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PREFACE 

Recirculation of industrial exhaust air is an energy saving technique that 
is being applied in more situations every day . Unfortunately, recirculation 
is being implemented without an adequate base of technical information. The 
National Institute for Occupational Safety and Health (NIOSH), in coordina­
tion with the Environmental Protection Agency (EPA), has undertaken to 
provide guidelines for the safe and healthful application of recirculation . 

A major accomplishment of the work completed to date has been the develop­
ment and field validation of a modeling approach for design of recircula­
tion systems. However, before the model can be effectively used, 
empirical information on the performance and reliability of both air 
cleaners and monitors must be available. It was the purpose of the 
present study to develop methods to obtain such information. 

Most existing air cleaners were designed to meet codes regulating the air 
quality suitable for discharge to the ambient; recirculation, on the other 
hand, may require an effluent quality which is orders-of-magnitude lower 
in contaminant concentrations. Only the most efficient air cleaners have 
potential for this application . Because of the newness of some of these 
devices and the lack of i nformation concerning their e fficiency and 
reliability on various exhaust applications, much experimental work is 
required to produce the necessary information. Because of the potentially 
serious health effects which could result with this method, acquisition 
of this data by constructing and testing full scale systems is not 
advisable. Should the operating results indicate that recirculation is 
not feasible, significant funds will have been wasted. A pilot scale 
approach is an effective method of developing the needed information and 
it was the mandate of this study to develop and test such an approach. 

Second only to the need for an efficient air cleaner is the need for a 
method to assure the continued, proper operation of the recirculation 
system. It is well- known in industry that the performance of ventilation 
systems deteriorates, in many cases, with time. Deterioration of 
performance is unacceptable in a recirculation system and justifies taking 
careful precautions to assure that: 

1. The system is properly maintained . 
2. If a malfunction should occur, a warning will be provided before 

a hazard develops . 

Recirculation system monitoring goes a lot further than the installation of 
a single monitoring device to sense some parameters which may be affected 
in the case of a failure . The development of a suitable monitoring system 
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requires not only knowledge of the ways in which the recirculation system 
could fail, but it also requires the selection of a sensitive monitor which 
can detect deviations from normal operating conditions in time to prevent 
overexposure of workers . Monitoring is an application-specific situation, 
i.e., a specific monitor must be selected for a specific air cleaner, 
operating on particular contaminants, in a system with certain risks to 
the workers. It has been the purpose of this study to develop ways in 
which monitors can be evaluated and selected. 

This study was performed using a pilot scale test facility at a welding 
training center. The intention was to generate an approach and 
methodology which are universal in application to any particular exhaust 
system which is a candidate for recirculation. It must be carefully 
borne in mind that each application has its own requirements and 
peculiarities and each deserves a thorough, scientific approach such 
as was used here. 
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ABSTRACT 

The purpose of this study was to evaluate several pilot scale air cleaners 
and monitors to determine their performance characteristics, maintenance 
requirements, and reliability for use in a recirculating exhaust system. 

This was done by first developing a set of evaluation criteria for 
recirculation system components . Then, selected system components (including 
an electrostatically augmented fabric filter, electrostatic precipitator, 
aspirated cartridge filter, four different extractive type particulate 
air monitors, three different extractive ozone monitors and a safety 
monitoring filter) were installed and tested on a welding process exhaust 
located at an industrial test site. Each device was operated for a length 
of time sufficient for evaluation of its performance characteristics, 
potential failure modes, and maintenance requirements in terms of the 
predetermined criteria. It was found that this approach was an effective 
method of screening devices for use in recirculation systems. 

The results indicate that many factors must be evaluated before a decision 
can be reached concerning the use of a particular device. For example, 
the acceptability of an air cleaner would have to be evaluated in terms 
of its performance characteristics, such as penetration and maintenance 
requirements, in addition to parameters associated with the specific applica­
tion, such as the toxicity and concentration of contaminants in the 
workplace and return air distribution. 

Additionally, components of a complete recirculation monitoring system were 
identified and the need for the development of conunercial devices incorpora­
ting all of these components was evidenced by the fact that each of the 
commercially available devices tested lacked one or more of these components. 

This report was submitted in fulfillment of Contract No . 210-78-0011 by 
Rexnord Inc., under the sponsorship of the National Institute for Occupational 
Safety and Health. 
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INTRODUCTION 

BACKGROUND AND PURPOSE 

Need for Industrial Energy Conservation 

To combat escalating energy costs and threatened shortages of certain 
types of fuels, viable alternatives to reduce energy consumption are needed. 
It has been estimated that the use of energy f or ventilation represents up 
to 10 percent of all energy used in industry and could probably be reduced 
by 50 percent by using energy conservation measures (1) . 

Energy conservation in industry can be accomplished by a variety o f methods, 
depending on the specific situation encountered . Some of these methods are 
listed below: 

1 . Substitution of low for high energy consuming processes. 
2. Close capture of contaminants to reduce the need for general 

ventilation . 
3. Indirect heat exchange from hot process exhausts. 
4. Recirculation of cleaned exhaust air into the workplace. 

Items 2 to 4 can reduce energy consumption in plant ventilation systems by 
reducing the amount of fuel needed to temper makeup air. 

Each conservation measure has i nh~rent advantages and limitations which must 
be considered prior to deciding to employ it. Two of the major concerns in 
recircul ating exhaust air while maintaining a safe and healthful workplace 
are the ability to sufficiently clean the return air and to monitor the air 
cleaning system to insure that it is functioning properly. Because ventila­
tion control and air cleaning systems are constructed of various components 
which can fail for a variety of reasons, including lack of proper maintenance, 
effective methods of monitoring vital system parameters must be employed. 
These failures can cause one or both of the following problems: 

1. Contaminants penetrating the air cleaners and being recircul ated 
back into the workplace through the return air plenum (breakthrough). 

2. Reduction or cessation of air flow through the system resulting 
in lower hood efficiency and contaminant loss. 

The potential health hazards and process disruptions associated with recircula­
tion system failures demand that provisions be made in the design for early 
detection of failures or conditions that could lead to failure. 



Government Sponsored Research--
Recently, the National Institute for Occupational Safety and Health (NIOSH) 
has undertaken several studies aimed at developing a sound engineering 
approach to recirculation that i s supported by reliable data. In the fi r st 
two research efforts, technical criteria and practical guidelines were 
developed for the design, installation, and operation of recirculation 
systems. Major areas of achievement included: 

1. Identification of available air cleaning and air monitoring devices. 
2. Development of an engineering design approach to recirculation. 
3. Development of a mathematical model for rec i rculation. 

These efforts resulted in NIOSH publications entitled, "Recirculation of 
Exhaust Air" (no. 76-186) and "A Recommended Approach to Recirculation 
of Exhaust Air" (no. 78-124 ). 

More recently, two addi tional NIOSH funded studies entitled, "Validation of 
a Recommended Approach to Recirculation of Industrial Exhaust Air", (no. 79-
143 A and B) were undertaken which gathered actual data from various 
manufacturing facili ties where f ull scale recirculation systems were 
operating. 

An in-depth evaluation of each system was performed, which included measure­
ment of air cleaner efficiency and determination of contaminant concentra­
tions in the workplace air, in the breathing zones of workers and in the 
return air. From this data, the usefulness and predictive ability of the 
model was assessed. 

Before the modeling approach can be used in the design process, several 
pieces of empirical information must be made available. Specifi cally, the 
following must be known: 

1. The efficiency of the air cleaner, both on a total and fractional 
mass basis. 

2. The ability of the system to be properly monitored. 
3. The reliability of both air cleaners and the air monitoring sys t ems. 
4. The maintenance requirements necessary to assure that the components 

of the system will function properl y. 

The scope of this study was aimed at filling this critical need by developing 
a data base in these four areas for several pieces of equipment which 
appeared to be viable f or recirculation. 

Until recently, most of the generic types of air cleaners and monitoring 
devices were designed for cleaning and monitoring air exhausted to the 
ambient (outdoors). It should be noted, however, that to meet the OSHA 
Permissible Exposure Limits (PEL) for air contaminants in the breathing zones 
of workers often requires a level of contaminants in the return air that is 
many times lower than the allowable limit s for discharge to the outdoors. 
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Very little field data concerning the application of both air cleaners and 
monitors in recirculation systems is available because recirculation is a 
new area. Clearly, because the health of the worker is dependent upon 
the proper design and operation of these devices, a field evaluation of 
existing air cleaners and monitoring devices is needed, with emphasis on 
their potential for recirculation . This study is intended to help fill 
this gap by: 

1. Developing a universal format for evaluation incorporating 
criteria and testing procedures. 

2. Providing a field evaluation of several air cleaners and monitors 
used to clean and monitor the air quality of welding fume exhaust. 

Purpose 

The purpose of this study was to evaluate three pilot scale air cleaners 
and eight air monitoring devices to determine each device's suitability 
for recirculation. Suitability was evaluated in terms of the following 
areas: 

1. Performance: For an air cleaner, this relates to total and 
fractional penetration and outlet contaminant concentrations 
(both particulate and gaseous) . For an air monitor this 
includes measurement accuracy, measurement range, zero drift 
and response time. 

2 . Failure or Malfunction Modes: This involves the identification 
of the possible malfunctions which could occur and an assess­
ment of methods and the relative ease with which these malfunc­
tions can be detected and prevented . 

3. Maintenance: This includes the manpower and resources necessary to 
insure the continued efficient and reliable performance of air 
cleaners and monitors. 

4. Costs: This includes the costs of purchasing and maintaining air 
cleaners and monitors. 

APPROACH 

This study was conducted by obtaining commercially available air cleaners 
and air monitors, installing them at an industrial test site, and operating 
them for a sufficient length of time to determine, through a series of tests, 
their operating characteristics and possible failure modes. It should be 
noted that an attempt to i dentify ultimate failure s was not included i n the 
scope of this study because of the extremely long test times required for 
such determinations, as well as inherent uncertainty about their occurrence. 
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Test Site Selection 

An actual process exhaust was chosen as the test aerosol rather than a 
laboratory generated aerosol because it is difficult to accurately 
simulate the composition, particle size distribution and unique properties 
of process exhausts using aerosol generation and gas injection methods. 
Data collected using an aerosol generated by an actual process adds more 
credence to the observations and conclusions of the research effort. 

After a comprehensive review of several manufacturing processes, a welding 
process located in a corporate training center was chosen as the aerosol 
generator for the following reasons: 

1. Welding is widely used throughout industry, involving a substantial 
number of workers, and representing a significant potential for 
energy savings via recirculation of exhaust a i r. 

2. The specific process site chosen, a welding training center, 
offered "the best of both worlds" i n that the contaminants 
were generated by an actual industrial process but a large 
degree of control could be exercised over the process. This 
allowed many tests to be repeated several times under identical 
conditions . 

3. Welding produces both particulate and gaseous contaminants, which 
allowed information to be gathered for both of these types of 
contaminants. 

4. Quite often, welding exhaust is low in toxicity, thus reducing the 
potential health risks . 

Test Equipment Selection 

Many air cleaners and monitors with potential for use in recirculation systems 
could have been chosen for evaluation . The choices made were especially aimed 
at gathering information concerning recent advancements in technology. 

Air Cleaner Selection--
The air cleaners evaluated in this study were sel ected using the following 
criteria: 

1. Potential ability to effectively remove welding fume from 
exhaust air. 

2. Availability of a pilot scale device fo r testing purposes. 
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Fabric filters and electrostatic precipitators, as well as units employing 
these two cleaning methods together were considered. The fol l owing air 
cleaners were tested: 

1. American Precision Industries, Inc. (APITRON ) - electrostatically 
augmented fabric filter. 

2. FARR Company , Inc. , Mode l 6 - aspirated cartridge dust collector . 

3. Texas Electrostatic Precipitator Company, Inc. (TEPCO) - Model 
2001 ST - two pass , two stage (low voltage) e lectrostatic 
precipitator. 

Inertial-type air cleaners were not considered because of their inability 
to remove fine particl es, and wet collect ors did not appear to be a 
promising method because they produce a saturated exhaust air stream 
which could cause humidity problems in the plant and require a high 
energy input to remove fine particles. 

The primary goal in the study was to examine different generic types of 
ai r clea ning devices , however, because of differences among a ir cleaners o f 
the same generic type offered by the various manufacturers, an attempt was 
not made to choose devices that would represent an entire generic class. 

Air Monito r Selection--
Air monitor selection was based on the fol lowing criteria: 

1. Commercially available. 
2. Able to measure cont aminant concentration on a continuous or real 

time basis. 
3. Able to detect contaminants of i nterest in weldi ng fume . 
4. Output signal available for use in a fa i lure response networ k. 

An attempt was made to cover the spectrum of available devices by testing 
both the newest and the most technologically advanced as well as the more 
t raditional devices. Because neither nitrogen dioxide nor f l uorides were 
found in signi ficant quantities, monitors for these substances were not 
evaluat ed. 

The fol lowing particulate and gaseous monitors were t ested: 

1. Analytical Instrument Development Inc. , Series 560 ozone monitor. 
2. Farr Company Inc., Riga-flo 200 glass fiber safety monitoring 

filte r. 
3. GCA Corporati on, Model RAM- 1 real time aerosol monitor. 
4. GCA Corporation, Model APM aerosol mass monitor. 
5. Mast Development Company, Model 727-2 ultra-violet ozone monitor. 
6. Mast Development Company , Model 724- 5 oxidant monitor. 
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7. Research Appliance Company, Model G1SE AISI tape sampler. 
8. Thermo-Systems, Inc., Model 5500 airborne particulate mass monitor. 

Process Operation 

The pilot facility was constructed inside of a corporate training center 
used to train welders for a period of several months prior to placing 
them in a manufacturing facility. The welding done by the students was 
performed on small pieces of mild steel which were welded inside work 
booths (Figure 1) . Some welding on larger pieces was also performed on 
tables in an adjacent a r ea of the training center . The school ran on a 
three shift schedule, f ive days per week. 

Welding Methods--
The vast majority of the welding performed inside t he booths was classified 
as shielded metal-arc welding, however, a l imited amount of carbon dioxide 
shielded flux cored metal-arc welding was also performed. Schematic 
diagrams of each of these processes appear in Figure 2. 

Flux coated stick welding was performed with a Lincoln IdealarJ!YMode l 
TM 400/400 AC/DC arc welder. Although most of the welding was done in the 
75 to 300 amp range, these machines had a 400 amp capability. A limited 
amount of carbon dioxid~shielded flux cored wire welding was performed in 
one booth using a Hobar~odel RC-600 welding machine, which had a 600 amp 
capability. 

Exhaust Contaminants 

The fume composition and gases produced during welding originate from 
the following sources: 

1. Base metal. 
2. Electrode or filler metal. 
3. Electrode coating or flux material. 
4. Chemical reactions that occur in the surrounding atmosphere 

that result from the heat developed during welding or the 
ultraviolet radiation emanating from the arc. 

When the base metal and filler metal compositions are known, it is possible 
to predict the potential fume constituents (but not t heir quantities) 
contributed by these materials. However, because electrode coatings 
and flux compositions are proprietary , and the reactions between the 
coating and fluxing ingredients are extremely complex, it is very 
difficult to predict their quantitative contributions to t he total fume 
content (2). 

Three types of welding electrodes were used during the course of this study. 
Electrode types, manufacturers, and diameters were as follows: 
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Electrode Manufacturer Diameters used, mm Diameters used, inches 

E7018 Lincoln, 6.4, 4.8, 4.0, 3 . 2 1/4 , 3/16, 5/32, 
Chemetron 

E7024 Chemetron 6.4, 4.8, 4.0, 3.2 1/4, 3/16, 5/32, 
E70T-5 Chemetron 2.4 only 3/32 only 

Figure 1. Typical welding operation within the vent i lated booth. 

Both the base metal and the filler metal in the welding rod used in the 
process were mild s teel . The approximate compositions of each are listed 
in Table 1. 

1/8 

1/8 

Experimental investigations of wel ding fume have been conducted as part of 
an experimental study performed by the American Welding Society (2) . These 
investigations indicate that the following contaminants could be present in 
significant quantitie s when the aforementioned e l ectrodes are used in the 
shielded metal arc welding process: 
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Carbon dioxide shielded flux cored metal - arc welding (2) 

Figure 2. Welding processes used in this study. 
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Particles 
Iron 
Iron oxides 
Manganese oxide 
Particulate fluor i des 

Gases 
Ozone 
Nitrogen dioxide 
Gaseous fluorides 
Carbon monoxide 

Table 1. Base metal and electrode compositions. 

P (ma x ) , S(max), 
C \ Mn \ Si % % % 

Base metal (mild steel) 0 .25 - 0.30 0.60 - 1.20 0.80 0.05 

Welding rod E 70 18 0. 06 1. 10 0 .50 

Weldi ng rod E 7024 0.06 0.79 0. 79 O. OHJ 0. 022 

Wel d i ng rod E 70T-5 0. 06 1.40 0.45 0 . 012 0 . 013 

Other % 

Ni - 0.50, Cr - 0.40 
Mg - 0.20, Cu - 0.30 

Cr - 0.06, Mo - 0 .03 
Ni - 0 . 04 , V - 0. 02 

Data f rom metal analyses performed on air samples collected from the welding 
booth exhaust in this study indicated that the fume was primarily composed o f 
iron and some manganese. Chromium, nickel, lead, copper, zinc and cadmium 
concentrat i ons were all less than 10 µg/m3 . Early i n the evaluation of t he 
first air cleaner it was discovered that carbon monoxide, gaseous fluorides 
and nitrogen dioxide were present in very small quantities, much less than 
current OSHA Permissible Exposure Limits (PEL). The average and peak 
concentrations measured in the air cleaner exhausts for each of these 
contaminants a re listed in Table 2. 

Tabl e 2. Gaseous contaminants measured in wel ding exhaust in t his study. 

Contaminant 

Carbon monoxide 
Gaseous fluorides 

Nitrogen dioxide 
Ozone 

Average 
concentration 

10 ppm 
Not detected 

0.19 ppm 
<0.001 ppm 
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Peak 
concentration 

20 ppm 

0 .27 ppm 
0.005 ppm 

OSHA PEL 

50 ppm 
2.5 mg/m 3 total 
fluoride 

5 ppm 
0.1 ppm 



As a result, further measurement of these contaminants was not performed 
except for ozone, which, in addition to being generated by the process, 
was also gene~ated by the electrostatic air cleaners and, at times, was 
present in signif icant quantities in the ambient air. Particulate fluorides 
were measured during the evaluation of the first air cleaner, but, because 
it was found that low particulate penetrations resulted in exhaust air 
concentrations far below the current standards, measurements were 
discontinued. 

PILOT TESTING FACILITY 

The pilot testing facility included an air contaminant source (welding 
booth exhausts), fume transport ducting, testing station, and a blower. 
A schematic diagram of the test facility layout is shown in Figure 3. 
The following is a description of each component of the system . 

Fume Capture Hoods 

The localized exhaust booths were already in place and effectively 
controlling fume from escaping into the breathing zones of the welders 
before this study was undertaken. The exhausted booth was of the backdraft 
type, with air drawn through two slots located at the top and the bottom 
o f the back of the booth (Figure 1). Approximately 18.7 m3/min (670 ft3/min) 
was exhausted from each booth. The air flow rate through each booth was 
regulated by dampers. 

Ductwork 

To gather sufficient exhaust air needed for each air cleaner test, the 
exhausts from three welding booths were utilized for the study (Figure 4). 
A duct takeoff and dampers were added to the existing ductwork to permit 
bypassing of exhaust air to the pilot test facility (Figure 5). Duct 
velocities ranged from 12.80 to 14.55 m/sec (2500 - 2865 ft/min). Periodic 
checks confi rmed the lack of fume or dust buildup in the ducts. 

Testing Station 

The test devices and testing instruments were l ocated at a station in the 
corner of the plant. A small enclosed lab was constructed on an elevated 
platform (Figure 6). Air c l eaners were either installed within the 
enclosure or on the floor below depending on the size of the units. 

Blower 

A Twin City Fan and Blower Company size 913 RBO fan, driven by a 14.9 kw 
(20 hp) motor was used as the primary air mover. The unit was rated at 
100 m3/min (3500 ft3/min) at 38.1 cm wg (15 in. wg) stati c pressure to 
insure that the needed air flow rate of 56.6 m3/min (2000 ft3/min) could 
easily be met for each air cleaner. Air flow rate through the system was 
regulated by a blast gate damper that was placed 1.2 m (4 ft) upstream of 
the blower intake. Because the blower assembly was located outdoors near a 
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residential area , an Alronca, Inc. ,~Model FS-55 rectangular sound trap 
was mounted on the fan discharge to reduce noise levels . A photograph 
of this configuration appears in Figure 7 . 
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Figure 4. Three booth localized e xhaust system. 
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Figure 5. Damper control system. 
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Figure 6. Enc l osed testing l aboratory. 

. . ..,. 
~ 'J.· 

, ,-~. 
Figure 7. Blower and sound trap. 
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CONCLUSIONS 

1. The pilot testing approach employed in this study, which involved 
evaluating air cleaners and monitors on an actual industrial process 
(welding}, is an effective method of evaluating devices for use in 
a recirculating exhaust system. The method is particularly useful 
if data are not avai lable for a particular process being considered, 
which is usual l y the case for recirculation desi gn because of the 
numerous processes that may be considered and the relative newness 
of the technique. Not only does pil ot testi ng help the design 
engineer quantify important operating characteristi cs of the 
components being cons i dered, it can also provide val uable i nsights 
into potential failures and maintenance requirements associated 
with the devices. 

2 . The following criteria were developed and found to be useful in 
assessing the suitability of air c l eaners and monitors for recirculation: 

Evaluation Criteria for Air Cleaners 

The contaminant penetration, i.e., the percentage of materi al 
that passes through the air cleaner without being retained, 
should be as low as possible, especially in the respirable 
size range (<10 micrometers}, to prevent the buildup of 
contaminants in the workpl ace and exposure of workers 
above the allowable limits. 

The time required for the air cleaner to reach a steady­
state condition (equilibrium point) should be short, and 
thereafter the air c l eaner should operate continuously 
and reliably with a predictabl e amount of penetration. 

Air cleaner failures , defined as any disturbances in operation 
that produce deviat i ons from equilibrium, should be infrequent. 

Required maintenance procedures should be simple, infrequent, 
not time consuming, and economical . 

The air cleaner should not introduce new potential hazards . 

Evaluation Criteria for Extractive Type Air Monitors 

The measurement accuracy should be high enough to provide a 
reliabl e measurement of a cont aminant's concentration when 
a preselect ed action level has been reached. 
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The measurement range shoul d include the desired action level. 
The minimum detectable change in contaminant concentration 
should be much less than the action level . 

Zero drift shou l d be minimal over extended periods of time to 
reduce the frequency of required re-ad justments and t o insure 
measurement accuracy . 

The response time should be as close t o instantaneous as possible 
to provid e a fast •t1arning of a change from system equilibrium. 

Evaluation Criteria for Safety Monitoring Filters 

The action level for the safety monitoring fi lter must be set no 
higher than the limiting differential pressure which, if exceeded, 
wil l cause insufficient indraft int o the exhaust hoods, r esulting 
in the escape of contaminants into the workplace and exposure 
of workers above the allowable l imits . 

The contami nant penetration o f the safety monitoring filter, i.e. , 
the percent a<1e of material that passes through the f ilter 
without being retained, should be low enough , especially in the 
respirable size range (<10 micrometers), to prevent the buildup 
of contami nants i n the workplace and exposure or workers above 
the allowable limits wi th any increase in the penetration of 
the primary air c leaner over the equilibrium level, until the 
action level has been reached. 

Eval uation Criteria for both Extractive Air Monitors and 
Safety Monitoring Filters 

To insure reliable operation, potential malfunctions should be 
few in number, eas i ly detectable, and preventable if recommended 
maintenance schedules and procedures are followed. 

Required maintenance procedures should be simple, infrequent, 
and not time consuming. 

3. The crit eria developed in this study can be applied to a l most any re­
circulation system application. The criteria are purposely general 
because quantification of many of the parameters such as allowable 
penetration are dependent upon many factors whi ch are specifi c to the 
situation, e .g ., the toxicity o f the contaminants, workplace contaminant 
levelst the potential for overexposure of workers, and the nature of 
the process and ventilation sys t em . 

4. A summary of the conclusions for each air cleaner device tested follows: 

a. Electrostatic Precipitator (ESP) 

1 . The average two pass penetration was 8.85 percent and 
the average one pass penetration was 19 .71 percent unde r 

normal operation. 
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2. A fourfold increase in inlet particulate concentration 
(from 6 to 23 mg/m3 ) did not cause a significant 
increase in particle penetration. 

3. Penetration was higher and more variable during the 
first 1 to 2 hours of operation after the precipitator 
was vibratory cleaned. 

4. The fractional penetration increased as the aerodynami c 
diameter of the particulate increased above 1 micrometer 
for both one and two pass operation. This was probabl y 
due to agglomeration of the fume within the ESP caused by 
electrostatic attract ion between charged parti cles. 

5. Equilibrium was reached soon after the ESP was turned on, 
so that an initial "break- in" per iod was not necessary. 

6. Positive identification of a failure would probably 
require aerosol monitoring because small variations in 
system voltage and current produce large variations in 
penetration. 

7. When cleaning air containing a high aerosol concentra­
tion (23 mg/m3 ) manual cleaning of the i onizers and 
collection plates could be required as often as every few 
days . 

8. The ESP does not introduce any new hazards that would 
prevent it from being employed in a recirculating 
ventilation system for the control of welding exhaust. 

b. Electrostatical l y Augmented Fabric Filter (EAFF) 

1. Total penetration ranged from 0.302 to 0.956 percent 
and averaged 0.444 percent with electrostatic 
augmentation, and 0.956 percent without. 

2. Electrostatic augmentation decreased the penetration of 
particles l ess than 2 mi crometers in diameter and increased 
the penetra t i on above 2 micrometers, probably due to 
agglomerati on of the fume particles in the electrostatic 
portion of the air cleaner. 

3. Electrostatic augmentat i on eliminated the need for a 
break-in period by causi ng penetration at startup to 
approach equilibrium values. 

4. Electrostatic augmentation reduced the differential 
pressure from 16.5 cm wg (6.5 in. wg) to 9.9 cm wg 
(3.9 in . wg) at a f i lter velocity of 2 .1 m/min 
(6.5 f t/min) while also reducing total penetration . 
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5. The failure of primary concern from a recirculation 
standpoint was welding fume buildup on ionizer wires 
resulting in increased ozone generation. 

6. Blinding failures could most easily be detected by 
monitoring a i r cleaner differential pressure, but 
breakthrough and excess i ve ozone generation would 
probably require air monitoring to insure positive 
identification. 

7. Ionizer wire cleaning to prevent excessive ozone 
concentrations is the primary maintenance task which 
would have to be perf ormed regular l y, possibly as 
often as once per month. Not only would this task 
have to be perf ormed often but the task would be 
difficult and t ime consuming due to the physical 
location of the wires within the unit . 

c. Aspirated Cartridge Filter {ACF) 

1. The lowest penetration (0 .193 percent) was achieved 
wi th precoated filter elements operating at a low 
fil ter velocity. 

2. The average penetration determined for each of the 
operating modes was as follows: 

Low filter velocity, not precoated - 0 .545 percent . 
precoated - 0 . 193 percent. 

High filter velocity, not precoated - 0.432 per cent. 
precoated - 0.399 percent 

Precoated with a f terf ilter - 0.240 percent 

3. The combi ned penetration of the ACF and a fiberglass 
afterfilter was not signifi cant l y lower than for the 
ACF alone. 

4 . Total penetration i ncreased significantly during filter 
cleaning. During the cleaning cycle the afterfilter 
helped to reduce the amount of penetration increase. 

5. If inlet concentration were high enough to require very 
f requent cleanings, the increases in penetration during 
the cleaning period could have a substantial impact on 
t he average penetration of the device and may require a n 
afterfilter or a system change to permit the air cleaner 
to shut down during cleaning. 
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6. Fractional penetration was 0.7 percent or less for 
all aerodynami c particle diameters between 0.22 and 
7.2 micrometers . 

7. Equilibrium penetr ation and differential pressure can 
be achieved immediately by precoating new f i lter 
e l ements. 

8. Maintenance requirements, necessary to assure proper 
operation are minimal . 

9. No new hazards associated with the operation of the 
ACF were identified. 

5. All of the air cleaners evaluated had similar capital and operating 
costs. However, the electrostatic precipitator (ESP) capital 
cos t doubled f or a two pass system and the operating costs tripled 
i f the aerosol concentration was above 20 mg/m3 due to the increased 
number of manual cleanings needed . 

6. The following is a summary of the conclusions for the air monitoring 
devi ces tested. 

a. Ai rborne Parti cle Mass Monitor (Piezobalance) 

1. Comparisons made between gravimetric and piezobalance 
measurements indicate that the piezobalance accuracy 
was approximately ±10 percent or less in the range 
of 0.02 to 0 . 30 mg/m3. 

