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ABSTRACT 

The feasibility of using negative pressure (minus 

one inch water) as a quantitative index of chemical 

cartridge respirator fit is presented. The method is based 

on measuring a corollary of respirator leakage, namely the 

flow rate of air necessary to be removed from a sealed 

respirator while a pre-selected negative pressure is 

generated and sustained within the respirator. The new 

method (the "quantitative negative pressure fit test 

system") has numerous benefits compared to current 

quantitative fit tests. Feasibility is determined through 

comparison of the new method to an accepted quantitative fit 

test method based on FREON 12. The data presented exhibit a 

high degree of correlation between the test methods over a 

wide range of controlled mask leakage. A variety of 

respirator brands were used in the comparison testing and 

the measures of respirator fit obtained from the two tests 

indicated correlation coefficients ranging from 0.978 to 

1 . 0 0 0 .  
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INTRODUCTION 

/ 

Respirator usage is currently widespread throughout 

all types of industry. It was estimated that in 1982 over 

two million American workers routinely depended on respir

ators to prevent the inhalation of toxic air contaminants 

(Rosenthal and Paull, 1985). In addition many others rely on 

respirators during short term or emergency operations. 

Although respiratory protective devices can be 

traced to Roman times when animal bladders and rags were 

used to decrease dust inhalation in mining, significant 

usage and knowledge of respirators began in World War I when 

attention was focused on developing masks to protect people 

from toxic chemical warfare agents (Douglas, 1978). Fol

lowing World War I, the unsupervised use of respirators in 

industry led to the development of a federal respirator 

approval system. In 1919, The Bureau of Mines began appro

ving certain types of respirators for use in mine rescue. In 

1971, responsibility for the approval program was delegated 

to the National Institute for Occupational Safety and Health 

(NIOSH), (Title 30, Code of Federal Regulations, Part 11, 

1972). NIOSH currently performs respirator certification 

tests. Test results are reviewed by NIOSH and the Mine 

Enforcement and Safety Administration, which has assumed the 

1  
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mine health and safety responsibilities of the Bureau of 

Mines. 

Types of Respirators 

The two basic types of respirators available for use 

in industry are air purifying respirators and supplied air 

respirators. Air purifying respirators function by removing 

contaminants from inspired air. Supplied air respirators 

operate by delivering uncontaminated air to the respirator 

wearer from an external source. 

Supplied Air Respirators 

Supplied air respirators function by delivering 

clean air to the wearer from some external source. Supplied 

air respirators can further be classified as either demand 

type or pressure demand. The demand type relies on the 

respirator wearer to create a negative pressure within the 

respirator. This pressure induction acts as a signal for a 

control valve to open, thereby providing fresh air to the 

respirator. The pressure demand type provides a constant 

flow of air to the respirator, maintaining the respirator at 

a positive pressure with respect to the environment. Under 

such conditions any air leakage paths are out of the respir

ator facepiece instead of into it. The operating principle 

of the pressure demand respirator makes the importance of 

respirator fit negligible. It also allows the use of these 
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respirators in atmospheres with insufficient oxygen, and in 

atmospheres in which the concentration of a contaminant is 

deemed to be immediately dangerous to life or health 

(IDLH). 

Air Purifying Respirators 

Air purifying respirators function by removing 

contaminants from inspired air. A respirator wearer creates 

a negative pressure within the respirator during the inspir

atory segment of the breathing cycle. This negative pressure 

draws environmental air through a cartridge or filter, 

resulting in either the filtration or chemical removal of 

contaminants from the inspired air stream. 

Two major factors affect the efficiency of air 

purifying respirators. The first factor involves the contam

inant removal efficiency of the filters or cartridges used 

to remove contaminants from the ambient air. The second 

factor involves the amount of contaminated air that bypasses 

the purifying elements and gains access to the respirator 

through leakage paths. 

The Code of Federal Regulations contains specific 

design criteria concerning the removal efficiency of chem

ical cartridges. Depending on the contaminant of interest, 

the required removal efficiency for cartridges ranges from 

95% to 99.5% during a specified lifetime which ranges from 

800 to 3200 liters of air (Title 30, CFR, section 11.162-8, 
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1972). Table 1 presents data obtained from respirator car

tridge lifetime studies, based on ten percent breakthrough 

of contaminant indicating the end of effective cartridge 

service life (Nelson and Correia, 1976). A similar study by 

Miller and Reist (1977) examined respirator cartridge ser

vice life for vinyl chloride. Eight brands of respirator 

cartridges were tested with a challenge concentration of 

approximately ten parts per million (ppm) vinyl chloride at 

a flow rate of 64 liters per minute. One ppm breakthrough 

indicated the end of effective cartridge service life. Under 

these conditions all cartridges tested had service lives of 

less than one hour, and many were less than thirty minutes. 

The second, and most important, factor of fit is the 

more variable component of leakage around the respirator 

face seal. If a respirator forms a tight seal on the 

wearer's face, the negative pressure induced within the mask 

during inspiration causes air to flow through the cartridges 

or filters and be treated. However, if there are gaps be

tween the respirator and the face of the wearer, inward flow 

of air through these gaps creates a path for untreated air 

to reach the wearer. 

One other possible leakage path during inspiration 

is through a poorly seated exhalation valve. A properly 

functioning exhalation valve shunts expired air away from 
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Comparison of Experimental and Calculated 10% Brotktfirough at 22'C 
10% BREAKTHROUGH TIME 

EXPERI

TEST 
RELATIVE 

CALCULATED MENTAL 

CONCEN FLOW 
TEST 

RELATIVE MECKLENBURG WHEELER EQUATION 
TRATION RATE HUMIDITY EQ. EQ. (16) 

SOLVENT (PPM) (LITERS/MIN) («) (MIN) (MIN) (MIN) (MIN) 

Benzene* 125 53.3 50 440 418 377 355 
500 53.3 50 169 161 150 134 

2000 53.3 50 59.3 56.4 59.4 41.9 
Benzenet 1000 53.3 20 114 110 126ft 101 

1000 53.3 50 114 110 127 101 
1000 53.3 80 114 110 112tt 87.4 

Toluene* 1000 20.6 50 328 322 255 288 
1000 36.7 50 180 174 143 164 
1000 53.3 50 121 116 98.7 114 

Methanol* 1000 53.3 50 8.6 7.9 -0.5 3.2 
laopropariol* 500 53.3 50 170 160 77.5 126 laopropariol* 

2000 53.3 50 75.1 63.3 30.7 54.7 
Butanol* 1000 53.3 SO 150 143 120 141 
Pentanol* 1000 53.3 50 137 134 139 130 
Vinyl chlorldet 50 40 50 99.2 96.2 -69.1 77.0 Vinyl chlorldet 

250 40 50 58.5 56.8 -23.6 52.5 
1000 40 50 32.4 31.4 -9.4 22.7 

Ethyl chloride* 1000- 53.3 50 21.5 18.5 26.5 10.7 
1-Chlorobutane* 1000 53.3 20 89.9 87.2 75.5tt 86.3 

1000 53.3 50 89.9 87.2 73.3 87.3 
1000 53.3 90 89.9 87.2 61.0tt 68.0 

Chlorobenzene* 1000 53.3 50 132 128 97.9 131 
Dichloromethane* 500 53.3 50 30.3 28.5 44.5 30.0 

2000 53.3 50 21.1 19.7 17.7 17.3 
o-Dichlorobenzene* 1000 53.3 50 132 130 124 132 
Chloroform* 1000 53.3 50 69.9 66.6 51.9 52.4 
Methyl chloroform* 250 53.3 50 251 242 149 207 Methyl chloroform* 

2000 53.3 50 51.3 49.5 37.2 56.1 
Trlchloroethylene* 1000 53.3 50 108 103 72.6 83.0 
Carbon tetrachloride* 1000 53.3 20 82.4 79.1 89.4tt 84.9 

1000 53.3 SO 82.4 79.1 86.8 68.8 
1000 53.3 SO 82.4 79.1 71.3tt 66.0 

Perchloroethylane* 1000 53.3 50 128 123 112 129 
Methyl acetate* 100 53.3 50 373 353 248 146 Methyl acetate* 

1000 53.3 50 73.9 81.8 53.4 45.9 
Ethyl acetatet 1000 53.3 20 115 111 83.lt t 88.4 Ethyl acetatet 

1000 53.3 65 115 111 79.911 90.4 
1000 53.3 SO 115 111 67.2tt 68.4 

Propyl acetate* 1000 53.3 50 110 106 72.4 99.0 
Butyl acetate* 1000 53.3 50 106 104 87.1 96.9 
Acetonet 100 53.3 50 504 484 499 245 

500 53.3 50 160 154 170 96.7 
1000 53.3 50 94.4 90.8 107 66.3 

Acetone? 1000 53.3 20 94.4 90.8 HOtt 61.1 
1000 53.3 80 94.4 90.8 94.3tt 54.5 
1000 53.3 90 94.4 90.8 89.0tt 53.1 

2-Butanona** 1000 53.3 50 136 132 103 94.4 
Dllaobutyl Ketone** 1000 53.3 50 97.4 97.2 103 83.3 
Pentane** 1000 53.3 50 86.2 83.8 67.5 71.3 
Hexanet 100 53.3 50 646 631 420 565 

500 53.3 50 156 152 144 143 
2000 53.3 50 44.1 43.0 57.0 37.9 

Hexano* 1000 53.3 0 77.6 75.4 66.7 ft 76.7 
1000 53.3 65 77.6 75.4 66.7 tt 68.1 
1000 53.3 SO 77.6 75.4 56.6tt 64.0 

Cyclohexane** 1000 53.3 50 124 122 90.4 82.3 
Heptane* * 1000 53.3 50 106 104 86.9 80.5 
Methylamlne*' 1000 53.3 50 49.1 46.7 13.4 17.9 
Ethylamlne** 1000 53.3 50 99.9 96.1 57. 1 49.7 
Dlethylamlne* 250 53.3 50 117 110 179 92.5 Dlethylamlne* 

1000 53.3 50 52.7 49.8 71.0 35.6 
2000 53.3 50 33.7 31.9 44.7 20.6 

Dlpropylamlne** 1000 53.3 50 141 140 110 105 

•MSA. cartridge!, coconut bate, 32.2 g/palr. 
tAO cartridge!, petroleum baae, 70.5 g/palr. 
"AO cartridge!, coconut but, 62.2 (/pair. 
ttUao humidity correction (ram Table III. 

