATIONS

A number of sources were reviewed for data pertaining to coal mine dust
concentrations within which the supplied-air respirator system must operate.
The purpose of this survey was to ascertain the requirements of a typical
"worst case". In other words, since the unit must operate satisfactorily in
most any underground mine it was desired to determine the highest dust con-
centrations which might be encountered in routine operation.

Since methods of measurement of the respirable dust content of atmospheres
vary among the devices used there is poor consistency from one data source to
another. Within a given atmosphere, measures of the respirable dust concen-
trations, by different devices, vary by as much as a factor of two, or more.
Furthermore, the total airborne dust concentration might be from 10 to 20 times
the measured respirable dust concentration. In this appendix, 31/ measurements
are converted to measures which would be made with the "personal sampler" by
dividing measures made with the British Mines Research Establishmeat (MRE)
instrument by a factor of 1.88, as suggested by Doyle (1970). A mare precise
comparison of the operation of various sampling devices is provided by Tumb,
et al (1973).

TRENDS IN RESPIRABLE DUST CONCENTRATION

As might be expected, recent legislation and awareness of health hazards
have resulted in better engineering dust control methods. Comparison of samples
from the same 29 mines taken in 1968 and 1972, shown in tables I-1 and I-2,
exhibit a marked decrease in respirable dust concentration for all job des-
criptions listed. The data in table I-1 are single shift averages; the data
in table I-2 are the means of a number of single-shift averages. Jacobson's
data, table I-2, was based on the MRE instrument and, accordingly, was divided
by 1.88 for presentation here.

DUST EXPOSURE BY JOB DESCRIPTION

Based on data, reported by Jacobson (1971), collected over a one-year
period ending June 1971, it is possible to list the mining jobs for which the
dust exposure hazard is most severe. The thirteen occupations for which the
dust concentration (MRE equivalent) were greater than two are:

Continuous miner operator,
Cutting machine operator,
Laborer,

Roof bolter helper,

Coal drill operator,
Loading machine operator,
Roof bolter operator,
Cutting machine helper,
Continuous miner helper,
Shot firer,

Rock duster,

Timberman,

Conveyor operator, bzltman.
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Table I-1., DUST EXPOSURE BY JOB TITLE, 1968 SURVEY OF 29 MINES (Doyle, 1970)

RESPIRABLE DUST CONCENTRATION

JOB TITLE RANGE (mg/m>) | MEAN(mg/m’)
Continuous Miner Cperator 0.02 ~ 21.44 4,08
Continuous Miner Helper 0.44 - 18,90 3.47
Cutting Machine Operator 0.71 - 15.42 3.69
Cutting Machine Helper 0.77 - 14,70 4.45

Note: Values are average concentrations for a single shift.

Table I-2. DUST EXPOSURE BY JOB TITLE, 1972 SURVEY OF 29 MINES (Jacobson, 1972)

N RESPIRABLE DUST
JOB TITLE CONCENTRATION
Continuous Miner Operator 1.38
Continuous Miner Helper 1.17
Undercutter Operator 1.17
Shuttle Car Operator 0.80
Timberman 0.90
Roof Bolter 1.01
Note: Values are average concentrations
for an average shift,

TOTAL DUST CONCENTRATICN

Samples obtained by Doyle (1970) indicate that total girborne dust concen-
trations in the area of a cutging machine averaged 63 mg/m~ and, for a contin-
uous miner, averaggd 128 mg/m”. Corresponding respirable dust samples were
3.02 and 5.25 mg/m” when measured with the perscnal sampler. The ratio of
total airborne dust to respirable dust was 20.9 and 24.4 for the two machines,
respectively. Based on MRE instrument samples, the ratios would be approxi-
mately half of these values (ie. 10 to 12).

WORST CASE ANALYSIS

The data given in Table I-2 and the last column of Table I-1 represent the
mean of a number of singile-shift samples taken with samplers operating for an
entire shift, excluding the man-trips. As the data of the first column of
Table I-1 indicates, there is a considerable variance in shift-to-shift average
dust concegtrations‘ Doyle's data (1970), Table I-1, shows a worst case of
21,44 mg/m”. Total airborne dust goncentrations would be approximately 20 times
this value (ie. more than 400 mg/m™).

A recent report, Tomb et al. {1973), supports the above data in more de-
tail. Of 816 single-shift measurements performed simultaneously with five
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sampling devices, 41.9% of the readings made with ghe MRE instrument exhibited
respirable dust concentrations in excess,of 4 mg/m”; 4.4% exhibited respigahle
dust concentrations in excess of 10 mg/m°; sume readings exceeded 20 mg/m".

Of course, as the uuthor explained, some fraction of these readings were er-
roneous for various reasons. However, it is safe to conclude that the sup-
plied-air respirator systen will frequently be required to function in atmos-
pheres containing 100 mg/m” of ,airborne dust and, occasionally, in atmospheres
containing upwards of 200 mg/m”. For short periods, during cutting operations
for example, it §s reasonable to expect local concentrations in the range of
500 to 1000 mg/m™,
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Appendix II
MINING MACHINE CHARACTERISTICS

Advertising literature and manufacturers’ specifications were acquired and
reviewed from a number of major producers of underground coal mining machines.
A summary of some of the design factors presented in these sources is shown
in table II-1. It'is important to note that many machine purchases involve

modifications of the basic configuration tc the individual customer's require-~
ments.

Data supplied to Synsis by Theodore Barry and Associates, Los Angeles, a
management consulting firm, giving some indication of the market distribution of
machines produced by various manufacturers, is shown in table II-2. These data
are based upon survey responses received from approximately 900 mines in 1970.