2. The l arge range of sel ectable measuring time periods 
gives the.piezobalance the capability of measuring a 
wide range of concentrations, from one to several 
hundred µg/m3. 

3. Instantaneous indicat i ons of concentrat i on changes 
can be obtained from the analog output signal . 

4. Base f r equency rise was found to be s igni ficant, 
requiring frequent manual cleaning, especially when 
char ged par ticl es from the electr ostatic air 
cleaners were sampled. 

5. Routine inspection and maintenance would be effective 
in reduc i ng the likelihood of occurrence of all 
five malfunctions that could disrupt proper operation 
of the piezobalance. 

6. Although a ll of the maintenance requirements that are 
necessary to assure accurate and reliable operati on of 
the piezobal ance are simply performed, several must be 
performed frequentl y, i.e . , every two weeks or less. 
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7. The cost of the piezobalance is high 
and the first production model will not in­
corporate any f eatures which could reduce the 
per point cost of a multi-point monitoring 
system, although later mode l s may. 

b. Aerosol Mass Monitor (APM) 

1. APM measurement accuracy with a 5- minute measurement 
eycle time (15-minut e response time) was approximately 
±40 percent as indicated by paired measurements made 
with gravimetric measurements in the 0.3 to 10 mg/m3 

concentration range. 

2. The accuracy is reduced as the sample measurement 
time is short ened, but the upper concentration limit 
is increased. 

3. Zero drift increases as the measurement cycle time 
is reduced. 

4. The minimum response time for the APM is nine minutes. 

5 . Automatic monitoring of the malfunction modes by the 
microprocessor system increases the overall reliability 
of the APM and helps prevent malfunctions from going 
unnoticed. 

6. Maintenance requirements necessary to insure accurate 
and reliable operation of the APM monitor are 
infrequent and easily performed. 

7. The APM is not suitable for applications where hi gh 
accuracy and short response times are required . Cost 
would also be a serious consideration for use of the 
instrument in a recirculating exhaust system. 

c. Tape Sampler 

1. The tape sampler i s best suited f or providing a qual itati ve 
rather than a quantitative indication of air quality 
because variations in such f actors as aerosol composi-
tion and particle size distribution can cause large 
shifts in response. 

2. The tape samplers available from RAC combine low and high 
flow rates with selectable sample times providing the 
potenti al for a large concentration measurement range, 
probabl y from a f ew µg to several mg. 
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3. Changes in operation such as switching the tape sampler 
on and off and replacing the filter tape altered the 
ini tial transmittance by as much as 10 percent. The 
optional, automatic standardization would be necessary 
to correct this. 

4. The tape sampler has a rapid response time . 

5. Routine maintenance and inspection would be effective in 
reducing the likelihood of a malfunction. 

6. All of the maintenance procedures necessary to assure 
reliable operation of the tape sampler are easi ly 
performed and infrequent. 

7. The low cost of the tape sampler makes it attracti ve . 

d. Real Time Aerosol Monitor (RAM) 

1. RAM measurement accuracy was approximately ±10 percent 
as i ndicated by paired measurements made with gravimetric 
and piezobalance measurements in the 1 to 5 mg/m3 and 
SO to 400 µg/m3 concentration ranges. 

2. Use of longer time constants reduces the noise level 
from ±0.005 mg/m3 at two seconds to ±0.001 mg/m3 at 
32 seconds, thus improving sensitivity. 

3. The manufacturer's calibration setting of 2.5, based 
on Arizona road dust, allowed accurate measurement of 
welding fume also. 

4 . The zero drift was minimal over the test period, 
indicating that the purge air system effectively 
protected the optical surfaces from contamination and 
the electronic circuitry used was effective in 
reducing drift and noise. 

5. Response time is almost instantaneous, even with the 
time constant set at the longest setting of 32 seconds. 

6. Reliability of the RAM system is enhanced by automatically 
monitoring vital sensor parameters which include air 
flow rates and calibration. 

7. The maintenance requirements needed to assure accurate 
and rel iable operation of the RAM monitor are relatively 
few and can be simply performed. 

8. The RAM system lends itself to multi-point monitoring 
which reduces capital costs per sampling point. The 
RAM system provides information processing and 
malfunction monitoring which helps to increase the 
system's overall reliability. 
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e. ozone Monitors 

1. The ultraviolet attenuation met hod suffers from particu­
late interference and optical contaminat ion which 
necessitates that an inl et air filter be used. Use of 
the filter adds another maintenance step and an e l ement 
of uncertainty concerning possible ozone attenuation 
by the material collected on the filter media . 

2. The coulometric detection method suffers from a 
positive interference from other oxidizing or reducing 
gases besides ozone, which could cause i t to be an 
unrel iable indicator of ozone if gases such as nitrogen 
dioxide or sulfur dioxide are present in significant 
quantities. 

3. The chemiluminescent detection method is best suited 
for monitoring ozone in welding exhaust air because: 

a. The method is specific for ozone and free 
from interferences. 

b. An inlet air filter is not needed for the 
particulate concentration range encountered 
in this study (0.05 to 15 mg/m3). 

c . Mai ntenance requirements are low. 

4. Zero stability and measurement accuracy were excellent 
for all three devices t ested. 

f. Safety Monitoring Filter (SMF) 

1. Because of high init i al penetration, t he glass fiber SMF 
would not prevent significant amounts of particulate 
material from being recirculated into the workplace in 
the event of a breakthrough f ailure of the primary air 
cleaner. However, a higher eff iciency filter such as 
a HEPA type filter would provide this protection at 
the expense of a higher pressure drop, i ncreased unit 
cost, and reduced service l ife. 

2. The r esponse time of the S.MF could be on t he order of 
minutes or days depending upon the differential 
pressure across the S.MF at the time of breakthrough and 
the aerosol concentration. 

3. If the penetration of the SMF were low, it would 
provide effective back-up filtration, eliminating the 
need for a short response time. 
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4 . Both the ini tia l and final differential pressures 
across the SMF t e sted were r e lati ve ly low. 

5. A change from the initial to the final differential 
pressure (action level) during breakthrough resulted 
in only 3.3 percent decrease in a ir flow rate through 
the system. 

6. Malfunction modes are few, but could be difficult to 
de tect. 

7 . Replacement of the fil t er elements is the onl y 
maintenance requirement and the frequency of replace­
ment is dependent upon the aerosol concentration 
introduced to the SMF. 

8. The capital cost o f a HEPA fil ter is four times that 
o f a glass f i ber f ilter and the operating cost is 
twice as hi gh. 

6 . The largest gap in the technology exists in the area of system mon i toring . 
The four components needed f or a complete monitoring sys t em, i.e . , 
signal transfer, detector/transducer, signal conditioner, and informa­
tion processor, are rarely found in a conunercially available monitoring 
package. Rather, the engineer must select various components and 
assemble a system for matching components. This is often diffi cult 
and expensive and can result i n misapplication if a device is used to 
perform a task for which it was not designed. A g r eat need exists 
to incorpora te the monitors that are available (most of which represent 
a detector/transducer only) into complete systems that are easily 
engineered specifically f or recirculating exhaust systems. 
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RECOMMENDATIONS 

1 . The technical and economic feasibi lity of recircul ation should be 
assessed by pilot testing procedures if the following circumstances 
exist : 

a. The unique properties of the aerosol stream pose questions 
concerning the effectiveness of available air cleaners. 

b. The potential cost savings for installing the proposed 
system are of such a magnitude as to justify a preliminary 
study to check feasibility and establish system parameters. 

c. The chief contaminants are particles but gases are present 
and their levels must be assessed bef ore deciding on an air 
cleaning strategy. 

d. A matched collect or-monitor combination cannot be established 
theoretically or from experience. 

e. Modes o f potential system fai l ure are unknown, as well as 
required maintenance intervals and costs. 

2. Complete monitoring systems composed of all four of the necessary 
stages needed for monitoring the performance of a recirculation system 
(signal transfer, detector/transducer, signal conditioner and informa­
t ion processor) need to be devel oped and made available in the 
marketplace. 

3. A mobile, recirculation van incorporating several pilot scale air 
cleaning and monitoring devices should be built to reduce the cost 
and time requi red to conduct pilot scale tests. 

One drawback to pilot scale test i ng that may discourage industry from using 
this method is the high cost involved and the time necessary to carry out 
such a program. In many cases, justification for such a program would 
requi re that an industry had multiple p l aces to utilize the method should 
i t prove viabl e. I f the candidate process were a single, isol ated process, 
it is doubtful that the pilot approach would be considered. 
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This mobil e unit could include a variety of air cleaners and monitors which 
could be tested singly or in combination, depending on the application. The 
unit would include the measuring devices for gathering the necessary data 
and calibrating the mon i tors. The mobile unit would be self-contained and 
only require a ducting hookup to an existing ventilation system. Such a 
system would need to be operated by trained personnel. 
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MEASUREMENT METHODS 

SUMMARY 

Air sampling was conducted to identify, quantify, and characterize both 
particulate and gaseous contaminants contained in the exhaust from a welding 
process both upstream and downstream of air cleaning devices. Table 3 
summarizes the methods used in air sampling. Par t iculate sampling met hods 
included a modified EPA Method 5 and a high volume me thod developed f or 
sampling low particul ate concentrations. Gaseous sampling was performed 
using NIOSH recommended methods or those recommended by the American 
Public Health Association (APHA) intersociety committee (3). The 
suitability of a particular sampling method was based on its lower 
detectable l imit, concentration range, and accuracy. A brief desc r i ption 
of the sampling program follows. After this dis cussion, measurement 
methods for air flow, pressure, and temperature are described as well 
as the method f or determining total wel ding time. 

PARTICULATE SAMPLING 

Two particulate sampling trains were employed: one hav i ng a Jow air flow 
rate (low volume ) designed for sampling air havi ng a high aerosol concentra­
tion (>1.0 mg/m3), and the other having a high air flow rate (high volume) 
fo r sampling l ow aerosol concentrations (<0.5 mg/m3). 

It can be generalized that particles less than 3 to 5 mi crometers in diameter 
do not have sufficient inertia to cause them to deviate significantly from 
gas flow streamlines. Therefore, because the particles being sampl ed were 
all less than 4 micrometers in diameter with 90 percent by mass less t han 
2 micrometers, strict isokinet ic sampling was not adherred to, but was 
approximated. 

Low Volume Sampling Train 

The sampling train described in EPA sampling method 5 was used as a basic 
guide with mod ifications made to t he portions of t he sampling train which 
provide adaptation to a h i gh temperature and humidity envi ronment. Because 
the air being sampled was at room temperature and humidity, t hese portions 
of the sampling train were eliminated. A schematic diagram showing all 
of the major components of the train appears in Figure 8. Major components 
of the train include: 

1. Control case, eit her ~es earch Appliance Compan/i0Model 2343 
or a Glass Innovation~Model G1 1- 20 0 . 

2. Flask containing silica gel t o remove moisture from sampled air . 
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N 
co 

Analyte 

Aerosol 
concentration 

Aerosol size 
distribution 

Nitrogen dioxide 
(N0

2
) 

Fl ·lor ides­
gascous and 
particulate 

Ozone (0
3

) 

Carbon monoxide 
(CO) 

Table 3. Summary of air sampling methods. 

Method used 
Literature 
reference 

Modified EPA Method 5 (low volume) sampl i ng 4 
train (Parts of the tr.ain used for high 
temper ature and moisture were removed)-

High volume sampling train employing a 
20 x 25 cm (8 x 10 in . ) filter , high 
voiurre/pressure blower and an 
integrating positive d isplacement gas 
meter. 

Specially 
designed 

For high concentrations , a Sierra 
Instruments Model 228 in- stack cascade 
impactor . For low concentrations, a 
Sierra Instruments Model 230 high volume 
cascade impactor adapted for nse it'I the 
high volume sampl ing train (See Figur e 
10). 

Fritted bubbler employing a colori­
metric azo dye . 

Collection of particulate fluoride on 
a membrane filter and gaseous fluorides 
on an alkaline filter. Analysis was 
performed with an ion selective electrode. 

TWO methods were used, a wet chemical 
method and an instrument which employed 
a chemiluminescent detection system. 

a. Wet method : Colorimetric met hod 
employing a neutral KI 
solution. 

b. Chemilu.minescent method : Analytical 
Instrument Development (AID) Inc. 
Series 560 portable ozone analyzer . 

El ectrochemical oxi dation method: 
Ecolyzer Model 2000 portable 
monitor. 

4 

3 

3 

3 

Measurement range 

1 mg/m3 and more depending 
on sampling t ime. 

500 µg/m 3 and less depending 
on sampling time. 

Model 228 - 0 . 30 to 18 µm 
aerodynamic diameter for the 
f l ow rate used . 

Model 230 - 0.49 to 7 . 2µm 
aer odynamic diameter. 

0 .005 to 5 ppm 

0 . 0 1 to 1 0 ppm 

0 .001 to 10 ppm 

0-500 ppm 



3. 47 nun Gelman type 1235 inline filter holder. 
4. Stainless steel goose neck nozzle sized for near isokinetic sampling. 

BYPASS VALVE 

MAGNEHELIC GAUGE 

DRY GAS METER 

VALVE 

47mm. ALUMINUM 
FILTER HOLDER 

Figure 8. Low volume sampling train . 

Both control cases were precalibrated with a wet test meter. 

High Volume Sampling Train 

Because of the extremely low aerosol concentrations in the exhaust stream of 
the high efficiency collectors, a high volume sampling train was designed 
to sample at a f l ow rate of 0 . 85 to 1 . 70 m3/min (30 to 60 ft3/min) to reduce 
sampling time. 

The basic design wast'Slsimilar to the high volume samplers that are commercially 
avail ab,l...e from Raderv' Compani es Inc., with the exception of the flow meter; 
a Roots'E1Model 5M125 positive displacement flow meter was substituted for the 
orif ice meter. A schematic diagram showing all of t he major components of 
the sampling train appears in Figure 9. These components include the 
fol l owing: 

1. Anodized aluminum nozzle. 
2. Filter holder, 20.3 x 25 . 4 cm (8 x 10 in.). 
3. High volume, high pressure bl ower. 
4. Rheostat to control blower motor speed. 
5. Rcotsmeter. 

To compare the measurements made by the high and low volume sampling trains, 
three tests were performed employing both sampling trains simultaneously 
in the out let duct with particulate concentrat ions in t he range of 1 to 2 
mg/m3 . The results, compared at standard condi tions, agreed to within 
±10 percent. Due to the long sampling time needed for the low volume 
sampling train a t concentrations in the 25 to 75 µg/m3 range, it was 
i mpractical to perform a comparison between the methods in this range. 

29 



RHEOSTAT 

BLOWER 

ROOTSMf'TER 
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Figure 9. High volume sampling train. 

Gravimetric Determinations 

Gravimetric samples used for particulate concentration determinations were 
collected us ing Gelman Type A g l ass fiber filter substrates . This type 
of filter media was selected because of the following considerations: 

1. High collection e fficiency with a rel ativeiy low pressure drop. 
2. Reduced hygroscopicity. 
3. Good sample ret ention. 

Al l of the filters used were pre-and post-desiccated for at least 24 hours 
prior to weighing. A Mettler type H-20 analytical balance was used for 
weighing, which is accurate to 0.01 mg. A guideline set by the American 
Society of Mechanir.al Engineers (ASME) for particulate sampling states that 
the scale should be accurate to ±0 .5 percent of the we i ght of particulate 
matter caught on the filter. Based on this guideline, the minimum 
differential sample weight is 2 mg. Sampling times were adjusted to . insure 
that this minimum weight was caught during each test. To determine the 
amount of particulate mater i al deposited in the sampling train, sampling 
nozzles and casings were backwaahed with acetone . Total weights were 
determined by adding the f ilter and backwash weights. 

PARTICLE SIZING 

Two impacti on methods were used for determining aerodynamic particle size 
distribution: a low volume method for high aerosol concentrations (>1 mg/m3) 
and a high volume method fo r low aerosol concentrations (<0.5 mg/m3) found 
in the air cle aner exhausts. 
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The low volume method used all of the components of the low volume sampling 
train shown in Fi gure 8, except that the 47 mm filter hol der was repl aced 
with a Sierra Mode l 228 e ight stage in-stack cascade i mpactor. The 
impactor was operated at 0.10 m3/min (0.35 ft3/min), which provided an 
aerodynamic size breakdown ranging f rom 0.30 to 18 micrometers. A stainless 
steel gooseneck nozzle, sized f or near isokinetic sampling, was fitted to 
the impactor. 

The high volume aerodynamic particle sizing method used a 20.3 x 25 .4 cm 
(8 x 10 in.) filter holder and a Sierra model 230 hi gh volume cascade 
impactor. The Model 230 impactor was custom fit to the f i lter holder by 
cutting the base plate to reduce its size. The components and arrangement 
of this method are cetailed in Fi gure 10. This method had a particle 
size breakdown of 7.2 to 0 . 49 micrometers a t an air flow rate of 1 .13 m3/mi n 
(40 ft3 /min). 

To compare the results obtained us i ng high and low volume methods, 
simultaneous samples were collected with both methods at the inlet to the 
air cleaners. The results of this test, whi ch show good agreement between 
the methods, are presented in Fi gure 11 . 

GASEOUS AND PARTICULATE FLUORIDE SAMPLING 

Gaseous and particulate fluoride measurements were made using method no . 810 
described in Reference 3. Advantages of this method incl ude simplicity, 
elimination of distillation or diffusion, speed and specificity. 

Both particul ate and gaseous fluorides were collected using a 47 mm diameter 
fi l ter "sandwich" composed of a membrane fi l ter (mixed cellulose ester, 
0 . 8 micrometer pore size) used to collect the particulate phase and an 
alkali-impregnated cellulose pad used to collect the gaseous phase. The 
membrane fil t er and collected solids were made alkaline and ashed, the 
residue was fused with additional alkali, and the fluoride content was 
determi ned in a solution of the melt through the use of a fluoride i on 
selective electrode. Gaseous fluoride was determined in an aqueous extract 
of the cellulose pad, also by means of the fluoride ion selective electrode . 

This filter sandwich was placed in a 47 mm filter holder and simultaneous 
isokinetic sampling of both the inl et and outlet gas streams was perf ormed. 
The filter sandwich was then removed from the filter holder, placed in 
plastic containers and returned to the labor a t ory for analysis. 

GASEOUS SAMPLING METHODS FOR NITROGEN DIOXIDE, OZONE AND CARBON MONOXIDE 

Gaseous sampling for nitrogen dioxide, ozone, and carbon monoxide was 
accomplished using either wet methods or portable direc t reading instrument s. 

Nitrogen Dioxide 

Nitrogen dioxide was measured using method no. 817 described in Reference 3. 
The major adva9tage of the method is its simplicity with direct coloration 
of absorbing reagent, wh i ch can be put directly into cuvettes and read. 
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Figure 10. High volume casca.de impactor sampling train. 
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(:) - 8 STAGE IN-STACK CASCADE IMPACTOR 
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PERCENT OF MASS LESS THAN STATED DIAMETER 

Figure 11. Comparison of high and low cascade impactor data 
(inlet par ticle size distribution, concentration= 8 mg/m3). 
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Sample air, regulated by a critical flow orifice, was drawn through a fritted 
bubbler with a f rit having a maximum pore diameter of 60 micrometers and 
containing an azo dye forming r e agent. Any nitrogen dioxide contained in 
the air sample reacts with the reagent producing a stable pink col or wi thin 
15 minutes which can be read on a spectrophotomet er at 550 nm. This method 
has a measurement range of 0.005 to 5 ppm with no interferences expected 
from welding exhaust . 

Ozone 

Init ially, wet methods using potassium iodide (KI) solutions were used to 
measure ozone concentrations but were determined to be unsuitabl e because 
of negative i nterferences caused by sulfur d i oxide and positive inter­
ferences caus ed by other oxidants present i n welding exhaust, such as IS'\ 

nitrogen diox ide. Instead, a portable, direct reading devi ce, the Ai(l't->' 
Series 560 ozone a nalyze r, emp loying the chemiluminescent detecti on method 
(whi ch is ozone spec ific), was used . This unit is a fully portable, 
sel f-contained device wh i ch utilizes t he vapor phase chemiluminescent 
reaction of 03 and ethyl ene . An internal charcoal trap provid ed a source 
o f ozone-free air f or zero ing. The range of the device was 0.001 to 10 ppm. 
Sampl e air was drawn through the device at approximately one 1/min and 
the output was recorded on a strip chart recorder. 

Prior to being used, the ozone a nalyzer was calibr a ted against the neutral­
buffered KI method using ozone-containing air generated by a Monitor Lab~ 
Model 8500 ozone calib ration uni t. 

Carbon Monoxide 

An Ecolyzer Model 2oo dB) series portabl e carbon monoxide monitor was used to 
measure carbon monoxide in the exhaust air stream. The instrument uses an 
electrochemical oxidation process for carbon monoxi de detection. Bef ore 
being used, t he instrument was zeroed and calibrated with 50 ppm span gas. 
Sampl e gas was extracted from the duct via teflon tubing and passed through 
a n int erf erence f ilter prior to enteri ng t he instrument . The instrument 
output signal was recorded on a strip chart recorder to produce a permanent 
r ecord. 

OTHER MEASUREMENT INSTRUMENTS USED 

Air Flow Rate and Air Pressure 

Ai r flow rat es through the electrostat ic precipitator were determined using 
an Annuba~type 735 f low meter. Air flows through the two fabric filter 
air cleaners were measured with c ustom designed orifice meters, calibrated 
with a standard pitot tube using a traverse scheme as prescribed by standard 
EPA procedures . 

. Static pressure at both the inl et and the outlet of the air cleaners was 
measured using Dwye~ stati c pressure taps installed in the ductwork and 
connected to manometers. 
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Temperature and Humidi ty 

The wet and dry bulb temperatures of the air stream were de t ermined using 
mercury thermometers. The wet-bulb thermometer was fitted with a "sock" 
and saturated with distil l ed water prior to determining the wet bulb 
temperature. 

High Voltage 

Two of the air cleaners tested employed electrostatic chargi ng to remove 
particulate material, so it became necessary to make high voltage measure­
ments to determine if the unit was functioning properly and to study the 
relationships between voltage, current and air c leaner performance. High 
voltage was measured with a Simpsort'.B)Model 260-6 VOM fitted with a 10 KV DC 
h i gh voltage probe. Measurements could be made to the nearest 100 volts. 
current measurements were also made with the Simpson meter. 

Welding Time 

The welding time was determined during each air sampling test by connecting 
a timer circuit to each welding machine. The timer consisted of an Ascd® 
Model 151-35 relay and an electric timer that measured e lapsed time to the 
nearest tenth of a minute. The cable carrying current to the welding rod 
passed through the rel ay and served as a "coil" to activate the relay 
during welding. When energized, the relay, in turn, operated a 115 v, 
60 cycle clock. Both the AC and DC welding modes triggered the r elays 
which were adjusted so that they energized when 75 amps or more passed 
through t he cables. 
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AIR CLEANER EVALUATIONS 

This section presents the results of evaluations performed on three air 
cleaning devices tested . Tabl e 4 lists t he air cleaners, assigning a 
reference abbreviation to each, used through the remainder of the report. 
The cle aning method employed by each air cleane r is a lso specifi ed . 

Table 4. Air cleaning devices evaluated. 

Air Reference 
cleaner 

Texas Electrostatic Precipitator 
Co ., I nc . (TEPCO) - Tw0 stage 
(low voltage ) t wo pass electro­
static precipit ator. 

American Precision Industries , Inc .­
Electrostatically augmented 
fabric filter . 

Farr, Inc . - Aspirated 
cartr i dge fil ter. 

abbreviati on 

ESP 

EAFF 

ACF 

Collection method 

Low voltage electrostatic 
precipitation. 

High voltage tubular 
type e lectrostatic 
p r ecipitation followed 
by bag- type filtration . 

Hi gh fabric area 
cartridge type filtration . 

Prior to initiating testing of each air cleaner, the installat i on and 
operation of the test device was inspected by each manufacturer to insure 
that the unit was installed and operating properly . 

EVALUATION CRITERIA 

Various tests were performed on each a ir cleaner to determine how well it 
met a series of preset criteria which relate to the suitability for use o f 
the device in a welding recirculation system. Following are the statement 
and definition of criteria as well as a description of the methods used t o 
assess each air cleaner's performance . 

Contaminant Penetration 

The contaminant penetration, i . e ., the pe r centage of material that 
passes through the air cleaner without being retained, should be as 
low as possible, especially in the resp irable size r ange (<10 micro­
met ers), t o prevent the buildup of contaminants in the workplace and 
exposure of workers above the allowable limits . 
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The actual amount of penetration tolerable can only be determined when 
important factors specific to each application are considered, among 
them: 

1. Toxicity of the contaminants in the ai r stream leading 
to the air cleaner. 

2. Ratio of fresh to recirculated makeup air introduced 
into the workplace. 

3 . Concentrations of contaminants in the general workplace 
atmosphere prior to recirculation. 

4. Location and method of distribution of return air to 
the workplace. 

Since the scope of this study was limited to evaluating the performance of 
air cleaners on a test stand rather than in an actual recirculating exhaust 
system definite conclusions about the upper l imits for allowable penetration 
could not be drawn . Therefore, the evaluation of each air cleaner according 
to this particular criterion was limited to reporting each device's total 
and fractional penetration. 

Total penetration is the percentage of the total incoming airborne 
particles t hat is not retained by the air cleaner. Fractional penetration 
is the percentage of the incoming particles in a particular size range 
that is not retained by the air cleaner. Penetration, def ined in terms of 
air cleaner efficiency, is (1-efficiency) x 100 percent. 

Total penetration was determined by simultaneously measuring the total 
particulate concentrations at the inlet and outlet of the air cleaner, 
reducing the concentrations to standard conditions, subtracting them, and 
then calculating total penetration according to the following equation: 

C C 
P = [ 1 - ( I - .o)] X 100% 

T 
CI 

Where: PT= Total penetration. 
CI= Inlet concentration . 
C = Outlet concentration. 

0 

Fractional penetration was determined by firs t measuring the aerodynamic 
size distribution of the inlet and outlet air streams of the air cleaner. 
The results obtained from these measurements abong with the total 
penetration, were used to determine algebraically the fractional penetra­
tion for each of the particle size diameters measured. 

Equilibrium 

The time required for the a ir cleaner to reach a steady state condition 
(equilibrium point} should be short, and thereafter the air cleaner 
should operate continuously and reliably with a predictable amount of 
penetration. 
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Prior to reaching equilibrium, penetration could be higher than normal, 
depending on the air cleaning device. High initial penetration is o f 
particular concern i f the air cleaner cannot be taken off line during 
the break-in period. After equilibrium is reached, periodi c and un­
predictable rises in penetration are to be avoided . 

For the air cleaners tes ted, measurement of pene t ration over a period 
of days was used to monitor the rise to and maintenance of equilibrium. 
In the case of the fabric fi l ters, differential pressure across the 
filter media was also used to monitor equil ibr ium. 

Failure Modes 

Air cleaner failures, def i ned as any disturbances in operation 
that produce deviations from equilibrium, should be infrequent 
and detectable. 

Air c l eaner failures can occur f or many reasons, including improper or 
neglected maintenance, breakage , and wear . They result in two characteris­
t i c types of failure: breakthrough and blindi ng. Breakt hrough is defi ned 
as an increase in penetration over and above the equilibrium amount. 
Blinding i s defined as excessive bu i l dup of contaminants on a fi l ter 
media which results in reduction in air flow through the ventilation 
system and possible damage to the filter. 

clues to possible fa i lures that could occur for each air cleaner were 
gathered from three different sources: operational theory, informati on 
p rovided by the manufacturer, and insights gained from the experi ence of 
this study. 

Maintenance 

Requ i red maintenance procedures should be simple, i nfrequent, 
not time consuming, and economical . 

Maintenance is not an automatic function; it depends on people to do it. 
For this reason, and also because it is important to the reliability of 
the air cleaner, the less needed, the better. 

Required maintenance procedures were determined based on manufacturers' 
suggestions as well as insights gained from the fie ld tests. 

New Potential Hazards 

The air cleaner should not introduce new potential hazards. 

New potential hazards could include the creation of hazardous l evels of a 
contaminant such as ozone, exposure of workers to contaminants during 
maintenance, fire , explosion, a nd electrica l shock hazards. The 
only major suspected new potential hazard encountered during the course of 
this study involved t he generation of ozone by the e l ectrostatic devices. 
The extent of the hazard was evaluated by determining the amount of ozone 
produc ed by the device and calcul ating an emission rate. 
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ELECTROSTATIC PRECIPITATOR (ESP) 

PRINCIPLE OF OPERATION 

The low voltage (10 kv), two stage electrostatic precipitator which was 
evaluated works on the same basic principle as a high voltage (25 - 40 kv) 
unit , and is preferred over it for ventilation systems because it produces 
less ozone. In the low voltage unit (Figure 12), a corona discharge 
ionizes gas molecules that, in turn, cause particles suspended in the 
air stream to become charged. As the charged particles enter the collecting 
section of the precipitator, they migrate because of electrical forces 
toward electrically grounded or opposi tely charged surfaces, where they 
are deposited. Vibratory action is periodicall y used to remove the 
deposited particle layers from the col lecting plate and ionizer surfaces. 

