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FOREWORD

This reporﬁx\IITRI No. L06234 Phase I report, describes studies conducted
by the Life Sciences ResearchDepartment of [IT Research Institute for the U.
S. Army Medical Research and Development Command during the period of January
15, 1989 through February 1, 1990. The studies were carried out under
Contract No. DAMD17-89-C-9043. Major David Smart was the Contracting
Officer's Representative. Catherine Aranyi, Principal Investigator, was in
charge of the overall conduct and coordination of the studies. Narayanan
Rajendran, Co-Investigator, and Stanley Vana, Principal Professional
Associate, were responsible for the design and operation of the test
atmosphere generation and monitoring system and for the conduct of the asrosol
homogeneity studies. Robert Gibbons, Consultant Biostatistician, contributed
to the sampling design and conducted the statistical analysis of the aerosol
homogeneity studies. Chemical analysis of selected components of filter-
collected chamber atmosphere samples was the responsibility of Alan Snelson
and Kevin Taylor. Robert Lange and Anthony Guy also participated in the
conduct of the studies.
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DISCLAIMER-FOREWORD

Opinions, interpretations, conclusions and recommendations are those
of the author and are not necessarily endorsed by the U.S. Army.

7
CJ; Where copyrighted material is quoted, permission has been
obtained to use such material.

NiF Where material from documents designated for limited
distribution is guoted, permission has been obtained to use the
material.

2N

€= Citations of commercial organizations and trade names in this
report do not constitute an official Department of the Army
endorsement or approval of the products or service of these
organizations.

N> In conducting research using animals, the investigator(s)
adhered to the "Guide for the Care and Use of Laboratory Animals,"
prepared by the Committee on Care and Use of Laboratory Animals of the
Institute of Laboratory Animal Resources, National Research Council
(NIH Publication No. 86-23, Revised 1985).

UG For the protection of human subjects, the investigator(s) have
adhered to policies of applicable Federal Law 45CFR46.

[
M~ In conducting research utilizing recombinant DNA technology,
the investigator(s) adhered to current guidelines promulgat=a by the
National Institute of Health.
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GOOD LABORATORY PRACTICES

The studies for this contract will be conducted in compliance with the
Good Laboratory Practice (GLP) regulations as published in the Federal
Register, Vol. 54 (158), 17 August 1989, pages 34043-34050 (and all subsequent
amendments). This Phase [ report summarizes the test atmosphere development
studies and therefore the records were not submitted for quality assurance
audit, but were subjected to rigorous internal quality control (for details
see Section 5.4). A1l raw data generated during the course of the Phase I
test atmosphere nhomogeneity studies will be retained in the [ITRI Life
Sciences archives and will be available for inspection.

e el €<

Marilyn Mar¥ow
Quality Assurance Auditor
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EXECUTIVE SUMMARY

This study is sponsored by the U.S. Army Medical Research and Development
Command to investigate the potential inhalation hazard of various materials
employed as obscurants to which military personnel may be exposad during field
operations. The overall objective is to evaluate the toxicity of aerosols and
mixtures of aerosols by exposing laboratory rats in inhalation chambers under
simulated field conditions. This program requires evaluation of the potential
inhalation hazards of aerosols of a solid particulate material and mixtures of
this solid particulate aerosol with a petroleum-based liquid aerosol. The
subjects of the current Phase [ report are the test atmosphere development and
the chamber atmosphere homogeneity studies.

The facilities dedicated to these studies include two inhalation exposure
laboratories provided with conditioned air supply and chamber air exhaust
systems; inhalation exposure chambers with air flow and pressure cgntrols; and
aerosol generators provided by the Government. There are seven Ilm~ inhalation
chambers: four are used for exposure tc aerosols of the test materials, and
one is used for the positive control aerosol. Two chambers in a separate room
are used to expose the control animals to filtered air. Each of the five
exposure chambers is interfaced with two aerosol generators provided by the
Government; one for the solid particulate aerosol and the second for the
petroleum-based liquid (PBL) smoke. A two-stage filtration system, consisting
of a bag prefilter and a HEPA filter, is used to exhaust the chamber
atmospheres.

Aerosols of the solid test material are generated by pneumatic re-
dispersion of the bulk solid using a jet mill and a screw feeder. The solids
delivered by the screw feeder at a constant rate are drawn into the mill and
are accelerated to high velocities with the use of compressed air jets. The
particles are swept into turbulent motion and pulverize each other.
Subsequently, they enter a size classifier and, if small encugh, exit the
system as aerosol. Large particles stay in the mill until their size is
reduced to a level small enough to pass through the classifier. In order to
improve the temporal stability of the solid aerosol generation system at
concentrations below 100 mg/m”, a slip stream dilution system was employed.

Aerosols of the PBL are generated by injecting this test material onto a
Vycor glass heating element in an inert nitrogen atmosphere. The temperature
of the heater is monitored by a thermocouple and contrclled by a dual set
point temperature controller. The PBL flash evaporates and condenses quickly
to form smoke when mixed with dilution air. The solid particulate aerosol and
the PBL smoke are dynamically mixed in a "Y" section befare entering the
chamber. HPLC analyses of the PBL aerosol collected on the filters revealed
that the PBL did not degrade either during the generation process or when
mixed with solid particulate aerosol.

The solids aerosol generator was tested to egtablish chamber aerosol
concentrations within the range of 10 to 200 mg/m" (specific levels of 10, 60,
100, and 200 mg/m”) and the PBL liquid aerosol generatar in the goncentration
range of 500 to 1000 mg/m” (specific levels of 500 amd 1000 mg/m’). Both

I'T RESEARCH INSTITUTE
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generation systems functioned without any problem and the aerosol output
remained stable at these concentration levels. We believe that the
performance of the generators will be similar at any other concentration
levels within the tested range. However, some readjustment of the generator
settings will be needed for other aerosol concentrations potentially to be
used in the upcoming exposure studies.

Three real time optical aerosol sensors were evaluated for monitoring the
solid as well as solid-liquid aerosol mixtures. The extreme stickiness of the
solid-liquid aerosol mixtures combined with high electrostatic charge of the
solid aerosol produced particlie deposition onto the sensor's optics and was a
major operational problem. Sensors required cleaning within an hour or two of
operation. Hence, gravimetric filter collection (at pre-set periodic
intervals) was chosen as the primary method for determining the chamber
aerosol concentrations. The real time sensors were used to monitor relative
concentration variations continuously and serve as a guide for generator
adjustment.