Further insight was gained from a field trip, to the Beckley, W VA area, to
witness underground operations in several mines and discuss the feasibility of
supplied-air respirator installation and use. Additicnally, a number of manu-
facturers and retail sales and maintenance service organizations were contacted,
In summary, several factors of importance emerged:

1} Since more than 30% of U.S. coal mines have seam heights of 48 inches,
or less (Synsis, 1972), it is necessary that the supplied-air respira-
tor not increase vehicle vertical clearance requirements,

2) Installation of the unit would be facilitated if it were modular;
modules could be located within the machine envelope in the limited
number of small spaces available, in most cases.

3) Great care must be exercised that the respirator umbilical not pre-
vent emergency egress from the machine, or present a hazard due to
entanglement with the massive rotating components of the machines.

4) Installation of electrical apparatus in the field requires acquisi-
tion of Bureau of Mines approval and can be burdensome.

5) Many machines now in use have been modified extensively thereby making

respirator system installation a matter of individual custom instal-
lation for each machine.
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Table I11-1.

UNDERGROUND MINING EQUIPMENT DESIGN FACTORS

1
MANUFACTURER POWER AUXILLARY OPERATOR { OPERATOR MACHINE
SOURCE POWER POSITION | LOCATION DIMENSIONS
(LXWXH) in,
MINE LOCOMOTIVES
Jeffrey Mining 250 VDC Seated Cab at 168x58x57
Machine Co. Battery end of
# 50866 37 KWH Machine
# 50666 80 VDC Seated Cab at 144x54x26
Battery end of
37 KWH Machine
# 50266 250 VDC Seated Cab at 252x79x55
Battery end of
126 KWH Machine
# 6606D Electric 32y Seated Cab at 440x90x79
Trolley end of
Machine
4 T7Q56F Cable Seated Cab at 224x78x38
Electric end of
Machine
ROTARY ROOF DRILL
Acme Machine Co. AC Standing | By Side of |113x53x27
Model D-1 DC Kneeling | Machine
Acme Machine Co. AC Standing | By Side of |[144x66x32
Model D-2 bC Kneeling | Machine
Acme Machine Co. 440,550 Standing | By Side of {157x69x27
Model D-3 VAC, 250 Kneeling | Machine
vDC
Acme Machine Co. Standing | By Side of |113x53x27
Mocdel SPHRD-1 Kneeling | Machine
CONTINUOUS MINER
Joy Mfg. Co. 440,500 Hydraulic; Standing | Forward Fac-|384x120x54;
10" CM-ZA VAC 25 HP Elec- | Sitting | ing Seat in |
60 tric Take Rear {
1

off
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Table II-1 (continued)

MANUFACTURER POWER AUXILLARY OPERATOR OPERATOR MACHINE
SOURCE POWER POSITION LOCATION DIMENSIONS
SOURCE {LXWXH} in.
CONTINUQUS MINER
(contd)
Joy Mfg. Co. 440,550 Hydraulic; Standing | Forward Fac-|485x130x
VAC, 60 25 hp Elec- Sitting ing Seat in
tric Take- Rear
off
Jeffrey Min. Mach] 440Vac, Hydraulic Standing | Side of Ma~ |198x105x30
Type 100-M 250vDC chine Near
Center
Jeffrey Min.Mach. | 440VAC Hydraulic Standing | Side of Ma- {200x100x
Type 100-L chine Near 20-1/2
Center
Jeffrey Min.Mach.| 440,550, Hydraulic Sitting Seat in Rear|396x100x37
Type 120 1000 VAC Facing For-
Heliminer ward
LOADERS
Joy Mfg. Co. 440VAC Hydraulic Standing | Optional 340x105.5
Model 11A 50,60 Sitting Side Seat x24
(14Bul0-41A) DC etc, off Machine
Joy Mfg. Co. 250 VDC: Hydraulic Standing | Optional 326x94.5x
Model 11B AC Sitting Side Seat 33
(14Bul0-41B) etc.
Joy Mfg. Co. 250 ViIC; Hydraulic Sitting Optional 33,5x105x
Model 11C AC Standing | Side Seat 40,
{14BU10-41C) ; etc.,
Wabco 460,575, Hydraulic Standing | Optional 290x96x33
Model 968 £95 VAC Sitting Side Seat
60 3
250,500
vDC
Wabco 460,575 Hydraulic; Standing 304x94x
Model 970 VAC 60 30 AMP Sitting 30x38
3 380, Optional etc
440,500 Electric
550 VAC, Power
50 Take-off
250,500
{ VDC
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Table 11-1, {continued)
MANUFACTURER | POWER AUXILLARY OPERATOR OPERATOR MACHINE
SOURCE POWER POSITION LOCATION DIMENSIONS
SOURCE {LXWXH) in
CONTINUQUS MINER
(contd)
Jeffrey Min. AC,DC Standing Side Seat |[325x97x30
Mach. Co. Sitting
Type 202-L
Jeffrey Min. AC,DC Standing 330x108x46
Mach. Co, Sitting
Type 203
SHUTTLE CARS
Joy Mfg. Co. AC,DC Sitting, 2 Seats, 314x58x49
Model 1-8C-26 Standing Facing For-
ward § Rear
on Side of
Car
Joy Mfg. Co. AC,DC Sitting, 2 Seats, 300x100x33
Model 16S8C-4 Standing Facing For-
ward § Rear
on Side of
Car
Joy Mfg. Co. AC,DC Sitting 2 Seats, 324x126x24
Model 18SC-7 Facing For-
ward § Rear
on Side of
Car
Joy Mfg. Co. AC,DC Sitting 2 Seats, 300x114x28
Model 21SC Facing For-
ward § Rear
on Side of
Car
Wabco 250 VDC Hydraulic Sitting 2 Seats, 318x110x36
Haulmor Facing For-
§ Rear, on
Side of Car
Jeffery Min. 240 VDC Sitting Single Seat|367x117x47
Mach. Type Battery Center 9f
440,405,406 Cab Facing
Sideways
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Table II-1 (concluded)