TEST DEVICE DESCRIPTION 

The test device consisted of two identical low voltage electrostatic 
precipitators connected in series, constituting a two-pass sys tem. Two-pass 
oper ation was used to decrease the particle penetration through the air 
cleaner system. Each ESP consisted of the following components: 

1. Solid state high voltqge power supply. 
2. Ionizing section. 
3. Collecting plat e section. 
4 . Postfilter to remove lar ge particl es. 
5 . Pneumatic vibration cylinder attached to plates and ionizers. 
6. Unit housing constructed of 16 gauge welded steel, finished with a 

chemical and oil resistant paint. 

A photograph of the unit, installed for testing, appears in Figure 13. The 
units were equipped with a self-cleani ng feature whereby the ionizers and 
collecting p l ates were vibrated. Vibratory cleaning was accomplished by 
supplying compressed air at 7.03 kg/cm2 (100 psig) to pneumatic vibration 
cylinders. Cleaning cycle intervals were controlled either manually or 
by optional timers. 

Manufacturer's specifications for the ESP are given in Table 5 . 
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Figure 13. Electrostatic Precipitator installed 
for testing showing ductwork. 

Table 5 . Elect rostatic Precipitator specifications. 

Input voltage: 120 volts, 60 cycle, single phase 

Input cur rent: 1 . 0 amp nominal 

Power consumpt ion: 100 watts/0.94 m3/sec 
(100 watts/2,000 ACFM) 

Weight: 138 kg (320 lb) 

Max i mum recorrune nded a i r capacity: 

I onizer section : 
Voltage: 
Current: 

Collector section: 
Plate material : 
Plate voltage: 

0.94 m3/sec (2,000 ACFM) 

8,600 - 11,000 VDC, positive corona 
2 . 0 ma nominal 

Aluminum 
4,500 - 5,000 VDC 
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TESTING PROCEDURE 

Instal l a tion 

Special provisions wer e made on the inlet and discharge of the precipitator 
to i nsure an even air velocity distribution which was critical if the 
maximum efficiency was tQ be obtained . This was accompli shed by: 

1. Installation o f a straight section of duct upstream of the ESP . 
2. Construction of a diverging inlet plenum with angl es less than 15°. 
3. I nstallation of a per f orat ed plate with 40 percent open a rea covering 

the cross- section of both the inlet and outlet plenurns . 

An air velocity traverse made directl y in front of the ionizing section 
revealed an even velocity distribution across the inlet opening (variation 
les s than 10 percent ) with an average velocity o f approx imately 2.79 m/sec 
(550 ft/min) . 

Operating and Testing Routine 

The unit was usually operated for one shift a day after whi ch t i me it was 
shut off and sel f - cl eaned. The control dampers were closed to prevent 
air from being drawn backward through the system because of the negative 
pressure i n t he building d uring the off hours. Startup each day 
was accompl ished by opening the control damper s and t urning the exhaust 
b l ower on. The b l ower was run with the precipit ator off for five to ten 
minutes to r emove any loose material that mi ght have set tled on inter nal 
surfaces of the precipitator during c l eani ng. The precipitator power supp;y 
was then turned on and the unit was operated for 30 t o 45 minutes before 
part i culate s ampling was initiat ed. Dur i ng this initial time period, 
sys t em t emperature, air flow rate, stati c pressure, and precipitator 
voltages were monitored to i nsure that al l impor tant paramet ers were at 
the desired l evels and that the system was at equil ibrium. Experimentally 
these parameters were found to be relatively s table after a few minutes 
o f operation. 

Constant Experimental Conditions--
The following variables were held constant : 

1. The air flow r a te was set at approximatel y 0.94 m3/sec (2,000 ACFM) 
as specified by the manufacturer. 

2. Collector plate and ionizer geometry and voltages were set at the 
fac tor y according to the manufacturer's s t andard des i gn specifications. 

3. The unit was sel f - cleaned with pneumatic vibra tors for 60 seconds at 
the end of each 8- hour shift as recommended by the manuf acturer . 

4. The collector plates and ionizers were steam c l eaned when necessary 
using the procedure recommended by the manufacturer. 
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EVALUATION RESULTS 

Penetration was determined for the following operating modes: 

1. Two passes, high aerosol concentration (average= 24 mg/m3). 
2. Two passes, low aerosol concentration (average= 6 mg/m3). 
3. One pass, medium aerosol concentra t ion (average= 14 mg/m3). 

Penetration tests were conducted during the beginning, middle and end o f 
each 8-hour shift to determine if the penetration changed during the 8 
hours of operation between vibratory cleanings . In addition, tests were 
performed during succeeding shifts to determine if the penetration changed 
from day to day. 

Total Penetration 

The results of the total penetration tests for operating modes 1 to 3 
above are presented in Table 6. Statistical t est results concerni ng the 
effect of high and low inlet concentrations, one and two passes, and 
t ime within the day between cleanings are presented in Table 7. 

The results were as follows: 

Inlet concentration - Concentrations in the range of 6 - 24 mg/m3 

had no significant effect on penetration. 

Number of passes - Two-pass operation r esulted in significantly less 
penetration than a one-pass operation. The average two-pass penetra­
tion was 8.57 percent, approximately 1/2 the average one-pass penetration 
of 19.71 percent. This decrease can be attributed to further ionization 
and collection of particles in the second pass. 

Time Between Vibratory Cleanings--
During the period of operation just after cleaning (first period), penetra­
tion was higher and more variable than it was later in the cycle , as 
evidenced by a significant difference in variances and average penetrations. 
This could have been due to re-entrainment of smal l amounts of particulate 
material that had settled out on the internal surfaces of the precipitator 
during cleaning. A "puff" of particulate material was visually. observed 
in the exhaust immediately following startup after vibratory cleaning. 

Fractional Penetration 

The results of the particle sizing tests performed on the inlet and air 
exhausted from the ESP are presented in Table 8 . From this data, 
fractional penetrations were calculated and are plotted in Figure 14. These 
r esults indicate that fractional penetration increased as aerodynamic 
diameter increased above one micrometer f or both one and two pass operation. 
The minimum penetration occurred between 0.4 and 0.8 micrometer diameter. 
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Table 6. Electrostatic Precipi tator total penetration test resul ts. 

Average Average 
No. of inlet outlet Average Standard 
tests concentration, concentration, penetration*, deviation, CV**, 

Operating mode performed mg/m3 mg/m3 % % % 

Two- pass, high in- 9 23 .34 2. 05 8.57 1.60 18.7 
let concentration 

Two-pass, low in- 25 6. 12 0.54 9.03 4.67 51. 7 
let concentration 

One-pass medium 8 15 . 11 2 .96 19. 71 2.84 14.4 
concentration 

Two-pass combined 
averages of l ow 
and high concen-
tration operation 

Beginning of 1 0 9.48 0 .96 11 . 53 6.5 56.4 
the shift ( 1 ) 

Middle of 14 10.24 0 . 83 8 . 08 1 . 48 18 .3 
the shift (2) 

End o f 10 12 .51 1. 06 7 .46 2.05 27.5 
the shift (3) 

* Based on calculations made for indi vidual tests. 
**CV is defined as the mean divided by the standard deviation multiplied by 100 percent and is a measure 

of the relative magnitude of the variation among measurements. 



Tabl e 7 . Elect r ostat ic Precipitator s tati sti cal test results. 

F test t test 
critical Conclusion critical Conclusion 

Varia ble effect F test value* , concerning t test on value* , concerning 
t ested on variance a = o. 10 varia nce mean nenetration a = 0. 1 0 mean oenetration 

I 

Effect of high and low 8.50 F24 ,8 = 3 . 12 Variances are 0 . 43 t30 = 1. 70 No s iqnificant dif-
inlet concentration on not equal . ference i n pene-
2 pass operation. tration with high 

and low i nlet con-
centrations . 

Effect of one vs. two 3 .1 4 F7 , 8 = 3.50 Variances are 9.78 t,1 = 1. 80 Two pass operation I 

pass operation . equal. significantly re- I 
duce s penetration. I 

I 
Between the begin- 19 . 16 F9 , 13 = 2 . 71 Variances are 1.65 t 10 = 1. 81 No signi fi cant l 

ning and middle of equal . nifference in I 
not rene- I 

the shift ( 1 - 2 ). tration between i 
the Urs t a nd middlei 
period . 

Between the begin- 9.98 F 9 , 13 = 2 . 71 Variances are 1 . 91 t l O = 1 . 8 1 Last period pene-
ning a nd e nd o f not equal. tra t ion is signifi-
the shift (1 - 3) . ca ntly lower than I 

the first period . I 
i 

NO significant I 
Between the middle 1. 91 F9, 13 = 2 . 71 Variances are 0 .81 t16 = 1. 75 differenc~ in I 
and end of the equal . punc.trution between I 
s hift (2 - 3). mi ddle and last 

I peri od . 

*Upper tail val ues used (a/2). 
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Table 8. Electrostatic Precipitator particle 
sizing results. 

Opera t ing mode Mass median 
Sample 1 - single pass diameter, 

location 2 - double pass µm {DpsoL-

Inlet 0.60 

Inlet 0 .64 

Inlet 0.66 

Outlet 2 1. 0 

Outlet 2 0.82 

Outlet 2 0.74 

Outlet 0.64 

O one pass, medium concentration (14 mg/m3 ) 
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Figure 14 . Electrostatic Precipitator fractional penetration. 
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The inlet particle size data was consistent (Table 8), indicating minimal 
variation in the mass median and geometric standard deviations. Exhaust 
air particle size distribution exhibited a slightly larger mass median 
diameter than the inlet with similar geometric standard deviations, 
indicating that the ESP is apparently less efficient at removing larger 
sized particles. This conclusion contradicts accepted theory which 
predicts decreased penetration with increased particle size. There are, 
however, other factors besides ESP performance in various particle size 
ranges which could have affected this result, such as: 

1. Particle agglomeration within and downstream of the ESP 
resulting from particl e attraction after charging (5). 

2. Re-entrainment of large, agglomerated particles from 
the collection plates and other internal surfaces. 

Equilibrium 

The ESP does not depend on the presence of a filter cake for equilibrium 
penetration to be reached; therefore, steady state operati on occurs 
immediately. However, during the test program i t was found t hat, under 
high inlet particul ate concentration, the average penetration increased 
and became erratic after four, 8-hour shifts. Repeated vibratory cleaning 
did not correct the problem, however, steam cleaning the ionizers and 
collection plates did restore normal operation. When operating with a 
low aerosol concentration, air was cleaned for 20 8-hour shifts without 
any deterioration in performance occurri ng. 

Failure Modes 

Five failure modes were identified, all of which could disrupt the proper 
operation of the ESP, resulting in a breakthrouqh. These are summarized 
in Table 9. Three failures were actually experienced during the evaluation 
which caused a partial breakthrough. These were fouling of the ionizer 
and collection plates, which could not be corrected by vibrational c l eaning, 
and shorting of the collection plates, which were bent during cleaning. 

Failure Description--
The failure caused by fouled ionizer and collection plates was characterized 
by: 

1. An increase in the average penetrat i on. 
2. Erratic variations in penetration, as reflected in the larger 

standard deviations. 

Figure 15, a plot of penetration versus operating time after steam cleaning, 
clearly shows the failure occurring after three 8- hour shifts of opera t ion 
with a high inlet aerosol concentration (23 mg/m3). 

A similar set of tests was performed under i dentical conditions except 
using_a lower inlet aerosol concentration (6.12 mg/m3). With t~is loading 
20 shifts of operation were completed without any deterioration in 
performance. 
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Table 9 . Electrostatic precipitator failu re analysis. 

E;(fec;t upon rec i r-
Effect upon f;:SP cu l at ion 

Fa ilure Ionizer lor\i zer Plate Plate Sparking Velocity 
mode voltaae current vo.L taae current rllte oressure 

Br eakthro ugh • • NE NE NE NE 

NE NE .. t NE NE 

i t NE NE + NE 

NE NE .. + t NE 

0 0 0 0 0 NE 

~ t - arrows indica te direction of relative deviation from s t eady stat e. 
- denotes failure effect of primary concern. 

NE - no effect. 
o - becomes zero. 

syst.cm 
Outlet 
concen-
tra t i on 

!. 

!. 

!. 

!. 

t -

Possible 
causes Exoect,,d freouencv 

Fouled Dependent opon aerosol con-
ionizer. centration, could range from 

a few days to one JTionth. 

Fouled col- Dependent upon aerosol con-
lcction plate. centratio n, could range 

from a few days to one month. 

Shorted Could happen at any time , if 
ionizer. a fragment caused an ionizer 

wire to break - unexpected . 

Shorted C;)used l>y prccipitat:cci 
pla t e. ma teri al bridging or by 

" plate being 1><,nt du r ing 
manua l c l eaning . 

High voltage Unexpected component failure., 
power supply 
not operating 
due to com-
pone nt f ail-
ure , 

W,1 S this f,) i.ltlr'(' 

cnc;ou n tr red 
doriny lh<~ 
evaluat ion? 

Yes 

Yes 

No 

Yc,s 

No 
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Figure 15. Electrostatic Precipitator operation preceding and during a 
breakthrough failure (high inlet concentration, 23 mg/m3). 
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Failure Detection--Prior to and during this failure, plate and ionizer 
voltage and current measurements were made to determine if these 
measurements could be used to provide a warning of this failure. To make 
these measurements, the ionizer had to be isolated from the ESP housing 
with plastic insulating material. A schematic diagram of the measurement 
arrangement is shown in Fi9ure 16. The results of these measurements 
(Table 10) indicate that increases in penet ration are reflected by decreases 
in p l ate voltage and ionizer voltage and current. These measurements 
would be helpful in diagnosing a failure but, because slight changes in 
voltage and current can cause l arge variations in penetration, other 
monitoring methods such as extractive aerosol monitoring are required 
to insure positive warning of a failure condition. 

Table 1 0. Electrostat ic Precipitator ionizer and collection plate 
voltage and current measurements during normal and failure operation.* 

Plate Ionizer Ionizer 

Operating Penetxation, voltage, voltage, current, 
mode % volts volts ma 

Normal 15. 0 4,400 9,400 2.00 

Normal 17. 9 4,400 9,400 1. 92 

Normal 19. 2 4,400 9,400 1.85 

Normal 19 . 4 4,500 9,400 2.03 

Normal 22.7 4,400 9,200 1.85 

Failure 33.9 3,800 8,800 1. 51 

*Operating conditions: Single pass, inlet aerosol concentration= 15 mg/m3. 

Corrective Measures--
Steam cleaning the ionizers and collection plates corrected the failure and 
restored the penetration to normal limits. This was done by manually 
removing the components from the housing and c l eaning t hem with high 
pressure steam. To determine the effect of cleaning each component, 
the single pass precipitator was operated until a failure condition was 
encountered and then just the ionizers were steam cleaned. Finally, 
both ionizers and plates were cleaned. Table J1 presents the results o f 
this investigation. 

From this data, it can be s een that steam cleaning both of the ionizers 
and collector plates provided the best reduc tion in penetration, although 
steam cleaning only the ionizers provided a lmost the same amount of reduc­
tion. It appears t hat vibratory cleaning is eff ective for cleaning the 

50 



u, 

HIGH + 10 kv DC 

120V A VOLTAGE 
:-,-...~~~...-i POWER 

SUPPLY + 4.4 kv DC 

IONIZER SECTION 

AMMETER 

Figure 16- Schematic diagram of Electrostatic Precipitator 
ionizer current measurement arrangement . 



plates but the ionizer section requires steam cleaning to remove the 
mat erial buildup. 

Table 11. Effec t of steam cleaning on total penetration 
for the Elec trostatic ~recip itator. 

Number Standard 
Average total of deviation, CV** 

Condition ,eenetration*i % tests % 

Normal operation 21.10 5 2.20 

Failure condition 48.30 3 22.30 

After failure, ionizers 24 .70 3 1.50 
steam cleaned only 

After failure, both 19.20 3 0. 72 
i onizers and plates 
steam cleaned 

* One pass operation, inlet aerosol concentration= 15 mg/m3 . 
** See Table 6. 

Maintenance 

% 

1 0 .4 

46.2 

6. 1 

3.8 

Prior to installing, the ESP 's maintenance requ i rements should be evaluated 
thoroughly . The ESP performance, being dependent upon frequent routine 
manual maintenance (steam cleaning), introduces uncertainty into t he 
reliability of t he system and added opera ting costs. An assessment of 
the potential impact of this aspect should include considerat ion o f the 
fol l owing: 

1. Aerosol concentration of the air being cleaned - higher 
aerosol concentrations will require more f requent steam cleaning. 

2. The toxicity of the contaminant - this could effect the needed 
rel i ability which would also effect the sophistication of 
the monitoring/warning system employed. The toxicity may also 
effect the cleaning and disposal method. 

3. The location o f t he ESP - additiona l manpower may be requi r ed 
to manually clean the c omponents i f t he ESP is not easily 
accessible . 

New Potential Haza rds 

, 

The ESP does not i ntroduce a ny new potential hazards that would prevent it 
from being employed i n a recirculating ventilation system. The ozone 
generati on rate wa s dete rmined for both single and double pass operation. 
The res ults are presented in Table 12. From this data, i t does not appear 
that o zone generation would present a significant hazard. Other potential 
hazards that coul d be pr esent depending on the properties of the contami nant 
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being removed include: 

1. Fire or explosion hazard from sparking. 
2. Overexposure of maintenance personnel during c l eaning and 

disposal of the precipitate. 

Table 12 . Electrostatic Precipitator ozone generation data. 

Operating 
mode 

Two pass 
No welding 

One pass 
No welding 

Two pass 
Three welders 
(E 7018 1/4" 
chemtron rod) 

* - Not detected. 

Average 
inlet 

concentratior.., 
ppm 

ND* 

ND 

0.00 1 

Average 
outlet Average emission 

concentration, mg/min 
.ppm Pr ocess 

0.006 0 

0.003 0 

0.007 0. 111 

53 

rate, 

ESP 

0.666 

0 .333 

0.666 



ELECTROSTATICALLY AUGMENTED FABRIC FILTER (EAFF) 

PRINCIPLE OF OPERATION 

The EAFF combines both electrostatic and conventional (bag type) fabric 
filtration into a single air cleaner. Electrostatic preconditioning of 
the incoming particulate laden gas stream is accompl ished by directing 
the air flow through a tubular-type high voltage electrostatic precipitator. 

Charging particles prior to filtering them has two effects: 

1. Some particles are collected on the tubular walls of the precipitator. 
2. The remaining particles are deposi ted on the fabric in a more 

loosely packed structure than would occur without t he electrosta tic 
preconditioning. 

These effects a l low high fi l ter velocities to be used because the aerosol 
concentration seen by the fabric portion of the air cleaner is lower 
and the fil t er cake is more permeable. This reduces the physical size of 
the air cleaner and lowers the differential pressure across the fabric. 

DESCRIPTION OF TEST DEVICE 

The unit tested consisted of four tubular type electrostatic precipitator 
sections preceding e i ght felt-type filter bags. Manufacturer's specifica­
tions are presented in Table 13. A photograph of the unit installed for 
testing appears in Figure 17 . 

High voltage electrical power was supplied by an external power s upply 
shown in Figure 18. Buil t-in meters provided a direct readi ng of ionizer 
voltage and current draw. 

CLEANING CYCLE 

A schematic diagram depicting the flow of air through a single filtering 
unit during normal operation and during the cleaning cycle is presented in 
Figure 19. During normal operation, air enters the precipitator tube 
from the bottom (Diagram A, Figure 19). As the air passes up through the 
precipitator tube, particles are charged by the ionizer wire located in 
the center of the tube. A porti on of these particl es are deposited on 
the precipitator walls. After it leaves the precipitator section of the 
tube, the air continues upward through the fabric bags where filtration 
occurs. Clean air exits the unit t hrough an exhaust located at the top 
of the metal enclosure. 
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Table 13. Manufacturer specifications for the 
Electrostatically Augmented Fabric Filter. 

Number of tube/ionizer wires: 

Number of filter bags: 

Filter bag specifications: 
Type: 
Size: 

Area: 
Material: 

Construction: 
Baghouse: 
Precipi tator section 

Walls: 
Tubes: 
Channel sections : 
Corona wires: 
Insulators : 

Hopper: 

Weight: 

Power supply: 

4 

8 

Felt 
20.32 cm dia. (8 in.) 
2.44 rn long (8 ft) 
8.18 m2 (88 ft2 ) 

Polyester 

12 ga 

12 ga 
1 O ga 
12 ga 
0. 11 4 cm ( 0. 045 in.) 
Ceramic 
12 ga 

682 kg (1500 lb) 

Variable 20 - 35 kv, 50 ma 

Collected particles are removed from the precipitator tubes and filter 
bags at pre-determined and set intervals. Upward (forward) flow is 
stopped and a short (fraction of a second) downward blast of air is 
introduced at the top of the precipitator section (Diagram B). The force 
of this blast cleans the unit in two ways: 

1. Particles clinging to the wall in the precipi tator tubes are 
removed by the pressurized air. Material clinging to the 
corona wire i s also blown off. 

2. The downward, primary blast of air induces a secondary air 
current through the filter bags. This reversal of air flow 
through the filter media causes the fabric to collapse in an 
inward direction , thus dis l odging the filtered particles . 

Particles dislodged by both of the above mechanisms fal l freely into a 
collection hopper be l ow (Diagram C). After the cleaning cycle the air 
cleaning process resumes (Diagram D). 

TEST CONDITIONS AND EXPERIMENTAL VARIABLES 

During the evaluation of the EAFF, two fi l ter velocities were tested to 
determine the effect of velocity on penetration . Low velocity tests were 
conducted at 2.0 m/min (6.5 ft/min) and high velocity tests were 
conducted at 3.1 m/min (10 ft/min). These velocities represent the 
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Figure 17. Photograph of the Electrostatically 
Augmented Fabric Filter installed for testing. 

Figure 18. Photograph of h igh voltage power supply. 
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normal and maximum values recommended by the manufacturer for welding 
fume filtration . In addition, the air cleaner was operated with and 
without high voltage (31 - 32 KVDC, 4.5 ma) applied to the precipitator 
section to determine its effect on filtration. Excessive pressure drop 
across the filter prevented testing at the h i gh f ilter velocity without 
electrostatic augmentation. Testing of the above variables, therefore, 
resulted in three d ifferent operating modes: 

1. High filter velocity with electrostatic augmentation. 
2. Low filter velocity with electrostatic augmentation. 
3. Low filter velocity without electrostatic augmentation . 

Penetration tests were not initiated until the unit reached equilibrium 
differential pressure 1 which required 50 days of operation . In similar 
fashion, when operating modes were changed, tests were delayed until the 
system returned to equilibrium. Inlet air s tream particulate concentrations 
ranged from 10 - 20 mg/m3 throughout the testing period. The timer was 
set to clean the air cleaner every eight hours; penetration tests wer e 
conducted within these eight hours. 

CONTAMINANT PENETRATION 

Six tests were performed under each of the three operating moaes to 
determine the average penetration as well as differential pressure drop 
across the air cleaner. The results of these tests, tabul ated in terms 
of averages fo r each operating mode, are presented in Table 14. Total 
penetration ranged f rom 0.302 - 0.956 percent and averaged 0.444 per cent 
with electrostatic augmentation and 0.956 percent without*. A summary or 
the statistical test results is presented in Table 15. 

Effect of Electrostatic Augmentation--
As can be seen from Table 14, the use of electrostatic augmentation was 
effective in reducing both the total penetration and the differential 
pressure across the filter. A sununary of the statistical test results 
is presented in Table 15. 

Effect of Filtering Velocity--
Lower filtration velocity resulted in a slight but statistically 
significant reduction in total penetration from 0 . 585 to 0.302 percent 
with electrostatic augmentation. As expected, the lower velocity 
had an associated lower differential pressure across the air cleaner. 

*Tests made without electrostatic augmentation were characterized by 
a high standard deviation (0.742 percent). 

58 



- -·· 

Table 14. Electrostatically Augmented Fabric Filter total 
penetration test results. 

Operating Average lwera9e Average 

Filter 
lvclocitv 

LOW 

High 

Low 

* 
** 

mode No. of inlet outlet di ffe rential 
Electrostatic . tests concentration, concentration , pressure, 
augmentation oerforroed mq/m3 mo/m3 cm WQ 

Yes 6 12 . 324 0.037 10 . 0 

-
Yes 6 10.953 0 . 064 14. 1 

NO 6 12.573 o. 11 3 16 . 5 

Based on calculations made for individual tests. 
Coefficient of variation, see Table 6. 

Avc X:<'HJe 
pcnctr,"'lion•, 

t 

0 3112 

C. 585 

0.95E 

CV'* I Se,:!. de v. 
penetrat ion , , , 

'I no . 

I 
o. 183 60 . S I 

' 
0 .207 35 . ' ' 

. 
0 . 742 77 . E 

I 

Table 15. Electrostatically Augmented Fabric Filter statistical 
test results. 

F test t t est I 
cri tic ,11 Conclusion c ritical Concl usion 

variable effect F tes t value ••, concerning C test on value ** , conc e r n1.no 
tested on variances (l = 0 .10 var i ances me an oe ne tra t ions " = 0 . IQ tota l per,etration 

1. 29 Variances 2.51 t 
10 = l .81 filter Filter velocity Fs, s = 5 . 05 are LOwc r 

(with e lectro- equal. velocity r e sults 
static.. augmenta- l:n l ower pcne tra-
tion) . tion with elec-

trost.~tic aug-
rncni:--<ltion . 

·Electrostatic auq- ·~:'·' = 5.05 Variance s are 2 . 09 t., = 1 . 94 El~ctros :tatic aug-
lmentation ( low · not equal. mentatio:'I r~s\1lts c=",, i:1 lm,.,er pcnetra-

tion under simila r 
filter velocities. 

**Upper tail values used (a/2). 
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Fractional Penetration 

Fractional penetration, calculated for each of the operational modes tested, 
is plotted in Figure 20. It was found that electrostatic augmentation of 
the fabric fil t er moderated variations in penetration throughout the particle 
size ranges tested. In addition, it was also determined that changes in 
filter velocity had minimal effect upon fractional penetration. Through-
out the aerodynamic particle size range of 0 . 22 to 7.2 micrometers the 
penetration was 1.5 percent or less for all tests conducted. 

Generally, in all three operating modes, the penetration i ncreased with 
decreasing aerodynamic particle diameter. However, electrostatic augmen­
tation decreased the penetration of·particles less t han 2 micrometers in 
diameter and increased the penetration above 2 micrometers. This was 
probably due to agglomeration of the fume particles in the e l ectrostatic 
portion of the air cleaner resulting in the fabric filter section being 
exposed to a higher number of particles greater than and a lower number 
of particles less than 2 micrometers in diameter than were contained in 
the inlet air stream. A similar effect was also observed on the 
electrostatic precipitator (see Figure 14). 

Calculations of mass median diameter are presented in Table 16 for the 
air cleaner inlet particle size distribution and the air cleaner outlet 
particle size distribution for the various operating modes. As expected, 
the mass median d iameter was always smaller at the outlet than at the 
inlet of the air cleaner, indicating that the air cleaner removes larger 
particles more efficiently than smaller ones. 

Sample 
location 

Inlet 

Outlet 

Outlet 

Outlet 

Table 16. Electrostatically Augmented Fabric Filter 
aerodynamic particl e size distribution results. 

Opera t ing mode Mass median 
Electrostatic diameter CDp50) ' Geometric standard 

Velocity augmentation micrometers deviati on,(Do84/Dnso) 

0.35 4.29 

Low Yes 0.20 3.75 

High Yes 0. 15 4 .00 

Low No 0.22 2.82 
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A With electrostatic augmentation, filter velocity= 2.0 m/min 
(6.5 ft/min) 

V - With electrostatic augmentation, filter velocity= 3.1 m/min 
(10 ft/mi n) 

a - Without electrostatic augmentation, filter velocity= 2.0 m/min 
(6.5 ft/min) 
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Figure 20. Electrostatically Augmented Fabri c Filter 
f ractional penetration. 
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Equilibrium 

Starting with new polyester bags, penetrat i on approached equilibrium values 
very shortly after startup, even though it took 50 days for the differential 
pressure to reach steady state . After operating for only a day the penetra­
tion was measured at 0 . 880 percent, a value which approached within one-half 
percent of the average penetration (0.302) after the differential pressure 
reached steady state. 