Table 1 - Service Life of Respirator Cartridges 

Nelson and Correia (1976) 
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the respirator purifying elements, and 1s sealed during 

inhalation. 

Advantages and Disadvantages 

The basic differences in the operating principles of 

supplied air and air purifying respirators predispose each 

type to certain advantages and disadvantages which are 

inherent to their mode of operation. Supplied air respir

ators generally offer much more effective protection than 

the air purifying type. The pressure demand type can also be 

used in the case of insufficient oxygen and IDLH atmo

spheres. The disadvantages of the supplied air systems are 

their higher cost, increased complexity of operation and 

maintenance, increased training requirements, restricted 

wearer mobility, and requirements for source monitoring to 

insure a clean supply of external air. 

There are specific limitations on the use of air 

purifying respirators due to their operating principle and 

limited efficiency. For example they are not to be used in 

an atmosphere which does not contain enough oxygen to 

support life. Air purifying respirators should also not be 

used if the concentration of the contaminant is high enough 

to be deemed IDLH. 

Specific guidelines covering the maximum concen

trations In which chemical cartridge respirators should be 

used have been published by the federal government (Title 
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30, CFR, section 11.150, 1972). Table 2 summarizes the 

differences between supplied air respirators and air pur

ifying respirators 

Respirator Fit Tests 

Respirator fit testing is an important part of an 

industrial respiratory protection program. In 1980 the 

American National Standards Institute (ANSI) published a 

revised standard for personal respiratory protection (Z88.2-

1980). Table 3 lists the elements necessary for a respirator 

program according to the standard. 

Knowledge of the importance of respirator fit has 

led respirator manufacturers to provide respirators in a 

variety of sizes, and for many companies to provide 

employees with a variety of brands of respirators in several 

sizes. As discussed by Pritchard (1976), respirator design 

and manufacturing specifications are most effective when the 

respirator facepiece properly fits the face of the wearer. 

The importance of respirator fit has led to the 

development of a number of different tests designed to 

assess their fit. Generally fit tests can be categorized as 

either qualitative tests or quantitative tests. Qualitative 

tests generally involve the subjective response of a respir

ator wearer to either an odor or an irritating smoke. 

Commonly used qualitative tests include the isoamyl acetate 

test, the irritant smoke test, and the positive and negative 



SUPPLIED AIR AIR PURIFYING 

Operating 

Principle 

Protection 

Efficiency 

Cost 

Mobili ty 

of Wearer 

Maintenance 

and Worker 

Training 

Limi t at ions 

Supply clean 

air to the 

wearer from 

external source. 

Decontaminate 

ambient air. 

Medium to high Low to medium 

High 

Limit ed 

Extensive 

Can be used 

in oxygen 

deficient and/or 

IDLH atmospheres. 

Low 

Not Restricted 

Limited 

Not for use in 

oxygen deficient 

or IDLH atmospheres 

Table 2 - Comparison of Supplied Air and Air Purifying 

Respirators 



Written standard operating procedures. 

Responsibility for program assigned to a single 

individual. 

Annual review of employee suitability based on 

physicians guidelines. 

Use of NIOSH approved respirators. 

Selection procedures for respirator type. 

Training of employees. 

Fit testing of employees. 

Policy on facial hair, contact lenses, eye and face 

protection. 

Procedures for issuing respirators. 

Procedures for pre-use inspection of respirators. 

Procedure for monitoring respirator use. 

Environmental monitoring of airborne concentrations. 

Medical surveillance and biological assay, where 

applicable. 

Procedures for cleaning, maintenance and repair of 

respirators. 

Annual program evaluation. 

TABLE 3 

RECOMMENDED ELEMENTS OF A RESPIRATORY PROTECTION PROGRAM 
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pressure fit tests. Quantitative tests involve the gener

ation of a challenge agent within an exposure chamber, and 

the simultaneous monitoring of the concentration of the 

challenge agent in the exposure chamber and inside the 

respirator. Commonly used quantitative fit test agents 

include aerosols or vapors of sodium chloride, uranine, 

FREON 121, and DOP. 

Qualitative Tests 

The isoamyl acetate test is more commonly referred 

to as the banana oil test (Pritchard, 1976). This test 

involves wearing a respirator equipped with cartridges 

effective in the removal of organic vapors in an atmosphere 

containing isoamyl acetate. If an odor of bananas is detec

ted by the wearer, the fit of the respirator is judged to be 

unsatisfactory. A satisfactory fit is achieved when no odor 

is detected. 

The irritant smoke test (Pritchard, 1976) involves 

directing puffs of an irritating smoke, from a pumice filled 

tube which is impregnated with either stannic chloride or 

titanium tetrachloride, at the sealing surface of the resp

irator. When air passes through these tubes, the material 

„ 1. FREON 12 is a registered trademark of E.I. Du 
Pont De Nemours ana Company, Inc. 
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inside reacts with moisture in the air to produce an irri

tating smoke consisting of hydrochloric acid adsorbed on 

small particles. In this test the respirator must be equip

ped with high efficiency particulate filters and cartridges 

effective at removal of acid gases. If the smoke penetrates 

the respirator seal, it will irritate the respiratory tract 

of the respirator wearer thereby inducing a cough reflex. 

Two commonly used qualitative tests which do not 

subject the wearer to any chemical exposure are the positive 

and negative pressure fit tests (Pritchard, 1976). The 

positive pressure test involves sealing the exhalation valve 

of a respirator and the wearer exhaling small puffs of air. 

If the respirator fits, it should expand slightly and the 

wearer should not notice appreciable leakage of air from 

around the respirator seal. The negative pressure test 

consists of sealing the inhalation valves of the respirator 

and attempting to inhale. If the respirator fits, there 

should be a slight collapse of the respirator on the 

wearer's face. The wearer should not detect any rush of air 

from around the respirator seal. Both the positive and 

negative pressure tests are useful, especially since the 

respirator wearer can perform them without any aid. These 

tests should be performed every time a respirator is donned 

in order to insure that the respirator has been donned 

properly. 
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Advantages and Disadvantages of Qualitative Fit Testing 

There are certain advantages and disadvantages 

associated with qualitative tests. The advantages include 

the simplicity of the tests, their ease of administration, 

and the relatively low costs involved. The disadvantages 

result from the subjectivity of the tests and the inability 

to compare two or more adequately fitting respirators in 

order to determine the best fit. One example of the subjec

tivity of the qualitative tests is that people differ in 

their odor threshold for isoamyl acetate. Some people can 

detect the smell of banana at very low concentrations of 

isoamyl acetate, while others require a higher concentration 

before any odor can be detected. Hardis et al (1983) repor

ted a range of isoamyl acetate odor thresholds covering two 

orders of magnitude in a population of twenty test subjects. 

Further, it was reported that one test subject could not 

detect the odor of isoamyl acetate at any level. 

Quantitative Tests 

Quantitative tests attempt to quantify the degree of 

fit for a given respirator. The quantitative tests involve 

generating a challenge aerosol or gas in a confined exposure 

chamber and simultaneously monitoring its concentration in 

the chamber atmosphere as well as inside the respirator. The 

simultaneous comparison of these concentrations can be used 

to quantify the degree of fit by calculation of a number 
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which is commonly referred to as the "protection factor". 

The protection factor is calculated by dividing the concen

tration of the challenge agent in the chamber atmosphere by 

its concentration in the respirator. A generally accepted 

fit for a half mask chemical cartridge respirator should 

provide a protection factor of ten or greater, while the 

minimum protection expected from a full face chemical car

tridge respirator corresponds to a protection factor of 

fifty or greater (Hyatt, 1976). 

Normally the respirator wearer is asked to perform a 

variety of exercises during quantitative fit tests. Hyatt 

(1976) lists five basic exercises which should be included 

during quantitative respirator fit testing: 1) normal 

breathing, 2) deep breathing, 3) turning head slowly from 

side to side, 4) moving head up and down, and 5) talking. 

These quantitative tests vary only in the challenge 

agent generated and therefore the means of sample collection 

and detection. The respirator sample is collected via a 

probe in the respirator facepiece which allows the air 

inside the respirator to be sampled. Commonly used aerosols 

have consisted of: di-octyl phthalate §DOP, although the 

proper chemical name is diethyl(hexyl) phthalatet, sodium 

chloride, uranine, and a variety of other aerosols. Another 

method described by Adley and Wisehart (1962) involves the 

use of a gas instead of an aerosol. The gas used was 
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dichlorodifluoromethane, which is more commonly referred to 

as FREON 12. 

Burgess, Silverman, and Stein (1961) described one 

of the first quantitative fit tests for respirators. Their 

test involved an aerosol of uranine, a disodium salt of 

fluorescein. Uranine is readily soluble in water and allows 

a variety of commercially available nebulizers to be used to 

generate the aerosol. Once generated, the aerosol was passed 

through two standard Greenberg-Smith impingers to remove 

large particles from the exposure air stream. Following this 

step, dilution air could be added to control aerosol concen

tration. Particle size analysis of the exposure air stream 

indicated a geometric mean particle size of 0.2 micrometers 

with a geometric.standard deviation of 2.0 micrometers. The 

chamber and respirator samples were collected on membrane 

filters, which were subsequently leached of the uranine. The 

quantity of uranine collected was determined using a fluor

escence technique. This method provided a determination of 

overall leakage and was developed due to the lack of real 

time monitoring instrumentation. 