MANUFACTURER POWER AUXILLARY OPERATOR OPERATOR MACHINE
SOURCES POWER POSITION LOCATION |DIMENSIONS
SOURCES (LXWXH)in,
SHUTTLE CARS
(contd)
Jeffrey Min. 240 vDC Sitting Single 366x121x60
Mach.Type Seat, Cen-
404-HR2 ter of Cab
Facing
Sideways
Galis Mfg,Co. Sitting 2-Forward {288x118-3/4
Model 5 L § Rear x28-1/2
Facing
Seats,
Side of
Car
Acme Mach. Co. | 96 VDC Sitting 2-Forward |204x91x
Model 'BUT! Battery & Rear 40-1/2
432 AMP Facing
HR Seats,
Side of
Car
UNIVERSAL
CUTTER
WABCO AC Hydraulic Sitting 2 Cabs on |386x122
Model 2500 Standing Sides x34-1/2
Jeffrey Min. 250VDC, Standing Cab on 384x100x34
Mach. Type 440,550 Left Side
300-UL, -UM, VAC, 60 of Mac-
-UH 3 hine
Joy Mfg. Co. AC,DC Hydraulic Sitting Cab on 300x104x36
15 RU Standing Side of
Machine
Joy Mfg. Co. AC,DC Hydraulic Sitting Cab on 339x111x26
16 RB-3 Standing Side of
Machine
Joy Mfg. Co. AC,DC Hydraulic Sitting Cab on 348x120x39
17 RU Standing Side of
Machine
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Table II-2.

APPROXIMATE PERCENTAGE OF MARKET FOR VARIOUS
MINING MACHINES FOR SELECTED MANUFACTURERS

TYPE OF MINING MACHINE

MANU#ACTURER CONTINUOUS } CUTTING | LOADER |SHUTTLE | ROOF
MINER MACHINE CAR BOLTER

ACME 13
FLETCHER 22
GALIS 1 41
JEFFREY 9 14 6 7
JOY 24 66 80 67 6
LEE NORSE 54
NATIONAL
MINE SERVICE 2 11
WABCO 3 10 7 )
WILCOX 6
OTHER 2 10 7 9 18
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Appendix III
ALT. FLOW RATE REQUIREMENTS

The determination of the maximal or "peak" flow rate required is one of
the more important factors in respirator design; in this case, perhaps, one
of the more interesting factors. Because coal mining is not self paced, but
rather a continuing effort to keep up with equipment cycles, it often involves
periods of near maximal energy expenditure. If the respirator system is to be
acceptable to miners, it must provide the peak flows demanded with the smallest
respiratory burden possible.

There are no experimental results available describing observed minute
volumes and peak flow rates in actual underground coal mines. Therefore, it is
necessary to estimate the work rates likely to be encountered and to further
estimate the minute volume and peak flow rate requirements.

While a comprehensive review of the experimental evidence on the subject
is not presented in this appendix, it is intended to provide sufficient evi-
dence, in very general way, to justify the performance requirements set for the
supplied-air respirator.

ENERGY EXPENDITURE RATES

In the only experimental data available, Passmore and Durnin (1955) sum-
marized data, taken up to 1955, to illustrate that energy expenditure rates in
mining may run as high as:

9.4 kcal/min for loaders,

6.8 kcal/min for shoveling,

and possibly up to 10 kcal/min for walking in the stooped position underground.
While this data apparently describes measurements made on miners involved in
manual operations, it is important to note that modern mining machine operators
frequently dismount their machines and engage in periods of heavy work. This

is due to the fact that the work is not self paced, but rather a constant effort
to keep the machine-paced cycle from being interrupted. Consequently, it is
reasonable to assume that values of energy expenditure classed as "strenuous"
are sometimes encountered. Data presented in Consolazio (1963) indicates that
so called Yexhausting' work which can be kept up for only a few minutes produces
energy expenditure rates higher than 15 kcal/min while the 10-12 kcal rate is
classed as '"strenuous' and can be kept up for 4 hours, on occasion. The 10-12
kcal/min rate produces an average minute volume on the order of 60 L/min accord-
ing to their reference.

CORRESPONDING FLOW RATES

Oxygen consumption values, while depending on a number of factors, may be
computed approximately by dividing the energy expenditure rate in kcal/minute
by a factor of 5. Furthermore, minute volumes required by healthy subjec?s in
good condition range from 20 to 30 times the oxygen consumption. For subjects
with pulmonary dysfunction, the minute volume may be 40, or more, times the ox-
ygen consumption. If one is willing to accept these assertions and set.the
"worst case' energy expenditure rate at 12 kcal/minute, oxygen consumption would
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be 2.4 liters/minute and the minute volume would be 2.4 X 30 i
2.54 SCFM, , or 72 L/min, or

) The determigation of peak flows from minute volumes is a complex task sub-
Ject to many variables. A review of this process by Goldberg et al, (1965) in-
dicates that the equation

Peak Flow Rate = 3.1 X MV + 16 L/min

is a suitable relation; it correlated well with Silverman's (1945) meszsures.
Applying this equation produces a peak flow rate of 239 L/min, or 8,45 SCFM.
Based on experimental results by Silverman (1945) it is reasonable to assume
that the variance among subjects could account for an additional 25 L/min,
bringing the estimate of a nominal "worst case" to 264 L/min, or 9.3 SCFM.
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Appendix 1V