For studies with solid particulate aerosol only, a commercially available
sensor, the portable continuous aerosol monitor (PCAM) was used to monitor
aerosol concentration without any major operational problem. However, over
the course of a 4-hr testing period, small drifts were noticeable and daily
cleaning of the sensor was necessary. Ffor studies with solid-liquid aeroso}
mixtures, it was necessary to monitor the concentration at three locations:
at the solid aerosol generator outlet, the liquid (PBL) aerosol generator
outlet, and in the chamber itself. A backscattering photosensor, originally
designed by Oak Ridge National Laboratory (ORNL), was modified in our
laboratory to provide a protective air sheath, and was used at the solid
generator outlet and in the chamber (we call it "in situ sensor"). The output
from the liquid aerosol generator was monitored with the original ORNL
photosensor without any modifications.

The particle size distribution of the solid, as well as solid-liquid
aerosol mixtures was determined by a Quartz Crystal Microbalance (QCM)-based
cascade impactor. The mass median aerodynamic diameter (MMAD) of the solid
particulate aerosol was in the range of 1.5 to 2.0 .m and for the solid-liquid
aerosol mixture the range was 0.3 to 0.4 um (for ratig of solid to liquid in
the aerosol mixtures, see below). The particle size distribution of the
positive control material (Cristobalite), measured with a Mercer Cascade
Impactor, was approximately 3.0 um MMAD.

Spatial and temporal homogeneity of the chamber test atmospheres was
established through a procedure of simultaneous sampling from several
locations within the chambers. Two homogeneity studies were conducted: the
first for the solid particulate aerosols, and tre secand for the solid-liquid
aerosol mixtures. The positive control material was tested as part of the
solid particulate homogeneity studies. The test concentrations employed to
establish the homogeneity of the chamber atmospheres were:

Solid particulate aerosols (mg/mz) : 10, €0, 1G0, 200

Solid/liquid aerosol mixtures gmg/m ) : 200/500, 200/1000, 0/1000
Positive control aerosol (mg/m”) : 200

T RESEARCH INSTITUTE




Aerosol mass concentration and particle size were measured at each
concentration as a function of location and time. The homogeneity data
collected were statistically analyzed tc establish the total and individual
components of variance, such as effects due to time, shelf, chamber, etc. (A
comprehensive report on the statistical analyses prepared by R. Gibbons,
Biostatistical Consultant to this project, is attached in toto in Appendix C).

Results of the statistical analyses revealed that the total variation of
the aerosol concentration was within the required 20% limits for all the
concentration levels tested. For spatial homogeneity, the variation
attributable to shelf was always less than 10%¥ for both the solid and solid-
1iquid aerosol mixtures at all the target levels. Ffor temporal homogeneity,
the variation dye to time was also less than 10% at all test runs except once
(at the 10 mg/m” level of the solid aerosol only study). For the inter-
chamber comparison, the aerosol concentration variations between exposure
chambers were below 5% at all concentration levels.

For aerosol particle size, the data showed the total variations to exceed
20% most of the time, however, mean particle sizes were always within the
inh¢lable range. In addition, the variations attributable either to shelf or
time were always less than 20%, indicating that these variations were not due
to an inhomogeneity with respect to time or location. Moreover, absolute
changes in the particle sizes were quite small and therefore are expected to
have no significance from the biclogical point of view.

Based on these studies, it could be concluded that adequate levels of
spatial and temporal homogeneity were attained for the aerosol concentration

and particle sizes in all the chambers and at all the target concentration
levels tested.
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1. INTRODUCTION

This study is sponsored by the U.S. Army Medical Research and Development
Command in its ongoing effort to investigate the potential inhalation hazard
of various materials employed as obscurants.

During field operations, military personnel may be exposed to high
concentrations of airborne materials for short daily durations, repeated over
irreguilar periods for a number of weeks. Because the airborne materials may
be present as a single material and/or as mixtures of materials, the objective
of this program is to evaluate the toxicity of aerosols of these materials and
their mixtures by exposing laboratory rats in inhalation chambers under
simulated field conditions.

More specifically, the materials to be tested include a liquid-phase and
a solid-phase test article. Thus the program requires the generation of test
atmospheres that consist of Tiquid and/or particulate aerosols in the
respirable size range. Laboratory studies have been conducted on the
inhalation toxicity of a liquid petraleum-based aerosol, but information is
required on the potential hazards of a solid particle material and mixtures of
the liquid and solid particle aerosols.

The study consists of four phases:

Phase [: Test atmosphere development and chamber
homogeneity studies;

Phase [1: Four-week inhalation exposure study with
aerosols of the solid particulate test
material;

Phase IIl: Four-week inhalation exposure study with
solid-liquid aerosols mixtures; and

Phase IV: Thirteen-week inhalation exposure study with
solid-1iquid aerosol mixtures.

This Phase | report describes the test atmosphere development studies
including methods and procedures employed for aerosol generation and

monitoring and the determination of aerosol homogeneity in the chamber
atmospheres.

T RESEARCH INSTITUTE
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2. INHALATION EXPOSURE FACILITIES

The facilities dedicated to these studies (a floor plan is shown in
Figure 2-1) include two inhalation exposure laboratories (lLaboratories | and
I1) provided with conditioned air supply and chamber air exhaust systems;
inhalation exposure chambers with air flow and pressure controls; and aerosol
generators provided by the Government. There are seven Rochester-type, one-
cubic-meter inhalation chambers, five of which are located in Laboratory I and
are used for exposure to aerosols of the test materials. Two chambers are in
a separate room (Laboratory II) for exposure of the control animals to
filtered air and to prevent contamination and contact of these control animals
with the test materials. Both laboratories share the same supply air but are
connected to separate exhaust systems. In addition, the facilities include
three animal rooms equipped with an automatic self-flushing watering system
which services the cage racks. (Further details on animal rooms will be
provided in the next Phase Reports under "Animal Care”.) A room, located
adjacent to the facilities (not shown in the floor plan) is used as a "Service
Laboratory".