A quantitative test involving the use of sodium 

chloride aerosol has been descibed by White and Beal (1966). 

This method employed a Wright nebulizer to generate an 

aerosol from a one percent aqueous solution of sodium chlor

ide. The aerosol was then mixed with dilution air and intro

duced into a test hood. The test required an alteration of 



15 

the exhalation valve of the respirator. A hose was attached 

to the exhalation valve in order to allow sampling of the 

respirator wearer's breath. Flame photometers were used to 

measure the concentration of sodium chloride in both the 

test hood and the expired air. Particle size analysis per

formed on the sodium chloride aerosol indicated that greater 

than ninety eight percent of the particles observed were 2.0 

micrometers or less in diameter. 

As previously mentioned, Adley and Wisehart (1962) 

reported the use of a gas, dichlorodifluoromethane (FREON 

12), as a challenge agent for quantitative fit testing. The 

following advantages of FREON 12 as a challenge agent were 

cited: 

1) FREON 12 has no toxic action in the concentrations 

respired. The current threshold limit value for 

FREON 12 is 1000 parts per million. 

2) FREON 12 is nonflammable. 

3) A large concentration range (5 - 1000 ppm) of 

FREON 12 may be measured with direct-reading 

ins t rumen ts. 

4) FREON 12 atmospheres are readily generated and 

controlled. 

5) The FREON 12 test is relatively inexpensive in 

terms of time and equipment. 

6) FREON 12 is commercially available. 
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The recommended method of detection was a combustible gas 

indicator. 

The quantitative DOP test, as described by Hyatt, 

Pritchard, and Richards (1972), involves the use of a therm

ally generated monodisperse 0.3 micrometer liquid aerosol. 

Testing indicated that this 0.3 micrometer aerosol aged 

while in the test chamber and that the mass median aerody

namic diameter increased to approximately 0.42 micrometers 

with a geometric standard deviation of 1.4 micrometers. The 

DOP generator is commercially available. A test chamber is 

necessary and both the chamber and the respirator are sam

pled continuously by a forward light scattering photometer. 

Advantages and Disadvantages of Quantitative Fit Testing 

Advantages and disadvantages are also inherent in 

quantitative respirator fit tests. The major advantage is 

the generation of a number which descibes the fit of a 

respirator. The major disadvantages are associated with the 

complexity and cost of the tests. In most cases, a mono

disperse aerosol must be generated, and the instrumentation 

used to measure the challenge agent is often complicated and 

difficult to calibrate. The complexity of the tests is 

readily translated into high costs. An estimate of the 

current costs of a quantitative respirator fit test system 

ranges from $8,000 to $40,000. The cost and complexity of 

currently available tests have forced many groups to abandon 
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quantitative respirator fit testing and to rely on qual

itative testing of respirator fit. 

Table 4 presents a summary of the advantages and disad

vantages associated with quantitative and qualitative test

ing of respirator fit. 

A recent study by Myers, et al (1986) has indicated 

another problem associated with quantitative fit testing. 

This study revealed a large (from -99% to +98%) sampling 

bias affecting facepiece contaminant concentration. The 

variables studied include probe placement, probe depth, 

leakage site, and breathing distribution (between nose and 

mouth). The authors hypothesize that the bias is due largely 

to streamlining of the contaminant from the leakage sites. 

This finding contradicts the assumption normally applied to 

facepiece sampling that good instantaneous mixing occurs in 

the facepiece. 

Toxicology of Challenge Agents 

In recent years the trend has been toward devel

opment of different aerosol challenge agents for use in 

quantitative tests. One reason for these attempts to develop 

new aerosols has been the Implication of DOP as a possible 

human carcinogen (NIOSH, 1983). 
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Qualitative Tests 

Isoamyl Acetate 

Irritant Smoke 

Positive Pressure 

Negative Pressure 

Advantages 

-Inexpensive 

-Ease of 

Disadvantages 

-Subj ective 

-Lack of 

administration data for 

-Not time comparing 

consuming fit. 

Quantitative Tests 

Uranine 

Sodium Chloride 

FREON 12 

DOP 

-Generation of 

a number 

describing 

fit, thereby 

allowing 

comparison of 

fit data 

-Complicated 

instrumentation 

-Costly 

-Time consuming 

-Exposure of 

respirator 

wearer 

to a challenge 

agent 

-Requires 

laboratory 

space 

Table 4 

Advantages and Disadvantages of 

Qualitative and Quantitative Respirator Fit Tests 
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There is a certain degree of toxicity associated 

with the challenge agents used in all of the quantitative 

and qualitative fit tests. However, the degree of hazard 

varies depending on the test. Examples of the hazards assoc

iated with fit testing are the potential exposures assoc

iated with the isoamyl acetate test and the irritant smoke 

test. 

Isoamyl acetate is known to cause irritation of 

eyes, nose and throat (Sittig, 1981). Drowsiness and narco

sis has been reported by Sandmeyer and Kirwin (1981) at 

higher levels (>5000 ppm) of exposure. 

The irritant smoke test involves possible exposure 

of the test subject to highly irritating hydrochloric acid. 

Such an exposure is irritating to the mucous membranes of 

the eyes, nose, and throat (Hamilton and Hardy, 1983). 

Most concern has surrounded the use of dioctyl 

phthalate in quantitative fit testing. The greatest usage of 

DOP is as a plasticizer, where it has the effect of making 

plastics flexible and supple (Thomas et al., 1978). Atten

tion was drawn to the toxicity of DOP and other phthalates 

because of their potential to leach out of plastics. The 

leaching of DOP into blood stored in PVC bags has been 

especially prominent (Lawrence, 1978). Although NIOSH (1983) 

estimated the toxic risk in the DOP fit test method to be 

minimal under normal conditions, it was determined that the 

use of DOP should be limited. This decision was based on the 
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possibility of high subject exposure in the case of a poorly 

fitted respirator, or possible overexposure of the test 

conductor on a routine basis if sufficient ventilation was 

not used. 

On an acute basis, DOP has an extremely low order of 

toxicity (Lake et al. 1975). Thomas et al (1978) reported an 

oral LD50 in rats of 26 g/kg. Subchronic and chronic studies 

have shown increased mean liver weights in rats following 

oral administration, and a dose and time dependent embryo 

and fetotoxicity (Nikonorow, Mazur, and Piekacz, 1973) 

Feeding studies in the rat at concentrations of 1000 

and 5000 ppm showed that DOP accumulated in the liver and 

abdominal fat, eventually reaching a steady state. This 

accumulation quickly returned to normal when the animals 

were returned to a normal diet, with approximately equal 

excretion of DOP through the urine and feces (Daniel and 

Bratt, 1974). 

The most complete study of DOP toxicity was under

taken by the National Toxicology Program (1982). In the 

study male and female F344 rats were fed a diet containing 

either 0, 6,000 or 12,000 ppm DOP. Male and female B6C3F1 

mice were fed diets containing either 0, 3,000 or 6,000 ppm 

DOP for 103 weeks. Each dosage group consisted of 50 males 

and 50 females. 

The results indicated minimal to moderate decrease 

in body weight of some treated groups, especially the female 



21 

mice. Liver tumors were associated with DOP administration 

in both sexes of rats and mice. Hepatocellular carcinomas or 

neoplastic nodules in either sex of the high dose rats and 

in low dose female rats, and hepatocellular carcinomas or 

adenomas in both sexes of low and high dose mice occurred at 

incidences significantly higher than controls. Hepatocell

ular carcinomas alone were observed at statistically signif

icant levels in high dose female rats, high dose male mice, 

and in both high and low dose female mice in comparison to 

controls. Twenty one of fifty seven hepatocellular carci

nomas in treated mice of both sexes gave rise to pulmonary 

metastases. There were no lung metastases in control mice or 

in any rats. 

It was concluded that under the conditions of this 

study DOP caused increased incidences of hepatocellular 

carcinomas in female rats and male and female mice, and 

caused increased incidence of male rats with either hepato

cellular carcinomas or neoplastic nodules. 

DOP Alternatives 

Research conducted by Smith et al (1980) was 

designed to test several new aerosols which could replace 

DOP. The aerosols were generated from various oils using a 

model TDA-50 DOP Man Test Penetrometer, and the method of 

detection utilized a forward scattering photometer. Some of 

the aerosols tested include: di-ethyl(hexyl)sebacate , 
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linoleic acid, oleic acid, dimethicone, and refined corn 

oil. More recent information on these possible substitutes 

(NIOSH, 1983) has indicated that refined corn oil might be 

the best alternative. This was determined after studying 

several factors for each candidate substitute, such as 

toxicity, mutagenicity, and the concentration and size 

distribution of the aerosol particles. 

Another method developed in response to the need for 

DOP alternatives utilizes a continuous-flow condensation 

nuclei counter (CNC). The CNC first enlarges particles to a 

size suitable for light scattering, and detection is based 

on a photometric technique at high concentrations or by 

single particle optical counting at low concentrations. This 

method, as shown by Willeke , Ayer, and Blanchard (1981) may 

allow the use of more common aerosols. Some of the aerosols 

already tested include the carbon abrades from a high volume 

motor, cigarette smoke, and even the use of normal room 

aerosol. However, the development of these new aerosols does 

not address the basic problems of quantitative fit testing 

in general. These methods continue to be complex and expen

sive procedures which may expose the respirator wearer to 

hazardous test agents. 