CYCLONE SEPARATOR TESTS

Cyclone separation depends upon the application of large centrifugal
forces to remove particulates from an air stream and is used extensively in
large-scale commercial gas cleaning equipment. In its simplest form, a cen-
trifugal collector consists of a cylindrical casing with a tangential inlet,
a separating chamber, and central outlet pipe, as shown in figure 4-12.
Inside the separation chamber, the gas flows in spiral paths (vortex flow)
with increasing velocity from outside to center. The centrifugal accelera-
tion can range from several hundred to several thousand 'g's. Thus, even ex-
ceedingly small particles are unable to follow the gas flow lines and are
forced out of the curved paths and against the separator wall., Once the par-
ticles are against the wall, they migrate down to a collection chamber at
the bottom of the casing.

There are essentially two parameters of performance which are important
in cyclone design. The first is d_,, or the particle size (equivalent aero-
dynamic diameter)} for which the coi?ection efficiency is 50%. For particles
larger in size than d5 , collection efficiency approaches 100%; conversely,
for particles smaller ghan d_,, collection efficiency approaches zero. The
other parameter is Ap, the p?gssure drop of the air stream thru the cyclone,
The terminology used in the remainder of this section is given in table IV-1,

DESIGN

Equation IV-3 (Ref. 4) below was used to predict the d50 performance of
the cyclone separators of interest in this program,

* - ~;§- ! c:ith FR&L., - 5él
50 V.d | QA (/;c-/@aXL_",F)RC (1v-1)

Equation IV-2 (Ref. 1, 3, § 4) gives the expected pressure drop.

m—~

t
BN

’ e
L ’ A e

E -

(Iv-2)

The velocity loss factor (in equation IV-1) was not found to be a govern-
ing factor in design, but it was calculated (according to Ref. 4) using equa-
tion IV-3 below.

- (i) o+ 22
o= (2)(F-Re) /. ()(Re-Ra) Ar (1v-3)
2@—/‘\5//3,1

The term A_, the total "wetted" area of the cyclone interior is calculated in
equation IV-4.

171



Table IV-1, SYMBOLOGY

Lgiiam. DEFINITION
Q fts/sec Volumetric fl&g rate
A 1b /ft-sééta h“;gggi;;;‘viscosity of air -
Re ft Exit pipe inside radius h
Rc ft Maximum cyclone radius (at top)
Ry ft Inlet pipe inside radius o
L ft Length of cyclone B
4 & ] Length of exit tuwe (inside cyclone)
P b /ft3 Density of coal ({dust) T
/:); T b /ft3 Density of air
) Vi ft/sec Inlet gas velocity
[ v, ft/sec | Exit gas velocity
0 ft/sec2 Acceleration of grav;tt;w_“m
‘:_... (non-dim,) Velocity loss factor
' g},; T 1b /ft2 Pressure drop across cyclone )
G {non-~dim.) Friction factor
Al ftz Cross-sectional area Sf inlet tube
As ftz Total surface area of cyclone interior
dso microns Particle size.for which collection
efficiency is 50%

Ag=(7R) { R+ (L_QRCJ“}’WQ RMR)+@NR A2 )+ 20 R R qy-ay

According to Rietma (Ref. 2) "optimum" cyclone performance is achieved by
a design with the following proportions:

L = 10R
Ry = .ZBRC
RE= .34Rc
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Table IV-2. PRESSURE DROP VS. FLOW FOR THE PRIMARY CYCLONE
WHILE SUPPLIED BY THE GAST COMPRESSOR.

Cyclone Inle? Air Flow (SCEM) Measured Pressure Predicted
Pressure (psig) Drop across Cyclone | Pressure Drop
Across Cyvclone

20.0 4.00 3.1 1.72

27.0 3.87 2.6 1.34

35.0 3.77 2.2 1.07

45.7 3.57 1.8 0.79

55.5 3,33 1.8 0.59

67.5 3.11 1.2 0.44

80.7 2.86 0.8 0.32

It was found in our design analysis, however, that a considerable divergence
from these values had relatively small adverse affects on the performance.
Since our design goals included a desired value for d., with the smallest pos-
sibleAp and smallest possible physical size for the égit, we departed from
the optimal dimensions by shortening the tube length and enlarging the inlet
and outlet ports.

Two different designs were developed for this project. The first was an
inlet cyclone to remove the bulk of the airborne particulate matter before it
enters the compressor. The second was the primary cyclone which was intend-
ed to remove nearly all the dust larger than I micron in size.

The inlet cyclone had the following dimensions:

0.4375 inches
0.412 inches

1.250 inches
§.125 inches

o

#

#

=om =
0t o~

its performance is shown in figure IV-1. A photograph is given in figure 5-9.
The primary cyclone had the following dimensions:

Rl = 0,09675 inches
RE = 00,1345 inches
Rr = 0.400 inches
L = 3.0 inches

a photograph (figures 5-8 and 5-10) are presented in Section V. Table
IV-2 is a list of pressure drop characteristics for operation with a Gast
SHCD compressor (the electric version of the compressor used in the res-
pirator system). Since the performance of a cyclone separator is highly
dependent upon air velocity and the primary cyclone is downstream of the
conpressor makes it sensitive to system pressure, Its performance at two
system pressures is shown in figure IV-2.
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Figure IV-1. Collection Efficiency (d.,) and Pressure Drop
vs. Flow Characteristics™of the Inlet Cyclone.