2.1 SuPPLY AIR

Figure 2-2 shows a schematic diagram of the conditioned air supply system
for Laboratories [ and Il. Before entering the system, supply air passes
through six 30 cm x 30 cm x 2.5 cm prefilters (40% efficiency for 0.9 um
particles), six 30 ¢m x 30 cm x 1.3 cm charcoal filters (grade 4 x 10, Type
PBL), and is preconditioned with an 8.75 ton water-coaled air conditioning
unit. Temperature and humidity are adjusted to maintain conditions of 24 to
27°C and 40 to 60% relative humidity (RH). An electric duct heater with an
automatic control system maintains the required temperature range. Two Ssteam
humidifiers, one located at the air conditioning unit outlet and the other in
the air inlet duct to the laboratories, supply the humidity which is
controlled with a high-limit, 85%, pneumatic modulating controller. An
automatic air handling control panel for requlating cooling, heating, and
humidity is located in Laboratory I.

Laboratory I, used for the aerosol exposures, is maintained at a negative
pressure relative to the access corridor and the adjoining Laboratory Il which
contains the chambers for exposure of the control rats to filtered air.

The single-pass conditioned air is introduced inta the rooms at the rate
of 18 to 20 changes per hour. The conditioned rcom air is introduced into the
chambers through individual inlet filter assemtlies consisting of a fiberglass
coarse filter and a HEPA filter.

2.2 EXHAUST AIR

The exhaust from the aerosol exposure chambers is filtered with a two-
stage filtration systom and exhausted through a 20 cm diameter spiral,
galvanized iron duct connected to the chambers (figure 2-3). The combined
exhaust from the five chambers is moved by a pressure blower (2 hp, 3500 rpm
electric motor) capable of providing >500 1/min. air flow to each of the
experimental chambers against 75 cm of water pressure and is exhausted above
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the roof outside the building. The individual chamber air flow is controlled
and monitored with a valve located in the filtered exhaust of each chamber.

A wafer-type damper valve provides air flow control on the blower
exhaust. A silencer filled with high density acoustical absorption material
is installed between the blowar and the plenum. The air moving equipment is
remctely located to minimize noise in the exposure laboratory. The blower is
connected to a switch over power supply that provides emergency power to the
building. In case of blower failure an alarm system installed in the exhaust
air provides warning to laboratory personnel to shut down the system.

The exhaust system for the control chambers is independent of the system
for the experimental test chambers to avoid potential contamination with the
test aerosols. Both exhaust systems are operated continuously except during
chamber cleaning or maintenance.

2.3 AEROSOL EXHAUST FILTERS

Each of the exposure chambers is outfitted with its own filtration system
consisting of a bag-type prefilter followed by a high efficiency filter. The
prefilter is a Cambridge Model 3795 fiberglass filter which consists of five
(5) bags or envelopes mounted in a parallel configuration. Overall, the
filter is 30 cm x 60 cm x 73 cm in size, with the opening of the five bags on
the 30 cm x 60 cm side. This configuration yields a filtering surface area of
48 sguare feet, has a rating of 93 3 97% efficiency against atmospheric dust,
and & holding capacity of 1 gram/cm . This is equivalent to 1.44 kg (3.2
pounds). The filter is mounted in an epoxy-coated plywood housing. The
backup filter is also from Cambridge Filter Co. (Model 242412, Silver Seal).

A Magnehelic pressure gauge is used to monitor pressure drop across these
filters and determine filter lcading.

This filtering system permits operation of the generating system for
extended periods of time without shutdown. As tne filters 1oad and the
pressure drop increases, adjustments must be made to maintain correct air
flow. However, the loading is slow enough that only minor adjustments are
necessary over the course of several weeks.

The data from the aerosol generator development study at Oak Ridge
National Laboratory (ORNL) indicate that aerosol removal is a significant
problem with the aerosol mixture (J. H. Moneyhun, T. M. Gayle, and R. A.
Jenkins "A system for Generating Mixed Aeroscls from a Petroleum-Based Liquid
and a Solid", ORNL Draft Final Report). The aerosol mixture will completely
seal the surface of the filtering material sc the air flow is completely
stopped. Experisnce has shown this to occur rapialy with some of the
filtering systems tested (ORNL Study). As air flow is restricted, the danger
is that the concentration of the aerosols increases and the petroleum-based
1iquid (PBL) could rapidly reach an explosive level.

In order toc prevent such dangerous conditions, the air flow through tLhe
chamber is continuously monitored by an orifice metar. Also, the pressure
drop across the filter systems is measured by a magmehelic gauge and is
monitored by the laboratory personnel on an hourly basis. These two
measurements indicate the degree of plugging and provide advanced indication
of the need for a new filter.
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2.4 INHALATION EXPOSURE CHAMBERS

A total of seven (five for aerosols and two for filtered air) stainless
steel inhalation exposure chambers are being used. Each is approximately one
cubic meter in volume, which includes a central cubical (9lcm x 9lcm x 91 cm)
and two pyramidal sections on the top and bottom, respectively. A door is
located on the front of the chamber. Wire-reinforced glass windows are in the
door and on one side wall of the chamber. Three sampling ports are located on
the side wall opposite the window.

A schematic diagram of an exposure chamber is shown in Figure 2-4. Test
material and dilution air are introduced tangentially into a mixing compart-
ment. A cylindrical baffle plate, located just below the mixing compartment,
aids in the uniform distribution of the test material in the main section of
the chamber. Adjustable perforated shelves hold the individually-housed test
animal exposure cages. The cages and chambers are designed to hold a maximum
capacity 22 four-compartment rat cages, thus housing up to 88 rats. A gate
valve at the bottom is used for washing and draining the chambers after each
exposure period.

The chamber exhaust, located in the bottom section, passes through the
wall of the chamber and into the primary and HEPA exhaust filters. An orifice
meter monitors the air flow. The total air flow through the chamber is
adjusted with a PVC valve located on the vacuum side of the orifice plate.

The chamber air flow rate is calibrated with a mass flow meter and monitored
by measuring the pressure differential across the orifice plate. A second
gauge monitors the differential pressure between the chamber air inlet and
exhaust to measure the total potential draw through the chamber. In addition,
a differential pressure gauge continuously monitors the negative pressure in
the chamber relative to the room air pressure. Individual chamber tempera-
tures and percent relative humidity values are recorded three times each
working day with an electronic thermohygrometer.