The measured progression of differential pressure increase after startup 
with new filter media is shown in Figure 21 for the first 90 days of 
operation at the lower veloc i ty and with electrostatic augmentation. It 
can be seen that the rate of differenti al pressure rise was greatest 
during the first 50 days during which it rose to 4.6 cm wg (1.8 in. wg). 
It then slowed to a very low rate of rise after 50 days, rising only 
a nother 0.5 cm wg (0.2 in. wg) in the next 40 days. Precoating of bags, 
which can result in lower equil ibrium differential pressure and extended 
filter bag life, could have been used to quicken the rise in differential 
pressure. 

Failure Modes 

Three types of failures are possible with the EAFF air cleaner: blinding, 
breakthrough, and the creation of a new potential hazard, ozone. A 
surrunary of t he possible failures identified, the expected frequency of 
occurrence, and the effects of these failures on the recircul ation system 
is presented in Table 17. 

Of most concern was the increased ozone generation rate which occurred 
after the EAFF was operated for several months. Ozone generation rates 
increased from 1.56 mg/min at startup to rates ranging from 18 to 26 mg/min 
after three months operation. The results of these measurements are 
presented in Table 18, and ozone concentration as a function of voltage 
is shown in Figure 22 . 

Also associated with the increased ozone production was an i ncrease in 
ionizer current from 4.5 ma to approximate l y 5 ma. Visual inspection of 
the ionizer wires revealed a large buildup of weldi ng f ume particulate on 
the surface, producing a rough surface. It is well documented in the 
literature that ozone production by an ioni zer increases as the surface 
becomes more irr egular (7). Therefore, the increased ozone production 
rate was attributed to the fume foul ing of the ionizer wires, and was 
confirmed by reduced ozone production rates a f ter a partial cleaning of 
the wires. However, exami nation of a fouled wire after cleaning revealed 
large pits on the surface whi ch would probably result in continued elevated 
ozone production rates. Therefore, periodic replacement of the ionizer 
wires may also be necessary to reduce t he ozone production rate to 
acceptable levels. 
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Table 17 . Elect rostatically Augmented Fabric Filter failure analysis . 

Effect uP<>n recirculation system 
Workplace E><haust Hood 

f'ailure Collector Velocity aerosol aerosol collection 
mode ., p pressure concentration concentration efficiency 

Blinding t t t t .. - -

Breakthrough t t !. !. t 

Excessive NE NE NE NE NE 

ozone 
ger'1eration 

ti - Arrows indi cate direction of relative deviation from s teady state. 
- De notes fai l ure effect(s) of pri mary concern. 

NE - No effect . 

Workplace 
ozone 

concentration 

NE 

NE 

t -

Possible causes E~oected frequency ,. Penetration Gr adual process ex-
of small parti- pected to occur over a 
cles into cloth. lon<; period of time when 

small particles are 
t iltered. 

2 . Electrostatic Une><pected component 
malfunction. fail\lte that would 

probabl y occur instan-
taneously. 

3. Cleani ng Unexpected component 
mechanism rnal- o r compressed air 
function. fa i l\1re ~ 

1. Bag tear or Primarily dependent 
wearing hole upon the abras iveness 
into bag. of the collecled 

aerosol . 

2. Thimble seal Most like l y to occur at 
failure. startup, but could occur 

at any time due to an 
unexpected component 
failure. 

3. Gasket leak M0St likely to occur at 
between clean startup but could occur 
and dirty air at any time due to an 
compar tments. unexpected component 

failure . 

Fume f ouling of could occur as often a s 
wire electrode every several weeks of 
surfaces . operation . 

was the 
failure 

enc o untered 
during the 
evaluat.ion? 

No 

No 

NO 

No 

No 

NO 

Yes 



Table 18. Electrostatically Augmented Fabric Filter ozone emission rates. 

Temperature= 70°F 
Pressure= 760 mm Hg 

Operating ozone 
condition 

Clean ionizers 
(at startup) 

Dirty ionizers 
(after 3 months 
operation) 

Inlet 
concentration, 

oom 

<0.001 

<0.002 

Ozone concentration Air flow Ozone 
inunediatel y downstream rate, emission 

of EAFF . ppm m3/min rate mg/min 

0.050 15.58 1. 56 

0.60-0.85 15. 58 18.68- 26.49 
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If the increased ozone generation rate was determined to create a hazard 
in the workplace, a more viable solution such as installation of an 
activated charcoal afterfilter or the addition of makeup air could be 
investigated. 

Another factor effecting o zone concentration in the EAFF exhaust air 
was the presence of we l d ing fume in the inlet air. As shown in Figure 23, 
welding fume reduced the ozone concentrations, probably by destroying the 
ozone generated by the electrostatic section on the EAFF. 

Failure Detection--
Blinding failures produce a large increase i n the collector differential 
pressure (AP) and could easily be detected with a differential pressure 
monitor. Breakthrough, on the other hand, may result i n only a smal l 
decrease in differential pressure and would most easily be detected by 
increases in exhaust air aerosol concentration with an aerosol monitor. 
Excessive ozone generation was reflected by a small increase in the average 
ionizer current, but positive identification would probably require i n-duct 
or workplace ozone measurements. 

Maintenance 

If the ozone generation rate caused a hazard in the workplace, some 
maintenance tasks may be required as part of the engineering solution, 
such as replacement of activated charcoal afterfilter elements and/or 
ionizer wire c l eaning and replacement. The frequency and relative 
difficul ty of these tasks woul d have to be evaluated for each specific 
system. 

Other routine maintenance tasks would include filter bag replacement and 
emptying the collection hopper. Each of the tasks would require maintenance 
personnel to come into direct contact with the collected particulate air 
contaminant. Care would have to be taken to insure that overexposure did 
not result from execution of these tasks. 

New Potential Hazards 

Whether or not ozone, produced by t he EAFF, will present a workplace hazard 
is dependent upon the ozone concentrati on found i n the workplace during 
recircul ation. Ozone is a reac t ive gas and therefore undergoes decay 
after being produced. Depending upon parameters specific to each 
rec i rculat ing exhaust system , such as length of the return air plenum, 
general ventilation, and the proximity of the worker to the return air 
distribution plenum , the natural decay rate may or may not be suffici ent 
to eliminate any hazard . Other potential hazards which could also be 
introduced by the EAFF include: 

1. If combustible contaminants are collected, sparking within 
the electrostatic section could present a fi re or explosion 
hazard. 

2 . Depending on the contaminant removal and disposal methods empl oyed, 
overexposure of maintenance personnel could occur. 
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ASPIRATED CARTRIDGE FILTER (ACF) 

PRINCIPLE OF OPERATION 

The ACF is a fabric filtration device employing pleated filter cartridges 
for increasing the amount of filtration capacity in a small volume. This 
feature allows an air cleaner of a relatively small size to be operated 
at a low filter velocity. Lower filter velocity operation improves air 
cleaner performance by 1) lowering penetration and, 2 ) reducing differential 
pressure resulting in lower operating energy requirements. 

The cartridge design also makes filter replacement faster and easier 
because maintenance personnel are not required to enter the air c l eaner 
hous ing. It also reduces the likelihood of improper i nstallation of the 
filters which could result in leaks. 

TEST DEVICE DESCRIPTION 

The unit tested consisted of six filter e lements, each containing 18.6 m2 

(200 ft2 ) of fabric area, providing a total filtering area of 111.6 m2 

(1200 ft2). A photograph of the test unit installed at t he testing 
station appears in Figure 24. 

A close-up photograph of a filter element (Figure 25) shows the pleated 
structure of the filter material. A schematic diagram showing the various 
components of the ACF during normal operation and c l eaning appears in 
Figure 26. 

During normal operation, particulate laden air enters the inlet plenum 
and is distributed to the various filter elements. This air then passes 
through the filter elements from the outside to the inside, and the aerosol 
material is removed and deposited on the external surfaces of the filter 
element. After passing through the f ilter e l ement, the clean air moves up 
the eductor tube into t he clean air plenum above and is exhausted. 

The filter e l ements are cleaned without taking them off line, e liminating 
the need for an extra module to replace the one off line being cleaned. 
Cleaning is performed by sequentially backflushing each element with air 
from the clean air plenum induced by short bursts of compressed air 
directed into the eductor tube (see Figure 26). This sequence is controlled 
by an air pressure monitor that is adjusted to initiate cleaning whenever 
the differential pressure reaches some preset level. When the c leaning 
cycle is energized the bags are pulsed, one by one, over an approximate 
period of 45 seconds. Material removed from the filter elements drops into 
a hopper located below. 
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Figure 24. Photograph of the Aspirat ed Cartridge Filter 
installed for testing with the access door 

open showing filter cartridges. 
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Fi gure 25. Close-up photograph of Aspirated Cartr i dge F i lter 
element showing pleated str uctur e . 

0 

l t 

Figure 26. Schematic diagram of Aspirated Cartridge Filter 
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TEST CONDITI ONS AND EXPERIMENTAL VARIABLES 

Prior to starting the routine penetration tests, the ACF was operated until 
differential pressure equi l ibrium was reached. Equil ibrium conditions were 
rechecked by monitor i ng differential pressure after any operating variable 
was changed. The manuf acturer's recommendations were followed for setting 
the cleaning activation pressure. Filter elements with and without a 
precoat were tested. Filter elements, precoated with Arizona road dust, 
were supplied by the manufacturer. However , because this mat erial could 
contain crystalline free silica, other, less toxi c materials may be more 
suitable for this application. 

To determine the effect of filter velocity, precoating, and the use o f 
an afterfilter on the ACF performance, penetration tests were conducted 
under the following operating modes: 

1. Low filter vel oc ity [0.25 m/min (0.83 ft/min) ] wit h no precoat 
on t he f ilter elements. 

2. High filter velocity [0.38 m/min (1 .25 ft/min)] with no precoat 
on the filter elements. 

3. Low filter velocity [0.25 m/min (0.83 f t/min)] with precoated 
filter elements. 

4. High filter velocity [0.38 m/min (1.25 ft/min)] with precoated 
filter el ements. 

5. High filter velocity [ 0.38 m/min (1.25 f t/min)] with precoated 
f ilter elements and an afterfilter. 

Other system specifications are presented in Table 19. 

Table 19. Aspirated Cartridge Filter specifications . 

Numbe r of car tridges: 6 

Total fabric area: 111 .6 m2 (1200 ft2 ) 

Weight: 3175 kg (1,440 lb) 

Electrical: 110 v, 60 Hz, 1 amp (for air pressure 
monitor/controller circuit) 

Approximate dimens ions of unit tested: 
Height: 
Width: 
Length: 
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CONTAMINANT PENETRATION 

Total Penetration 

Six tests were conducted under each of four operating modes to determine 
the average penetration and differential pressure for each. A total of 
three tests were conducted with the afterfilter placed in the air cleaner 
discharge. The resul ts of these tests, tabulated in terms of averages 
for each operating mode, are presented in Table 20. 

The average penetration var ied bet ween 0.193 percent (low filter vel ocity, 
precoated filters) and 0.545 percent (low f i l ter velocity, no precoat on 
filters). The best performance, both in terms of penetration and 
differential pressure, was obtained with a low filter velocity with 
precoated filter elements. 

Statisti cal tests performed on each data set to determine if the differences 
were significant are presented in Table 21. 

Effect of Filter Velocity--
When fil ter elements without precoat were used, changing the filter velocity 
from 0.25 m/min (0.82 ft/min) to 0.38 m/min (1 .25 ft/min) did not 
significantly change the average penetration, although the average 
differential pressure doubled. With precoated filter elements, the lower 
filter velocity resulted i n signi ficantly lower penetrations than at the 
high velocity. The differential pressure increase when going from low 
to high velocity was 30 percent for the precoated filters. Although 
significant statistically, the reduction in penetrations was only two-tenths 
of one percent, which represents a small reduction. 

Effect of Filter Element Precoating--
Precoating the filter e l ement wi th Ari zona road dust was effective in reducing 
the differential pressure under both low and high filter velocity conditions. 
Precoating also reduced the penetration with a low filter velocity but had 
no significant effect on the high filter velocity penetration. 

The initi al penetrations of new, precoated filters and fi l ters without 
precoat were measured several times before equilibrium differential pressure 
was reached. For precoated filters, the initial penetration was approximately 
0.40 percent, close to the equilibrium penetration of 0.20 percent for the 
low filter vel ocity. However, f or filter elements without precoat , the 
initial penetration was almost 5 percent and it took approximately 16 days 
of operation before equilibrium penetration was reached at 0.50 (Figure 27). 

Effect of Adding a Fiberglass Afterfi l ter to the ACF Air Cleaner Discharge-­
The combined penetration of the ACF and SMF was not significantly lower 
than for the ACF al one, but the combined differential pressure was twice 
that of the ACF alone. This indicates that the fiberglass afterfilter is 
characterized by high penetrati on in the size range of the particles that 
penetrate the ACF (for further discussion, see section on safety monitoring 
filter). 
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Ta b le 20 . Aspir a t ed Cartridge F ilter total p enetrati o n t est resul ts . 

Average Average Average 
No . of. inlet outlet differential Average Pc ne tr a tion 

Operating t ests concent r<Jt i on , concentration, pressure , penetration, standard deviation , cv" , 

mode oer foroed mll/m r.,a /r.,3 cm wg \ \ \ 

I.ow filter velocity 
(0 . 25m/ mi n 1 0 . 82 ft/mi n) 
filter elements 
without precoat 6 13 . :i62 0 . 074 3 . 1 0 . 545 0 . 24 1 44 . 4 

lligh fi l t er velocity 
(0 . )Brn/mi n; 1. 25 ft/1~i 1)} 
filter elements 
without precoat 6 11 . 763 0 . 050 6 . 2 0.•132 0 . 11) 25 .6 

·- - ----
I.ow f i lter velo city 
(0 . 25m/rni n; 1. 25 ft/min) 
precoated 6 26. 524 o.048 1.8 0 .193 0 . 112 57.9 

High f ilter velocity 
(O . J8rn/min; 1. 25 ft/min) 
precoat ed 6 14 . ~JJ 0 . 059 2 . 5 O. J':'9 0 . 1)1 33 . 3 

High ~ilter velocity 
(0 . 3Gr,/min; 1. 25 ft/nin) 
precoated with safety 
monitoring f ilter . 3 17. 717 0 . 046 4.3 o.:~o 0 . 21 4 87.5 

*Coe f fi c i e n t of v a r i a t ion , see Tab le 6. 



Table 21. Asp irated Cartridge Filte r s t atis tical test r esults. 

F test Conc l usion t t est Conclus ion 
var iabl e effect F t est critical value* , concerning t test on criti6:al va lue•, concer ning 

tested on variance a = 0 . 10 va riances mean oenetrations a= o.~o mean penetra tions 

Ullcoated f.ilte r 4 . 62 Ps.s • 5.05 vari ances are 1. 29 tlO = 1. 8 1 No di ffe r ence be-
elements. lli gh vs . equa l . 
l ow fi l ter velocity. tween mean pene -

trations. 

Precoated fil ter ele- 1. 26 ['5,5 ~ 5.05 2 . 91 1. 81 Vari ances are t lO a Prec oa ted , l o w 
ments. High vs. l ow equal . f ilter velocity 
fi l te r ve loci t y. resulted i n lower 

mean pen etrat i on . 

Low filter velocity , 4 .62 F5,5 = 5 .05 Vari ances are 3 . 21 t1 0 ~ 1.8 1 Precoat.ing re -
precoated vs, unprecoated equal . duced penetr ati on 
filter el ements. at l ow filter 

ve locities. 

High fi l ter velocity o . 76 FS,5 = 5.05 variances a re 0. 47 tl O = 1.81 No significant 
if>recoated vs unpre- equal. d i fference between 
coa<·.ed filter el ements . mea n pene trations. 

Hi gh filter velocity 2. 82 F 2, 5 = 5 . 79 Variances are o . 16 t3 5 2 . 35 /\ft erfilter did 
with precoated filter equal . not s i gnificantly 
eler.ients; with and with- reduce the mean 
out afterfil t er . penetration. 

""Uppe r tail va lues used (a/2). 
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Figure 27. Aspirated Cartridge Filter penetrati on vs. operating time . 

Total Penetration During Cleaning--
Since the ACF cleans while on line, it was of interest to determine i f 
cleaning affected the penetration and exhaust air aerosol concentrations. 
This was assessed by measuring the aerosol concentration in the exhaust 
air on a continuous basis with a precalibrated continuous a i r monitor 
(RAM-1) before, during and a f ter a cleaning cycl e with and without the 
afterfilter. Plot s of typical measurements appear in Figure 28. As can 
be seen , the aerosol concentration increased from an average of 0.07 to a 
maximum of 0.50 mg/m3 during cleaning without the after filter and to a 
maximum of 0.38 mg/m3 with the afterfilter. The average penetrati on 
during the 45 second cleaning period was greatly reduced with the aft erfil t er. 
I f c l eaning would occur often , say every 15 minutes or l ess (as may occur 
with a high inlet concentration), these penetrati on increases could 
significantly increase the overall , average penetrati on. However , in this 
study c leani ng only occurred every 60 to 120 mi nutes and produced littl e 
effect on the ave r age penetration. I f frequent cleaning c aused a penetration 
problem, an afterfilter may be required or the syste~ may have to be changed 
t o permit shutdown of t he air cleaner (or a section of the unit i n a full-scale 
modular system) during cleaning. 
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F·igure 28. Aspirated Cartridge Filter - typical exhaust 
air aerosol concentration during cleaning cycle, 

with and without afterfilter. 

Fractional Penetration 

Results from fractional penetration tests indicate that the filtering 
velocities t2sted affected the fractional penetration only minimally, 
and that precoating the filter elements generally reduced penetration 
at all particle diameters, especially above one micrometer. 

A summary of the aerodynamic particle sizing tests for both the inlet and 
outlet air streams for each of the operating modes is presented in Table 22. 
Based on these measurements, fractional penetrations were calculated and are 
plotted in Figure 29. Measurements were not conducted with the high filter 
velocity and precoated filters because of a technical problem that developed 
with the high volume air sampling train. 

The penetration did not increase above 0.70 percent throughou t the particle 
size range tested (0.22 to 7.2 micrometers). For filters not precoated 
particle size had less of an effect on penetration than the filters that 
were precoated. 
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Table 22. Aspirated Cartridge Filter aerodynamic particle 
size distribution data. 

Sample 
locat ion 

Inlet 

Outlet 

Outlet 

Outlet 

t:quilibrium 

Operating 
mode 

Low f ilter velocity, 
filters :rc,t precoated 

High filter velocity, 
fil ters not precoated 

Low filter velocity, 
precoated filters 

Mass mean 
diameter (Dr,50) 

(micrometers) 

0. 35 

0.23 

0. 15 

0 . 12 

Geometr ic standard 
deviation(DP84/Dp 50) 

4.29 

4 . 67 

4.67 

3.67 

Equilibrium penetration and differential pressure were found to be reached 
immediately if the filter elements were precoated. Filters not precoated 
required approximately 43 days of continuous operation to reach equilibrium 
differential pressure (Figure 30). 

Failure Modes 

No failure modes were experienced or identified that were considered to be 
of concern when using the ACF in a recirculating ventilation system. The 
two types of failures characteristic o f fabric type air cleaners would be 
blinding and breakthrough. An analysis of possible failure modes and causes 
affecting the ACF are presented in Table 23. If a fine material is being 
filtered, such as welding fume, blinding will eventually occur and could be 
best delayed by precoating the filter elements. If an abrasive material is 
being filtered, a breakthrough failure caused by a filter leak would be 
more likely to occur. 

Maintenance 

The cartridge filter requires very little maintenance to insure proper 
operation. Cleaning of the filters i s performed automatically. The only 
manual maintenance task would involve changing of the filters when they 
reach the end of t heir service life, replacement of any other items that 
may have a limited service l ife , and emptying the collection hopper. 

New Potential Hazards 

No new potential hazards associated with the operation of the ACF were 
identified. Any ozone produced by the welding process was found to be 
partially destroyed by the ACF. An ozone destruction rate was calculated 
and is presented, along with pertinent operating parameters, in Table 24. 
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Table 23. Aspirated Cartridge Filter failure analysis. 

Effect upon recirculation svstem 
Work place Exhaust 

Failure Collector Veloc ity aerosol aerosol 
mode ,,p pre s sure concentrat ion concentration 

Blinding t + ..!.. + 

Br eakthrough + t -1... ±. 

t + - Arrows indicate direction of relative deviation from steady state . 
- Denotes failure effect(s) of pr imary concern. 

Hood 
collection 
efficiencv 

+ -

t 

Possible Expect ed 
causes freauence 

1. Small part i- Gradual process ex-
cles become em- pected to occur over 
bedded i n fil t er a long period of 
media. time . 

2. Compr essed Unexpected component 
air cleaning failure which could 
mechanism fail - occur instantaneously. 
ure. 

1. Leak in fil- Pr obably will occur 
ter cartridge only if abrasive 

particles arc filtered 

2. Faulty car- Most likely to occur 
tr idge seal at startup, but could 

occur at any time due 
to an unexpected c om-
ponent: fa ilure or 
improper installation . 

Was the 
failul'e 

encountered 
during the 
evaluation? 

No 

NO 

No 

No 



The potential of overexposure of maintenance personnel while replacing 
filter elements is greatly reduced because this task can be performed 
without entering the air cleaner housing. 

Table 24. Aspirated Cartridge Filter ozone emission data. 

I nlet ozone Outlet ozone Ozone 
Air flow concentration, concentration, destruction 

rate, .m-3/min ppm ~ rate mg/min 

42. 50 0.020 0.010 0.85 
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EVALUATION OF RETURN AIR MONITORING DEVICES 

INTRODUCTION 

Ei ght air monitoring devices were evaluated to determine their suitability 
for monitoring air cleaner performance and detecting breakthrough failures 
in recirculating ventilation systems . Seven of the devices tested were 
extractive type air sampling devices including five particulate and three 
ozone monitors. The eighth device, termed a safety monitoring filter, was 
an air pressure monitoring method employing an afterfilter. Most of these 
devices, particularly the extractive air samplers, are not limited to use 
in monitoring air c l eaner performance; they can also be used to monitor 
general area levels of contaminants in the workplace. The evaluations 
performed in this study were limited to monitoring air cleaner performance 
in the outlet duct from various air cleaners. This type of evaluation has 
fewer variables to consider than an evaluation involving monitoring of 
workplace levels. 

Only very low concentrations of gaseous contaminants were present in the 
exhaust gas stream at the welding training center, so the major thrust of 
the evaluation was directed at particulate monitors, with one exception. 
Ozone was generated by the electrostatic air cleaners, thus ozone monitors 
were used in evaluating those devices. Table 25 lists the air monitors 
evaluated, giving each a reference name which will be used to refer to the 
device throughout this report. The contaminant monitored, detection method, 
and output units are also l isted . 

In this section, evaluation criteria are presented for each of the two 
general types of monitors evaluated. In the following sections, the 
evaluations of each monitor are presented individually. Included with the 
t echnical discussion is a short discussion of costs, including available 
options. 

Before presenting the evaluation criteria and the findings of the study, a 
short section is presented to provide an understanding of important monitoring 
system components and functions. 

MONITORING SYSTEM COMPONENTS 

Any complete monitoring system can be separated into four basic components: 
signal transfer, detector/transducer, signal conditioner, and information 
processor. A schematic diagram of the system formed from these components 
is shown in Figure 31. The following is a discussion of each of these 
basic components. 
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Table 25. Air monitoring devices evaluated. 

Monitor 
Reference 

name 

Extractive type air sampling devices: 

Thermo Systems, Inc., Model 
5500, airborne particulate 
mass monitor 

GCA Corporation, .Model APM 
aerosol mass monitor 

Research Appliance Company, 
Model G1SE, AISI tape 
sampler 

GCA Corporation, Model RAM-1 
real-time aerosol monitor 

Mast Development Company, 
Model 727-2 ultraviolet 
ozone monitor 

Mast Development Company, 
Model 724-5 oxidant monitor 

Analytical Instrument Develop­
ment, Inc., series 560 ozone 
monitor 

Ai r pressure type devices : 

Farr Company Inc., Riga-flo 
200 safety monitoring filter 

Pi ezobalance 

APM 

Tape sampler 

RAM 

UV 

OM 

AI D 

SMF 

Contaminant 

Total or respira­
ble aerosol 

Total aerosol 

Total aerosol 

*Respirable 
aerosol 

Ozone 

Ozone 

Ozone 

Total aerosol 

Detec tion 
method 

Piezoelectric 
balance 

Output units 

Mass concentration, 
JJg/m3 

Beta-attenuation Mass concentration, 
wi th filtration µg/m 3 

Light attenua tion Percent light 
transmission 

Near forward 
light scattering 
in the near 
infrared region 

Ultraviolet 
absorption 

Coulometric 

Chemilumine­
scent reaction 
with ethylene 

Differential 
pressure across 
filter element 

Mass 
concentration, 
mg/m 3 

Ozone concentration, 
ppm 

Oxi dant concentrati on, 
ppm 

Ozone concentrati on, 
ppm 

Differential 
pressure, which 
must be related to 
a rate of buildup 
of particulate, 
(cm wg). 

*The RAM measures respirable sized aerosol with the cyclone attachment or particles up to 20 micrometers 
in diameter without the cyclone. 
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Signal Transfer 

Input signals can take several forms; the most common include an extracted 
air sample, air veloc i ty, o r static pressure. The function of the signal 
transfer stage i s to trans f er an input s i gnal to a detector wi thout 
distorting or a l tering i t. It is needed where the second stage, detector/ 
transducer, is i sol ated f rom the input signal because o f space limitations, 
for ease of operation and maintenance, or to remove t he detector/transducer 
from an unsuitable envir onment . Input signals are usually transferred with 
a probe and a length of tubing. 

care must be t aken in the des ign and operation of air sampling systems 
to insure that the sample extracted is truly representative of the air 
stream being monitored . The contaminant being transported must not be 
reduced in quantity because of deposition or changed by reaction with the 
probe wall mat erial . Clogging is a potential problem with air flow and 
pressure sensors, as wel l as air sampling devices . 

Detector/Transducer 

This stage detects or senses t he input signal and transforms it into an 
analogous signal for further processing. The detector must be selecti vely 
sensitive to the desired input and, ideally, insensitive to all other 
parameters. In reality, most detectors are affected to some extent by 
changes in t he composition and properties of the sampled air and by the 
external environment in whi ch the detec t o r is operating . 

Signal Conditioning 

This s tage accepts the transduced s ignal and modifies i t so that it is 
compatible with the information process ing s tage. This may include 
amplifi cation, analog to digital conversion, and any other required matching 
between the second and fourth stages. In addition, one or more basic 
operations, such as selective filtering, i ntegration, or diffe rentiation, may 
a lso be performed on the s i gnal to transform it i nto more usef ul information. 

Information Processor 

The fourth or information processing stage displ ays the conditioned signal 
in a form that is comprehensible to one of t he human senses, to the controller, 
or to both . At this point , an interpretation of the signal must be made 
followed by a decision based on pre-determined criteria as to whether or 
not the system is functioning properly . Measures to be taken as a result of 
a detected malfunction include bypassing the exhaust outside the plant, 
shutti ng down the process, evacuating the building, or sounding an alarm 
warning people in the a rea. 

Calibration 

Most of the monitors which provide a direct r eading of contaminant concentra­
tion or a signal proporti onal to contaminant concentration require periodi c 
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calibration checks to insure accurate measurement . The freque ncy of such 
checks depends on t he calibration stability o f the monitor be ing used. 
These calibrations must often be performed manually, however , some monitors 
employ automatic cal i brati on. 

SYSTEMS EVALUATED 

The s chematic diagrams in Figure 32 show the s imilarities and differences 
between the two basic methods studied, i .e., extractive ai r samplers 
and safety monitoring filters. 

Similarities 

Although the reasons for using a safety monitoring fi l ter or an extractive 
type air sampler are the same , i.e., to monitor air cleaner per formance 
and to sense failures, the detection methods are quite different . I n the 
case of ext ractive air samplers, especially when used in t he return a ir 
plenum, air cleaner performance is measured by detecting t he l evels of 
contaminants in the air stream leaving the air cleaner . In the case of 
the safety monitoring fi l ter, particul ate matter penetrating the air 
cleaner is caught by an afterfilter. Materia l buildup on the afterfi lter 
is reflected as a change i n differential pressure across it . 

Major s imilarities in the two methods incl ude the fact that they both: 

1. Respond to the presence of air contami nants in the exhaus t 
stream o f the air cleaner. 

2. Are capable of sensing air cleaner failures. 
3. Can be utilized with automatic warning and control syst ems . 
4. Can be constructed of commerc i al ly available components . 
5. Require periodic maintenance to be rel iabl e. 

Differ ences 

1. The safety monitoring fi l ter is not able to quantify air 
contaminant levels. 

2 . Unlike the extractive air sampler which has minimal effect on 
the pressure conditions in the system , the safety monitoring 
filter requires a different i al pressure to make the method 
operational. 

3. The extractive air sampl i ng method applies to particles and 
gases whereas the safety monitoring fil ter is for use with 
particles only . 