Predictability of Fit Testing 

A study by Hardis et al (1983) examined the predic

tive value of qualitative fit testing versus quantitative 



23 

fit testing. The qualitative tests studied were the negative 

pressure fit test, isoamyl acetate test, and the irritant 

smoke test. The results indicate that the qualitative tests 

were more predictive of acceptable fit in half mask respir

ators than in the full face mask. Also concluded was the 

fact that the irritant smoke test was the most predictive of 

the three qualitative tests used. These conclusions were 

based upon examination of two separate groups. The first 

group was composed of individuals passing a specific quali

tative fit test with a corresponding inadequate fit accor

ding to the quantitative fit tests. The second group 

included the number of inadequate fits as determined by 

quantitative fit testing which were not detected by the 

qualitative tests. 

Another study by Kolesar et al (1982) compared the 

protection factors derived from two different quantitative 

fit tests, the DOP test (liquid aerosol challenge) and the 

sodium chloride test (solid aerosol challenge). The results 

of this study indicated that the DOP test showed more 

variability with respect to the exercise sequence used, and 

whether it preceded or followed the sodium chloride test. 

Also noted was the fact that the sodium chloride test 

consistently measured smaller protection factors, indicating 

that the sodium chloride test is more sensitive than the DOP 

test. 



RESEARCH OBJECTIVE 

There are a number of problems associated with the 

current techniques used to determine respirator fit inluding 

the subjectivity of the qualitative tests, and the cost and 

complexity of the quantitative tests. An additional disad

vantage of the current quantitative and qualitative tests is 

the possible exposure of the respirator wearer to harmful 

challenge agents. The purpose of this research was to 

develop a new method of quantitatively determining respir

ator fit for chemical cartridge respirators. The proposed 

method differs from currently available quantitative tests 

in that it does not involve the generation and measurement 

of a challenge agent. Rather, the ability to quantitatively 

determine fit is based on the flow rate of air required to 

be removed from a sealed respirator in order to induce a 

specific negative pressure within the respirator while the 

respirator wearer holds his breath. The new test termed the 

"quantitative negative pressure fit test" avoids many of the 

disadvantages associated with current quantitative 

respirator fit tests. 

The development of the quantitative negative 

pressure fit test consisted of establishing a test protocol 

for the quantitative negative pressure fit test, and 

subsequent comparison testing of the results to an estab

lished quantitative fit test (FREON 12). 
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METHODS AND MATERIALS 

The quantitative negative pressure fit test prin

ciple is based on an indirect measure of respirator leakage. 

The test is accomplished by temporarily sealing the normal 

air paths through a respirator and continually withdrawing 

air from the respirator in order to induce and maintain a 

specific negative pressure within the respirator while the 

test subject holds his breath. The flow rate at which air 

must be withdrawn in order to generate and maintain the pre

selected negative pressure represents the leakage flow rate 

of the respirator. 

Contaminant leakage into respirators only occurs 

during the inspiratory segment of the respiratory cycle. 

During inspiration the driving force for both the air pur

ifying path and any air leakage path is the negative press

ure produced within the respirator by inspiration. The 

inspiratory flow rate has been shown to exhibit a rectang

ular waveform (Raven, Dodson, and Davis, 1979), indicating 

that the flow rate of air is relatively constant during 

inspiration. 

During normal wear a negative pressure is created 

within the respirator due to the resistance associated with 

air flow through the respirator's purifying elements. The 

test protocol for the quantitative negative pressure fit 

test involves duplication of this negative pressure, with a 

consequent duplication of the leakage path driving force. A 
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driving force of minus one inch of water pressure was found 

to closely correspond to the internal respirator pressures 

measured during normal inspiration through respirators 

configured to conduct the quantitative negative pressure 

tests. This configuration also replicates that used during 

the FREON 12 quantitative fit test procedure which was used 

as a comparison standard. 

Determination of the average inspiratory flow rate 

used during this study was based upon work reported by 

Harris and Fraser (1976). The average inspiratory segment of 

the respiratory cycle for an adult was reported to be 1.74 

seconds. Assuming a tidal volume of 1000 cubic centimeters, 

which represents a compromise between light and moderate 

physical activity, an average inspiratory flow rate of 

34,483 cubic centimeters/minute can be calculated. When the 

leakage flow rate mea.sured by the negative pressure fit test 

system is divided by the average inspiratory flow rate, a 

measure of the portion of inspiratory air that by-passes the 

respirator's purifying elements is obtained. The reciprocal 

of this quotient, which represents the degree of dilution of 

contamination achieved by the respirator, is defined as the 

fit factor. The fit factor can be defined mathematically as: 

FF = IFR / LFR 

where: FF = respirator fit factor 

IFR = average inspiratory flow rate 

LFR = measured leakage flow rate 
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Development of Quantitative Negative Pressure Fit Test 

System 

The quantitative negative pressure fit test system 

consists of five components: 1) an air purifying respirator 

facepiece, 2) manifolds used to seal the normal air pur

ifying path, 3) a pressure monitor, 4) a vacuum pump, and 

5) an air flow rate monitor. 

Five half mask air purifying respirators were ob

tained from their manufacturers for testing. Respirators and 

cartridges were obtained as samples from the manufacturers. 

Information concerning the respirators used can be found in 

Table 5. Respirator facepieces were used as received from 

the manufacturers. Probed versions were used when available 

in order to simplify some connections; however probed face-

pieces are not necessary for conducting the quantitative 

negative pressure fit test. 

The purpose of the manifolds was to seal the normal 

air purifying path of a respirator during the negative 

pressure fit test procedure. They were constructed from the 

chemical cartridges provided with each brand of respirator 

(Figure 1), which simplified their installation and removal. 

Manifolds were constructed by removing the cartridge face 

and the air purifying matrix of a respirator cartridge and 

sealing the face of the cartridge with a one-eighth inch 

thick plastic cover cut to the size of the cartridge. Three 

tube connectors were then mounted into the covers. Each 
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Model 

BRAND Number Style Size 

North 7700-30M Half mask Medium 

3-M 7200-Q Half mask Small/Medium 

Eas i-Air 

Survivair 2200-99 HaIf mask Medium 

Scott 64 Half mask Medium 

MSA 463439 Half mask Medium 

Comfo II 

TABLE 5 - Respirators Used to Study the Quantitative 

Negative Pressure Fit Test 
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Manifolds - Top 
Chemical Cartridges - Bottom 

Figure 1 - Manifolds and Chemical Cartridges 
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connector serves a specific purpose as a breathing port, an 

air withdrawal port, and a pressure monitoring port. 

The breathing port (approximately one half inch in 

diameter) was larger than the other ports and was equipped 

with a quick close valve. This port allowed the respirator 

wearer to breath normally until the test was ready to be 

conducted, at which time the respirator wearer held his 

breath and closed the port. The air withdrawal port and the 

pressure monitoring port (both approximately one quarter 

inch in diameter) were not placed on the same manifold in 

order to insure that the test measured total respirator 

effects. Manifold components were sealed with a high 

strength epoxy adhesive and sealant, and with a high 

strength rubber based adhesive. These adhesives were used to 

attain an air tight seal on the manifold modifications. All 

manifold modifications were accomplished by the Physical 

Resources department of the Arizona Health Sciences Center. 

An electronic manometer (Setra Systems, Model 339) 

was used to measure the pressure changes occuring within the 

respirator during the quantitative negative pressure fit 

test. The manometer has a range of 0-1 psig (0-27.8 inches 

of water) in either the positive or negative direction, with 

a sensitivity of 0.01 inches of water. The electronic manom

eter was calibrated against a Dwyer Water Manometer over the 

range of 0-10 inches of water. 
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The mass flowmeter (Sierra Instruments, Model 715, 

Two by Two) used to measure the flow rate of air being 

removed from the respirator has a range from 5 standard 

cubic centimeters per minute to 50 standard liters per 

minute. The instrument was factory calibrated just prior to 

use in this study. 

The vacuum pump employed to withdraw air from the 

respirator was a Gilian model HFS 113A personal sampling 

pump. The pump was also equipped with a variable bleed air 

valve in order to give a stable low flow capability. The 

desired flow range extended from 0-5 liters per minute. 

Test Protocol 

The negative pressure test protocol requires the 

respirator wearer to hold his breath during the actual test 

procedure. After a period of one second to allow the press

ure within the respirator to equilibrate to atmospheric, the 

breathing port is closed by the wearer. The personal sam

pling pump flow rate is then adjusted by the test admin

istrator so that a pre-determined negative pressure is 

induced and maintained within the respirator. A mass flow 

meter is placed in line between the pump and the respirator 

to monitor and record the flow rate necessary to maintain 

the desired negative pressure. (See Figure 2 for test set 

up). A pressure of minus one inch of water was used since 

the configuration of the respirator during the FREON 12 fit 
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A. Half-mask chemical cartridge respirator 
equipped with manifolds 
B. Breathing port with quick close valve 
C. Air flow measuring device 
D. Vacuum Pump 
E. Pressure monitoring device 

Figure 2 - Quantitative Negative Pressure Test Set-Up 
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test caused an approximate pressure induction of minus one 

inch of water within the respirator during normal breathing. 

The respirator wearer was instructed to hold his breath only 

until he became uncomfortable, at which time he could term

inate the test by opening the breathing port and breathing. 

The nominal time required to complete a successful test is 7 

- 10 seconds. This test protocol received approval of the 

Arizona Health Sciences Center, Human Subjects Committee, 

Jan. 31, 1986. 

It was desirable to have the ability to induce known 

reproducible amounts of leakage into the respirator, which 

would be representative of varying degrees of fit. For this 

purpose, a microflow valve (Fischer and Porter) was attached 

to a connector on the respirator (Figure 3). This allowed 

results of the quantitative negative pressure fit test to be 

determined for a variety of reproducible leakage rates. 

Theoretically, a poorly fitted respirator with a higher 

leakage rate would require a higher flow rate to achieve and 

maintain the desired pressure. 