The air supply is capable of providing a per chamber flow rate of 0.5
equivalent volumes per minute (500 1/min) and meets the minimum flow rate
requirement of 0.4 equivalent volumes/min necessary for the study.
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3. TEST ATMOSPHERE GENERATION

Two types of aerosol generators are used to generate the aerosols and
aerosol mixtures to be evaluated in these studies: one to disperse solid par-
ticulates (test material and positive control material) and another for the
petroleum-based liquid (PBL) test material. Both types of generators were
provided by the U.S. Army Medical Research and Development Laboratory through
ORNL.

3.1 TEST MATERIALS

Three materials are used for this study. The two actual test articles
are a petroleum-based liquid (PBL) and a solid powder. In addition,
crystalline silica (Cristobalite) was included in the homogeneity tests
because it will serve as a positive control during the Phase II studies.

The PBL and the solid test material were provided by the Government.
Fifty-five (55) gallons of the PBL and 35 kg of the solid material were
received from the Transportation Officer at Aberdeen Proving Ground,

Maryland. Approximately 10 kg of Cristobalite was procured from CED
Corporation, Cuyahga Falls, Ohio. A1l test articles are stored under ambient
conditions until used in the aerosol generators. The solids test material was
stored in the original containers, as received, until used (material is in a
plastic bag inside a fiber drum). The PBL was stored in a metal drum, as
received, and removed as required to fill the PBL gererator reservoirs.

3.2 PETROLEUM-BASED LIQUID AEROSOL GENERATOR

The five generators were built by ORNL based on a generator developed
there for generating an aerosol from diesel fuel (R. W. Holmberg, J. H.
Moneyhun, T. M. Gayle, "Generating, Monitoring, and Controlling Petroleum
Aerosols for Inhalation Chamber Studies". AD 134214 ORNL TM 8903). The
generators employ an evaporation/condensation technique for generating the
aerosol. A brief description of the generator is provided here. For
additional details and design requirements, the reader is referred to the ORNL
Report (J. H. Moneyhun, T. M. Gayle, and R. A. Jenkins “A System for
Generating Mixed Aerosols from a Petroleum-Based Liguid and a Solid", ORNL
Draft Final Report).

A schematic diagram of the PBL generator is shown as Figure 3-1. A cne
(1) kilowatt Vycor-encased immersion heater is mounted in a 2.5 cm (l-inch)
diameter stainless steel tube. The temperature of the heater is monitored by
a thermocouple and controlled at 1100°F by a Barber Coiman Temperature
Controller. When the temperature exceeds the preset temperature limits, the
controller automatically cuts off the power to the heater and the o0il pump.
The fuel is pumped at a constant rate onto the surface of the Vycor-encased
heater where it is flash evaporated. Nitrogen carrier gas (= 12 1/min.)
sweeps the vapors out of the generator into a stream af dilution air where the
vapors are cooled and condensed to form the aerosel. Nitrogen carrier gas is
used to prevent a chemical reaction on the hot surface of the Vycor heater
(using air as the carrier gas might generate an explosive mixture in the
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Figure 3-1. Petroleum based liquid aerosol generator.
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generator tube). Because the exposure chamber operates at constant air flow
rate (500 1/min), the aerosol concentration is regulated by varying the
injection rate of the oil. Qi1 flow rates from 0.3 to 3 ml/min produce
aerosol concentrations of 0.5 to 5 ¢/m”. The generator is interfaced to the
chamber air supply through a glass pipe tee (Figure 3-1). The hot gases from
the heater and the dilution air mix turbulently to form a dense aerosol.

3.3 SOLID PARTICULATE AEROSOL GENERATOR

For these studies, a commercially-available system has been mcdified at
ORNL to better disperse the candidate solid material (J. H. Moneyhun, T. M.
Gayle, and R. A. Jenkins "A system for Generating Mixed Aerosols from a
Petroleum-Based Liquid and a Solid", ORNL Draft Final Report). The system
consists of a jet mill dispersing unit (Jet-0-Mizer Model 00, Fluid Energy
Processing and Equipment Company, Hartfield, PA) fed by a screw feeder (Series
100 Accurate, Whitewater, WI). The rate of dispersion is controlled by the
revolution rate of the feeder screw. Solids delivered by the screw feeder
into the jet mill funnel are drawn into the mill by aspiration and are
accelerated to high velocities by two air jets. The particles are swept into
turbulent motion and pulverize each other. They are then swept into a
classifier and, if small enough, are carried from the system into the delivery
tube. Large particles are returned to the mill for further size reduction.
Figure 3-2 is a schematic diagram of the solid dispersal unit. The jet mill
operates with compressed air at 100 psi. Typically, air flow rate through the
mill is approximately 100 1/min. '

The screw feeder metering accuracy is. jmproved by the stirrer that moves
up and down over the feed screw. The stirrer is hinged at the front of the
screw, made of 0.3 cm diameter stainless steel rod, and is vibrated by an air
driven vibrator. The stirrer bar prevents bridging over the screw. A second
vibrator attached to the delivery tube helps prevent peaking in the delivery
tube. The delivery rates from the screw feeder were constant and varied only
by a few percent (See calibration tables for screw feeder in Appendix A).

The solids generator is interfaced to the chamber air supply through a
glass tee (Figure 3-2). The solid aerosol enters the tee at right angle and
impinges on the wall. Llarger particles and agglomerates impact on the wall
and are captured. The fine particles are carried away to the exposure chamber
by the dilution air (approximately 150 1/min.). The solid aerosol
concentration in the chamber is regulated by varying the revolution rate of
the screw. Typically, the aerosols generated with jet mills are highly
charged electrically and it is customary to neutralize these particles before
they enter the exposure chamber. However, generators used in this study have
no provision to neutralize the electric charge. Our discussions with ORNL
personnel (developers of the generators) revealed that the solid test material
dispersed under field conditions also carries electric charge and therefore,
the laboratory aerosol generators were also designed to simulate the field
aerosol. The electric charge on the aerosol increases the deposition onto
surfaces and therefore necessitates cleaning of the aerosol sensors in the
chamber (refer to Section 4 for further details).
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3.4 AEROSOL DILUTION SYSTEM

The solids aerosol generation systems operate consistently and
reproducibly at high screw revolutions of the solids feeder. Based on the
performance data, we established that these generators cannot produce test
atmogpheres in a reproducible manner at concentration levels below 100
mg/m°. However, two of the aerosol cogcentration levels that were required
for the homogeneity study (10, 60 mg/m”) are below this stable operational
level of the generator and hence modifications to the solid generation system
were needed.