4. The extractive air sampl e r does not change the outlet air 
quality whereas the safety monitoring fi lte r can improve air 
quality, depending on the efficiency of the filter utilized . 
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DIFFERENTIAL 
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Figure 32. Schematics o f the two types of monitors evaluated. 
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ASSEMBLING A COMPLETE SYSTEM 

Most of the conune r ciall y avai l able air monitor ing devices do not incorporate 
a l l four of t he previ ously discussed monitoring stages. Most frequently, 
t hese devices consist of a detector/transducer and a parti a l signal 
conditioner, although one or more of the other components may also be included . 
For commerciall y available devi ces to be incorporated into complete monitoring 
systems, custom engineered components must be added, such as sample nozzles, 
alarm systems , strip chart recorders, integrators, and automatic bypass 
dampers. 

For the evaluat ions conducted during this study, it was found necessary to 
add components to each monitori ng system to facilitate signal t ransfer and 
signal recording. Signal t ransfer components which were added included 
nozz les , sampling lines , and signal recording with stri p char t recorders. 

SIGNAL TRANSFER LOSSES 

No3Zle and sample line l osses in extractive air samplers can cause a 
significant reduction i n the particulate concentration measured by the 
monitor i n t he high concentration range that may occur in the event of a 
breakthrough-type air cleaner f ailure. To properly evaluate the accuracy 
of the various monitors tested, it was necessary to determine the extent of 
nozz l e and sampl e l ine l osses . This was done unde r four different 
conditions: with high and low particulate concentrations, and with long 
(183 cm) and short (61 cm) sample lines. The l ow concentration condition 
(20 to 100 µg/m3 ) was chosen to represent typical outlet concentrations 
from high eff i ciency a ir cleaners and the higher concentrat i on (10 to 15 
mg/m3 ) represented a breakth rough failure. 

The results of these determinations, presented in Appendix A, indicate that 
there was an undetectably small loss at low concentrations, but that at 
high concent rations the losses were signif icant, rangi ng from 15 - 20 p e rcent. 
Shorter l i nes we re found to produce lower losses . 

EVALUATION CRITERIA 

To prevent buildup of contami nants in the workplace and overexposure of 
workers, a monitor which is suitable for use on a recirculating ventilation 
system must be capable of: 

1. Reliably monitoring the steady state, normal operation (system 
equilibrium) of the air cleaner, continuously and unattended, 
for an extended peri od of time . 

2. Quickly and accurately sensing a change of system performance 
from equilibri um and able to provide a war ning if a preselected 
level is reached at which action is deemed necessary (action 
level). 

To assess a monitor's ability to meet these requirements, its performance 
was eva l uated i n terms of predetermined crit eria. The cri teria list is 
not intended to be exhaustive but rather to focus only on what are considered 
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to be the most important considerations. The order for presentation of the 
criteria is as follows: 

1. Operational performance of extractive air samplers. 
2. Operational performance of safety monitoring filters. 
3. Monitor failures and maintenance . 

The criteria and the procedures used f or evaluating the criteria are 
presented below. 

OPERATIONAL PERFORMANCE OF EXTRACTIVE AIR SAMPLERS 

Measurement Accuracy 

The measurement accuracy should be high enough to provide a 
reliable measurement of a contaminant's concentration when 
a preselected action level has been reached. 

Measurement accuracy re fers to how well an instrument's measurements 
compare ~o a standard measurement t echnique. Accuracy is important to 
assure that action levels are indicated at the proper time. If the 
instrument reads higher than the ac tual concentration, the action level 
will be reached prematurely and the alarm wi ll be, in effect, a false 
alarm. On the o ther hand, a low-reading instrument could mask a serious 
failure and give plant personnel a false sense of securi ty. 

Measurement accuracy was evaluated by comparing a monitor's output to 
measurements made by a standard measurement technique. Unlike the 
instantaneously reading monitors studied, the standard techni ques averaged 
concentrations over a known period of t i me. Thus, to compare the 
output of instantaneously reading devices to these standards, the measure­
ments from the instantaneous devices required recording and integr ation 
over the same time span. 

An acceptable accuracy cannot be universally specified because it is 
dependent on how close the action level must be to the equilibr ium condi­
tion. The action level setting is a funct ion o f a number of factors which 
strongly affect design of the recirculating ventilation system, among 
them: 

1. The toxicity of the contaminants in the air stream. 

2. The ratio of fresh to recirculated makeup air introduced 
into the workplace . 

3. The concentrations o f contaminants in the general workplace 
atmosphere prior to recirculation. 

4. The location and method of distribution of return air back 
into the workplace. 
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Therefore, because an acceptable accuracy cannot be specif ied, no j udgments 
were made relat ing to the required accuracy for recirculation monitoring. 

Standard measurements for particulate monitors were made with low and high 
volume sampling trains. Error estimates for each sampling trai n were 
calculated for different sampling times and particulate concentrations and 
are presented in Appendix B. 

Tests conducted on one of the aerosol monitors, the piezobalance, indi cated 
that this device's accuracy was ±10 percent or better in the l ow concentration 
ranges. Af ter its evaluation the piezobalance was subsequentl y empl oyed 
as a standard to evaluate measurement accuracy for several of the other 
aerosol monitors in this study because this device was f ound to be very 
accurate and had the capability of providing average concentration data 
every two minutes. 

The data obtained from the accuracy evaluations was plotted graphical l y 
and linear regression analysis by the method of least squares was used to 
determi ne the l ine of best fit. The relative scatter of data points was 
assessed in terms of the correlation coefficient , R. 

For ozone measurements, the Ai~chemi l uminescent monitor was used as 
a standard for comparison a f ter being precalibrated. 

Measurement Range 

The measurement range shoul d include both equilibrium conditions 
and the desired action level . 

The measurement range for the monitor lies between the minimum and maximum 
contaminant concentrations that can be detected by the monitor. As in the 
case of accuracy, t he action level depends on the particular application 
and no universal action levels can be specified. Thus, the values reported 
in the monitoring evaluations are those gi ven by the manufacturer of the 
instrument. 

Zero Drift 

Zero drift shoul d be minimal over extended periods of time to reduce 
~frequency of required re-adjustments and ~o insure measurement 
accuracy. 

Zero drift is the change in the zero setting after an instrument has operated 
for a period of t ime, causing error in t he measurements. This was assessed 
by periodically re-checking the zero setting for possible shifts. 

Response Time 

The response t i me should be as close to instantaneous as possible 
to provide a fast warning of a change from system equilibrium. 
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Response time is the time lag that occurs between a change in contaminant 
concentration and the time it appears on the monitor's output. The response 
times of all but one of the extractive a ir sampl ers evaluated were fast 
enough (approaching instantaneous measurements )· to detect f ail ures in 
recirculating ventilation systems, so that it was deemed unnecessary to 
measure them. Instead, the response times reported by the manufacturers 
a re presented . In the one non-instantaneous moni tor evaluated, the response 
time was selectable, the shortest time on the order of s everal minutes 
and easi ly determined experimentally. 

OPERATIONAL PERFORMANCE OF SAFETY MONITORING FILTERS 

Differential Pressure Limit 

The action level for the safet y monitoring filter must be set no 
higher than the limiting differential pressure which, if exceeded, 
will cause insuf f icient i ndraft into the exhaust hoods , resulting 
in t he escape of contaminants into the workplace and overexposure 
of workers . 

A quantity of particul ate matter penetrates every air cleaner, even those 
with the lowest penetration , resulting in continuous buildup on the 
safety monitoring filter . The buildup is sensed by a differential pressure 
sensor. Typica l data for a system in equil ibrium is shown in Figure 33 . 
The rate at which the filter differential pressure increases from an 
initial resistance to a final resi stance (the rated capacity of the filter) 
is dependent on t he amount o f penetration of the primar y air cleaner. 

The limiting differential pressure for the safety monitoring system is 
determined during the design of the recirculat ing ventilation system . It is 
usually set at the "fina l resistance" of the f i lter, which is a design 
limit set by the manufacturer. Typical final resistances for one manu­
facturer's line of disposabl e filters range from 5 . 1 - 8 . 9 cm wg (2 .0 to 
3. 5 in . wg). Once the hoods, ductwork, and fan are specified, the limit ing 
differential pressure become s fixed. If this l imit is exceeded during 
operation, air flow through the system wi ll begin to fall off, resulting 
in insufficient capture velocities at the exhaust hoods. That condition 
i s as serious a failure as a primary air cleaner fai lure, which the monitor 
was installed to prevent . 

Safety monitoring fi l ters can be either recleanable or d isposable . In this 
study a disposable filter was evaluated. Differ ential pressures were 
continuously monitored up to an action l e vel s et at the limiti ng 
differential pressur e specified by the filter manufacturer . 

Contami nant Penetration 

The contami nant penetration of the safety monitoring fil ter, i.e., 
the percentage of material that passes through this filter without 
being retained , should be low enough , especially in the r espirable 
size range (<10 micromet ers), to prevent the buildup of contaminants 
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in the workplace and overexposure of, wopkers with any increase in 
the penetrati on of the primary air cleaner over the equilibrium 
level, until the action level has been reached. 

The basis for this criterion i s the fact that there is a practical limit to 
how close the action level of a safety monitoring filter can be set to the 
equilibrium point. As can be seen from Figure 33, even equilibrium 
operation of the primary air c l eaner causes a continuous rise in 
differential pressure, and so the amount of differential pressure at any 
point in t ime required to reach the action level is dependent on what 
percentage between initi a l and final resistances has been reached. For 
example, at point 1, it will take an amount of differential pressure equal 
to 6P1 , to trigger the action level. At a point f urther up the curve, 
point 2, it will take much less to t rigger the action level, 6P2. It is 
because of this continuously rising 6P level which occurs during normal, 
steady state operation that action levels are not set too close to the 
operating poi nt. But this practical consideration does increase the time 
necessary to detect failures and as a resul t there is a need to utilize 
an efficient filter to keep penetration of the safety monitoring filter low 
during a failure until the action level is reached. 

The above criterion can obviously be met best by selecting the most efficient 
safety monitoring filter available, especially when the contaminants are 
very toxic. One high efficiency filter is the High Effic iency Particulate 
Air (HEPA) filter, which has a minimum, standardized performance limit of 
0.030 percent penetra t ion on DOP particles of 0.3 micrometer diameter. 
There are, however, two drawbacks to use of the most efficient filter 
available which could justify the use of a somewhat less efficient filter 
in certain cases: 

1. During normal operation with the primary air cleaner i n 
equilibrium, the more efficient filter will require a more 
frequent replacement cycle because it will reach final 
resistance quicker. 

2 . The more efficient filter has a higher energy requirement 
because its range of operating resistance is higher. 

Because the HEPA filter has been subjected to extensive testing, the 
present study evaluated a filter which also promised low penetration (0.10 
percent at five micrometers and one percent at one micrometer) but a predicted 
longer replacement cycle and lower initial and f inal resistance. 

Penetration was measured through periodic air samples collected from the inlet 
and discharge of the safety monitoring filter during equilibrium conditions 
and during a simulated air cleaner upset. 

MONITOR FAILURES AND MAINTENANCE 

Malfunction Modes 

To insure reliable operation, potential malfunctions should be: 
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1. Few in number. 
2 . Easily detectable. 
3. Preventable if reconunended maintenance schedules and 

procedures are followed. 

There are many possible ways for an instrument to fail. For the purposes 
of this study malfunction modes have been divided into two classes: conunon 
and characteristic. Corrunon malfunctions are those which could happen to 
any instrument because of such things as misuse, breakage, etc. Typical 
conunon malfunctions include: plugged sample line, depletion of indicator/ 
recorder paper and power failure. 

The class of malfunctions of particular interest in this study is the 
characteristic malfunction which is specific to the individual device. In 
the maintenance instructions, the manufacturer specifies procedures which 
are i ntended to prevent this class of malfunctions. These procedures are 
a tipoff to the potential malfunctions that could occur. Another source 
of information is the experience gained during the monitoring tests . The 
evaluation of malfunction modes includes both types of information since 
many of the malfunctions may only occur after periods of time much greater 
than the duration of the tests conducted in this study. 

Mai ntenance 

Required maintenance procedures should be simple, infrequent, 
and not time consuming. 

Maintenance requirements affect both operating costs and the reliability 
of the monitor. Some examples of these requirements would include 
replenishing expendible items, recalibration adjustments, and cleaning. 
The maintenance requirements specified for the individual monitors are 
based on procedures specified by the manufacturer and those determined as 
necessary through the course of this evaluation. 
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AIRBORNE PARTICULATE MASS MONITOR (PIEZOBALANCE) 

PRINCIPLE OF OPERATI ON 

A prototype of the Thermo-Systems Inc . Model 5500 Airborne Particle Mass 
Monitor was evaluated as part of this study . The piezobalance is capable 
of measuring the mass concentration of respirable sized particles on a 
continuous basis. A photograph of the unit installed for testing appears 
in Figure 34. 

Figure 34. Airborne Particulate .Mass Monitor installed for testing. 
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The piezobalance determines mass concentration of an aerosol by measuring 
the decrease in resonant frequency of a quartz crystal as particulate 
matter contained in an incoming air sample is electrostati cally preci pitated 
upon the crystal surface. The resonant frequency of the crystal is inversely 
proportional to the mass of the crystal. The clean crystal has a stable 
resonant frequency of approximately 5 MHz. Deposition of particulate upon 
the crystal increases the mass and thus decreases the resonant frequency. 
The net decrease is proportional to the mass o f the adhered particles 
To facilitate determination of the frequency change, a reference (clean) 
crystal is utilized, whose frequency is subtracted from the measuring 
crystal 's frequency. The instrument readout displays the absolute value of 
the frequency change. 

Aerosol concentration can be determined from the net frequency change if 
the sampling interval and the air sampling rate are known. This is expressed 
by the relationship: 

C = 
S X Q 

Where: C = Aerosol mass concentration, µg/m3 . 
S = Mass concentration coefficient, nominally about 180 Hz/µg. 
Q = Air sampling rate, m3/sec. 

6f = Frequency change, Hz. 
6t = Sampling interval, sec. 

TEST DEVICE DESCRIPTION 

A schematic diagram of the piezobalance is shown in Figure 35. Air is 
drawn through the impactor/precipitator section at a constant rate df 
1 1/min, regulated by a critical flow orifice. The irrg::>actor removes 
particles larger than 10 µmin diameter, thus allowing only respirable­
sized particles to reach the precipitator where they are charged by a high 
voltage corona discharge and precipitated on the crystal surface. The 
process is continued for 28 minutes during which time cumulative averages 
of the mass concentration are computed and displayed by the digital readout 
every two minutes. 

At the conclusion of the 28-minute sampling period, the average concentration 
for the time period is permanently recorded by the built-in printer, and 
the crystalline element is automatically washed and dried. The cleaning 
cycle is completed in two minutes after which the measurement cycle is 
repeated. 

SPECIFICATIONS 

Manufacturer's specifications for the Model 5500 were not available but they 
were available for a similar, portable Model 3500 also manufactured by TSI 
and these are presented in Table 26. The sensor part of the Model 5500 
is similar to the portable Model 3500 except that the Model 5500 employs an 
automatic cleaning system that cleans the sensing crystal on a preset time 
cycle, thus allowing the unit to operate unattended for extended periods 
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Figure 35. Schematic diagram of t he Airborne 1articulate Mass Monitor 
(from manufacturer's instruction manual). 



of time. The Model 5500 is also much larger than the portable model, has 
a built-in printer, and has three reservoirs for stori ng the c l eaning, 
rinsing and waste fluids. 

Table 26. Manufacturer's specifications for the Airborne 
Particulate Mass Monitor. 

Mass concentration measurement range*: <0.01 - 10 mg/m3 . 

Accuracy: 

Measuring time: 

Sampling air flow rate: 

Particle size range: 

Environmental limitations: 

Size and weight: 

output and alarm capabilities: 

±10% of reading. 

Selectable, 1 to 10,000 seconds. 

1 1/min (2.12 ft3/hr). 

0.01 - 10 micrometers. This can be 
altered by using impactors with 
different cut diameters. 

Temperature 5 to 40°c (41 to 104°F). 

LxWxH, 31.1 cm x 13.0 cm x 17.0 cm 
(12.3 in. x 5.2 in. x 6.7 in.) 

Digital output fed directl y to a 
built- in pr inter; an outlet is 
available for an analog signal 
proportional to frequency shift. 

*The measurement range of the piezobalance is dependent upon the measuring 
time period. The p roduction model's large measuring time range will 
facilitate a large mass concentration measurement range, probably l arger 
than the range specified. 

EVALUATION RESULTS 

Measurement Accuracy 

Comparisons made between gravimetric and piezobalance measurements indicate 
that the piezobalance accuracy is approximately ±10 percent or better in 
the range from 0.02 to 0.30 mg/m3 . Gravimetric and piezobalance measure­
ments agree very well; all of the measurement pairs were within or very 
close to ±20 percent limits as shown in Figure 36. Experimental error 
estimates for the high volume sampler used to make the gravimetric measur e­
ments indicate that approximately 12 percent of the difference could be 
attributed to this measurement leaving 8 percent attributable to the 
piezobalance (see Appendix B). Linear regression analysis indicates 
that the relationship between the two measurements was linear with 
minimal scatter. 
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The prototype device tested had a fixed measuring t i me period of 28 minutes, 
which resulted in a maximum measurable concentration of about 0.5 mg/m3 . 
Higher concentrations could be measured with shorter measurement time 
periods. Similar measurement comparisons on welding fume, conducted by 
the manufacturer on the portable Model 3500 using shorter measurement 
times (120 and 24 seconds), indicated agreement to within ±15 percent 
between the piezobalance and simultaneous gravimetric measurements in the 
1 to 6 mg/m3 concentration range. 

Measurement Range 

The Model 5500 Airborne Particulate Mass Monitor will be capable of detect­
ing concentrations frum 1 to several hundred µg/m3 , as specified by the 
manufacturer. The sensitivity of the instrument is a function of measure­
ment time . The production model of this instrument will have selectable 
measuring time periods ranging from 1 to 10,000 seconds, giving the unit 
the capability of measuring a wide range of concentrations. 

Zero Drift 

Zero drift does not directly apply to the piezobalance because each concen­
tration calculation is based on a change in crystal frequency, rather than 
an increase above some set level. This procedure automatically cancels 
any drift . 

Response Time 

An analog signal proportional to the crystal frequency provides an 
instantaneous indication of aerosol concentration except for a 2-minute 
interruption each half-hour during which the measuring crystal is cleaned. 

Malfunction Modes and Maintenance Requirements 

Four malfunction modes were identified which would disrupt proper operation 
(Table 27). The first three of these malfunctions were encountered during 
the course of this evaluation. Routine inspection and maintenance should 
be effective in reducing the likelihood of their occurrence. 

The malfunction mode of most concern was the base frequency rise: the 
difference in frequency between the reference and measurement crystals 
immediately after the reference crystal is cleaned by the automatic c l eaning 
device . This phenomenon was most significant when air was being sampled 
containing positively charged particles from an electrostatic air cleaner 
exhaust. The measured frequency shifts for charged and uncharged particles 
are presented in Table 28. 

The· ·base frequency could only be reduced by manually cleaning the crystal. 
The frequency of cleaning was highl y dependent on whether the particles 
were charged or not. 
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Table 27. Airborne Particulate Mass Monitor malfunction mode and maintenance schedul e. 

Mal function 
mode 

Shift in crystal 
base frequency 
above specified 
limit. 

Upper frequency 
limit of the 
measuring crys-
tal is exceeded 

Reduced corona 
voltage. 

Reduced sample 
air flow rate. 

Was the malfunction 
encountered during Effect Detection Preventive 

the evaluation? on monitor method maintenance 

Upper frequency limit -Upper frequency -Check cleaning fluid 
is reached more limit alarm . levels . 

Yes quickly, requiring -Manually clean 
manual crystal -Base frequency 
cleaning. of crystal. crystal. 

Once the upper limit -Upper frequency Adjust measurement 
is reached, the moni- limit alarm light t ime period to 

Yes tor stops measuring is illuminated. accomodate aerosol 
until the next mea- concentration being 
surement peri od. measured • 

Aerosol material con- Corona voltage . Inspect and clean Yes tained in air sampl e precipitator needle, 
would not be precipi- wiper blade and 
tated on measuring impactor. 
crystal. 

No Sampled air flow Pressure across Inspect critical 
rate is reduced critical flow flow orifice and 
causing concentra- orifice. replace filter . 
tion errors. 

*When measuring charged particles from an e lectrostatic air cleaner , this may have to be done as 
often as every 2 hours; uncharged particles, every 67 hours of operation. 

Maintenance 
freauencv 

-Dependent upon size of 
cleaning fluid reservoirs 
(4 1) of fluid lasts 
approximately 350 hrs or 
700, 30 minute measurement 
cycles. 

-As needed* 

Routine inspection of output 
data. 

Twice/month 

Once/month 



Table 28. Airborne Particulate Mass Monitor 
base frequency rise results. 

Type of particles sampled 

Charged particles 

Uncharged particles 

Base frequency rise 
(Hz/hr) 

224 

7.5 

Operating time 
before manual cleaning 

is needed (hr) 

2 hr 

66.8 hr 

The base frequency could only be reduced by manually cleaning the crystal. 
The frequency of cleaning was highl y dependent on whether the particles 
were charged or not. 

Although all of the maintenance requirements necessary to assure accurate 
and reliable operation of the piezobalance are simple to perform, several 
must be executed routinely and frequently, i.e., every two weeks or less. 
These include manual cleaning of the crystal and cleaning and inspection 
of the precipitator needle, wiper blade, and impactor. 

Economic and Installation Considerations 

Cost--
The estimated cost of the Model 5000 piezobalance is approximately $10,000 
as of January, 1980. The first p roduction models will be strictly for 
single point monitoring, although future models may incorporate a feature 
which would a llow several sensor units to be attached to a single micro­
processor section, which reduces the per point cost of a multi-point 
monitoring system. 
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AEROSOL MASS MONITOR (APM) 

PRINCIPLE OF OPERATION 

The Model APM Aerosol Mass Monitor, manufactured by GCA/Environmental 
Instruments, measures the mass concentration of airborne particulate 
material in ambient environments. The APM was the most automated monitoring 
device evaluated, incorporating continuous, automatic measuring and recording 
of particulate concentrations as well as built-in system diagnosis. It is 
available as a single channel model which measures total mass concentration 
and as a two channel option which measures both total and respirable 
(<10 micrometers) fractions. 

Mass concentration is measured using the beta radiation attenuation method. 
This. is accomplished by filtering the sampled air with a teflon, reinforced 
filter, and determining its mass with beta radiation. The amount of beta 
radiation transmitted through an area oft.Re filter tape is measured before 
and after particulate material in the air sample is deposited. The difference 
between the before and after readings is proportional to the concentration 
of particles in t he air stream. 

TEST DEVICE DESCRIPTION 

The APM is composed o f three components: sensor, controller, and vacuum 
pump (Figure 37). A microprocessor, located in the controller modul e, 
controls all of the system functions including: 

Signal conditioning. 
Beta count logging. 
Mass computation. 
Cycle time. 
All mechanical operations. 
System diagnostics. 
Calibration and zero tests. 
Data printout. 

Normal operation involves the following sequence: 

1. A system status check is performed to identify any malfunctions 
which could render the system inoperable, e.g., broken or depleted 
filter tape, incorrect air f low rate, depleted printer paper, or 
incorrect beta-counts. When a malfunction is sensed, the appropriate 
indicator lamp on the front panel is illuminated and an alarm 
message is p rinted. 

2. The initial amount of transmitted beta radiation through an area 
of filter tape is measured by a beta source/detector pair. 
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TEFLON SAMPLING LINE I (CONNECTED TO DUCT) 

Figure 37. Aerosol Mass Monitor on test stand. 
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3. The filter tape is advanced to the air sampling port where air is 
drawn through the filter at a constant flow rate (controlled by 
a venturi-type critical flow orifice) for a preselected time period. 

4. The filter area is returned to the beta source/detector pair where 
the transmitted beta radiation is re-measured. 

5. The beta-count information is relayed to the microprocessor which 
computes and prints the mass concentration along with the date and 
the time at which the sample ended. 

SPECIFICATIONS 

The manufacturer's specifications for the APM monitor are presented in Table 29. 

Table 29. Aerosol Mass Monitor manufacturer ' s specifications. 

Total mass concentration measurement 
range: 

Measurement accuracy: 

Measurement cycle time (time 
constant): 

Maxi mum duration of unattended 
operation: 

Sampling air flow rate: 

Particle size collection range : 

Power requirements: 

Temperature limitations for 
equipment: 

Size, each module: 

Weight: 

18 - 5,000 µg/m3 

±10% (95% confidence level) dependent 
on sample time. 

3 - 999 minutes, selectable in one 
minute steps. 

Filter tape: 5,000 measurement 
periods; e.g., with 5 minute measure­
ment periods, a total of 52 8-hr. 
shifts. 

Printer paper: 2,000 measurements or 
21 8-hr. shifts (5 minute measure­
ment period) (printer would not need 
to be used if optional telemetry 
interface is utilized). 

9 1/min . ( 1 9 • 1 ft 3 /hr) , ± 3 % 

Total aerosol 0.1 - 100 µm 
Respirable aerosol - 0.1 - 10 µm 

115 VAC (230 VAC optional), 60 Hz, 
single phase, 700 watt maximum. 

Microprocessor 10 - 320c 
(50 - 90°F) dry 

Sensor and pump -18 - 32°c 
(0 - 900F) dry 

22.2 cm high (8.8 in.), 42.9 cm wide 
( 1 6. 9 in. ) , 4 2 • 5 cm long ( 1 6. 7 in. ) 

Microprocessor and sensor module, 
15 kg (33 lb) 

Pump, 21 kg (46.2 lb) 
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EVALUATION RESULTS 

Measurement Accuracy 

Because both high measurement accuracy and short response times are in direct 
opposition to each other with this instrument, the APM is not suitable for 
an application where high measurement accuracy i s needed at low concentra­
tions as well as a near instantaneous response time . 

Measurement Accuracy as a Function of Measurement Time--
The measurement accuracy of the APM is dependent upon the selected measure­
ment time* and the aerosol concentration measured. As the measurement time 
is increased, the APM accuracy improves. In Figure 38, the concentration 
accuracy is plotted as a function of the measurement time. This inf ormation, 
supplied by the manufacturer, indicates the concentration accuracy for 
different measurement times at the 95 percent confidence level. For example, 
for a one hour measurement time, the concentration accuracy from Figure 38 
is 8 µg/m3, indicating that for any measurement made over this measurement 
time, one could be 95 percent sure that the APM measurement was within 
±8 µg/m3 of the true concentration. For a 3-minute measurement time 
(shortest measurement time possible), the concentration accuracy is 
approximately 300 µg/m3. 

Measurement Accuracy Results--
Although it was desired to evaluate all instruments at as close to an 
instantaneous response time as possible, the tests run during this 
evaluation were conducted at a measurement time of five minutes (response 
time of 15 minutes), rather than at the lowest measurement time selectable, 
in order to improve the concentration accuracy . Comparisons made between 
gravimetric and APM measurements with a 5-minute measurement time in the 
0.3 to 10 mg/m3 concentration range indicate that APM accuracy was 
approximately ±40 percent (Figure 39). 

A large degree of variability was found between the gravimetric and APM 
measurements as shown in Figure 39. Approximately half of the measurement 
pairs agreed within the ±20 percent limits; the remaining pairs differed 
by as much as 50 percent. About 10 percent of the difference can be 
attributed to experimental error associated with the gravimetric sampling 
method, leaving approximately ±40 percent attributable to the APM. Linear 
regression analysis indicates a linear relationship between the measure­
ments, with the APM measuring lower than the gravimetric method. 

Measurement Range 

The manufacturer specifies a total mass concentration measurement range of 
18 to 5,000 µg/m3 • However, as previously discussed, shorter measurement 
times result in l arger concentration variations in the APM measurement, 
thus the lower measurement l imit is confined by the degree of accuracy 

*The response time of the instrument, defined as the time lag from the 
beginning of the measurement unti l the measured concentration appears 
on the readout, is three times the measurement time. 
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required. For example, at a 5-minute measurement time (concentratio~ 
accuracy ±150 µg/m3 ) the lower detectable limit would be 1,500 µg/m3 if 
±10 percent accuracy were desired. The upper limit is determined by the 
amount of material needed to blind the filter tape and cause a reduction 
in air flow. Generally, the shorter the measurement time, the higher the 
maximum detectable limit will be. 