Tests of dust collection efficiency were conducted by an independent
testing laboratory (Donaldson Co., Minneapolis, Minnesota). The impertant
criteria of dust collection performance are gravimetric efficiency and frac-
tional efficiency. Gravimetric efficiency is the percent by weight of the
dust entering a cyclone which is collected or separated out of the main air
flow., It is comparatively simple to determine, but relatively meaningless
in that it is highly dependent upon the test conditions and the particle

size distribution of the test dust. Fractional efficiency of collection
is the fraction of dust collected of any particular aerodynamic diameter.
Knowing that and the dust concentration versus size for the ambient air
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Figure IV-2, Collection Efficiency (d 0) and Pressure Drop vs. Flow
Characteristics for the Erimary Cyclone at Two System
Pressures.

allows a calculation of the dust load that will be passed downstream to the
final filter. However, the fractional efficiency can only be determined
empirically.

The conditions of the test are given in table IV-3, Although the cy-
clone was designed to operate with air at 40 psig to 70 psig, the test was
conducted with the air flow at atmospheric pressure. This was done because
the ‘apparatus for testing at high pressure was not available. To create equiva-
lent conditions to the high pressure situation, it was only necessary to alter
two input.variables. One was the air flow which was reduced to allow
an inlet tube air velocity of 35 feet per second, approximately that which
will be realized during actual use. The other was the dust concentration
which was increased to simulate the concentration increase that will occur in
the compressor. The results of the test are.shown in figure 5-7 and in
table IV-4.
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Table IV-3,

- OF THE PRIMARY CYCLONE SEPARATOR.

TEST CONDITIONS FOR DETERMINING FRACTIONAL EFFICIENCY

TOTAL GUANTITY | COAL DUST COAL DUST
RUN |AIR FLOW | PRESSURE | OF COAL DUST | SIZEL RANGE] CONCENTRATION
{SCFM) FED {microns) {mg/m3)
{grams)
1 0.5 Ambient 0.135 0-10 940
2 0.5 Ambicnt 0.420 0-10 940
Table IV~-4. COLLECTION EFFICIENCY OF CYCLONE PROTOTYPE

- R P
Total dust collected (grams) 0.130 é 0.411 -~
Total dust penetrated (grams) 0.005 : 0.015 --
Gravimetric collection efficiency (%) 96.3 96.47 --
dSO (microns) 0.505 0.402 0.73
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Appendix V
PIPE FLOW RESISTANCE

In order to improve miner acceptance and, thus, promote utilization of
the supplied-air respirator system, it is desirable to select the smallest
diameter umbilical hose possible. In doing so, it is necessary to estab-
lish the relationship between flow resistance, hose length and diameter,
and system operation pressure.

Two commonly used pipe flow resistance equations, The Darcy-Weisback
equation (Baumeister, 1967),

h, = W2
£ d2g (1)
and an equation given by the Compressed Air and Gas Institute (1954),
2
he = 0.125 ‘ggg_n
rd”* (2)

were not found to correlate well with experimental results in the range of
flow rate and pressures important in this particular design application.

For this reason a theoretical analysis was conducted in more detail. This
analysis was oriented toward finding the upper limits of flow rate through
a given diameter hose and toward finding an equation which could reliably
predict pressure drop in any length and diameter hose desired for use in
this program.

LIMITS TO FLOW RATE

Gas flow through a pipe is commonly analyzed as either adiabatic (zero
heat flow} or isothermal (zero change in temperatuve). In reality, the flow is
more nearly adiabatic for short pipes and high flow velocities, and isothermal
for longer pipes and siower flow velocities, with many applications falling
between the two theoretical cases. The basic matter of limits applies to
either case. Adiabatic flow within any uniform pipe (constant area) is
either entirely subsonic (M<l) or entirely supersonic (M>1), The exception
being at the exit which may be sonic (M = 1) at the limit. The speed of

sound is given by:
¢ = \JexRT (3)

In air at normal pressure

¢ = 49.02:\}T ft/sec (4)
The Mach number M is defined by
Y
= - 5
M S (s)

Symbels are given in table V-1,
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Table V-1, SYMBOLS

¢ = speed of sound in air, ft/sec
d = pipe diameter, ft

f = friction factor, experimental

g = gravimetric constant, 32.2 me__fE_z
b, sec

hf= head loss, feet of air

k = the ratio of specific heats, 1.4 for air

L = length of pipe, ft

M = Mach number

Q = the volumetric flow rate, SCFM

r = the inlet pressure to outlet pressure ratio

b, ft .
R = the gas constant, 53.3 ﬁ ,for air

°r

T = temperature of the gas,
V = velocity, ft/sec

W = mass flow rate, lbm/sec,

p = density of air, lbm/fts,

In isothermal flow in pipes, the previous limits are slightly lower. For
subsonic flow the maximum velocity that can be attained is (Shapiro, 1958)

Mmax = "_11: = 0.845, or (6)

vmax = 0.845 ¢
Since it is unlikely that this project will include a device to accelerate
air to supersonic velocities prior to entry to a pipe, the maximum exit
velocity may be set at 0.845c. Furthermore, for delivery of air to the
miner, a long, small diameter hose is desired,which is best described by
the isothermal condition. Assuming the hose exit to be at one atmosphere
and a 70°F ambient temperature,

¢ = 1130 ft/sec.




The maximum volumetric flow rate Qmax would, therefore, be
Quax = 0.845 cA = (954,85 ft/sec)A )]
thus, Q=398 d° £t'/min

where d is now the pipe diameter in inches. A plot of the maximum volumetric
flow rate versus pipe diameter, for isothermal flow, is shown in figure 4-28.
The minimum pipe diameter which can transport 10 cfm, no matter how short,
has a diameter of 0.1757 inches (about 3/16-inch). In the case of adiabatic
flow, the above limit is not valid since the temperature along the pipe, in
subsonic flow, decreases resulting in a lower sonic velocity and an increased
density.