We emplayed a slipstream dilution system to solve this problem (Figure 3-
3). With this dilution system, the solids feeder was operated at high enough
feed levels that typically produce stable output; the required target aerosol
concentration levels were achieved by controlling the aerosol flow rate to the
chamber. The dilution system consists of a Venturi air mover (Vortec Corp.,
Cincinnati, OH), a HEPA filter and a control valve. The Venturi air mover is
used to control the aerosol flow rate to the chamber. The air mover is
powered by compressed air and is similar to a vacuum pump with no mechanical
parts. The vacuum is controlled by adjusting the compressed air pressure to
the air mover. The pressure difference across the chamber inlet and the
venturi outlet is monitored by a pressure gauge (Figure 3-3) and is used as
the basis for monitoring aerosol flow rate to the chamber.

3.5 AEROSOL EXPOSURE SYSTEM

Figure 3-4 is a schematic diagram of the aerosol exposure system showing
the complete assembly of the various components. The exposure system consists
of: supply air and carrier N,, exposure chamber, solid particulate aerosol
generator, liquid aerosol generator, chamber exhaust system, aerosol dilution
system, and aerosol concentration monitors with associated photosensor data
acquisition system. £Each of the above components, except the aerosol monitors
have been described earlier. Aerosol monitors are described in Section 4.

For studies with mixed aerosols, the aerosol output from the liquid and solid
generators are blended together in a "Y" section prior to entering into the
exposure chamber. For studies testing solid particulate aerosols only,
filtered air is pulled through the liquid aerosol generator side of the "Y",
Also shown in the fiqure are the monitoring locations, three for the aerosol
sensors and one for the gravimetric filter collection. Details on the aerosol
monitoring approach and methods are given in Section 4.
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4. TEST ATMOSPHERE MONITORING

4.1 PRELIMINARY EVALUATION OF REAL TIME AEROSOL SENSORS

Because the ratio of liquid to solid aerosol concentrations can be as
high as 19:1 (the typical target aerosol eyposure concentrations are about
1000 mg/m” for the PBL and 100 to 200 mg/m” for the solid particles);, the
concentrations of the liquid aerosol, the solid particles, and the mixture
must be monitored individually. Hence a tota) of three aerosol sensors will
be required for each chamber: one each at the solid and 1iquid aerosol
generator outlets and one in the exposure chamber (see Figure 3-4 for
locations). Three aerosol sensors were evaluated for potential use as real
time monitors.

RAM Sensor: The first, a commercially-available real time aerosol
monitor ZRAMS, MIE, Inc., Bedford, Massachusetts, utilizes a pulse light-
emitting diode in combination with a silicon detector which senses the light
scattered over a forward angle of 45° to 95° by the particles transversing the
sensing volume. The sensor provides an analog output directly proportional to
the aerosol cogcentration. The RAM operated satisfactorily at concentrations
below 200 mg/m°. However, when the instrument was outfitted with a diluter
for concentrations higher than 200 mg/m”, the response was not reproducible
and as a result, no further evaluation of the RAM was done.

PCAM Sensor: The second sensor used to monitor chamber aeroso)
concentration of solid particulates is the Portable Continuous Aerosol Monitor
(PCAM) real time aerosol sensor (PPM, Inc., Nashviile, TN). The PCAM Model TX
is a microprocessor-based electrooptical system which measures aerosol
concentrations by the principal of near forward scattering of light emitting
diode radiation. The unit has a control module that accepts and averages data
over a preselected time period from five PCAM sensors, one used for each
exposure chamber. The multiple sensors are connected to the central
control/readout unit by individual cables. The contraol unit provides a real
time digital readout of any one of the individual semsors. The control unit
has the capability to average data over pericds of 5 minutes, 15 minutes, 30
minutes, 1 hour, 2 hours, 6 hours, and 8 hours, and can display concentration
levels instantanecusly. A printer provides a hard capy update of all sensor-
averaged readouts. The sensors have self-containmed sampling systems which
operate at 1 1/min. flow rates. The concentration range of the sensors is 0-
200 mg/m”. The sensors have an internal self-calibration cycle that occurs
once every hour. The calibration requires two minutes during which a zero
value and a traceable factory calibration vaiue are internally acquired. If
either one of these values are outside the normal aperating range, the system
relays an error code to the output. The PCAM operated satisfactorily with
only the solid particles. With the solid-liquid mixture aerosol, the
particles could not be kept away from the optics of the sensor and as a result
the sensor's calibration could not be maintained. Therefore, the PCAM sensor
is used only for the solid particulate aerosol studies.
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Backscattering Sensor: The third sensor, a light emitting diode (LED),
{s based on the backscattering principle and has been successfully employed in
our labnratories to monitor the aerosol concentrations in several inhalation
studies, in the past, including the Red Phosphorous/Buty! Rubber (RP/BR) smoke
study conducted for the USAMBROL (Aranyi, C., "Research and DOevelopment of
Inhalation Toxicologic Evaluation of Red Phospharous/Butyl Rubber Combustion
Products - Phase 1", August 1983, A.D. Al57686). The sensor's design was
originally developed at ORNL (T. M. Gayle, C. C. Higgins, and Stokely, J. K.,
"Sensor for Detection of Tobacco Smoke in Inhalation Exposure Systems®, 1979
ORNL-5424) and provided to us for use in the RP/BR studies. The backscatter
probe consists of an LED and a sensor attached to a 1/4" diameter tube. The
orobe was evaluated in conjunction with several types of sampling and sheath
air designs. Of the several designs evaluated, the two most promising types
of sheath air systems with which we have had limited success are shown in
Figures 4-1 and 4-2.

In the first design, the sensor measures the aerosol concentrations in
the chamber in situ. A sheath of filtered compressed air flows over the
sensor to prevent deposition of aerosols on the sensor (Figure 4-1). The in
situ probe design operated satisfactorily with both the solid particles and
the solid-liquid aerosol mixture. - The probe could not be kept completely free
of aerosol deposition and therefore periodic cleaning was necessary. Ffor
cleaning, the probe can be removed from the chamber without shutting the
aerosol generators. Typically the sensors are returned to the chamber after
cleaning within two minutes. Typical response traces from the in situ sensor
for the solid aerosol and the solid-liquid mixture are shown in Figure 4-3 A,
B, and C. The traces demonstrate that the probe is capable to monitor the
concentration for over a two-hour period without any drift and sense the
changes in chamber aerosol concentrations which are brought forth by varying
the generator output.