Zero Drift 

The APM has two zero test functions: static and dynamic. The static test 
evaluates the stability of the beta detector/sensor and associated 
electronic hardware. This is performed by taking repeated pre and post 
beta counts, without advancing the filter paper, over a period of t i me. 
The dynamic zero test is performed in a similar manner except that the 
filter paper is advanced so that any variation in the measurement due to 
the entire measurement sequence is included. The dynamic zero is referred 
to as the total error because i t includes all factors which could produce 
drift and is reduced as the measurement time period increases. This is 
shown by the 2-sigma concentration accuracy curve presented in Figure 38 . 
Thi s curve indicates that, wi th a measurement time period of five minutes, 
the dynamic zero readings should fall within ±150 µg/m3. Fifty dynamic 
zero measurements were made at the 5-minute measurement time and they 
were within the ±150 µg/m3 limit, ranging from -102 to +90 µg/m3 . This 
indicated that the APM was functioning properly , within the manufacturer's 
design and specifications. 

Malfunction Modes 

Automatic monitoring of the four malfunction modes by the microprocessing 
system increases the overall reliability of the APM and helps prevent 
malfunctions from going unnoticed . The test uni t was operated continuously 
for five weeks without any serious malfunctions occurring. The APM has 
incorporated within the microprocessor module an internal failure detection 
system which routinely inspects vital system functions for possible 
failures that would render the monitor inoperable. If a malfunction is 
detected, an alarm is activated and the condition is noted in the output 
fo r that time period. A sununary of the malfunction modes, along with 
necessary maintenance requirements, is presented in Table 30. 

Maintenance Requirements 

The maintenance requirements necessary to insure accurate and reliable 
operation of the APM monitor are infrequent and easily performed. The only 
routine maintenance which must be performed regularly is changing the 
filter tape and the printing paper used in the output interface. 

Economic and Installation Considerations 

The high cost of the three module system and the inability to adapt more 
than one sensor module to a microprocessor makes the APM the most expens i ve 
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Table 30. Aerosol Mass Monitor malfunction mode and maintenance requirement summary. 

Malfunction Was t he ma1tunct~on encountered Detect ion Preventive 
mode during the eval uation Effect on moni t o r method maintenance Maintenance freouencv 

Flow fault Yes - due to overloading Reduction in sampled Automati c -- --
(aerosol concentration limit a i r flow rate warning 
exceeded) 

Filter fault NO No sample will be Automatic Replacement of fil- 1 Filter tape role las t s 
collected for warning ter ta.pe supply at for s.ooo measurements 
analysis regular intervals 

Beta tube source/ Mass measurements Automatic - - --
detector failure !lo will be incorrect warning 

Pr int ing paper Output will not be Automatic Replacement of 1 pr inter role lasts 
f ai lure Yes recorded warning pri nting paper at for approximately 2,000 

regular intervals printouts without diagnos-
tic information 

vacuum pump Reduction or loss in Measure static Inspection of Every 2 , 000 hours of 

failure NO sampled air flow pressur e draw vacuwn pump operat ion 

rate of pump 

Clogged c rit ical Reduction in sampled Automat ic Inspection and \i'henever fil ter tape 
flow orifices No air flow rate warning cleaning of is replenished 

orifices 

Dirty control Inadequate contro l -- I nspect i on and Every 2 ye«rs or sooner 
module ventila- module ventilation cleaning of venti- i n dusty environments 
tion fan NO lation fan 



device tested for both single and multi-point operation. A summary of 
costs is presented in Table 31. High cost may make this instrument 
prohibitive on many return air monitoring applications. Because the 
microprocessor and pump modul es can only be connected to one sensor, the 
total cost per monitoring point cannot be reduced by employing several sensors 
for multiple point moni toring and connecting them to a single microprocessor. 
The only method that could be employed for multi ple point monitoring would 
be to have several sampling lines tied to a single sensor and sequential ly 
sampled. This arrangement would be likely to cause measurement discrepancies 
due to probe and line losses. 

Table 31. Price list for Aerosol Mass Monitor, January, 1980. 

Component 

Single channel, 3 
module unit. 

Two channel (total and 
r espirable fractions) 
unit. 

Analog output board.* 

Price 

$12,150 

$13,300 

$1,300 

*An optional custom-made analog interface board 
can be obtained which will transmit the concen­
trations as analog signals and the APM status 
as open or closed relay signals. This system 
could be readily adapted to an alarm. 
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TAPE SAMPLER 

PRINCIPLE OF OPERATION 

A Model G1SE Filter Tape Sampler, manufactured by Research Appliance Company 
(RAC) was evaluated as part of this study. The tape sampler provides a 
qualitative measurement of particulate concentration by determining the 
attenuat i on of visible light through a spot where particulate material 
contained in the sampled air is deposited. 

The tape sampler was selected for evaluation because of its low cost, 
operational simplicity and flexibility, and its ability to operate 
unattended for extended periods of time. A drawing of the tape sampler, 
showing all the major components, appears in Figure 40. 

TEST DEVICE DESCRIPTION 

A schematic diagram of the tape sampler appears in Figure 41. Air is drawn 
into the sensor chamber, where the filter tape is positioned, by an internal 
continuous duty vacuum pump. As the air passes through the tape, particulate 
material is deposited on the surface as a circular 2.54 cm (1 in.) spot. 
After a pre-set sampling period has elapsed, the filter tape is automatically 
advanced by the tape drive system to position a clean area of filter tape 
for the next sample. 

To account for slight variation in the optical density of the filter tape, 
a potentiometer is provided to adjust the intensity of the 1 i.ght source. 
For continuous operation, this can be done automatically by employing an 
automatic standardization option. Both the light ,;ource and the detector 
are located outside of the sampled air stream to prevent contamination 
due to particles settling on the optical surfaces. A f low meter, mounted 
on the front panel, is provided ror air flow rate adjustment. The output 
from the photocell detector is routed to an output jack located on the back 
of the unit. A fully automated tape sampler (r.todel 5000) is also available 
from RAC, which incorporates features such as computer interfacing and 
telemetry as well as alarm capabil i ties, making the unit easily adaptable 
to a variety of monitoring applications. 

SPECIFICATIONS 

Specifications provided by the manufacturer are presented in Table 32. 
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Table 32. Model G1SE Tape Sampler specificat i ons. 

Pump: 14.16 1/min (30 ft 3/ hr) free flow. 

Flow meter : 2.35 - 9.40 1/min (5 - 20 ft3/ hr). 

Samp l ing cycles: Standard: 10 min - 3 .5 hrs 
Optional: 0. 5 min, 1 , 2, 4 hrs 

Length of filter tape: 30.5 m (100 ft) Model G2-T-600 will 
accept 183 m (600 ft) rolls. 

Number of samples per ro l l: 

Fil ter tape type : 

Environmental l i mitati ons: 

Siz e: 

Wei ght: 

Output : 

EVALUATI ON RESULTS 

Mea s urement Accur acy 

30.5 m, 5 cm center - 600 
30.5 m, 3.2 cm center - 960 
183 m, - 5 cm center - 3600 

RAC no. 4 , 3.4 micron pore size . 

None l isted. 

37 cm (14.5 in.) wide x 28.5 cm 
(11.25 in.) high x 30 .5 cm (12 in.) 
dee p. 

4 kg (8.8 lb). 

0 - 100 mv 

The resul ts of t h is evaluation indicate that the tape sampler output , i n 
terms o f percent tra nsmission o f light through a filter spot, can be 
calibrated against a gravimetric sampling method to provide information in 
terms of mass concentration. However, t his calibration relationship could 
be altered substantia lly if: 

1. The aerosol being monitored changed in composition, size 
distribution, or color. 

2 . Component s within the s e nsing chamber were r e p laced, such a s the 
l ight source or photocell. 

3. Sampling air flow rate changed. 

4. The concentration of the sampled aerosol was outside t he range of 
calibration. 

For example, during the course o f thi s evaluation, cha nges i n operating 
conditions were found to cause large variations in the tape sampler·' s 
response. By perf orming a small amount o f arc air goug ing, it was found 
that, on a mass basis , the darker fume generated by the arc air process 
produced more light attenuation than did the sti c k welding normally being 
performed . Since most industrial processes a r e subject to some variation, 
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the tape sampler would be best suited to providing a qualitative rather 
than a quantitative indication of air quality, as it was originally 
intended for. 

Tape Sampler Output Interpretation--
The output information provided by the tape sampler is in the form of an 
analog signal proportional to the amount of light transmitted through the 
filter tape. As aerosol material is collected on the filter, the light 
transmission diminishes. An example of the act ual output is shown in 
Figure 42. As can be seen, the total decrease in percent transmission is 
made up of a series of decreases with varying slopes. The s l ope is a 
function of the aerosol concentration being measured at any instant in 
time; higher concentrations result in steep slopes , lower concentrations 

LOW CONCENTRATION 
(SHALLOW SLOPE) 

HIGH CONCENTRATION 
(STEEP SLOPE) 

Figure 42. Tape sampler output. 

in shallow slopes. The percent transmission a t any point in t i me does not 
provide the observer with the necessary information for assessing the 
aerosol concentration, rather the change in percent transmissi on over some 
period (slope) does. 

Determination of an Action Level--
Two methods could be employed to determine if the output from the tape 
sampler is exceeding an action level. One method would involve electroni cally 
differentiating the output signal to determine its slope, which, when 
compared to a calibration curve, would give a measure of the particulate 
concentration. This would require the use of electroni c equipment 
capable of performing a differentiating operation. 

Another way of interpreting the output would be to determine the amount of 
decrease in transmittance during a set sampling time (say 30 minutes) and 

117 



comparing that amount to a preset transmittance l evel. The Model 5000 is 
equipped with an alarm system which is capable of this type of response. 
Both of these methods would require that the output be calibrated using a 
procedure similar to the one employed in this evaluation. 

Calibration Results--
The results of this study, conducted under steady-state conditions, indicate 
that the output from the tape sampler can be related to a mass concentration 
to within ±10 percent i n the 1 to 5 mg/m3 aerosol concentration range. This 
was determined by fitting a quadratic model* to the paired measurements and 
determining the percentage difference between the concentration predicted 
by the model and what was actually measured gravimetrically. The results 
are shown graphically in Figure 43. The data were generated by drawing 
210 1 (7.5 ft3 ) of air through a clean filter spot and determining the 
change in percent light transmission. The decrease in percent light 
transmission, calculated in terms of percent decrease per ft3 of air 
sampled, were then plotted against simultaneous gravimetric measurements. 

Measurement Range 

The tape samplers available from RAC have options for either a low (0.1 to 
1 ft3/min) or high (0.2 to 2 ft3/min) sampling flow rate which, coupled 
with selectable sampling times between 10 minutes and four hours, would 
provide the potential for a large concentration measurement range, from a 
few micrograms to several milligrams. However, the exact range would be 
dependent upon the characteristics of the aerosol being sampled. 

Zero Drift 

Various changes in the operation of the tape sampler, such as switching the 
tape sampler on and off and changing filter tapes, were found to alter the 
initial transmittance by as much as 10 percent. Employing the optional 
automatic standardization (standard on the Model 5000) wou l d assure 100 
percent l ight transmission at the beginning of each sampling period. If 
a differentiating signal processor were employed, changes in the initial 
transmittance reading would be less cri tical since the change in transmittance 
with time (slope) would be the warning signal, rather than the actual 
transmittance value. 

Response Time 

The response time of the tape sampler is rapid. Because the analog signal 
is constantly changing as particul ate material collected on the filter tape 
obstructs light, any change in aerosol concentration causes an instantaneous 
change in the slope of the output signal. The only time lag would be 
aerosol transport time within the probe and sampling line , 

*Of several methods tried, the quadratic model fit the data best. 
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..... 
N 
0 

Malfunction 
mode 

Light source 
failur e. 

Depletion of 
f ilter tape . 

Dirt buildup 
on sensor 
windows. 

Table 33. Tape Sampler malfunction modes and maintenance schedul e summary. 

Was t he malfunction encountered Effect on Detection Preventive 
during the evaluation? monitor method maintenance Maintenance freauency 

No Output would Visual Replacement of light Not known but could be 
drop to zero. inspection. source on routine determined f rom 

basis orior to failur, experience . 

No Output would Visual Routine replacement 100 ft standard role 
remain at 100% .inspection. of filter tape . lasts f.or 600 samples . 

No Zero drift. Zero c hecks. ~!anually clean sensor As needed, mor e often in 
windows as needed. dirty operating environ-

ment . 



Task 

Replace filter 
tape 

Calibration 

Clean sensor 
windows 

Cl ean filter 
jars 

Lubricate and 
inspect take up 
spool and pump 
motors. 

Table 34. Tape Sampler maintenance 
procedures and schedule. 

Me thod 

Manual 

Gravimetric or 
other mass specific 
method 

Removed and c l eaned with 
any mild cleaning fluid, 
and dr i ed . 

Lubricate with electric 
motor oil. 

Schedule 

30.Sm (100 ft ) roll, 5 . 1 cm 
center - 600 samples 
30.5 (100 ft) r oll - 3.2 cm 
center - 960 samples 
183 m (600 ft) roll, 5.1 cm 
center, 3600 samples 

Whenever a parameter 
changes which could effect 
the calibration as stated 
in the text. 

As needed. 

Every 6 mo. or more often 
in dirty environment . 

Once per year. 

(2 in.) 

(1.25 in.) 

( 2 in. ) 



Malfunction Modes and Maintenance Requirements 

Three malfunction modes were identified which could disrupt the proper 
operation of the tape sampler. These, along with necessary preventive 
maintenance procedures and schedules which would be effective in preventing 
malfunctions, are presented in Table 33. None of these failures were 
encountered during the course of these evaluations. Al l o f the maintenance 
procedures necessary to assure reliable operation of the tape sampler are 
easily performed and are not required on a frequent basis. A summary of 
the needed tasks and recommended schedule is provided in Table 34. 

Economic and Inst allation Considerations 

The list price of the Model G1.SE is $1,122.00 FOB Cambridge,Maryland, 
September, 1979. The Model 5000, including automatic standardization and 
an integral alert/alarm system, costs $2,975.00. The low cost and flexi­
bility of application afforded by the standard and optional features make 
the tape sampler an attractive choice, provided that the output signal 
is made more useful by appropriate signal conditioning. 

Although the manufacturer does not offer a multi-point option, multiple 
point monitoring using the model G1SE and connecting the outputs to a 
common signal processor would be inexpensive. 
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REAL-TIME AEROSOL MONITOR (RAM) 

PRINCIPLE OF OPERATION 

The Model RAM-1 manufactured by GCA/Environmental Instruments is a portable, 
self-contained, aerosol monitor. It measures either total or respirable 
parti culate concentration, depending on whether a n inlet cyclone is used , 
although it probably would not be able to accurately measure larger parti­
cles*. A photograph of the unit installed for testi ng appears in 
Figure 44. 

Figure 44. Photograph of the portable Real-time Aerosol 
Monitor installed for testing. RAM device is 

located in the foreground with sampling 
line and probe to the left . 

*Light scattering instruments are typically insensitive to particles 
larger than 20 micrometers in d iameter. 
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Aerosol concentration is sensed using a principle based on the detection 
of near- forwar d scattered light in the near- infrared region. The light 
source is produced by a pulsed semiconductor light- emitting diode which 
generates a narrow- band emission centered at 940 nm. The light, scattered 
by t he partic les contained in the sampled air stream, is detected by a 
solid state detector employi ng an integral low noise preamplifier . The 
signal produced by the photo-diode detector is processed by state-of-the-art 
electronic circuitry which reduces dri ft and noise . 

TEST DEVICE DESCRI PTI ON 

A schematic diagram of the air flow system i s shown in Figure 45. An air 
sample is drawn through t he optical sensing section of the instrument at a 
rate of 2 1/min by a doubl e diaphragm pump. At the same time, a secondary, 
clean (purge) air stream is drawn through the optical assembly, whi ch allows 
for continuous f lushing of the optical surfaces with clean, dry air. This 
helps to keep the optical surfaces dry and f r ee of particulate material 
which would distort the signal. The zero reading of the instrument is 
checked by closing the inlet valve and drawi ng purge air through the 
optical chamber. Flow meters are provided for continuous monitoring of 
the total and purge air flows. 

The cal ibration constant which defines the relationship between the 
detector output and the digital reading of mass concentrati on can be 
adjusted to account for variati ons in the light scattering characteristics 
o f different aerosols. For example, if simultaneous gravimetric measure­
ments indicated that, on the average, the RAM output was 50 percent lower 
than the gravimetric measurements for a particul ar type of aerosol, the 
calibration constant could be doubled to compensate. 

The instrument has three measurement ranges (see manufacturer's specifica­
tions, Table 35) for high resolution over a wide range of concentrations . 
The range and amount of signal scatter can be selected by choosing one 
of four time constants. Concentrati on data are continuously displ ayed 
in addition to an analog voltage ou tput which is proportional to the 
aerosol concentration. 

Two warning signal s are included in the display: a flashing letter "R", 
which indicates that the reference scatterer used for calibration purposes 
is inserted, and a flashing "VDC" which alerts the operator of a low 
battery charge condition dur ing por table operation . 

The basic RAM- 1 sensor can be employed as part of a mul ti-point moni tori ng 
system designated as the RAM- S , a lso availabl e from GCA. This system, 
depicted in Figure 46, consists of a network of RAM sensors at different 
locations interconnected to a central data acquisition and logging stati on. 

Features incorporated in the multi-point system i nclude alarms for: 

1. Sensor malfunction. 
2. High particulate concentrati ons exceeding a preset level. 
3. High rate of concentration change exceeding a pre-selected 

rate o f change. 
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SPECIFICATIONS 

Manufacturer's specifi cations are presented in Table 35. 

Table 35. Real-time Aerosol Monitor specifications. 

Measurement ranges: 

Measurement time constants: 

Display update rate : 

Air sampling flow rate: 

Particle size collection range: 

Environmental limitations: 

Size: 

Weight: 

Power supply: 

Output: 

EVALUATION RESULTS 

Measurement Accuracy 

O - 2, 20 , 200 mg/m3 

0.5, 2, 8 and 32 sec. 

3/sec. 

2 1/min (4.24 ft3/hr) 

Total or respirable (if cyclone is 
used) . 

Temperature: 
Humidity: 

0 - sooc (32 - 122°F) 
O - 95%, uncondensing 

20 cm (7.9 in . ) high x 20 cm (7.9 in . ) 
wide x 20 cm (7.9 in.) deep 

4 kg (8.8 lb) 

115 VAC or 6 hrs portable operation 
using internal battery. 

0 - 10 V analog 

Comparing RAM measurements with gravimetric and piezobalance measurements 
indicated that the RAM accuracy was approximately ±10 percent in the range 
of 0.02 - 5 mg/m3 . Comparisons between 30-minute gravimetric measurements 
and RAM measurements were made in the 1 - 5 mg/m3 range and between 2-minute 
piezobal ance measurements and RAM measurements in the 0 . 02 - 0 . 40 mg/m3 
range. 

All of the comparative measurements were made with the monitor's calibration 
set at the factory value of 2.5. The light-scattering sensing method 
employed by the RAM appeared to be insensitive to changes in particle 
size distribution and composition as evidenced by the fact that a calibration 
setting of 2.5 used for Arizona road dust also provided accurate measure­
ments for welding fume. 

Gravimetric Comparisons--
Gravimetric and RAM measurements agreed very well; six of the seven 
measurement .pairs were within ±20 percent limits (Figure 47). About 
12 percent of the difference can be attributed to the RAM. Linear regression 
analysis indicated a linear relationship and minimal scatter. More paired 
measurement points would be necessary to draw strict statistical conclusions, 
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however, these data do provide a relative indication of the RAM's accuracy 
in the 1 to 5 mg/m3 concentLation range . The number of measurements was 
limited due to a technical problem that developed with the test unit. 

Piezobalance Comparisons--
The concentration measured by the piezobalance and the RAM also agreed 
very well (Figure 48) . There was min i mal scatter of the data around the 
regression line and the data was linear. Almost all of the data was 
within ±20 percent limits. About hal f of the error coul d be attributed 
to the piezobalance, leaving approxi mately ±10 percent attributable to the 
RAM. 

Measurement Range and Sensitivity 

The measurement range specified by the manufacturer is Oto 200 mg/m3 . In 
this study, it was found to have been capable of accurately measuring 
concentrations as low as 40 µg/m3 . The noise level i s approximately ±0.005 
mg/m3 at a 2-second time constant and ±0.002 mg/m3 at a 32-second time 
constant. The readout resolution is given as follows: 

0 . 001 mg/m3 on the O - 2 mg/m3 scale 
0.01 mg/m3 on the O -20 mg/m3 scale 
0.10 mg/m3 on the O - 200 mg/m3 scale 

Zero Drift 

Zero drift was found to be minimal when the instrument was operated 
continuously over a five day testing period with the RAM sampling air 
containing both high and low aerosol concentrations (0.02 to 18 mg/m~). 

These results indicate that: 

1. The purge air system is an effective method of keeping the 
critical optical surfaces clean. 

2. The lock-in synchronous scheme is effective in reducing 
circuitry drift and noise. 

The manufacturer's specificati ons indicated that the maximum zero drift 
should not exceed 0.1 percent or 0 . 005 mg/m3 , whichever is greater, in a 
24-hour period . The results of this study indicate that the device met 
this criterion. It was operated continuousl y for five days with low inlet 
concentrations and for one day with a high inlet concentration with no 
significant change in the zero reading (Table 36). All o f the fluctuations 
recorded were less than 0 . 005 mg/m3 . 

Response Time 

In effect, even with the longest selectable time constant, detection of a 
rise in aerosol concentration is almost instantaneous. The digital display 
is updated three times per second. Four time constants can be selected; 
0 . 5, 2, 8 and 32 seconds. Each increasing step of the time constant 
reduces internal noise fluctuations by 50 percent. More stable readings 
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Date, 
1979 

10/25 

10/26 

10/29 

10/30 

10/31 

11 /1 

Table 36. Real-time Aerosol Monitor zero drift data. 

Sample concentration: 
Measurement range: 

0.020 - 0.060 mg/m3 

0 - 2 mg/m3 

Time constant: 2 sec 
Calibration: 2.5 

Zero fluctuations 
Time range, mg/m3 

9:00AM -0.003 to +0.004 

8 :30AM -0.004 to +0.003 

11:00AM -0. 004 to +0.003 

1: 15PM -0.005 to +O. 005 

8:30AM -0.005 to +0.003 

12:45PM -0. 004 to +0.003 

Sample concentration: 5 - 18 mg/m 3 

Measurement range: 0 - 20 mg/m 3 

Time constant: 2 sec 
Calibration: 2.5 

10:00AM -0.00 stable 
11 :50AM -0.00 stable 

2:45PM -0.00 stable 
8:20AM -0.00 stable 

11 :30AM -0.00 stable 

Manufacturer's 
speci fied range,mg/m: 

+0 . 005 pg/m 3 

+0.020 

are obtained if a longer time constant is chosen, however, the ability to 
detect rapid changes in concentration is lessened with a longer time 
constant. This principle applies to both the digital and analog outputs. 

Malfunction Modes and Maintenance Requirements 

TWo preventable malfunctions can occur that would affect the accuracy of 
the RAM measurements, as sununarized in Table 37. Both of these are 
identified by the manufacturer in the operating manual, but neither was 
encountered in the course of these evaluations. Neither air flow rates nor 
filter blinding are monitored automatically by the RAM (air flow rates may be 
visually monitored) and there are no warning alarms except for low battery 
and reference scatter. The RAM system incorporates a malfunction monitoring 
function which sounds an alarm if the analog output deviates from preset 
boundaries. For example, if the electrical power to the sensor were 
disrupted, the analog voltage would drop to zero which would cause the alarm 
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Table 37. Real -time Aerosol Monitor malfunction mode and maintenance summary. 

Malfw>ction Was the malfunction encountered Effect on I Method of Preve nt ive 
mode duri nq the e valuatio n? IIX)nitor detecti on maintenance : :.::.intenance frequency 

Di rty or rr.a l- No Shift in t he Zero-internal Check zero 90 days 
adjusted zero and zero check. and cali.bra-
optics. c alibration,, 

Calibra tion-
tion. 

internal 
reference 
scatter or 
reference 
method. 

Main air 
I 

NO Drop in air Visual check Replace air l\s needed, when flow 
or clean flow rate of flowmeters lin.e filters. rate drops by 10\ or 
ai r causing a (should be more . Yearly replace-
filters shift in the performed men t s a re predicted 
become calibration. every 30 under most operating 
blinded. days). condi tions fr 

~ 

*Manufacturer indicates t hat t he filter wil l hold approximately 200 mg of material. Replacement schedule would be 
uo,pendent upon the particulate concentrations being measured, with higher concentrati ons requiring more frequent replacement. 



to sound. The maintenance requirements needed to assure accurate and 
reliabl e operation of the RAM monitor are relatively i nfrequent and 
simply performed. A surcimary of the needed procedures and a recommended 
schedule is also provided in Table 37. 

Economic and Installation Considerations 

The list price of a portable RAM was $4,500, FOB Bedford, Massachusetts, 
as of December, 1979. 

A RAM system, designed for multi-point monitori ng incoroorates various 
alarm and telemetry capabilities which the portable RAM tested does not 
have. These include: 

Sensor failure alarm. 

High level alarm (i.e., when aerosol concentration exceed a 
pre-selected value at any given sensor station). 

Rate of change alarm (i.e., if the concentration varies more 
rapidly than a pre-selected rate of change at any given sensor). 

Printer and digital display. 

Battery powered back-up system to preserve data and program in­
formation in case of a power failure. 

A graph, showing the cost per point for a RAM system as a function of the 
number of points monitored is presented in Fi gur e 49. The cost per point 
ranges from approximately $5,1 00 for five points to $2,200 for sixty points. 
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ULTRAVIOLET OZONE MONITOR (UV) 

PRINCIPLE OF OPERATION 

The UV ozone monitor is a self-contained instrument which measures gaseous 
ozone concentrations by means of ultraviolet light absorption. This 
detection method is based on the pri nciple of ultraviolet light absorption 
by the ozone molecule. The degree to which the intensity of the light is 
attenuated by ozone present i n the air sample i s described by Beer's law: 

Where: I 
I 

0 
C 

L 
X 

= 
= 
= 
= 
= 

I = I exp. (-xLc) 
0 

Light intensity at higher ozone concentration. 
Light intensity at lower ozone concentration. 
Concentration differences. 
Path length. 
Specific absorption coefficient. 

The UV method is advantageous because it is not affected by: 

1. Presence of other gases, provided the i r concentration does not change. 
2. Air flow rate. 
3. Temperature and pressure changes. 

In addition, no expendible reagents are required for operation, which allows 
the UV to operate unattended for long periods of time. 

Test Device Description 

A photograph of the UV installed for testing appears in Figure 50. Figure 51 
is a schematic diagram showing all of the maj or components and the air flow 
path during different times in the operating cycle. 

To reduce zero drift and improve measurement stability, the UV incorporates 
an automatic zeroing technique referred to as a zero reference. This is 
accompl ished by drawing an air sample through a catalytic converter to 
remove any ozone and then drawing the air into the sensing chamber where 
the UV light attenuation is measured. An electronic circuit then adj usts 
the UV light intensity to match a preset value of light intensity, I . The 
ozone-containing sample is then drawn into the sensing chamber, ligh~ 
intens::ty, I, is determi ned, and the o zone concentration is calculated by 
the electronic signal processor and displayed digitally. The zeroing phase 
lasts approximately 20 seconds and the measurement phase 60 seconds, result­
ing in a total measurement time of about 80 seconds. 
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Figure 50. Photograph of U.l traviolet Ozone M,oni tor installed for testing. 

SPECIFICATIONS 

Operational specifications provided by the manufacturer are listed in Table 38. 

Table 38. Ultraviolet Q.zone M.oni tor specifications. 

Measurement range: 0 - 9 .99 ppm 

Incremental sensitivity: 0.01 ppm 

Accuracy: ±4% 

Flow rate: 2 1/min 

Response time: 90% rise and fall time - 10 sec. 

Environmental l imitations: 

Size: 

Weight: 

Output: 

Cost: 

Temperature - 0 - so0 c 
(32 - 122°F) 

28 cm (11 in.) wide x 15 cm (6 in .) 
hi gh x 58 cm (23 in.) deep 

7 kg (15 lb) 

Digital display - 0 - 9.99 ppm 
Analog 1 mv per 0.01 ppm std. 
Adjustable to 10 mv per 0.01 ppm 

$2,500 - January 15, 1980 
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EVALUATION RESULTS 

Measurement Accuracy 

After being adjusted and calibrated, the response of the UV monitor was 
found to be linear and stable over a four day test period with the 
measurements made by the UV being exactly equivalent to the AID measure­
ments. These comparisons were made with a teflon prefilter used to 
remove particulate material from the sampled air. 

When the instrument was first operated at the test site, an inlet air 
filter was not used. This did not seem to effect the instrument's opera­
tion when air was sampled out of the air cleaner's exhaust where aerosol 
concentrations were extremely low (20 to 80 ~q/m3). However, it was found 
that when ambient air from within the testing room was sampled, the light 
level had to be readjusted almost immediately to compensate for contamination 
of the optics. Aerosol concentrations in the room air ranged from 2 to 
5 mg/m3 when this phenomenon was observed. The manufactu~er suggested that 
a prefilter be used if aerosol concentrations exceed 500 µg/m3 , which, from 
the experience of this evaluation, seems reasonable. 