In addition to the above limit on maximum exit velocities, there exists
a limit on the ratio of length to diameter, L/d, versus the initial (entrance)
Mach number for constant value of the friction factor f. These are shown in
table V-2. This is not to be construed as a maximum length of pipe that can
be used, but rather to show the decrease in entrance velocity with increasing
length. In the case of supersonic velocities, however, in which pressure in-
creases along the pipe in the direction of flow, the limit is a real upper
bound on L/d.

Table V-2. MAXIMUM L/d RATIOS FOR AIR FLOW IN PIPES (ADIABATIC).

The Friction Factor is f = 0,0025., (after Shapiro, 1958)

Entrance ; i
Mach Number 25 .50 .75 1 1.5 2 3
Maximum Ratio L/d 850 110 12 0 14 31 |52

PIPE FLOW RESISTANCE

Since the conditions expected to pprevail in the range of flow rate,
pressure drop and pipe length, are expected to closely approximate the isgthermal
conditions, pipe flow pressure drop was calculated for the isothermal case. An
easily reproducible dimensionless equation for isothermal pipe flow is produced
by Shapiroc (1958, page 102)

T T

kM 1

P, - (8)
1| o\ 2
4fL 1 ( 1)
Making the substitutions

W
PA (9

V =
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and
c =\/EEE? (10)
and employing the ideal gas law
P = pRT {11)

equation (8) can be rearranged to produce an expression for the mass flow rate
of air through a pipe:

P \2
em? at _(§§)

2 7
Wl = P
16RT. | 4L, 1o L (12)
i P

Solutiuns for masg flow rate, W; volumetric flow rate at standard condition
(#= 0.075 1b_/ft”) in SCFM and exit velocity (ft/sec) were obtained for a
variety of pife lengths and diameters, and inlet and exit pressures, Tempera-
ture was assumed constant (for isothermal flow) at 70°F or £'0°R and the fric-
tion factor, f, was set at 0.01. Since an explicit solution was obtained only
in mass flow rate, W, the equation was programmed for computer solution on an
IBM System 360 computer using the PL/1 language.

The lengths and diameters for sclutions produced were:
L =1, 2, 4,6, 1,0, 15, 20, 25, 30, 50, 100 and 300 feet;

and d = 0,125, 0.187, 0.250, 0.375, 0,500, 0.750, 1,00 and 1.250 inches.

Solutions for flow rate are presented in which the exit pressure, P,, was one
atmosphere {14.7 psia), 5 psig, 10 psig, and 50 psig. Inlet pressures (Pl)
varied through:

Pl = 0.05, 0.1, 0.2, 0.4, 0.6, 1.0, 2.0, 4.0, 6.0, 0.0,

15.0, 20.0, 30.0, and 50.0 psi

above the exit pressure. In this way, the pressure ranges covered conditions
for continuous flow Type I systems, as well as those expected for Type 1I and
Type 111 systems, in which a demand regulator is employed.

Samples of the output, in which computed inlet pressure required to pro-
duce varying flow rates for pipes of various lengths and diameters are shown
in figures V-1 through V-5. In these figures, the exit pressure was held at

one atmosphere.
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Figure V-2. Pressure Drop Versus Flow Rate for Pipes Having
a Diameter of 0.375-inch and Various Lengths.
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LINEARITY

Equation (12} illustrates the fact that pressure drop is non-linear with
pipe length when the inlet pressure is markedly different from the outlet pres-
sure. The extent of this non-linearity is illustrated in figure 4.27 in which
it is seen that the smaller diameter pipe exhibits the most marked non-linear-
ity in the ranges of flow rate of interest, From this figure, one may deduce
that the non-linearity occurs when the pressure drop along the pipe exceeds
2 or 3 psi. This may be explained as follows. Friction losses are propor-
tional to velocity. When the pressure drop is significant, the velocity along
the pipc increases in the direction of flow due to decreased pressure and re-
sulting decreased density. Conversely, for a given exit velocity (ie. mass
flow rate), with higher inlet pressures, the velocity at the entrance end of
the pipe is lower than it would be for a smaller initial pressure. Therefore,
tge higher the inlet pressure,the lower the "average" pressure drop per foot
of pipe.

EXIT PRESSURE EFFECTS

For a given mass flow rate, the average velocity can be decreased by in-
creasing the exit pressure. The reduced velocity results in a lower pressure
drop. This fact is illustrated in figure V-6 which gives pressure drop versus
flow rate for one-quarter inch diameter pipe when the exit pressure, P,, is 50
psig. The inlet pressure on the left margin of the figure is the différence
between inlet and exit, pressures Pl - Pz.

Pressure drop for a 30 ft long, one-quarter inch inside diameter pipe,
when the exit pressure is 50 psig, is approximately 23 psi at a flow rate
of 10 SCFM. For the same pipe with its exit at one atmosphere, the pres-
sure drop is 46 psi at the same flow rate. For shorter lengths of pipe,
the difference in pressure drop is even more dramatic,

FRICTION FACTOR

As can be observed in equations (8) and (12}, which describe pipe flow
pressure losses, pipe length, L, and pipe friction, f, always appear to-
gether in the form 4fL/d. The diameter, d, appears elsewhere in the equa-
tion, but f and L appear only in this term. Therefore, in using the data
presented herein for pipes having different friction factor from the one
used here (f = 0.01), it is necessary only to adjust the length according~
ly. For example to find the pressure drop for a 10-foot pipe having a
friction factor of f = 0.02, use the present charts for the 20-foot length.