In the second design, from hereon referred to as the external menitor,
the concentration measurement is done on a sample removed dynamically by a
vacuum pump from the chamber and the sensor itself is located externally to
the chamber. An annular sheath of clean air prevents the deposition of
particles on the probe (Figure 4-2). The external monitor design operated
satisfactorily with both the solids and the solid-liquid mixture. But the
sensor's response degraded in this design and lacked reproducibility.
Therefore the external monitor design was not selected for use in the exposure
studies.

In summary, the backscattering aerosol photosensor seems to work well if
the particles can be kept away from the probe. The in situ design proved to
be suitable for studies with both solid aerosol and the solid-liquid aerosol
mixture, is much simpler to use, and does not require any sampling
equipment. However, some routine cleaning of the photosensor is necessary.
Therefore, we fabricated the in situ design sensors for monitoring the mass
concentration of aerosol mixtures in the chamber and at the outlet of the
solid generator. The liquid generator output was successfully monitored with
the original ORNL designed backscattering photosensor itself without any
modifications. For the solid only studies, either the PCAM or the in situ
design sensor can be used to monitor the mass concentration of the solids in

HT RESEARCH INSTITUTE

4-2




Compressed Air

Y

Supports

AN

Rack Scattering Sensor

Sheath
Air
Nozzle

Figure 4-1. Backscattering photosensor: [n-situ design.

1T RESEARCH INSTITUTE

4-3




dwnyg

‘ubisep jeuiaixg -Josuasojoyd Gunenessyoeg 2-p ambiy

g
weo 4 uadp

ny ueajn

Iy

Josuag buisanieog xyoeg

{

1Bquey) woy
3)dweg jososay

-t

INT RESEARCH INSTITUTE

4-4




Relative Aerosol Concentration

o

- m A d -
%, T i HL R T
{1 T e i L Heed “L"%‘Lé!.,yu ity " ke 1,‘ i%l F{L'ﬂ
R IRa e ; i it it DT T O B
ikt H il f ; it |ni Pl
b R TR Eg’{f{" '{t e Hl 4 ‘_z_q=
e e
R It A ] SR R
THiRE R e R T T e
Feeder set to 2.0 Hi |t R r-: Feeder shut off Tl ! if
‘. ot HH i E A R {1t JHI s .P:.’i: .
! Hﬂ v m I i W l [ H F’- ".1 H }; aﬂﬂ I.m
20 © 100 120 140
Time (Min.)
A. For solid particle in the exposure chamber.
L T i
. ijii: ; Bl
< : i i A i
g i i ﬁ Il Fibe
E i :x qu‘ | "“u:E" A
M H fl | N f" i n--«
§ f e BT R
g aly h iy WA
2 s Tt S,
. L] i Hl kil
Z A T i l LR I T i R
z i RaTE fisiritfi i il
0 20 « ) 1 3
Time (Min.}
B. At the outlet of the solid generator.
S (I S G
-:' C ::. by H “:éF if: F.n { H B 1 At 'hri' r ] :: | ;[
M e ) it RL B BIR IR == 1) i e
& Mt gty Sl Mt HIH e R Pt il A
3 e LI R G
4 Flﬁ I ‘.i fl 1 f il {J h H‘;ﬁ_‘ ﬁ[ '14 Generatory shut off *
2 LF::}- ity ps }'" L j i GRRTHHHETIE
y porr il A T RHLIBG .
3 Liquid pump incresses from ‘mm—: Hinh ' b 3 s h [TiH !,-‘?'J
K} 0.45 to 0.65 : fi *t 1 T 9 1 3.“
ittt 3 HA il
[ F © © 120

§0
Tims (Ma.)

C. For solid-liquid mixture in the expasure chamber.
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the chamber. However, the PCAM sensor does not require the routine cleaning
that is needed with the in situ sensor. Therefore, the PCAM sensor was
selected for the studies using only the solid partfculate aerosol.

In view of the difficulties associated with the real time monitoring
sensors, the gravimetric method was chosen to be the primary method to monitor
the aerosol concentration. The real time aerosol sensors were used as on-line
guides to keep the aerosol concentrations at target levels. The aerosol
particle size was monitored with QCM cascade impactors. Table 4-1 presents a
summary of various sampling methods and proposed frequencies that were used to
monitor the chambers during these studies.

4.2 AEROSOL MASS CONCENTRATION SAMPLING METHODS

4.2.1 Gravimetric Method

Aerosol mass concentration was monitored gravimetrically, approximately
once for each hour of the testing period. Particles of the test aerosol were
collected on pre-weighed 45-mm fiberglass filter disks placed in acrylic
plastic filter holders. The filters have a 99.99 percent retention efficiency
for dioctyl phthalate particles of 0.3 um. Prior to use, the fiberglass
filters were maintained for 24 hours in the conditioned atmosphere of the
sampling environment to assure moisture equilibration by the filter pads. The
aerosol samples were collected at constant flow rates, using diaphragm-type
vacuum air pumps. The filters were weighed on an analytical balance. Dry gas
meters connected to the backside of the pumps recorded the corresponding total
volume of air sampled.

A1l filter samples were weighed within 30 minutes of removal from the
sampling ports, transferred to plastic petri dishes, and entered into a
permanent record. Selected filter samples of mixed aerosols were subsegquently
submitted for chemical analysis to determine the quantity of oil.

For aerosol homogeneity testing, the chamber doors were temporarily
replaced with a specially-constructed plastic panel fitted to the front of the
exposure chambers. A series of holes drilled into the plastic provided access
for tubular stainless steel sampling probes, 98 cm long and 0.9 ¢m in dia-
meter, to predetermined sampling locations inside the chamber. The filter
assembly was connected to the end of each probe outside of the chamber. This
design assured uniform sampling of the aerosol and also assured that the
aerosol samples always traveled the same distance from the sampling point to
the collecting filter (For detailed description of sampling locations, see
Section 5).