The leakage flow rate measured during each test was 

divided into the average inspiratory flow rate (34,483 

cc/min) to produce a measure of respirator fit termed the 

"fit factor". Table 6 lists a step by step approach to 

performing the quantitative negative pressure fit test. 



Figure 3 - Half-Mask Chemical Cartridge Respirator 
Equipped with Manifolds and Leak Valve 
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1. Subject dons a respirator equipped with manifolds 

and leakage valve. 

2. The following connections are made to the manifold 

ports: 

A. Breathing tube 

B. Electronic manometer 

C. Personal sampling pump via the mass flow 

meter 

3. Subject holds his breath. 

4. Subject closes the breathing port. 

5. Test administrator adjusts the flow from the per

sonal sampling pump until minus one inch of water 

pressure is observed and maintained within the 

respirator. 

6. Flow rate is recorded. 

7. Subject ends test by opening breathing tube. 

8. Leakage valve opened to next desired setting; Repeat 

steps 3-7. 

Table 6 - Protocol for Conducting the Quantitative Negative 

Pressure Fit Test 
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Development of FREON 12 Comparison Test 

In an at tempt to validate the quantitatlve negative 

pressure fit test system, it was necessary to run side by 

side comparisons of the quantitative negative pressure fit 

test with an established quantitative fit test method. This 

allowed comparison of a specific flow rate or fit factor 

with a specific protection factor derived from the estab

lished method. 

A variety of factors including availability of 

analytical instrumentation, exposure chamber requirements, 

and cost led to the selection of the FREON 12 quantitative 

fit test as the comparison test system. The advantages of 

FREON 12 as a challenge agent for quantitative fit testing 

are: 1) it is a more rigorous challenge agent than aerosols, 

2) it is relatively non toxic in the concentration range 

desired (current TLV-TWA of 1000 ppm) , 3) it is nonflammable 

and commercially available, and 4) atmospheres of FREON 12 

are readily generated and easily monitored over a large 

concentration range. 

The exposure chamber constructed for the FREON 12 

test was approximately 2.5 meters in height and had a volume 

of approximately 1.4 cubic meter (Figure 4). A mixing fan 

(Archer 4 inch AC fan, catalogue number 273-241A) was moun

ted in the ceiling of the chamber. There were no tests 

performed to determine the adequacy of fan mixing since both 

the chamber and respirator samples were obtained from the 



37 

Figure 4 - Freon 12 Exposure Chamber 
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same area of the chamber. Chamber samples were obtained by 

holding the sampling line inlet near the respirator probe. 

FREON 12 was introduced through the ceiling of the chamber 

where it was mixed by the fan and distributed throughout the 

chamber. The normal respirator cartridges were replaced with 

the manifolds and the breathing and pressure ports were then 

connected to long tubes which allowed the respirator wearer 

to breathe fresh air from outside the chamber. The chamber 

was placed near a door leading outside, allowing the breath

ing tubes to deliver air from an environment uncontaminated 

with FREON 12. The manifolds were sealed to assure that no 

leakage of FREON 12 occurred through the respirator's air 

purifying path. This was confirmed by inducing a negative 

pressure within the manifold and determining if the pressure 

differential was maintained. 

The FREON 12 test consisted of exposing a respirator 

wearer to an atmosphere containing FREON 12 (normally in the 

range of 250-350 parts per million) , and monitoring its 

concentration in the exposure chamber and inside the resp

irator simultaneously. This test protocol received approval 

of the Arizona Health Sciences Center, Human Subjects Comm

ittee, Jan. 31, 1986. The FREON 12 used was supplied in a 

13.6 kilogram disposable can from DuPont. FREON 12 concen

trations were monitored using two Miran infrared analyzers 

(Wilks model 1A-CVF). The analyzers are equipped with con

tinuous flow sampling pumps, with sample flow rates between 
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8-9 standard liters per minute as determined by the mass 

flowmeter. FREON 12 exhibits a specific absorption spectra 

in the infrared band. It was monitored at the instrument 

manufacturer's recommended wavelength of 9.1 micron with a 

pathlength of 0.75 meter. 

Due to availability constraints, four different 

infrared analyzers were used throughout the study, and 

calibration curves were constructed for each instrument. The 

analyzer monitoring the chamber concentration was calibrated 

in the range of 89-355 parts per million by volume, and the 

analyzer monitoring the respirator was calibrated from 4.5-

44 parts per million. The instrument manufacturer's closed 

loop calibration system (Foxboro/Wilks, Inc. Model 106-0200) 

was used to generate the calibration curves utilizing serial 

injections of the FREON 12 challenge gas. Daily calibration 

checks were made by checking one specific concentration in 

the range of each analyzer and comparing the result to the 

calibration curve. The output of both Mirans was recorded on 

a dual pen strip chart recorder (Omniscribe series D5000). 

Probed respirators were used to simplify respirator 

sampling. Simultaneous monitoring of the FREON 12 in the 

chamber and inside the respirator allowed the calculation of 

a protection factor by dividing the concentration in the 

chamber by the concentration in the respirator. 

The microflow valve used to induce reproducible 

leakage rates during the quantitative negative pressure fit 
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test was also used in the FRSON 12 test. This allowed 

collection of fit data (in the form of protection factors) 

corresponding to the fit data from the quantitative negative 

pressure fit test. The FREON 12 test was conducted with the 

respirator wearer in the chamber with breathing tubes conn

ected to provide fresh air to the respirator. The mixing fan 

was turned on and FREON 12 was introduced in increments 

until the desired chamber concentration was achieved (app

roximately 250-350 ppm). The chamber and respirator concen

trations were allowed to equilibrate until relative concen

trations of FREON 12 for each could be determined for each 

microflow valve leakage setting. This allowed the calcu

lation of a protection factor for each setting. Once the 

concentrations equilibrated, the respirator wearer was 

instructed to open the microflow leak valve to the next 

desired setting. The concentrations of FREON 12 in the 

chamber and inside the respirator were allowed to equil

ibrate between each valve setting. 

Reproducibility Testing 

The reproducibility of setting the microflow valve 

was verified by running a series of tests that measured the 

flow rate of air through the valve at various settings under 

a constant pressure of minus one inch of water. This was 

accomplished by connecting a sampling pump through a mass 
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flow meter to a T-connector which was then connected to the 

microflow valve and the electronic manometer. The valye was 

opened to specified settings and the flow rate of air 

through the pump was adjusted until minus one inch of water 

pressure was generated. This flow rate of air through the 

valve was recorded. 

The test protocol required removal and redonning of 

the respirator between the quantitative negative pressure 

fit test and the FREON 12 test, as well as between repeated 

runs of each test. In an attempt to achieve reproducible 

fittings, the respirators were always donned in the same 

manner and little or no adjustments were made in the head 

strap tension. The best test of mask donning reproducibility 

is the series of seven tests which were conducted on the 

North medium respirator. These tests also reflect the repro

ducibility of setting the microflow valve. A range of 

coefficients of variation is reported. 

Correlation of Quantitative Negative Pressure Fit Test 

and the Freon 12 Test 

After the negative pressure fit test system had been 

developed and the basic protocol for conducting a fit test 

with the system had been established, a series of exper

iments were designed to explore the system's capabilities to 

quantify respirator fit relative to an established 
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methodology. As previously noted, the FREON 12 quantitative 

fit test system was designed to be used as an experimental 

standard. The primary purpose of the experiments was to 

develop and compare fit data from both methods using a 

variety of respirators under controlled conditions. 

A microflow valve was used to simulate a broad and 

reproducible range of leakage paths into the respirator 

facepiece during both the quantitative negative pressure fit 

test and the FREON 12 test. During each experimental run, 

the micro valve was opened in selected increments to sim

ulate increasing leakage, which corresponded to decreased 

respirator effectiveness and a decreased protection factor 

or fit factor. 

Experiments were designed to assess the applic

ability of the quantitative negative pressure fit test 

system to a variety of respirators. The basic fit of each 

respirator was measured by both the negative pressure system 

and the FREON 12 system. The correlations between the degree 

of fit determined by the two systems for each mask tested 

represents the basic capability of the quantitative negative 

pressure fit test system to accurately measure respirator 

f it. 



RESULTS 

Experimental results for each phase of the study are 

presented in the following series of figures and tables. 

Results are reported for the calibration of the Miran infra

red analyzer for FREON 12, and for determination of the 

precision associated with setting the microflow valve used 

to induce respirator leakage during comparison tests. 

Results of comparisons of respirator fit as determined by 

the quantitative negative pressure fit test and the FREON 12 

fit test are reported for a variety of respirators. The 

reproducibility of respirator fit results following removal 

and redonning of the respirator is also reported. 

FREON 12 Calibration Curves 

FREON 12 calibration curves prepared for the Miran 

infrared analyzers are shown in Figures 5 and 6. Figure 5 

depicts the calibration curve used to measure respirator 

concentration covering a range of 0 to 44 ppm. Figure 6 is a 

calibration curve for the chamber concentration range 

spanning a concentration of 80 to 360 ppm. Each calibration 

curve was determined by three measurements of absorbance at 

selected concentrations covering the desired range. 
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The data from the calibration curves was employed to 

determine an error estimate for the Mirans for each of the 

two concentration ranges used. A regression of concentration 

versus absorbance was used to calculate a standard error for 

each curve. The resultant error for the respirator cali

bration curve was + 0.001 which equates to a 95% confidence 

interval of + 0.002 absorbance units. The chamber concen

tration curve standard error of + 0.002 equates to a 95% 

confidence interval of + 0.004 absorbance units. The 95% 

confidence intervals were calculated as: 

Respirator: [(standard error) (t. 9 7 5  ig)] 

Chamber: [(standard error) (t. 9 7 5  1 9 ) ]  

Reproducibility of Leak Valve Setting 

A microflow valve was used to induce controlled 

leakage into the respirator during the comparison testing of 

both the quantitative negative pressure fit test and the 

FREON 12 test. The ability to induce reproducible leakage 

rates established a series of reference points which allowed 

the results of both fit tests to be compared over a range of 

fit factors. An experiment was designed to assess valve 

setting precision and its consequent impact on the compar

ison fit tests. 