To determine the effect of the teflon prefilter, several measurements were 
made with and without the prefilter attached to the AID monitor, while 
sampling air containing a constant concentration of ozone produced by the 
ozone calibrator. These checks were performed with filters preconditioned 
with 1 ppm ozone concentration for 30 minutes and with new, unconditioned 
filters to see if there was a difference. The measurement s made under 
these various conditions are presented in Table 39. 

Table 39. Ozone attenuation by teflon prefilter. 

Measured concentration 
without prefilter, ppm 

0.14 

0.025 

Measured concentration 
with conditioned 
prefilter, ppm 

0.12 

0.020 

Measured concentration 
with unconditioned 
prefilter 1 ppm 

0.11 

0.018 

Tests were also conducted with teflon filters loaded with fresh welding fume. 
These results are presented in Figure 52. As can be seen, fresh welding fume 
further reduces the ozone concentration. The amount of time needed for 
the fume to completely react and the ozone measurement to reach the actual 
inlet ozone concentration is a function of the amount of fume on the filter. 

These results indicate that the use of a teflon prefilter reduces ozone 
concentration, even if the prefilter is preconditioned with a high concen­
tration of ozone. Depending upon the rate that the fume is deposited on the 
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filter, reaction of collected fume with the ozone-containing air may also 
produce artifically low readings. 

The results of these tests indicate that if a prefilter is employed, the 
following procedures should be followed to insure measurement accuracy: 

1. The prefilters should be preconditioned with ai~ containing 
high ozone concentrat~ons (1 ppm for at least 30 minutes). 

2. The ozone monitor should be calibrated with a preconditioned 
filter in place. 

3. The filter element should be changed often to prevent accumu­
lated material from reducing ozone concentration measurements . 

Measurement Range 

The measurement range as provided by the manufacturer is O - 9.99 ppm with 
a lower detectable limit of 0 . 01 ppm. 

Zero Drift 

When using a teflon prefilter, the UV monitor was operated fo r 14 days 
without any shift in the zero reading adjustment. This indicates that 
the automatic zero adjustment is an effective means o f preventing zero drift. 

If the tef lon prefi lter was not used and air was sampled containing welding 
fume concentrations in excess of 2 mg/m3 , the optical system would become 
contaminated almost immediately and the light level would require re-adjust­
ment. Zero drift was assessed by drawing sample air through an activated 
charcoal filter and recording the instrument output. 

Response Time 

Response time of the UV is near instantaneous as specified by the manufacturer 
with 90 percent rise and fall times reported as 10 seconds. 

Malfunction Modes and Maintenance Requirements 

Two general types of malfunctions were identified that could disrupt opera­
tion of the UV ozone monitor: light level maladjustment and failure of a 
component having a limited service life. Both malfunctions could be pre­
vented by regular inspection, maintenance, and replacement of components. 
A summary of the UV malfunction modes and maintenaRce requirements is 
presented in Table 40. 

Required maintenance tasks, necessary to insure accurate and rel iable 
operation, are few, but under high particulate operating conditions, the 
teflon prefilter would have to be changed frequently. 
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Table 40. Ultraviolet Ozone Monitor malfunction modes and maintenance schedule summary. 

: Was the malfunction 
M~ l ftH1ction encountered during Effect on Detection PrcventivQ Mainte nance 

modes the evaluation? monitor method maintenance frequencv 

Readjust and clean \Vncneve:r UV lamp is 
MaJ.adj llSted or DigJ t.nl output fJashes, Plashing output OJ!tical surf.1c<1-s. Re- .re:pl~ccd and as ne<lded. Yes L>urned O\lt UV and mean ingf\J l measure- piace UV laJTtp at (Lamp ~ho,,10 be re-
lamp . ..-e9u-

ments are discontinued. lar intervals. pl~ced every 12 n,onths} 

f'ailu.-e of sample Ai r sample flow rate Manual measurement Replace pump Every 6 months of 
pump diaphragm. No drops below 2 1/min . of sample air flow diaphragm on a continuous op~ration. 

rate . regular basi~. 

Failure of solenoid llir leaks resulting i n -- Replace solenojcl valve Every 12 months o( 
va lve. NO 

other than sample air 00 a regular basis. continuous operation . 
being drawn into de-
tection chamber . 

Reduced performance Incomplete r emoval of -- Reµlace ozone Every 24 months, more 
of catalytic ozone No ozone from sampled scrubber on a ofte n if S'1ffi!)lc air 
scrubber. air during zero regular basis. contains high concen-

referencing cycle. trations of sulfur 
compounds. 

Blinded teflon Yes Could cause a reduc- Manual measurement Replace teflon filter AS neened, more often 
pre- filter . tion in measured of sample air flow element on a regular in high aerosol con-

ozone concentration or rate. basis. centration environ-
reduced sample air ments . 
flow rate . 



Economic and Installation Considerations 

Costs--
The price of the UV ozone monitor, FOB Davenport, Iowa, was $2,500 as of 
January 15, 1980. Operating costs are minimal, including only labor for 
readjustments and small costs incurred for replacement parts. 

Installation--
The UV is designed for single point monitoring and no options for multi­
point monitoring are available from the manufacturer. 
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COULOMETRIC OXIDANT MONITOR (OM) 

PRINCIPLE OF OPERATION 

The OM is a self-contained oxidant monitor which measures, on a continuous 
basis, any gaseous substance capable of liberati ng iodine from a potassium 
iodide reagent. The detection method employed by the OM is based upon the 
oxidation-reduction of potassium iodide which is contained in the sensing 
solution. This react ion occurs at the cathode portion of an electrode which 
has sensing solution flowing over it. At the electrode, any ozone in the 
air sample reacts with the solution and releases free iodine (12 ) . At the 
cathode a voltage is applied which causes a hydrogen l ayer to be produced 
by a polarization current. Once equilibrium is reached, the current stops. 
When free iodine produced by the reaction with ozone is released, it reacts 
with the hydr9gen and r educes it. The removal of hydrogen from the cathode 
causes a repolarization current t o flow in the external circuit until 
equilibrium is re-established. Thus, for each ozone molecule reacting in 
the sensor, two electrons flow through the external circuit . The amount of 
current flowing through the external circuit is proportional to the mass 
amount of ozone per unit volume entering the sensor chamber. 

This same reaction can also occur if the sampled air contains other strong 
oxidizing gases such as the halogens or nitrogen dioxide. Reducing gases 
such as sulfur dioxide cause a negative interference. The efficiency of 
the reaction of these other gases is dependent upon their individual 
chemical characteristics. Nitrogen dioxide, which could be present in 
welding exhaust, causes a 10 percent positive interference. Sulfur dioxide, 
a common ambient air pollutant, causes a negative int~rference which can 
be eliminated by using an optional prefilter sold by the manufacturer. 
However, this prefilter not only removes sulfur d ioxide but also converts 
any nitric oxide that may be present to nitrogen dioxide which causes a 
positive interference. 

Description of Test Device 

A photograph of the OM monitor evaluated appears in Figure 53. A schematic 
diagram of the sensor section is shown in Figure 54 . Potassium iodide 
solution is pumped over an electrode and covers it with a thin film of 
reagent. The electrode is composed of many turns of a fine wire cathode and 
a single turn of a wire anode. A small D.C. voltage, supplied by an internal 
regulated power supply, is applied across the electrode. An air sample is 
pumped through the sensor where it contacts the reagent f i lm on the electrode 
and is exhausted through a vacuum pump which controls the air flow rate. 
The reagent, after passing over the electrode, is directed into a reservoir 
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and stored. The spent solution is recycled through a neutralizing filter 
which allows the solution to be reused . 

Figure 53. Photograph of the Oxidant Monitor installed for testing. 

As the air passes over the electrode, any ozone present reacts with the 
reagent and causes a current to flow in the power supply circuit which is 
connected to an ammeter for readout. Output from the sensor is in the form 
of a current output of Oto 1 ma which can be converted to a millivolt output 
by employing a 10 ohm resistor in the signal cable, for external recording . 
An optional alarm circuit is also available which provi des a switch closure 
when the ozone level reaches a preset value. 

Specifications 

The manufacturer's specifications for.the OM are given in Table 41. 
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RESERVOIR 

SENSOR STEM (ELECTRODE 

SENSOR BLOCK 

AIR SAMPLE INLET 

CONTACT ANNULUS 

MULTI- TURN WIRE CATHODE 

DOUBLE-TURN 
WIRE ANODE 

~----,~~ AIR EXIT 

SOLUTION PUMP 

AIR PUMP 

D.C. VOLTAGE SOURCE 0.24v 

Figure 54. Schematic diagram of Oxidant M.onitor 
(from manufacturer's instruction manual). 
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Table 41. Oxidant Mon~tor specifications. 

Measurement ranges: 

Accuracy: 

Response time: 

Sampling flow rate: 

Maximum operating time between 
maintenance: 

Environmental limitations : 

Size: 

Weight: 

Output : 

Cost: 

EVALUATION RESULTS 

Measurement Accuracy 

0 ,.. 0 .1 ppm 
0 - 0 . 2 ppm 
0 - o.s ppm 
0 - 1 ppm 

±4% 

Rise time - <1 min. 
Lag time - <S sec. 

140 cc/min. 

30 days continuous operation 

Temperature : O - 500c 
(32 - 122°F) 

19 cm (7.5 in.) wide x 15.2 cm (6 in.) 
deep x 29.2 cm (11 .Sin.) high 

S kg (11 lb) 

0 - 1 ma, 0 - 10 mv with 10 ohm 
resistor in signal cable 

$1,400, January 15, 1980 

After being calibrated, the OM response to ozone concentrations in the range 
of 0.07 to 0.14 ppm was linear and stable over a 15- day period of continuous 
operation. The OM was calibrated against the Chemiluminescent Ozone Monitor 
(AID) using ozone-containing air extracted from the exhaust duct of the 
Electrostatically Augmented Fabric Filter (EAFF). Air had to be extracted 
from the duct with a small blower and exhausted at a low static pressure 
through a length of duct to avoid exceeding the static pressure limitations 
of the OM {±5. 1 cm wg (2,. 0 in . wg)]. After 15 days of continuous operation, 
the measurements of the ·AID and OM were compared, with both instruments 
producing identical measurements. 

Measurement Range 

The measurement range of the OM is stated by the manufacturer as Oto 1 ppm 
in the ranges of Oto 0.1, 0 to 0.2 and Oto 0.5 ppm, with a lower detectable 
limit of approximately 0.005 ppm. 

Zero Drift 

Zero drift over a 15-day continuous operating period was minimal with no 
change occurring which required re- adjustment. Zero drift was assessed 
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by periodically connecting an activated charcoal filter to the monitor 
and checking the zero reading. 

Response Time 

The OM response time, as stated by the manufacturer, is less than one 
minute on all measurement scales. This small response time is close to 
instantaneous and should pose no difficulties for recirculation monitoring. 

Malfunction Modes and Maintenance Requirements 

Four possible malfunctions could disrupt the operation of the OM monitor, 
none of which were encountered during this evaluation. Because of the 
simple detection principl e, the l ikelihood of their occurrence is not great. 
A summary of the malfuncti on modes and maintenance requirements is presented 
in Table 42. Six routine maintenance requirements must be performed on a 
regular basis to insure reliable and accurate operation. Each of these 
requirements can be performed easily and is not considered to be excessive 
or prohibitive. 

Economic and Installation Considerations 

Cost--
The price of the OM, FOB Davenport, Iowa, is $1,400, January 15, 1980 . 
Operating costs consist only of KI solution replacement and electricity, 
both of which are negligible in cost. 

Installation--
The OM is designed for single point, continuous monitoring applications. 
Recorder output jacks are provided for interfacing with other recorder/ 
indicator devices and an a l arm opt ion is available. 
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Table 42. Oxidant Monit or malfunction modes and maintenance schedule summary. 

Malfunct i on Was the Mal function encount ered Effect on Detection Preventive Maintena nce 
mode dur ing the evaluation? moni tor method maintenance freoue ncv 

Broken r eagent No Unstable a nd erratic Apparent in Clean ,.sensor with As needed . 
film . mea surements. output data. dilute nitric acid 

solution at 
regular intervals, 

Exhausted reagent No Zero reading will Rise in zero Replace reagent Dependent upon ozone 
filter . rise above 0.01 reading. filter when it concentrations being 

ppm . turns orange . measured . 

Depletion of No I ncorr ect measurements Visual check of Inspect a nd As needed to keep 
r eagent d ue to r eagent level re!il l reservoir reagent level 
evapora t ion. in reservoir. with distilled maintai ned. 

wate r at regular 
inte r vals, 

Failure of reagent No Incorrect measurements Apparent in Replace pump As needed. 
pump diaphragm. output data. diaphragm. 



CHEMILUMINESCENT OZONE MONITOR (AID) 

PRINCIPLE OF OPERATION 

The AID Series 560 ozone monitor is a portable , self-contained, direct 
reading instrument that can be used for making continuous measurements. 
The instrument uses the EPA approved chemiluminescent detection technique 
which is specific for ozone. A photograph of the AID installed at the 
test site appears in Figure 55 . 

Ozone concentration is measured by determining the amount of light that is 
emitted when any ozone contained in the sampled air reacts with ethylene . 
This is accomplished by bringing an air sample into direct contact with a 
regulated supply of ethylene inside of a sealed chamber. Any ozone present 
in the air sample thus reacts with the ethylene and produces light. A 
photomultiplier tube located at one end of the chamber detects the emitted 
light and produces an electrical signal proportional to the intensi ty of 
the light. 

The primary advantage of this detection method is its specificity for ozone 
which eliminates t he possibility of erroneous measurements resulting from 
interferences from other contaminants present in the sampled air. 

A schematic diagram of the flow system is shown in Figure 56. Ethylene is 
stored in a self-contained cylinder at pressures up to 42.3 kg/cm2 (600 psig). 
An external port is provided for recharging the internal cylinder or fo r 
continuous operation from an external tank . The ethylene pressure is 
regulated by a high and low pressure regulating system and controlled by a 
valve downstream of the low pressure regulator. The flow rate is measured 
by a flow meter located downstream of the valve . The ethylene control 
valve, flow meter, recharging port, and gauge are all located on the end 
panel of the instrument as shown in Figure 55. 

For zeroing purposes, an internal charcoal trap is provided with an external 
fitting so that a teflon sampling line can be connected and ozone-free a ir 
can be sampled . A brushless vacuum pump draws the air/ethylene mixture from 
the detector chamber and exhausts it outside the instrument housing. 

Specifications 

The specifications provided by the manufacturer are given in Table 43. 
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110 VAC .-­
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DI SPLAY METER 
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JACK 
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EXTERNAL ETHYLENE 
SUPPLY TUBE 

Figure 55. Chemiluminescent Ozone Monitor installed at the test site. 

150 



..... 
CJ) 

FLOW SCHEMATIC - SERIES 560 

ETHYLENE 
EXTERNAL/ 
RECHARGE 

CYLINDER 
600 psig 

HI GH 
PRESSURE 
REGULATOR 

REGULATOR 

SAMPLE ----------, l ZERO 
VENT AIR 

FLOWMETER PUMP 

CHARCOAL 

TRAP 

Figure 56. Schematic diagram of the chemiluminescent Ozone Monitor (from manufacturer's 
instruction manual). 



Table 43. Chemiluminescent ozone Monitor specifications. 

Measurement range: 
(0 to full-scale) 

Response time : 

Noise: 

Sampling air f l ow rate: 

Maximum period of unattended 
operation: 

Environmental limitations: 

Size: 

Weight: 

Output: 

EVALUATION RESULTS 

Measurement Accuracy 

0 - 0.01 ppm 
0 - 0. 1 pp:m 
0 - 1.0 ppm 
O - 10.0 ppm 

Less than 20 sec. on 0.01 ppm range, 
less than 5 sec. on all other ranges 

2% on O - 0.1 ppm range 

1/min (2.12 ft3/hr) 

8 hrs of portable operation 

Continuous operation limited by 
capacity of ethylene supply tank. 

None specifi ed 

22.9 cm (9 in.) x 36.2 cm (14.25 in.) 
x 18 .4 cm (7.25 in.) 

33.1 kg (15 l b) 

Analog panel meter and output jack 
for external indicator/recorder. 

The measurement accuracy of the AID was linear over the 0.03 to 0.7 ppm 
concentration range tested. Two calibrations performed at the beginning 
and end of t he evaluation indicated that the calibration did not change 
more than 6 percent over a 6-month period of intermittent operation. 

Upon receiving the AID, it was calibrated using the neutral buffered 
potassium iodide absorption method. Ozone-containing air was generated by 
a Monitor Labs Model 8500 Ozone Generator. This calibration was then 
rechecked six months later by the same method. The results of these two 
calibrations are presented in Table 44. The AID was ad justed at one 
concentration, and as indic ated by the other measurements, was linear in 
its response with no difference between the AID measurements and the standard 
measurement. The re-calibration check revealed that the AID calibration 
changed only slightl y, with the AID measurements ranging from 3 to 6 percent 
lower than the standard measurement. 

The manufacturer indicated that the calibration is a function of the 
ethylene flow rate, as shown in Figure 57. As the ethylene flow rate 
diminishes, the response of the instrument drops off, causing a lower than 
actual measurement. To assure accurate measurement, the ethylene flow rate 
needs to be maintained at the specified rate. 
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Table 44 . Chemiluminescent Ozone Monitor calibration stability data. 

Initial calibration, 3/21/79 Calibration, 9/26/79 

Ozone concentration, ppm 

Standard AID 

0.039 0.039 

0.14 0. 14 

0 .2 3 0.23 

0.084 0.084 

100 

'4 80 t~ 
z 
0 
p.. 
U) 
li:J 
~ 60 

~ z 
0 
N 
0 

i 
rJ,O 

0 50 100 150 

Ozone concentration, 

Standard 

0.57 

0. 29 

0.73 

0.053 

200 250 300 

ETHYLENE FWW, 
ml/min 

AID 

0.54 

0 . 28 

0.71 

0.051 

350 400 

ppm 
Percent 
c hange 

- 6% 

-3% 

-3% 

-6% 

451) 500 

Figure 57. Percent maximum ozone response vs. ethylene flow rate 
for the Chemi luminescent Ozone Monitor (from manufacturer). 

Measurement Range 

The measurement range of the AID is 0.001 to 10 ppm, divided into four 
ranges : 0 - 0 . 01, 0.1, 1 .0, and 10 ppm . This wide measurement range is 
adequate for measuring ozone concentrations normally occurring in the 
welding environment. 

Zero Drift 

The zero setting of the AI D is a function of the ambient temperature. It 
was found that if the ambient temperature was kept within ±6°c, the zero 
drift was l ess than 0.005 ppm over an 8-hr time period. Larger variations 
in temperature did produce larger zero variations because the dark current 
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(current when there is no signal) of the photomultiplier tube used to detect 
the light produced by the chemiluminescent reaction is a function of 
temperature. 

Response Time 

The response time is close to instantaneous . The manufacturer specified it 
to be 20 seconds on the 0.01 ppm range and less than 5 seconds on all other 
ranges. 

Malfunction Modes and Maintenance Requirements 

Five malfunction modes were identified, four of which were encountered during 
the evaluation. Each of these could be avoided by regular inspection and 
maintenance. A summary of the malfunction modes, effects, and maintenance 
procedures is presented in Table 45. 

The only maintenance requirements that are listed by the manufacturer include 
refilling of the ethylene tank .and periodic re- calibration and re- zeroing . 
The manufacturer reconunends re-calibration weekly under continuous operation, 
although the results of this study show that the calibration remained 
constant for a 6-month period during which the instrument was periodically 
used. No other schedules are given or were found to be needed. 

ECONOMIC AND INSTALLATION CONSIDERATIONS 

Costs 

The price of the AID, FOB Avondale, PA, as of April, 1979 was $3,330, 
including the self-contained, rechargable battery pack, battery charger, 
and refillable ethylene supply tank. The instrument uses approximately 
17.5 1 of ethylene per eight hours of operation. A 16.8 kg (37 lb) tank, 
which costs approximately $75 (January, 1980) would last approximately 
750 8-hour shifts or 250 24-hour shifts of operation. 

Instal lation--
The AID output can be read directl y off of the meter located on the front 
of the instrument or it can be transferred to an external recording device 
from the external output jack located on the front panel. The~e are no 
other provisions for interfacing, either standard or optional. 

Multi-point monitoring could only be accomplished by connecting a series of 
sampl i ng lines to the AID and sequentially sampling from each. This type 
of an arrangement would require a solenoid operated valve system controlled 
by an electronic timing and switching circuit and would increase the response 
time, depending on the length of the sampling lines. 
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Table 45. 

Malfunction 
mode 

Depleti on of 
ethylene supply. 

Zero drift which 
results f rom 
ambient t emperature 
variations. 

Chan-ge in e thylene 
flow rate . 

Bl inding of teflon 
pr efilter t hat may 
be requir ed in a 
dirty environment . 

Change in cal i bra-
tion setting. 

Chemiluminescent Ozone Monitor malfunction modes and maintenance schedule sunnnary. 

Was the malfunction 
Detection encountered during Effect on Preventive Maintenance .. \..... .,. ~-- .. - ... ~ - ..... monitor method maint e nance freauencv 

Monitor response drops Visual check o f Regular inspection 16.8 kg (37 lb) tank of el:hj(lene 
Yes off. flowrne ter . and repl acement of would last for approximate ly 

ethylene supply. 6000 hours. 

Changes zero setting Manual zero Contr.ol of ambient Re-zero as needed, if 
Yes which affects the check. temperature. ambient temperature changes 

measurement. by more than t 6°c. 

Causes va~iations in Visual check of Regular inspection As needed. 
'ies the measurement flowmeter . and adjustment of 

accuracy . e thylene flow rate. 

'ies 
Reduces sample Manually check Regular inspection Dependent upon aerosol concen-
air flow rate . sarrg:,led air and changing of tration o f sampled a ir. 

flow rate. the teflon f ilcer . 

NO Reduces .mea~urement None. Reca libration. Manufacturer recommends weekly 
accuracy .. recalibration, but the results 

of t his evaluat ion indicate 
that t he calibration remained 
constant for 6 mont hs . 



SAFETY MONITORING FILTER (SMF) 

PRINCIPLE OF OPERATION 

As the parti culate concentration increases in the air being passed through 
a filter media, the rate of buildup of particles on the filter increases, 
causing a parallel increase in the differential pressure across the air 
filter. This phenomenon is used as the operational principle of a SMF 
system used to detect an increase in particulate concentration and to 
prevent contaminants that penetrated the primary air cleaner during a 
breakthrough failure from entering the workplace. 

The SMF system consists of a filter element placed downstream of a primary 
air cleaner with a differential pressure monitoring device attached across 
it. The differential pressure monitor is set to activate an alarm when 
the trigger level differential pressure is reached. 

This type of return air monitoring system has three advantages which include: 

1. Low cost. 
2. Simple and reliable operation . 
3. Backup filtration in the event of a penetration failure 

of the primary air cleaner. 

7EST DEVICE DESCRIPTION 

A SMF manufactured specifically for return air monitoring by Farr Company Inc. 
was tested. The Model RIGA-FL0-20c4Dwas installed on the discharge of the 
aspirated cartridge filter as shown in Fi gure 58. A schematic diagram of the 
test configuration appears in Figure 59 , showing all of the components. The 
differential pressure was measured with a Magnehel i c gauge connected across 
the SMF. The air f l ow through the system was 42.5 m3/min (1500 ft3/min). 

EVALUATION METHOD 

The SMF was tested by simulating a breakthrough failure of the primary air 
cleaner and measuring ~he penetration and system air pressures as the SMF 
became loaded with fume. The failure was s i mulated by removing the filter 
elements from the aspirated cartridge filter unit and allowing the exhaust 
air from the welding booths to be introduced directly to the SMF. This was 
done to determine: 

1. The amount of time required for the final resistance to be 
reached (response time). 
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FILTER ELEMENT 

FILTER HOUSING SHOWN MOUNTED ON 
THE PRIMARY AIR CLEANER 

Figure 58. Photographs of safety monitoring fil ter. 
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Figure 59. Schematic diagram of Safety Monitoring Filter system. 
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2. The penetration a s a funct i on of differential pressure across 
the SMF. 

3. The effect of ris i ng differential pressure on t he a ir flow r ate 
thr ough the system. 

Parameters monitored included: 

1 . Differential pressure drop across the SMF. 
2. Inle t and outlet aerosol concentrations . 
3 . Velocity and static pressure in t he outlet duct . 

SPECIFICATIONS 

The performance specif ications for the SMF tested are given in Table 46 
along with specifications for the HEPA SMF also marketed by the Farr Company. 

Table 46 . Farr Safety Monitoring Filter specif ications . 

Air flow rate , Air resistance , I 
Filter Si ze Weight m3/min (cfm} cm wq (in. wg) ; 

tvoe (cm) (kq) Recommended Maximum In itia l Final 

RIGA- FLO- 6 1x61x30 198 42.5 56.7 1. 14-1. 65 5 . 08 
200 (1,500) (2 , 000) (0.45-0 .65) (2 . 0) 

Magna media 6J x61x29 309 24 32.6 1.91 - 2 . 54 8 . 89 
100 (850) (1,1 50) (0 . 75-1. 0) (3 . 5) 

EVALUATION RESULTS 

Penetrat ion and Differential Pressure 

At the outset of a simul ated breakthrough, the performance of a new SM.F 
was characterized by high penetrat ion which resulted in a high particulate 
concent ration downstr eam of t he SMF (Table 47). 

This caused t he outlet concentrat ion t o reach 7.07 mg/m3 , which exceeds the 
current OSHA PEL of 5 mg/m3 for wel ding fume . Some 4.5 hours later, as the 
particles built up on the filter and the diffe rential pressure approached 
the action level of 5 .1 cm wg (2. 0 in . wg), the penetr ation decreas ed 
res ulting in a l ower ing of outlet concent ration to 1.2 mg/m3 . A plot of 
penetration as a function o f time i s shown in Figure 60 . 

The high init ial penetration measured during the period immediately after 
f ailure negates the one function that the SMF should perform: that of 
preventing particulate material t hat penetrated the primary filter from 
re- entering the workplace during recircul ation . A more efficient SMF, 
s uch as a HEPA filter, would be needed in this cas e to effectively perform 
this function at the expense of a higher pressure drop, incre ased capital 
and operating cost, and reduced se rvice l ife. 
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Table 47. Safety Monitoring Filte r test results. 

Air flow 
Particulate 

Differential concentrations, 
rate, pressure, SMF, Penetration, _mg/m 3 

Time m3/min (ft3/min) cm w9. % I nlet Outlet 

8:45 42.5 (1500) 1. 0 
5 15 . 60 7.07 

9:15 42.5 (1500) 1. 3 

9:55 42.5 (1500) 1. 8 

10:15 42.5 (1500) 2.8 

10:45 41.1 (1450) 5.5 
18 15.92 2.85 0-, 

0 11: 1 5 41. l (1450) 5 .6 

11:45 40.4 (1425) 5.8 

12:15 40.4 (1425) 5.8 

1 : 15 40 .4 (14 25 ) 
6.1~ 

1 :45 40.4 (14 25 ) 6.1 7 16.27 1. 20 

2:15 40.4 (1425) 6. 4, 
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Figure 60. Safety Monitoring Filter differential 
pressure and penetration vs. time a f ter 

primary air cleaner breakthrough. 

If the penetration of the SMF is low, the response time is not critical 
because a breakthrough of the primary filter would not result in a large 
increase in contaminant concentration i n the return air. Such was not 
the case for the SMF tested, where the penetration was initially high and, 
therefore, response t ime was important. 

Starting at an initial d i fferential pressure of 1 .02 cm (0.40 in.), it took 
approximately two hours to reach the action level of 5.1 cm (2.0 in.) wi th 
par ticulate concentr ations of 15 mg/m3 being introduced to the afterf i lter 
during the breakthr ough test. This response time represents the l ongest 
possible und e r this par ticular inlet concentration because the fi l ter was 
clean at the beginning o f the test. Had that filter been used for a period 
o f steady s t ate performance prior to breakthrough , the initial resistance 
would have been higher and it would have t aken less time to reach the action 
level. The inlet particulate concentration to t he SMF is another variable 
which has an important effect on the time needed to reach the action level . 
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Differential Pressur e 

The initial differential pressure across the SMF was low , starting at 
approximately 1 cm wg (0.40 in . wg) . It increased to 5 .1 cm wg (2 . 0 in .), 
the action level recommended by the manufacturer, during t he breakthrough 
test. Differential pressure was monitored throughout the simulated primary 
f ilter breakthrough. These results are presented in Table 47 and s hown 
graphically in Figure 60. It can be seen from the figure that the 
differential pressure turned sharply upward a fter about an hour following 
the outset of the failure, r is ing 3.5 cm d uring the second hour. 