4.2.2 Lightscattering Method

Aerosol mass concentration was also continuously monitored in each
chamber with the in situ design backscattering photosensors. For reasons
described in Section 4.1, the aerosol mass concentrations at the outlet of
both the solid and liquid aerosol generators were also monitored. An in situ
design backscattering sensor was employed at the solid generator outlet. The
1iquid generator output was monitored with the backscattering sensor without

any modifications (see Figure 3-4 for monitoring locations). The sensors
T RESEARCH INSTITUTE
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responses were good indicators of short term changes in aerosol concentration
and guided the laboratory personnel to make the necessary adjustments in
generator settings when concentration excursions were encountered. Records of
the sensor outputs were maintained using strip chart recorders.

4.3 AEROSOL PARTICLE SIZE

The aerosol particle size distribution was monitored by a piezoelectric
microbalance-based 10-stage cascade impactor. The Quartz Crystal Microbalance
(QCM) is a cascade of aerodynamic-intertial impactors (California
Measurements, Sierra Madre, CA), in which the suspended particlies are
classified according to their effective aerodynamic sizes and weighed in situ
and in real time on the impaction surface. This is accomplished by using
high-frequency, resonating piezoelectric crystals as the impactor plates. A
built-in pump samples an aerosol stream at a rate of 0.24 liters/min,
separating the aerosol particles into 10 sequential size ranges from 0.05 to
25 um. Ten audio frequencies, which are proportional to the accumulated mass
on the stages, are displayed and printed directly from the instrument. A
built-in computer converts the data to the actual mass and size readings. The
Mass Median Aerodynamic Oiameter (MMAD) and Geometric Standard Deviation (GSD)
were calculated for each sampling point from the corresponding mass fraction
of particles accumulated on each stage of the QCM using a programmable
calculator.

Particle size distribution measurements of the highly concentrated
aerosols were accomplished with use of a sliding valve as shown in Figure 4-
4. The sample is continuously drawn from the chamber. When particle size is
to be measured, the slide is pulled out and a slug of the sample is drawn
through the QCM. For homogeneity studies of aerosol particle size, samples
were collected from the chambers sequentially from the same sampling ports
provided for the gravimetric filter sample collection.

For the positive control aerosol, we were not able to measure the
particle size with the QCM because the particles did not adhere well to the
sensing crystal. Hence, another cascade impactor (Mercer Cascade Impactor,
In-Tox Products, Albuquerque, NM) was used to measure the size. The Mercer
impactor has six stages and operates at a flow rate ¢f 2 1/min and can measure
particles in the range of 0.5 to 12.8 um diameter. The material collected in
each stage was determined gravimetrically.

4.4 CHEMICAL ANALYSIS OF MIXED AEROSOLS FROM FILTER COLLECTED SAMPLES

A high performance liquid chromatography (HPLC) procedure was developed
for the chemical analysis of the petroleum-based iiquid (PBL) on collected
aerosol filter samples with the object of providing the following:

. A simple quantitative analysis of the tctal amount of PBL aerosol
collected on filters

. Qualitative information that the oil fog generation method was not
significantly degrading the oil in the resultant aerosol
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. Qualitative information that the solid component of the aerosol was
not significantly degrading the oil in the test atmosphere

4.4,1 Analytical Methods

Sampies were analyzed by HPLC, using a Waters system consisting of two
Model 6000 A pumps, a Model 740 system controller, a Model UK6 manual
injector, and a Model 440 absorbance detector. For gquantitative analyses, the
o1l extracts were eluted on a Sperisorb NH, column 4.6 mm I0 x 25 cm, using a
98:2 hexane: methylene chloride mixture for five minutes and then programming
to 50% methylene chloride in five minutes, holding for five minutes, and
continuing to 100% methylene chloride in five minutes. For qualitative
analyses, the same solvent systems were used, with the individual programming
steps extended to give a total run time of 40 minutes. The solvent flow rate
was 2 ml/min. A 50 u) injection of all samples and standards was made, and
the constituents of the 01l were detected at 254 nm and recorded. The peaks
were integrated using a Hewlett Packard Model 3390A recording integrator. The
bulk of the oil (95+%) was found to elute in the first five minutes after
injection. Additional peaks at later elution times were relatively broad and
difficult to integrate; hence for quantitative analyses only those peaks
eluting between 0-5 minutes were summed and used for quantitation (concurrent
qualitative analyses of filter samples containing PBL aerosol indicated
negligible degradation of the contained oil and that quantitative analyses of
the samples based on the 0-5 minutes elutions would be valid).

For quantitation of o1l samples, a standard curve was dgenerated, based on
triplicate analyses of four oil standards in hexane (UV High Purity) and a
blank. A linear regression of the resultant average summed peak area vs
concentration (mg/mi) was performed. The HPLC analytical method was found to
be linear over the concentration range of 0.75 to 9.24 mg/ml oil, with a
correlation coefficient of R = 0.9999. Eight replicate injections of a 5.02
mg/m) oil standard gave a precision of 4.84% RSD.

4.4.2 Sample Preparation Procedures

Filter samples containing either 0il or 01l and particulate are
transferred to a 40 m1 vial and 25 ml of hexane (UV High Purity) is added.
The vials are capped and sonicated in a Bronson water bath sonicator for 20
minutes. The filter is removed with tweezers, rinsed with hexane into the
vial and the extract concentrated to approximately 5 ml under a gentle stream
of nitrogen. Samples containing particulate and oil are filtered through a 25
mm diameter nylon filter (0.45 um) with washings and reconcentrated to
approximately 5 ml. The samples are quantitatively transferred to either 10,
25, or 50 ml volumetrics, depending on the anticipated concentration of the
0il, and diluted to volume with hexane.

4.4.3 Results of Chemical Analysis of PBL Aerosol Collected on Filters

Three filter samples were collected from a chamber test atmosphere
containing aerosol generated from the PBL liquid only. These filter samples
were analyzed, within 24 hrs of collection, by HPLC to determine their PBL
content for comparison against the gravimetrically determined values of PBL.
Data from these analyses are presented in Table 4-2. Prior to the HPLC
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analyses a recovery factor for the PBL from spiked filters (pure PBL) was
determined at 88.0+3.6%. Application of this recovery factor to the HPLC
analyses resulted in an overestimation of the mass of PBL on the filters
(results shown in column HPLC® of Table 4-2) compared to the gravimetrically
determined values, suggesting that possibly the filter PBL recovery factor was
in error. A second determination of the recovery factor was made using a
slightly modified experimental approach to spiking the fiiters and a value of
94.325.94% was obtained. Application of this recovery factor to the HPLC
analyses slightly improved the agreement between the two measurements, but
still resulted in an overestimation of the mass of PBL on filters (results
shown in column HPLCY of Table 4-2).