The valve reproducibility test consisted of 

measuring the flow rate of air through the valve at each 
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setting used during the comparison testing. A differential 

pressure across the valve of minus one inch of water acted 

as the driving force for flow. The test was conducted for 

valve settings ranging from two to eight turns, and was 

repeated seven times. Table 7 reports the minimum and 

maximum flows measured, along with the means and standard 

deviations of the seven runs. The final column of Table 7 

reports the coefficient of variation for each setting, which 

was calculated as: 

(standard deviation / mean) x 100. 

Leakage valve variability exhibited coefficients of 

variation ranging from 0.2% to 15.8% over the entire range 

of valve settings tested. For valve settings of three turns 

or more, which corresponds to the settings used during the 

comparison studies, the variability ranged from 0.2% to 

7.3%. The greatest variation was observed at valve turns 

less than three which produced leakage flow rates below 135 

seem. These leakage flow rates produced fit factors greater 

than the maximum protection factor that was measurable with 

the FREON 12 test. 

The larger variations associated with the lower 

leakage levels may be partially attributed to the variation 

associated with measuring flow rates at the low end of the 

mass flowmeter's detection range. The manufacturer specified 

accuracy of the mass flowmeter is +_ 2% of selected full 

scale. 



48 

TABLE 7 

REPRODUCIBILITY OF LEAK VALVE SETTING 

Valve Flow Flow Std . Coef f. 
Setting Minimum Maximum Mean Dev. of Var . 
2.0 70.0 108.0 94.7 15.0 15.8 
2.5 80.0 114.0 101.9 13.4 13.2 
3.0 112.0 135.0 125. 3 8.1 6.5 
3.5 145.0 160.0 154.3 4.8 3.1 
4.0 280.0 290.0 285.0 5.0 1.8 
4.5 460.0 530.0 491.4 24. 8 5.0 
5.0 975.0 1220.0 1165.0 84. 9 7.3 
5.5 1700.0 1800.0 1750.0 39 .7 2.3 
6.0 2450.0 2490.0 2463.6 15.5 0.6 
6.5 3120.0 3200.0 3157 . 1 29.4 0.9 
7.0 3675.0 3720.0 3691 .4 16.5 0.4 
7.5 3990.0 4010.0 3997.9 7.0 0.2 
8.0 4160.0 4390.0 4332. 1 83.7 1.9 

All flow values are reported as standard cubic 
centimeters per minute (seem). 
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Comparison Testing Results 

Table 8 summarizes the most comprehensive data 

obtained during comparison testing between the quantitative 

negative pressure fit test and the FREON 12 test. The tests 

were conducted with the subject wearing a North respirator 

equipped with the microflow leak valve. Protection factors 

were determined for each valve setting by dividing the 

measured chamber concentration (CC) in ppm of FREON 12 by 

the corresponding measured respirator concentration (RC): 

PF = CC / RC 

Fit factors were determined for each valve setting by 

dividing the average inspiratory flow rate (IFR) by the 

measured respirator leakage flow rate (LFR): 

FF = IFR / LFR 

Table 8 reports the average protection factors and 

fit factors of seven measurements for each valve setting. A 

regression of the protection factors and fit factors was 

used to determine a correlation coefficient for the two 

variables and a regression equation describing their 

relationship. A correlation coefficient of 1.000 was derived 

from the data. The slope of the regression line indicates 

that the measured fit factors were higher than the measured 

protection factors for the various valve settings. The raw 

data collected during this test is presented in the Appendix 

in Tables 16 and 16A. 



TABLE 8 

MEASURES OF RESPIRATOR FIT DERIVED FROM THE FREON 12 TEST 
AND THE QUANTITATIVE NEGATIVE PRESSURE FIT TEST FOR THE 

NORTH (M) RESPIRATOR (N=7) 

Valve Average Average 
Setting P.F. F.F. 

0.0 593.7 
4.0 99.2 125.9 
5.0 28.3 34.7 
6.0 10.4 14.0 
7.0 6.8 9.1 
7.5 5.8 8.0 

Correlation Coefficient = 1.000 
Regression Equation: F.F. = 0.447 + 1.256 P.F. 



51 

Tables 9, 10, and 11 present comparison data 

obtained for the Survivair, 3 M, and North respirators 

respectively. The testing involved two complete runs of both 

the FREON 12 test and the quantitative negative pressure fit 

test with the microflow valve attached. A greater number of 

valve settings was used to achieve a wider range of protec

tion factors and fit factors for comparison. 

Tables 9, 10, and 11 present the average protection 

factors and fit factors derived for the various valve 

settings during the two runs. The correlation coefficients 

and regression equations reported describe the relationship 

between the two variables for each respirator. High corr

elation coefficients were obtained for each respirator 

(0.978 - 0.994). The Survivair and North respirators have 

regression slopes greater than one, indicating that the fit 

factors were generally higher than the corresponding protec

tion factors. This is also apparent in the data reported 

later for the MSA and Scott respirators (Tables 12, 13), but 

was not observed in the data generated with the 3-M respir

ator. The raw data collected during this series of exper

iments can be found in the Appendix in Tables 17, 17A, 18, 

18A, 19, and 19A. 



TABLE 9 

MEASURES OF RESPIRATOR FIT DERIVED FROM THE FREON 12 TEST 
AND THE QUANTITATIVE NEGATIVE PRESSURE FIT TEST FOR THE 

SURVIVAIR (M) RESPIRATOR (N=2) 

Valve Average Average 
Setting P.F. F.F. 

3.0 236 385 
3.5 213 312 
4.0 110 136 
4.5 72 98 
5.0 39 36 
5.5 24 23 
6.0 17 16 
6.5 12 14 
7.0 11 12 
7.5 10 11 
8.0 9 10 

Correlation Coefficient = 0.994 
Regression Equation: F.F. = -7.124 + 1.359 P.F. 
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TABLE 10 

MEASURES OF RESPIRATOR FIT DERIVED FROM THE FREON 12 TEST 
AND THE QUANTITATIVE NEGATIVE PRESSURE FIT TEST FOR THE 

3 M (S/M) RESPIRATOR (N=2) 

Valve Average Average 
Sett ing P.F. F.F. 
4.0 227 127 
4.5 119 82 
5.0 39 35 
5.5 21 21 
6.0 12 14 
6.5 10 11 
7.0 8 9 
7.5 7 8 

Correlation Coefficient = 0.988 
Regression Equation: F.F. = 8.172 + 0.544 P.F. 
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TABLE 11 

MEASURES OF RESPIRATOR FIT DERIVED FROM THE FREON 12 TEST 
AND THE QUANTITATIVE NEGATIVE PRESSURE FIT TEST FOR THE 

NORTH (M) RESPIRATOR (N=2) 

Valve Average Average 
Setting P.F. F.F. 

3.0 342 404 
3.5 305 288 
4.0 105 133 
4.5 66 80 
5.0 35 34 
5.5 21 21 
6.0 14 13 
6.5 11 11 

Correlation Coefficient = 0.978 
Regression Equation: F.F. = 1.704 + 1.081 P.F. 
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The respirator wearer was not able to obtain a high 

degree of fit with either the MSA or Scott respirator. For 

this reason the microflow valve was not used to induce 

leakage into either respirator. Tables 12 and 13 report the 

results of five quantitative negative pressure fit tests and 

a single FREON 12 test conducted on the MSA and Scott resp

irators respectively. Due to the decreased protection 

afforded by these respirators the leak valve was not used 

and only limited data were obtained. 
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Table 12 

MEASURES OF RESPIRATOR FIT DERIVED FROM THE FREON 12 TEST 
AND THE QUANTITATIVE NEGATIVE PRESSURE FIT TEST FOR THE 

MSA (M) RESPIRATOR 

F.F. 
35 
35 
33 P.F. = 17.5 
32 
33 

Table 13 

MEASURES OF RESPIRATOR FIT DERIVED FROM THE FREON 12 TEST 
AND THE QUANTITATIVE NEGATIVE PRESSURE FIT TEST FOR THE 

SCOTT (M) RESPIRATOR 

F.F. 
106 
106 
99 P.F. = 77.5 

101 
99 
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The comparison testing exhibits high degrees of 

correlation between the results of the quantitative negative 

pressure fit test and the established FREON 12 test with 

correlation coefficients ranging from 0.978 - 1.000. These 

high degrees of correlation were observed for all brands of 

respirators tested, indicating broad applicability of the 

new test. 

Although the comparison tests were conducted for 

protection factors as large as 300, the best correlation 

occurred at protection factors less than 100. The decreased 

correlation seen at the higher protection factors can prob

ably be attributed to the lack of sensitivity of the FREON 

12 test. The desired level of FREON 12 generated in the test 

chamber (approximately 350 ppm) required accurate measure

ment of FREON 12 below 3 ppm in the respirator to be capable 

of calculating protection factors greater than 100. 
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Sources of Variation Associated with Comparison Testing 

Possible sources of variation which could affect the 

results of repeated fit tests were: 

1. Changes in fit caused by removal and redonning of 

the respirator. 

2. Leak valve setting variability. 

3. Error in leakage flow measurement during the 

quantitative negative pressure fit test. 

4. Error in FREON 12 concentration determination during 

the FREON 12 fit test. 

The first two sources of variation were present during both 

the quantitative negative pressure fit test and the FREON 12 

fit test. The final two sources of variation are specific to 

the type of fit test method employed. 