EXPERIMENTAL VALIDATION

Before equation 12 and the tabulated results produced by using it can
be used in system design trade studies, it is necessary to validate the
relationship by laboratur; experimentation. Towards that end, pressure
drop measurements were condulted using one type of compressed air hose
under one set of conditions; with the premise that, if the theory could be
validated under one set of experimental conditions, the theory must
also be correct under other, similar conditions.
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Figure V-7. Arrangement of Jest Apparatus for Pipe Flow
Pressure Drop Experiments. ‘

‘Tye experimental test setup is shown in figure V-7, The following
conditions were employed:

1. Type of Hose: Parker 'Push-Lok' 801-4
2. Hose Dizmeter: 1/4-inch I D
3. Hose Length (L): 4 ft., 10 ft,, 20 ft.

4, Air Flow Rates: 1.34
{SCFM) Q 2.79

4.46

5.61

7.46

8.53

10.40

14,25

5. Exit Pressure, Pz = 1 atmosphere
Test runs were also conducted using standard male-thread 'Push-Lok' fittings.
Since these fittings cause a restriction to flow in the form of a 3/16-inch ID
1-inch long tube, it was deemed desirable to determine how much of an in-
crease in pressure loss would be caused by these fittings. Accordingly,
test runs were conducted on the various lengths of hose using zero, one,
and two hose fittings,

The results of these test runs were subjected to regression analysis
to determine relations between the experimental results and the theoretical
curves. For example, figure V-8 shows pressure drop as a function of flow
rate for the different lengths of hose employed. The solid lines represent
the theoretical curves derived from the computer analysis and the dashed
lines represent regression curves derived from the experimental data. These
curves are of the form:.

P = xQ" (13)
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4.4

2.4

Pressure Drop, Pl - Pz, (psi)

1.0
o= Theoretical Curves

-~ == Regression Curves
® 4 ft. Hose Length

A 10 ft. Hose Length
m 20 ft. Hose Length

0.60

0.40

0.20

i i
4 5 a 7 9 10 11
)

Air Flow Rate (SCFM

Figure V-8. Pipe Flow Pressure Drop for Various Lengths of 1/4-inch Hose.
Solid Lines are from theoretical Computations.
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Pressure Drop (psi)

3¢

25

20

15

10

P = xQN

A: 10 ft. hose, 2 connectors
X=0,6748 N=1.627

B: 10 ft. hose, 1 connector
X=0.7102 N=1,587

C: 10 ft. hose, no connectors
X=0.5700 N=1.652

-
C
-
-
| | - - ] i
2 4 6 8 10 12

Airflow Rate (SCFM)

Figure V-9, Experimental Data Points and Associated Regression Curves

Showing the Effect of Standard Hose Fittings on Pipe Flow

Pressure Drop.
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where P corresponds to pressure drop and ¢ to air flow rate. This form is
suggested by theoretical considerations and produced by a least squares

fit to the data on a desk top computer. An examination of figure V-8 reveals
that the curves formed by the experimental data points have a shape similar
to the theoretical curves. It is, therefore, possible to conclude that the
thcoretical expressions are generally applicable in the pressure and flow
ranges ot interest. It may also be concluded that the friction factor of
0.01, used in the computations, is close to the actual friction factor of

the hose used in these experiments.

Figure V-9 shows the effects of placing the aforementioned hose con-
nectors on a 10-foot length of test hose. Again, the solid lines represent
regression curves of the form:

P = XQN
fitted to the experimentally measured data points. Examination of figure
V-9 reveals thati the increased pressure loss, due to this type of connectoy,
is indeed significant. It aiso reveals that the increase in r -essure
drop, due to adding a second connector, is not as great as the .ncrease due
to the addition of the first connector.
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Appendix VI
PROTOTYPE SYSTEM TEST DATA
Testing of the prototype system within a coal! dust enviror.ient was accom-

plished by Wyle Laburatories. Their report on these performance tests are included
in the following pages.
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DATA SHELT REPORT

WYLE LABGRATORIES

23 ApriL 1973

Srnsis, Inc.
1845 San FeErnNANDO Roap
Los ANcerLeEs, CALIFORNIA 30065

ATTENTION: Mp. F, A, STAWITCKE
TEST TITLE: OpreraTionAL EFrFiclency

REFERENCES: Your Purchase Order No. 270
Wyle Labaratories Job No. 53473
Government Contract No. N.A,

Wyle Labaratories Report No. 53473
Gentlemen:

This is to certify that the enclosed Test Data Sheets contain true and correet data obtained in
the performance of the test program as set forth in your purchase order.

Where applicable, instrumentation used in obtaining this data has been calibrated using standards
which are traceable to the National Bureau of Standards.

Test Resuits: :

ONE RESPIRATOR SYSTEM, SUPPLIED BY SYN51S, INC., WAS SUBJECTED
TO OPERATIONAL EFFIctENRCY TESTS TO DETERMINE 1TSS ABILITY TO
REMOVE COAL OUST FROM A CONTROLLED DUST ENVIRONMENT. ALL TESTS
WERE PERFORMED IN ACCORDANCE WiTH THE REFERENCED PURCHASE ORDER.
THE RESULTS OBTAINED ARE PRESENTED ON THE ENCLOSED DATA SHEET
FOR YOUR EVALUATION.

Enclosures: Data Sheets ( 1 Pages) ; EquipMENY LisT (1 Pace)

§YATE GF CALIFORNIA }“
COUNTY OF LOS ANGELES S ™ DEPARTMENT ___MECHANICAL SYSTEMS |

C., D, Y1AKAS , being duly sworn, i
deposes and says: That the information contained in this report is the result of

complete and caref congacted tests ghd is 10 the best of his xnowledge true
and coerect in all spex}n.