The t est continued for 2. 5 hour s after the act i on level Wets reached and 
during this period the rate of change of both penetration and differential 
pressure decreas ed as these measurement s began to level off. 

Bec ause t he blower was properly sized to handle the incr ease i n pressure 
associated with particulate buildup on the SMF, the a ir f low r ate through 
the system decreased only 3.3 percent from 42.5 m3/min (1500 ft3/min) to 
41 .1 m3/min (1450 f t3/min) as the f ilter passed from initial to f inal 
(action l evel) r esis tances. 

Malfunction Modes and Maintenance Requi rements 

Two malfunctions can occur that woul d prevent the SMF f rom functioning a s a 
b reakthrough warning device a nd secondary fil ter. These are summarized in 
Table 48 along with pertinent maintenance inf ormation. Both of these 
failures resul t from a component fa ilure and both are relatively difficul t 
to detect. 

Replacement o f the fi l t er e l ement when the final differential pressure is 
reached is another maint enance task associated with the SMF. The replace­
ment schedule is dependent upon the aerosol concentration that is 
i ntroduced to the SMF, which, in turn, is dependent upon the penetration of 
the primary air cleaner and t he aerosol concentrat ion of the air to be 
cleaned. Sa fety monitoring filters tha t have lower penetrations , suc h 
as the high efficiency parti culate air (HEPA) filters, require more frequent 
replacement because they retain a l arger percentage of par ticulate, 
resulting in a faster buildup rate and differential pressure r ise . 

Economic and Installation Considerations 

Capital costs for both the glass f iber and HEPA SMF systems are l i sted 
in Table 49 . 

The SMF causes additional s t ati c pressur e loss in the system, r equir ing more 
operating energy in the form of horsepower to operate the blower. The 
electrici ty costs, based on a 20,000 f t 3/min system operating under the 
same condi tions as the air c leaners are presented i n Table 50 for each 
a i r cleaner system t ested (see cost analysis section and Appendix C) . 
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Table 48. Safety Monitoring Filter malfunction modes and maintenance schedul e summary. 

Was t he malfunction encountered Detection Preventive Maintenance 

Malfunction mode during the evaluation? Effect on S11F method maintenance freq uency 

Air leak in the filter NO lligher penetration Penetration Periodic leak /Is needed or 

media or filter gasket. resulting in slower test. checks. as determined 
differential pressun necessary for 
rise. safety . 

Hal function in t he No None Measuring the Calibration, As needed 

differential pressure differential check differ- based on 

sensing device pressure with an ential operating 

resulting in t he a l a rin indicator of press ure conditions. 

sounding either prematurely known accuracy sensing device 

or late . such as a mano-
meter . 



Air 
cleaner 

EAFF 

ESP 

ACF 

Table 49. Safety Monitoring Filter costs (January, 1980). 

Filter 
t ype 

RIGA-FLO 
200 

Magna 
Media-
100 

Cost per 
fi lter element 

$ 50. 00 

$150.00 

Cost per f t3/min for 
a 20,000 ft3/min unit 

$0.06 

$0.26 

Table 50 . Additional costs f or operation 
of the Saf ety Monitoring Filter. 

Differential pressures (cri w<;) 

Air Glass fiber 
cleaner System SMF 

14.0 

1.3 

6.4 

25.4 

25.4 

25 . 4 

3.1 

3 . 1 

3 . 1 
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Additional electricity costs 
for fan operation for SMF, 

:l.ollars per 106 ft 3 

HEPA Glass 
SMF fiber HEPA 

5.7 0. 11 0. 18 

5 . 7 0. 14 0.22 

5.7 0. 19 0.26 



AIR CLEANER AND AIR MONITOR COSTS 

INTRODUCTION 

The costs of a recirculating ventilati on system, both capital and operati ng, 
must be low enough to make the sys tem economicall y viable. Economic returns 
may be evaluated i n terms of money saved on energy needed to temper make-up 
air or from lost producti on t i me due to t he unavailability of energy re­
sources. Bef ore an economic evaluation can be made, the costs for the 
addi tional components and maintenance necessary for recirculation must be 
det ermined as well as the potential savings that such a syst em would provide. 

A ventilation system being considered for recirculation can t ake basically 
two forms as depicted in Figure 61. Configuration 1 represents a system 
that is exhausted d irectl y to the outdoors without any condit ioning of the 
exhausted air; configuration 2 shows the various components of a ventilation 
system that, due to ambient regulations on the contami nant being exhausted, 
requires partial removal of the contaminant prior to be ing exhausted. 

To det ermine the cos t of changi ng gonfiguration into a recirculating 
system, the capital and operating costs for the fol l owing components must 
be determined: 

No. 4 - Air cleaner providing low enough penetration for recirculation 
No. 5 - Bypass damper. 
No. 6 - Return air d istribution plenum. 
No. 7 - Return air monitoring system i ncluding alarm. 

Changi ng configuration 2 into a recirculating system would require an 
addition of the f ollowing components : 

No . 4 - Ai r cleaner provi ding low enough penetration for reci rculation. 
The a i r c l eaner used to clean air being exhausted to t he outside 
may not have a l ow enough penetration f or recirculation. If 
not, a n entirel y new air c l eaner may be needed or a s econdary 
air cleaner could be added. Thes e additions would result in 
added capital and operating costs . 

No. 5 - Bypass damper . 
No. 6 - Re tur n air distribution plenum . 
No. 7 - Return air monit ori ng system including alarm. 
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VENTILATION SYSTEM 

WITHOUT RECIRCULATION 

0 
CONFIGURATION l 

© 

8 
CONFIGURATION 2 

0 

VENTILATION SYSTEM WITH RECI RCULATION 

0 

8 
G) f-----_, 

© 
V£1-1TlLATION SYSTEM COMPONENTS 

1 - EX!iAUST 11000 ANO DUCT WORK 
2 - EXHAUST FAN 
3 - EXHAUST STACK 
4 - AIR CLEANER SUIT.1\BLE FOR AMBIENT EXHAUST 

4a - AIR CLEANER SUITABLE FOR RECIRCULATION 
5 - BYPASS DAMPER 
6 - RETURN AIR DISTRIBUTION PLENUM 
7 - RETURN AIR MONI TORING SYSTEM WI TH ALARM 

AND CONTROL OF THE BYPASS DAMPER 

Figu:i;-e 61. Ventilation system components - wi th and without recircul ation. 



RECIRCULATION SYSTEM COST EVALUATION 

Wide variati ons in the magnitude of capital and operating costs are possible 
because of the circumstances which surround each particul ar application. 
The cost of the air cleaner may represent a small or l arge fraction of the 
total capital costs, depending in part upon one or more of the following 
factors (6): 

1. Auxiliary equipment - i ncluding ductwork, hoods, fan and 
motor, instrumentation, and air moni toring equipment. 

2. New or retrofitted i nstallation. 
3. Physical location of the air cl eaners with respect to the source. 
4. Local code requirements. 
5. Plant location. 

Operating costs can also vary depending upon such cost factors as: 

Raw materials. 
Maintenance. 
Labor. 
Utilities. 
Overhead. 
Technical and engineering. 
Depreciation. 
Insurance and property taxes. 

These factors can only be assessed on an indi vidual basis, therefore the 
scope of thi s economic evaluation was limited to determining only those 
costs associated with the air cleaning device itself. The actual air 
cleaners tested as part of this study were pilot sized, so costing information 
presented here is based on scale-up to a full sized unit with an air flow 
capacity in the range of 9.44 to J4.17 m3/sec (20 - 30,000 ft3/min). 
Capital and operating costs are based on the assumptions and conditions 
listed in Table 51 . The operating conditions used for costing the EAFF 
and ACF air cleaners were those which, from this study, were determined to be 
most efficient. The most efficient operating mode for the ESP was not 
readily apparent, so costing information for all of the operating conditions 
tested i s presented. A summary of this information is presented in Table 52. 
Detailed cost calculations for each air cleaner are presented in Appendix c. 

AI R MONITOR COSTS 

Depending upon the sophistication of the air monitor ing system deemed 
necessary to adequatel y protect the worker against system failures, the 
expense incurred could make recirculation economically infeasible . Specific 
costs which need to be considered include: 

1. Capital costs of the instrument including installation. 
2. Alarm and telemetry options available and their respective costs. 
3. The cost incurred to erect a multi-point monitoring system if ne~ded. 
4. Operating costs which would include labor and materials required for 

such things as zero checks, cal ibration, and replenishing expendable 
items. 
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Cost description 

Capital: 
1. Air cleaner 

Operating Costs: 
1. Electricity 

2. Maintenance 

Table 51. 

Items included 

Air cleaner only 

Fan 

Compressed air 

High voltage for 
electrostatic 
devices 

Materials 

Labor 

Air cleaner costing method. 

Basis of 
cost calculation 

ESP - Single and douhle pass, 
high and low inlet 
concentration. 

EAFF - High fil ter velocity 
wi th electrostatic 
augmentation. 

ACF - High filter velocity with 
precoated filter elements. 

Horsepower requirements for 
the fan are based on the 
differential pre ssure mea­
sured across the air cleaner 
plus 24. 5 cm wg (10 in . wg) 

added to account for system 
loses • 

Compressed air costs are 
based on compressed air 
requi rements specified by 
the manufacturer. Horse-

Calculation 
units 

Dollars/ft 3 /min 

Dollars/106 f t 3 

Oollars/106 ft 3 

power use is based on a central air 
system powered by a 25 Hp motor. 

Based on electrical require­
ments specified by the manu­
facturer. 

Based on the materials needed 
to maintain unit. Estimated 
schedule i s bas ed on manu­
facturer's data and informa­
t ion obtained from this study. 

Base on manufacturer's 
esti~ated time requirements . 

Dollars/106 ft 3 

Dollars/106 f t
3 

Dollars/ 106 ft 3 

based on 20.00/ 
hr for labor 

Date 

FOB factory, 
January, 1980 

January, 1980 



This study was limited to assessing only those costs associated directly 
with the monitor itself. The following costs are reported if they were 
available: 

1. List price of the instrument, FOB from the factory. 
2. Cost of alarm, telemetry, and other options from the manufacturer. 
3. Cost of a multi-point monitoring system. 

A summary of the air monitor cost information is presented in Table 53. 
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Tabl e 52. Air cleaner cost summary. 

Capital Total 

cost, El ectrici ty costs,$/106 ft 3 operating 

$ Der High Compressed Maintenance , $/106 f t 3 costs, 

Ai r cleaner f t-.3 /min Fan voltage air Materials Labor $/106 n 3 

ESP -
based on a 9.44 m3

/ 

sec (20,000 f t ~/min) 
unit. 

- S ingle pass 
* low concentration 1. 72 0.87 0.01 0 . 0 1 NR 0.84 1. 73 

h igh concentrat ion 1. 72 0. 8 7 0.0 1 0.01 NR 5.56 6.45 
- Double pass 

low concentration 3.45 0.87 0 . 02 0.02 NR 0.84 1. 75 
hiqh concentration 3.45 0,87 0.02 0.02 ]\J~ 5.?6 6 47 

based on a 11. 33 
EAFF - m3 /sec (24 , 000 ft 3 1. 38 1. 32 0.26 0.01 0 . 15 0 .0 2 1. 76 

/min) unit. 

based on a 9 .44 m3 

ACF - /sec (20,000 ft 3
/ 1.29 0.97 NR 0 . 0 1 0.43 0 .01 1. 42 

min) unit. 

* NR - denotes not required. 



Tabl e 530 Air monitor cost SUJtnllqry . 

Extractive List price as Multipoi nt 
type air evaluated system cost 

sampling devices (FOB factory ) Cost of optional equipment (if availa bl e ) 

Aerosol mass $12, 150 (January, 1980) 2 channel (respirable and total 
monitor fractions) $13,300 

Anal og output board $1 , 300 . 00 * NA 

r.!~??8fne .particulate $10, 000 (approximate, 
J anuary, 1980) None listed. NA 

w.ass moni tor 

Real time aerosol $4,500 (December, 1979) See RAM section. SS,100 per point for 5 
r:10nitor points , $2,200 per 

point for sixty points. 

Tape sampl er $1,122 (September, 1979) $2,975 for model 5000 which NA 
includes interfacing and alarm 
and all o the r available opt i ons . 

Oxidant monitor $1,400 (January 15, 1980) Alarm - $ 175.00 
30 day Operati on - $ 125 . 00 NA 

Ultr.<1violet ozone $2,500 (January 15, 1980) None listed . NA 
nonitor 

Chemiluminescent $3,300 (April, 1979) None listed. NA 
ozone r10nit<)r. 

Air pressure type 
devices 

Safety monitoring S0 . 06 per ft' /min (January, 

filter 1980, $ 1200 for a 20,000 ft 3
/ None listed NA 

min unit). 

* NA - denotes not applicable 
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APPENDIX A 
SIGNAL TRANSFER AND PROBE LOSSES 

PARTICULATE SAMPLE EXTRACTION METHOD 

All of the extractive type particulate monitors evaluated required that the 
air sample be extracted from the air duct and transported to the sensing 
portion of the monitor via a probe and sample line. Ideally, the nozzle 
portion of the system should be sized so that the sampled air is removed 
from the duct isokinetically, and shaped and sized so as to minimize losses. 
Practically, 0.318 cm (1/8 in.) diameter is the smallest probe diameter 
which can be used. Smaller diameters are easily clogged by large particles. 
The flow rate of the monitors tested required that a small diameter nozzle 
be used to approximate isokinetic conditions. The particles being 
sampled contained a large portion of small particles (90 percent of the 
mass less than 3 micrometers) so that strict isokinetic sampling was not 
critical. However, if the air being monitored contained a higher percentage 
of larger particles, more attention would have to be given to insure 
isokinetic extraction of the air sample. 

A standard extractive technique shown in Figure A-1 was used for each 
particulate monitor. This consisted of an "s" shaped stainless steel 
nozzle with a sharpened head, 0.318 cm (1/8 in.) diameter, a 61 cm (24 in.) 
long 0.64 cm (1/4 in.) ID teflon tube and hardware used to fasten the 
nozzle to the ductwork. This diameter resulted in near isokinetic 
sampling rates for the monitors with the highest air flow rates (9 and 10 
1/min), but sub-isokinetic sampling rates for the monitors that had lower 
air flow rates (1 to 2 1/min). Monitor sampling air flow rates were 
checked with a rotameter with the sampling probe inserted in the duct to 
insure that the negative duct static pressure did not alter the flow rates 
of the monitors. 

Probe and Line Loss Experiment 

An experiment was conducted to determine the percentage of the sampled 
particles that adhered to the walls of the sampling probes and lines. 
This was done by connecting two identical probe tips to 47 mm filters, 
one with a 61 cm (2 ft) and the other with a 183 cm (6 ft) sample line. 
These lines were free of any sharp bends and relatively straight. A 
simultaneous air sample was drawn through each system from the inlet duct 
to the air cleaners at the same air flow rate. The material in the probes 
and sample line was then removed by backwashing with acetone. The 47 mm 
filters, along with the backwash samples, were then post desiccated and 
weighed and the percentages of the t otal catch calculated. 
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Initial tests using sample air drawn from the exhaust duct of the air 
cleaners which contained very low particulate concentration (20 to 50 
µg/m3) i ndicated that the probe and line losses were undetectable. There­
fore, only the results of the tests using air having a high aerosol 
concentration are presented in Table A-1. 

Figure A-1. Photograph of probe and sample line mounted on exhaust duct. 

Table A-1. Probe and line loss results. 

Air Sample Flow Rate: 1 O 1 pm 
Sample Time: 175 min . 

3 Average Particulate Concentration: 11. 88 mg/m 
Probe Tip Diameter: 0.318 cm (1/8 in . ) 
Percent Isoki netic: 95% 

Section 

1.82 m (6 ft) line 
Probe tip 

Total 

0.61 m (2 ft) line 
Probe t ip 

Total 

174 

% of Total 

12 
9 

21 

6 
9 

15 

mass 



These results indicate that at high concentrations, probe losses are signifi­
cant, ranging from 15 to 21 percent of the total mass sampled. This also 
indicates that these losses can be reduced by reducing the sample line 
l ength. To keep line losses to a minimum, all of the measurement accuracy 
tests were conducted with a 61 cm (2 ft) sample line. 

Gaseous Sample Extraction Method--
Gaseous samples were extracted from the duct with a 0.64 cm (0.25 in.) ID 
teflon sampling tube inserted into a hole placed in the side of the duct. 
As with the particulate monitors, sampling flow rates were checked with a 
rotameter. 
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APPENDIX B 
GRAVIMETRIC MEASUREMENT ERROR ANALYSIS 

Each gravimetric measurement was calculated from the following equation: 

C = Sw 
Vm 

Where C is the gravimetric concentration in mg/m3 , Sw is the weight of the 
collected sample, and Vm is the metered volume of air that passed through 
the filter. 

The maximum relative error of the gravimetric concentration measurement 
can be estimated by surmning the absolute values of the relative error 
associated with each determination made in the gravimetric measurement 
sequence. This is done by substituting the appropriate values into the 
following logarithmic differential equation: 

dC = d (Sw) + d (Vm) 
C Sw Vm 

All of the errors associated with a measurement are usually not additive, 
as the above equation assumes, therefore, a more accurate estimation of 
the actual error is best determined by dividing the total absolute error 
by 2. For each gravimetric measuring technique, the absolute error [ d(Sw + 
d(Vm)] was estimated and then divided by the average value for each measure­
ment. The calculation for each measuring technique is presented as follows: 

High volume, 30-minute sampling time, high particulate concentration (<1 
mg/m3): 

dC = 2 mg+ dVm = 2% + 3% (manufacturer's specifications) = 
C 100 mg Vm 

5%.; 2 = 2.5% 

High volume, 120-minute sampling time, low particulate concentration (20 to 
500 µg/m3): 

dC = 2 mg+ dVm = 20% + 3% = 23% . 2 = 12% 
C 10 mg vm 

Low volume, 30-minute sampling time·; high particulate concentration (5 to 
25 mg/m3 ): 
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dC = -1.._E!S. + dVm = 20% + 3% = 23% . 2 = 12% 
C 10 mg Vm 

Low volume, 120-minute sampling time, high concentration (5 to 25 mg/m3): 

dC = 2 mg+ dVm = 17% ~ 2 = 9% 
C 15 mg Vm 
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APPENDIX C 
COSTING METHODS AND CALCULATIONS FOR THE AIR CLEANERS 

All capital costs are based on the FOB cost (Januar~ 1980). Operating costs 
include both utilities (electricity) and maintenance (materials and labor). 
Electricity costs are based on $0.03 per kw-hr, labor costs are based on 
$20.00 per hour and material costs are based on January, 1980 prices. 

Costs for operating the fan were based on horsepower r equirements for a 
Buffalo Forge Company Inc. size 70 MW industrial fan. Horsepower require­
ments were adjusted to 70°F air temperature and 1,000 ft elevation by 
multiplying the value found in Table C-1 by 0.96. Compressed air costs 
are based on horsepower requirements for a Worthington Model 25 BNBR 
compressor employing a 25 hp motor with 97.1 ft3/min capacity (Table C- 2). 

Table C-1. Fan horsepower requirements used in calculations . 

Fan type: Buffalo Forge size 70 MW industrial fan. 

Static pressure, in. wg 

Capacity 8 9 10 11 12 13 14 15 16 
ft 3/min Hp Hp Hp Hp Hp Hp Hp Hp Hp 

17 
Hp 

20,000 40.19 44.15 48 .11 52.24 56.24 60 .37 64.61 6ij.98 73.73 77. 78 

24,000 52.95 57.51 62.25 6 7 . 00 71.74 76 .48 81.25 86.08 91.06 95.88 

Table C-2. Compressor horsepower requirements used in calculations. 

Type: Worthington Model 25 BNBR 

Actual Maximum 
RPM capacity, discharge pressure, Motor Hp 

ft 3 / min lb/in~ 2 

1490 97.1 125 25 
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EAFF COST CALCULATIONS 

A. Capital Costs 
24,000 ft3/min unit 
High voltage power supply 

(could be used for 10 
modules) 

Total 
Capital cost per ft3 /min = 

B. Operati ng costs 
Electricity: 

$24,000 
9,000 

$33,000 
$1. 38 

Fan, based on 14 cm wg (5.5 in. wg) differential pressure across the 
unit and 25.4 cm wg (10 in. wg) system loss. Horsepower requirements 
based on fan manufacturer specifications are 85.03, converting this to 
kw-hr used for each 106 ft3 of air cleaned gives: 

85.03 x 0.746 kw x 0.694 hr · = 44.02 kw-hr 
hp ,06 ft3 1 Q6 ft3 

@ $0.03/kw-hr yields $1.32/10 6 ft3 

High voltage, based on 1 ma per tube, and a 50 percent efficiency of 
the power supply : 

2 x max 200 tubes x 31,000 V x 
tube 

lkw 
1000W 

Converting to kw-hr@ $0 . 03 kw-hr yields: 

= 12.4 kw 

12 . 4 kw x 0.694 hr= 
106 ft3 

8 . 606 kw-hr= $0.26 
106 ft3 1()8 ft3 

Compressed air, based on 2 ft3 per bag at 100 psi with 1 cleaning per 
8-hour shift yields: 

2 ft3 x 200 bags x 25 hE X 1 hr X 0.746 kw 
bag 97. 1 ft::l /min 60 min hp 

X 1 clean X $0 . 03 = $0. 01/10 6 ft3 

5.55 X 1 Ob ft3 kw-hr 

Maintenance, based on bag replacement every five years, operating 
240 - 8-hr shifts per year . 

Materials 

200 bags@ $10.00/bag = $2,000 . 00 

5 yrs x 2765 x 106 ft3 = 13,825 x 10 6 ft 3 

yr 
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Costs per 106 ft3 = $2,000.00 
1,382.5 X 106ft3 

= $0. 15/106 ft3 

Labor, based on 16 hrs to change 200 bags: 

16 hr X $20.00 X --------hr. 1,382 X 10 ft 

6 = $0.02/10 

TOTAL OPERATING COSTS: $1.76/10 ft 3 

ESP COSTS CALCULATIONS 

A. Capital Costs 

ft 3 

TEPCO, Inc . , Model 2001-ST, with self-cleaning a nd timer opti ons for 
20,000 £t 3/min air flow rate. 

Operating No. of 
mode units 

Single 1 0 
pass 

Double 20 
pass 

B. Operating Costs 
Electricity: 

List price 
Eer uni t 

$3,356 

$3,356 

No. of Cost per Total Cost per 
marriages marriage cos t ft3/min 

9 $100.00 34,460 1. 72 

19 $100.00 69,020 3.45 

Fan, based on 1 .3 cm wg (0 . 5 in. wg) differential pressure across 
the ESP and 25.4 cm wg (10 in. wg) system loss. Horsepower require­
ments, based on fan manufacturer's specifications, is 46.38 hp. 
Converting this to kw-hr used for each 10 6 ft 3 o f air cleaned gives: 

46.38 hp X 0.746 kw X 0.833 hr 
hp 10 6 ft 3 

= 28.82 kw-hr@ $0.03/kw-hr 
10 6 ft 3 

= $0.87/10 6 ft 3 

High voltage, based on 50 watts per unit: 

Single pass: 0.050 kw X 0.833 hr X $0.03 X 10 units = $0.01/106 

106 ft3 kw-hr 
ft3 

Double pass: 0.050 kW X 0.833 hr X $0.03 X 20 units = $0.02/10 6 ft 3 

10 6 ft3 kw-hr 

Compressed air based on 52.8 ft 3/min consumption per unit and a 
1-minute cleaning time, every 8 hr of operation: 
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Single pass : 52.8 ft3/min x 25 hp 
97 . 1 ft3/min 

* 0.746 kw x 1 hr 
hp 60 min 

x 1 minute operating x $0.03 x 10 units= $0.01/10 6 ft 3 

time/9.6 x 106 ft3 kw-hr 

Double pass: $0.02/10 6 ft 3 

Maintenance 

Materials - None used. 

Labor: The maintenance schedule is dependent upon the particulate 
loading of the incoming air stream. 

High loading - washed cleaned every 3 eight-hour shifts: 

8-hr labor x $20 . 00 x 1 
hr -2-8-.-8-x---1Q_6,...._f.'t3 

= $5.56/10 6 ft 3 

Low loading - washed cleaned every 20 eight-hour shifts: 

8-hr -labor x $20.00 x 1 = $0 . 84/10 6 ft 3 

hr 192 X 10 6 ft3 

TOTAL OPERATING COSTS: 

Single pass, 
Single pass, 
Double pass, 
Double pass, 

high loading= $6.45/106 ft3 

low loading = $1.73/106 ft3 

high loading= $6 . 47/106 ft3 

low loadinq = $1 . 75/106 ft3 

ACF COSTS CALCULATIONS 

A. Capital Costs 
20,000 ft3/min (80 cartridge) unit - $25,800 
Capital cost per ft3/min - $1 . 29 

B. Operating Costs 
Electricity: 
Fan based on 3.8 cm wg (1 . 5 in. wg) differential pressure across the air 
cleaner and 25.4 cm wg (10 in. wg) system loss. 

Horsepower requirements based on fan manufacturer's specifications are 
52 .07. Converting this to kw-hr used for each 106 ft3 of air clea~ed 
gives: 

52 . U/ hp X 0.746 
hp 

= $0.97/106 ft3 

kw x 0.833 hr= 
10 6 ft3 
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Compressed air, based on 0.7 ft3 of compressed air at 100 psig used per 
cartridge cleaned with the unit operating on a once per hour cleaning 
cycle: 

0.7 ft3 x 80 cartridges x 1 clean X 25 hp 
cartridge 1.20 x 106 ft3 97.1 ft3 /min 

x 1 hr x 0.746 kw x $0.03 = $0.004/106 ft3 
60 min hp kw-hr 

Maintenance, based on cartridge replacement every four years, operating 
for 240 8-hr shifts per year. 

Materials: 

80 cartridges @ $SU. QO. ea. ;::; $4 1 000 

4 yrs x 2304 x 10 6 ft 3 = 9216 x 106 ft3 
yr 

$4,QQO; 9216 X 106ft3 = $0.43/106 ft3 

Labor, based on 2 hrs to change 80 cartridges; 

2 hr X $20 • 00 X 1 = $0. 004/106 ft 
hr 9216 X 106ft 

TOTAL OPERATING COSTS: 

$1 .42/106 f t3 

ADDED OPERATING COSTS FOR SAFETY MONITORING FILTERS 

The added electricity costs for operating the fan for each air cleaner 
tested were calculated by determining the extra horsepower needed to 
compensate for the additional pressure of the SMF. These calculations 
are based on the following system pressures: 

EAFF = 14 cm wg (5.5 in. wg) 
ACF = 3.8 cm wg (1.5 in. wg) 
ESP = 1.3 cm wg (0.5 in. wg) 

Ductwork= 25.4 cm wg (10 in . wg) 

Glass fiber SMF = 3.1 cm wg (1.22 in. wg) average 

HEPA SMF = 5.7 cm wg (2.24 in. wg) average 
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EAFF 
Glass fiber SMF: 

Hp= 92 
Additional cost for SMF = $0.11/106 ft3 

HEPA SMF: 

Hp= 96 
Additional cost for SMF = $0.18/106 ft3 

ESP 
Glass f i ber SMF: 

Hp= 54 
Additional operating cost for SMF = $0 . 14/106 ft3 

HEPA SMF 

Hp = 58 
Additional operating cost for SMF = $0 . 22/106 ft3 

ACF 
Glass fiber SMF: 

Hp= 62 
Additional operating cost for SMF = $0.19/106 ft3 

HEPA SMF: 

Hp = 66 
Additional operating cost for SMF = $0.26/106 ft3 
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C 

cc/min 

CI 

cm wg (in. wg) 

CV 

ft 3 

ga 

hp 

KVDC 

1/min 

ma 

mg 

m3 

MV 

NIOSH 

OSHA 

p 

PEL 

ppm 

R 

Sw 

TLV 

µg 

V 
m 

GLOSSARY 

- Measured concentration, mg/m3
• 

- Volume , cubi c centimet er per mi nut e. 

- Confidence interval used in s tatistical evaluations. 

- Pressure, centimeters of wate r (in. of water), water gauge 

- Coefficient of variation, equal to the standard deviati on 
divided by the mean. 

- Aerodymic diameter - 50 percent or mass median diameter. 

- Cubic feet. 

- Gauge. 

- Horsepower. 

- Kilovolts, DC. 

- Liters per minute flow rate. 

- Milliaperes. 

- Milligram. 

- Cubic meter. 

- Vol tage, millivolts. 

- National Institute for Occupational Safety and Health. 

- Occupational Safety and Health Admini stration. 

- Pressure. 

- Change in a variable. 

- Permissible exposure limit (OSHA). 

- Parts per million. 

- Correlation coefficient. 

- Sample weight, mg. 

- Threshold limit value (ACGIH). 

- Microgram. 

Metered volume of air, m3 • 
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