The best estimate of the effect of removing and 

redonning respirators between tests can be derived from the 

coefficients of variation reported in Table 14. The data in 

Table 14 were derived from the series of seven quantitative 

negative pressure fit tests conducted on the North respir

ator. 

The range of coefficients of variation reported in 

Table 14 is 0% to 11.0% which reflects total variation 

observed for the series of quantitative negative pressure 

fit tests. Components of the variation include: 1) valve 

setting variations ranging from 0.2% to 6.5% (Table 7), 
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2) flow measurement variation of approximately + 2%, and 

3) the effect of removal and redonning of the respirator. 

The degree of variation associated with the specific 

fit test can be inferred from the range of coefficients of 

variation reported for each test. The quantitative negative 

pressure fit test has variation caused by error in flow 

measurement; the FREON 12 test has variation caused by error 

in FREON 12 concentration determination in both the chamber 

and respirator. 

Table 15 presents data derived from the series of 

seven FREON 12 tests conducted on the North respirator. The 

reported variations of the FREON 12 test range from 16.4% to 

28.8%. 

The sources of variation reflected in Tables 14 and 

15 are comparable with the exception of the error associated 

with the method of fit determination. The variation reported 

for the results of the FREON 12 test (16.4% - 28.8%) is 

greater than the variation reported for the quantitative 

negative pressure fit test (0 - 11.0%). Assuming that the 

variation associated with removal and redonning of the 

respirator and setting the leak valve are the same for each 

test system the results in Tables 14 and 15 indicate that 

more reproducible results can be obtained with the quan

titative negative pressure fit test system. 



TABLE 14 

VARIATION OF REPEATED FIT TEST RESULTS DETERMINED 
BY THE QUANTITATIVE NEGATIVE PRESSURE FIT TEST 

NORTH (M) RESPIRATOR (N= 7) 

Valve Min. Max. Mean Std . Coeff. 
Setting F.F. F.F. F.F. Dev. of Var. 
0.0 479 690 593.7 65.5 11.0 
4.0 113 157 125.9 13.5 10.7 
5.0 21 39 34.7 3.3 9.6 
6.0 13 15 14.0 0.53 3.8 
7.0 9 10 9.1 0. 35 3.8 
7.5 8 8 8.0 0.0 0.0 
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TABLE 15 

VARIATION OF REPEATED FIT TEST RESULTS 
DETERMINED BY THE FREON 12 TEST 

NORTH (M) RESPIRATOR (N= 7) 

Valve Min. Max. Mean Std . Coef £. 
Sett ing P.F. P.F. P.F. Dev. of Var 
4.0 53.0 136.0 99.2 28.6 28.8 
5.0 21.0 39.0 28.3 5.8 20.4 
6.0 8.5 13.3 10.4 1.7 16.4 
7.0 5.2 9.3 6.8 1.2 18.1 
7.5 4.0 7.7 5.8 1.2 19.8 



DISCUSSION 

The experimental results indicate that the quan

titative negative pressure fit test system is a feasible 

method of quantitatively measuring respirator fit in chem

ical cartridge respirators. Essentially the degree of fit is 

based on measuring the flow rate of air required to be 

removed from a sealed respirator in order to achieve and 

maintain negative one inch of water pressure within the 

respirator. This flow rate (the "leakage flow rate") is then 

divided into a theoretical average inspiratory flow rate to 

determine the ratio of air which enters the respirator via a 

leakage path during each breath. The resultant ratio is 

termed the "fit factor". 

It should be noted that the fit factors derived from 

the quantitative negative pressure fit test were calculated 

based on an assumed value of 1000 cubic centimeters for 

tidal volume and an average inspiration period of 1.74 

seconds. Use of these values gave a calculated average 

inspiratory flow rate of 34,483 cc/minute. This number was 

then divided by the measured leakage flow rate to determine 

the fit factor. The values used for the numerator of the fit 

factor equation were derived from the literature (Harris and 

Fraser, 1976), and are suitable for this feasibility study. 

However, further investigation should be conducted to 
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explore average inspiratory flow rate during respirator wear 

at various levels of exertion. 

In all but one case the regression equations that 

describe the relationship between the fit factors and pro

tection factors reveal slopes greater than one. This obser

vation indicates that the fit factors obtained were gener

ally greater than the protection factors. This may be par

tially attributed to the calculated average inspiratory flow 

rate. A decrease in the assumed value for tidal volume 

results in a decrease in the fit factors obtained. For 

example, a t-test conducted on the data collected in the 

series of seven tests on the North respirator generally 

indicated a significant difference between the calculated 

protection factors and fit factors (p < 0.05). However, when 

the fit factors were recalculated using a tidal volume of 

750 cc., the value reported to correspond with light phys

ical activity (Harris and Fraser, 1976), the t-test could 

not detect a difference between the variables (p < 0.05). 

The theoretical basis of a protection factor (ratio 

of contaminant concentration in the exposure chamber to the 

contaminant concentration in the respirator) or fit factor 

(ratio of average inspiratory flow rate to the measured 

leakage flow rate) involves a certain percentage of the 

inspired air reaching the respirator wearer untreated. For 

example, a protection factor of 100 indicates that l/100th 

of the respirator wearers inspired air reaches him 
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untreated, presumably through a leakage path. Additionally, 

a protection factor of 10 indicates that l/10th of the 

inspired air is presented untreated. This theory is suppor

ted by the results of the quantitative negative pressure 

test results. In this study, an average inspiratory flow 

rate of 34,483 cc/minute would indicate that a protection 

factor of 100 would correlate to a leakage flow rate of 

approximately 350 cc/minute. Likewise, a protection factor 

of 10 would correlate to a leakage flow rate of approx

imately 3,500 cc/min (3.5 liters/minute). The collected data 

presented in the appendix in Tables 16, 17, 18, and 19 

reveal the flow rates associated with the various protection 

factors. Although it is difficult to determine the exact 

flow rate which corresponds to these specific protection 

factors, the data indicate a similarity to the theoretical 

values. Once again these theoretical values are based on an 

average inspiratory flow rate of 34,483 cc/minute which may 

not be the most representative value. 

The ability to compare degrees of fit measured by 

the quantitative negative pressure fit test and the FREON 12 

test was limited by the ability of the FREON 12 test to 

measure protection factors greater than 100 accurately. The 

desired chamber concentration of FREON 12 was approximately 

350 ppm which would require accurate measurement of FREON 12 

below 4 ppm in order to accurately measure protection fac

tors greater than 100. The calibration curves for the Miran 
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analyzers revealed a standard error for the instrument 

monitoring the respirator of 0.001. This standard error 

yields a 95% confidence interval of + 0.002 absorbance 

units, or approximately + 1 ppm. Therefore a FRE0N 12 

concentration of 4 ppm in the respirator was actually in the 

range of 3 - 5 ppm. The standard error of the Miran monitor

ing the chamber concentration was calculated to be 0.002. 

This standard error yields a 95% confidence interval of + 

0.004 absorbance units, or approximately + 6 ppm. Therefore 

a FRE0N 12 concentration of 350 ppm was actually in the 

range of 344 - 356 ppm. The extremes of the concentrations 

possible for the respirator and the chamber would result in 

a 95% confidence interval for a protection factor of 100 

ranging from 78 - 140. 

The error associated with the quantitative negative 

pressure fit test is not as great for fit factors of 100. 

The accuracy of the mass flowmeter is specified by the 

manufacturer to be 2% of selected full scale. The scales 

used in these experiments were: 

0 - 200 seem 

0 - 1000 seem 

0 - 5000 seem 

The use of an inspiratory flow rate of 34,483 seem requires 

the measurement of a leakage flow rate of approximately 350 

seem to calculate a fit factor of 100. The instrument accur

acy suggests that this measurement is in the range of 330 -
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370 seem. The extremes of this range provide fit factors 

ranging from 95 - 106. This is a much smaller range.than the 

corresponding range provided by the FREON 12 test. 

The FREON 12 test and the quantitative negative 

pressure fit test have essentially equal accuracy at meas

uring protection factors and fit factors of 10. Using the 

same method of predicting spread of the measured values 

reveals the same range of measurement of fit. Both methods 

indicate a range of 9.7 to 10.3 for a measured protection 

factor or fit factor of 10. 

An additional advantage of the quantitative negative 

pressure fit test system is its field portability. This will 

allow future collection of field data which are not curr

ently available. This field data will make possible the 

comparison of protection as measured in the laboratory 

during scheduled fit testing to the protection a worker 

experiences on a daily basis in the workplace. 

Future work should be directed to automation of the 

current system. The automation should include a feedback 

mechanism which would allow the electronic manometer to 

directly control the vacuum pump's flow rate to achieve the 

desired negative pressure within the respirator. 

More widespread testing of the system is also 

needed. This testing should include a larger number of test 

subjects than reported here and a variety of respirator 

brands. In addition to the larger data base which could be 
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collected in this study attention should be directed toward 

the subjective response of respirator wearers to the quan

titative negative pressure fit test. 

Further testing should also include comparison with 

a more sensitive quantitative fit test system, possibly the 

sodium chloride or other aerosol test system. Collection of 

field data and comparison to laboratory data is another area 

which needs to be explored. Much of this work will require a 

large number of respirator wearers and would probably best 

be addressed in conjunction with an industry currently 

involved with an employee respiratory protection program. 