TEST WITNESS

NOoT APPLICABLE
DCAS-QAR VERIFICATION

. OFFICIAL SEAL

William H. Vanderberg, Jr.

NQTARY PUBUCCAL!FORNM
PRINCIEAL CFFICE )N
LOS ANGELES COUNTY

Wy Commission Expires jurw 26, 1974

QUALITY CONTROL.




'!

R:roar No. 53473

IVLE LACORATORIES e © Pace No. 2
“ DATA SHEET |
Test Titts;_ _OPERATIONAL EFFICIENCY
| Customer SYNSIS, INC. Job. Ne. 23473
| Bate Test Started._471] -713
Part No__N.A. ‘ Date Tost Complated. 4=12 =73
S/N N.A. Amb, Tompwﬂm.m.ml_.
Spec. CUST; Ppoo Ray Phote N'A'
Pare. NoA, Test Med. BiTUMINOUS COAL Dust
Specimen Tomp AMBIENT

Specimen_ RESPIRATOR SYSTEM

THE FOLLOWING TESTS WERE CONDUCTED [N AN ENCLOSURE 6' x 8' x 8' MiGH,
WHICH WAS EQUIPPED WITH TEMPERATURE,; HUMIDITY, AND DUST CONTROLS.

THREE (30) MINUTE TESTS WERE PERFORMED WITH HUMAN SUBJECTS WEARING THE
RESPIRATOR MASK IN THE CONTROLLED ENVIRONMENT WHILE PERFORMING SIMULATED
EXERCISES AND OPERATING A SIMULATED CONTROL PANEL. DURING THESE TESTS,
A SAMPLING DEVICE WAS COUPLED TO THE MASK WHICH WITHDREW AIR AT A
METERED RATE oOf 0.25 SCFM. THE DUST CONCENTRATION WITHIN THE MASK WAS
THEN GRAVIMETRICALLY DETERMINED FROM THE WITHDRAWN SAMPLES AS INDICATED
IN THE FOLLOWING TABLE.

TEMPERATURE HumipeTy Du NCEN T1ON MASX
TesT RANGE RANGE MG/CUBIC METER DustT CONCENTRATION
No., (°F) (% RH) Max. Min. Ave.
1 +84 vo +89 85 - 90 85 66 78.5 0.3
2 +81 1o +88 81 -~ 25 85 50 51.6 0,1
3 +79 1o +86 87 - 91 100 58 78.3 0.5

A TEST WAS ALSO PERFORMED WITH THE RESPIRATOR MASK INSTALLED ON AN
ANTHROPOMORPHIC HEAD WHICH WAS COUPLED TO A BREATHING MACHINE. THE
SYSTEM WAS OPERATED FOR A CONTINUOUS EJGHT HOUR PERIOD WIiTH A
CONTROLLED TEMPERATURE, HUMIDITY AND DUSY ENVIRONMENT, DURING THE
E1GHT HOUR TEST FERIOD, THE TEMPERATURE AKND HUMIDITY CONDITIONS RANGED
FROM +67 TO +B5°F AnD 80 To 86%, RESPECTIVELY. DUST CONCENTRATION
RANGED FROM 5.5 T0 48 Ma/:uBIC METER WITH AN AVERAGE CONCENTRATION

ofF 17.3 Mg/cuBic METER, FROM 12 SAMPLES, TAKEN PERIODICALLY THROUGHOUT
THE EXPOSURE DURATION. AT THE CONCLUSION OF THE EIGHT HOUR PERIOD,
AND WITH THE DUST CONCENTRATION MAINTAINED, A SAMPLE OF AIR WAS
WITHDRAWN FROM ONE OF THE MASK FEED LINES OVER A FIVE MINUTE PERIOD,
THIS SAMPLE, WEIGHED TO AN ACCURACY OF O.05 MILLIGRAMS, INDICATED NO
DUST PARTICULATE PASSING THROUGH THE SYSTEM,

THE COAL DUST USED DURING THE PERFORMANCE OF ALL TESTING WAS SCREENED
THROUGH A U,S5. STANDARD StEVE, NuUMBER 230, WHICH HAD OPENINGS OF
63 MicronNs orR 0.0025 inCHES.

Tested B

Specimen Mooh Spu, loquinmon?l. YES B Witaen
NO D Shaet No.

Q.c. Form Approvau P e s Approved .




RESPIRATOR SYSTEM

53473

SPECIMEN JOB NO.
PART NO. N.A. TestBYy _H. PiErSON
S/N N.A. WITNESS
WYLE LABORATORIES TEST: OPE“"”’W
MODEL WYLE CALIBRATION
EQUIPMENT MANUFACTURER NO. RANGE NO. LAST DUE ACCY.
ANALYTICAL
BALANCE A, Dajescer 141249 0 70 50 Grams | 6531 4-3-73 4-3-74 +0.1%
WEIGHTS A. Datscer [ Crass "P' 2 vo 50 Grams {1513 4-3-73 4-3-74 +0. 1%
. Fiscuer & B5-27-
ROTAMETER PoaTER éO/?T 0 10 5 SCFM 7063 10-4-72 10~4-73 +1%FS
.-8M.-
ROTAMETER Brooks 25-2 0 1o 4.44 SCFMi 1511 £~19-72 6~19-73 +1%FS
PHYs~CHEKICAL
__g“i!m;m RESEARCH PCRC 0 1o 100% 31682 1=16-73 1-16-74 12 .5%
v EMPERATURE =100 To0
INDICATOR Doric PS-300 |[+I595°F 30497 3=1=~73 g-2-73 +1°F
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