SUMMARY 

A test has been developed which has the ability to 

quantitatively measure respirator fit without exposing the 

test subject to a challenge agent. The new method has many 

advantages compared to the current quantitative fit tests 

including: 1) no requirement for respirator wearer to be 

exposed to a challenge agent, 2) ease of instrument 

calibration, 3) ease of test administration, 4) field port

ability of test, 5) decreased expense of test set-up. The 

test is based on the flow rate of air necessary to be with

drawn from a sealed respirator to obtain a pre-selected 

negative pressure within the respirator. The parameters of 

flow rate and pressure are advantageous when compared to 

measuring contaminant concentrations due to the ease of 

measurement and calibration of the necessary instrumen

tation. Comparison of this new test to an established quan

titative fit test indicates that the quantitative negative 

pressure fit test system is a viable alternative to the 

current quantitative fit tests. 
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APPENDIX 

RAW DATA 

The raw data obtained during the comparison testing 

conducted between the freon 12 test and the quantitative 

negative pressure fit tests is reported in Tables 11 through 

14A. Each respirator brand has two tables of raw data. The 

first table reports protection factors and flow rates; the 

second table reports protection factors and fit factors. 
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TABLE 16 
COLLECTED DATA: COMPARISON TESTING NORTH (M) RESPIRATOR 

(N=7) 
PROTECTION FACTOR VS. FLOW RATE 

RUN 1 RUN 2 RUN 3 
VALVE FLOW FLOW FLOW 
OPENING P.F. (seem) P.F. (seem) P.F. (seem) 
0.0 55 55 60 
4.0 108.0 305 132.5 280 108.0 275 
5.0 25.8 1000 38.5 875 30. 3 1025 
6.0 11.3 2420 13.3 2450 9.0 2510 
7.0 6.9 3800 9.3 3650 6.2 3800 
7.5 6.2 4500 7.7 4225 4.0 4450 

RUN 4 RUN 5 RUN 6 
VALVE FLOW FLOW FLOW 
OPENING P.F. (seem) P.F. (seem) P.F. (seem) 
0.0 65 72 55 
4.0 136.0 300 71.8 220 53.0 280 
5.0 34.0 1250 24.4 900 24.0 960 
6.0 12.0 2540 9.6 2320 9.0 2490 
7.0 7.5 3820 6.0 3530 6.2 3760 
7.5 6.9 4350 5.4 4200 5.6 4320 

RUN 7 AVERAGE 
VALVE FLOW FLOW 
OPENING P.F. (seem) P.F. (seem) 
0.0 50 58.9 
4.0 85.0 275 99.2 276.4 
5.0 21.0 1010 28. 3 1002.8 
6.0 8.5 2600 10.4 2475.7 
7.0 5.2 3890 6.8 3750.0 
7.5 4.9 4400 5.8 4349.3 



TABLE 16A 
COLLECTED DATA: COMPARISON TESTING NORTH (M) RESPIRATOR 

( N=7 ) 
PROTECTION FACTOR VS. FIT FACTOR 

RUN 1 RUN 2 RUN 3 
VALVE 
OPENING P.F. F.F. P.F. F.F. P.F. F.F. 
0.0 627 627 575 
4.0 108.0 113 132. 5 123 108.0 125 
5.0 25.8 34 38. 5 39 30. 3 34 
6.0 11.3 14 13. 3 14 9.0 14 
7.0 6.9 9 9. 3 9 6.2 9 
7.5 6.2 8 7. 7 8 4.0 8 

RUN 4 RUN 5 RUN 6 
VALVE 
OPENING P.F. F.F. P.F. F.F. P.F. F.F. 
0.0 531 479 627 
4.0 136.0 115 71. 8 157 53.0 123 
5.0 34.0 28 24. 4 38 24.0 36 
6.0 12.0 14 9. 6 15 9.0 14 
7.0 7.5 9 6. 0 10 6.2 9 
7.5 6.9 8 5. 4 8 5.6 8 

RUN 7 AVERAGE 
VALVE 
OPENING P.F. F.F. P.F. F.F. 
0.0 690 593 . 
4.0 85.0 125 99.2 125. 
5.0 21.0 34 28.3 34. 
6.0 8.5 13 10.4 14. 
7.0 5.2 9 6.8 9. 
7.5 4.9 8 5.8 8. 
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TABLE 17 
COLLECTED DATA: COMPARISON TESTING SURVIVAIR (M) RESPIRATOR 

( N=2 ) 
PROTECTION FACTOR VS. FLOW RATE 

RUN 1 RUN 2 AVERAGE 
VALVE FLOW FLOW FLOW 
OPENING P.F. (seem) P.F. (seem) P.F. (seem) 
2.0 35 37 36 
2.5 311.0 44 44 44 
3.0 168.0 95 303.0 85 236.0 90 
3.5 118.0 107 308.0 114 213.0 111 
4.0 92.0 260 127.0 250 109.0 255 
4.5 65.0 335 79.0 370 72.0 353 
5.0 37.0 1000 40.0 925 38.5 963 
5.5 20.0 1500 27.0 1500 23.5 1500 
6.0 16.0 2170 18.0 2110 17.0 2140 
6.5 11.0 2570 13.0 2500 12.0 2535 
7.0 10.0 2980 11.5 2900 10.7 2940 
7.5 9.0 3240 11.0 3150 10.0 3195 
8.0 8.0 3400 10.3 3400 9.1 3400 

TABLE 17 A 
COLLECTED DATA: COMPARISON TESTING SURVIVAIR (M) RESPIRATOR 

( N=2 ) 
PROTECTION FACTOR VS. FIT FACTOR 

RUN 1 RUN 2 AVERAGE 
VALVE 
OPENING P.F. F.F. P.F. F.F. P.F. F.F 
2.0 985 932 959 
2.5 311.0 784 784 784 
3.0 168.0 363 303.0 406 236.0 385 
3.5 118.0 322 308.0 302 213.0 312 
4.0 92.0 133 127 .0 138 109.0 136 
4.5 65.0 103 79.0 93 72.0 98 
5.0 37.0 34 40.0 37 38.5 36 
5.5 20.0 23 27.0 23 23.5 23 
6.0 16.0 16 18.0 16 17.0 16 
6.5 11.0 13 13.0 14 12.0 14 
7.0 10.0 12 11.5 12 10.7 12 
7.5 9.0 11 11.0 11 10.0 11 
8.0 8.0 10 10. 3 10 9. 1 10 
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TABLE 18 
COLLECTED DATA: COMPARISON TESTING 3M (S/M) RESPIRATOR 

( N= 2 ) 
PROTECTION FACTOR VS. FLOW RATE 

RUN 1 RUN 2 AVERAGE 
VALVE FLOW FLOW FLOW 
OPENING P.F. (seem) P.F. (seem) P.F. (seem) 
2.0 35 40 38 
2.5 40 50 45 
3.0 80 312. 0 90 85 
3.5 110 303. 0 130 120 
4.0 312. 0 275 142. 0 270 227 .0 273 
4.5 151. 0 450 87 . 0 400 119.0 425 
5.0 40. 5 1000 36. 5 975 38.5 988 
5.5 23. 5 1680 17. 0 1750 20. 3 1715 
6.0 13. 0 2500 10. 4 2400 11.7 2450 
6.5 9. 8 3180 8. 9 3050 9.4 3115 
7.0 8. 0 3800 7. 2 3800 7.6 3800 
7.5 6. 8 4350 6. 3 4400 6.6 4375 

TABLE 18A 
COLLECTED DATA: COMPARISON TESTING 3M (S/M) RESPIRATOR 

( N=2 ) 
PROTECTION FACTOR VS. FIT FACTOR 

RUN 1 RUN 2 AVERAGE 
VALVE 
OPENING P.F. F.F. P.F. F.F. P.F. F.F 
2.0 985 862 924 
2.5 862 690 776 
3.0 431 312.0 383 407 
3.5 313 303.0 265 289 
4.0 312.0 125 142.0 128 227.0 127 
4.5 151.0 77 87.0 86 119.0 82 
5.0 40.5 34 36.5 35 38.5 35 
5.5 23.5 21 17.0 20 20. 3 21 
6.0 13.0 14 10.4 14 11.7 14 
6.5 9.8 11 8.9 11 9.4 11 
7.0 8.0 9 7.2 9 7.6 9 
7.5 6.8 8 6.3 8 6.6 8 
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TABLE 19 
COLLECTED DATA: COMPARISON TESTING NORTH (M) RESPIRATOR 

( N=2 ) 
PROTECTION FACTOR VS. FLOW RATE 

RUN 1 RUN 2 AVERAGE 
VALVE FLOW FLOW FLOW 
OPENING P.F • (seem) P.F. (seem) P.F. (seem) 
2.0 33 40 37 
2.5 47 49 48 
3.0 308 .0 83 375 . 0 88 342.0 86 
3.5 327 .0 115 282. 0 125 304.0 120 
4.0 113 .0 255 97. 0 265 105.0 260 
4.5 75 .0 430 56. 0 430 65.5 430 
5.0 35 .0 1000 34. 0 1050 34.5 1025 
5.5 20 .5 1620 20. 0 1650 20.3 1635 
6.0 15 .0 2580 12. 5 2580 13.8 2580 
6.5 11 .0 3100 10. 0 3050 10.5 3075 
7.0 9 .0 3760 8. 5 8.8 
7.5 4300 7. 0 

TABLE 19A 
COLLECTED DATA: COMPARISON TESTING NORTH (M) RESPIRATOR 

( N = 2 ) 
PROTECTION FACTOR VS. FIT FACTOR 

RUN 1 RUN 2 AVERAGE 
VALVE 
OPENING P.F. F.F. P.F. F.F. P.F. F.F. 
2.0 1045 862 954 
2.5 734 704 719 
3.0 308.0 415 375.0 392 342.0 404 
3.5 327 .0 300 282.0 276 304.0 288 
4.0 113.0 135 97.0 130 105.0 133 
4.5 75.0 80 56.0 80 65.5 80 
5.0 35.0 34 34.0 33 34.5 34 
5.5 20.5 21 20.0 21 20.3 21 
6.0 15.0 13 12.5 13 13.8 13 
6.5 11.0 11 10.0 11 10.5 11 
7.0 9.0 9 8.5 8.8 
7.5 8 7.0 
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