TABLE 4-2 HPLC AND GRAVIMETRIC ANALYSES OF PBL AEROSOL
ON FILTER COLLECTED SAMPLES

Sample Mass of Aeroso)bon Fitter® (mg) d
No. Gravimetric HPLC HPLCC HPLC
1 185.2 181 206 192
2 169.1 166 189 176
3 176.3 167 190 177
g Glass fiber filter
Mass of PBL aerosol on filter analyzed by HPLC
€ Mass of PBL aeroscl on filter analyzed by HPLC and corrected
d for recovery factor of 88.0%

Mass of PBL aerosol on filter analyzed by HPLC and corrected
for recovery factor of 94.3%

It can be seen from these data that if these recovery factors are used,
the PBL aerosol contents of the filters determined by the HPLC analyses are
consistently higher than those determined gravimetrically. If the true HPLC
recovery factor were =100%, instead of the lower values shown above,, a better
agreement between the two measurements would result (see column HPLCY of Table
4-2). This and the variation in the recovery factors obtained suggest that
this facet of the analysis may be in errvor and therefore, will be repeated
prior to the exposure studies with aeroso] mixtures.

4.4.4 (Qualitative Analyses of Filter Collected PBL Aerosol Samples

Qualitative analyses were made by HPLC on filter-collected aerosol
samples obtained during generation of chamber test atmospheres containing pure
PBL overall and a mixture of PBL and solid particulate aerosol (Ratio PBL
aerosol: solid particulate aerosol =5) with the object of determining if
degradation of the PBL occurred due to the generation process or to contact of
the PBL with the solid particulate aerosol. Chromatograms of the pure PBL,
the PBL aerosol extracted from filter-collected samples, and PBL extracted
from a filter containing both PBL and solid particulate aerosol generated
simuitaneously are presented in Figures 4-5 A, B, and C. Qualitatively these
chromatograms are not significantly different; we concluded that degradation
of the PBL during generation of the aerosol or by its subsequent contact with
the solid particulate aerosol is negligible. This finding indicates that HPLC
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TR

Figure 4-5.

Chromatograms of PBL aerosol samples: (A) pure PBL, (B) PBL
aerosol extracted from filter, and (C) PBL extracted from filter
containing both PBL and solid particulate aerosol generated
simultaneously.
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analyses of filter samples containing both PBL and solid particulate aerosol
are a viable way for determining the PBL content of the aerosol mixtures.

4.5 OXYGEN MONITORING

A commercial oxygen analyzer monitors the oxygen concentration in the
chamber atmosphere. An integral pump draws gas through the instrument at a
predetermined rate and a solid state oxygen detector senses the oxygen in the
gas stream. The instrument readout is presented as percentage of oxygen in
the sample gas stream with the range spanning O to 25 percent. Prior to use,
the analyzer is allowed to "warm up” for 30 minutes to stabilize. The oxygen
concentration in the chamber was always above the required lower limit of 19%.

4.6 TEMPERATURE AND HUMIDITY

Temperature and humidity in the chamber and in the laboratories are
measured by a thermohygrometer (Cole Parmer, Model 3309-60). The hygrometer
operates on the principle of thin-film capacitance. The hygrometer's probe
has a perforated plastic cap to protect the humidity sensor from dusty
environments while allowing good air re-cirulation. The temperature and
humidity in the inhalation laboratories and the chamber were within the
required limits of 24-27°C and 40 to 60% RH respectively.
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5. AEROSOL HOMOGENEITY STUDIES
5.1 APPROACH

The objective of these studies was to evaluate the spatial and temporal
homogeneity of the chamber atmosphere through a procedure of simultaneous
sampling. Two separate homogeneity studies were conducted: the first for the
solid particulate aerosols and the second for the solid-liquid aerosol
mixtures. A total of five exposure chambers were used for each of the
homogeneity studies. One of the chambers, Chamber #3, was randomly selected
as the Pilot Chamber. Chamber #4 was assigned exclusively for the positive
control material. For the Pilot Chamber, sufficient numbers of sampling
points were selected to allow for characterization of the spatial aerosol
homogeneity within the chamber along with a series of sequential samples that
were taken from multiple randomly-selected fixed points to define temporal
homogeneity for a period corresponding to the duration of the lc-ucst exposure
(planned to be <4 hours). The aerosols were monitored for mass concentration
and particle size at three or four generator settings (aerosol
concentrations), replicating all tests at one generator setting three times.

After standardization of the Pilot Chamber was completed, a single
generator setting was randomly selected for three of the four remaining
chambers. The fourth chamber, as stated earlier, was tested with positive
control material. Spatial and temporal homogeneity tests for the above
mentioned aerosol parameters were conducted.

The ultimate objective was to reduce the variability of spatial and
temporal homogeneity, with appropriate chamber modifications if necessary, to
+ 20 percent of the mean of each parameter throughout the chambers and range
of concentrations tested. A1l the aerosol homogeneity studies were conducted
with animal cages in place.

5.2 PILOT CHAMBER (CHAMBER #3)

For the Pilot Chamber homogeneity studies, a sampling schedule for ten
(10) locations in a three-dimensional array of points (Figure 5-1) was
designed on aerosol physical considerations.

To facilitate uniform access of the sampling probes for homogeneity
testing into the chambers, an acrylic plastic panel was fitted to replace the
front door for the duration of the homogeneity studies. Ten 98 cm long
stainless steel tubes were positioned so that both the top and bottom shelves
had two tubes set at each side, plus one at the center, for a total of five
tubes per shelf (Figure 5-2). The tubes at each shelf level entered at
approximately the middle of the cage height (animal breathing zone) and
protruded into the chamber for a distance of 7.5 cm and 82.5 cm
respectively. This design assured that the aerosol samples always traveled
the same distance from the sampling point to the collecting filters which were
attached to the outside end of each tube. Aerosol sampies for measurement of
particle size also were taken from these locations.
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Filter Sampling
Probes

Top View of Each Shelf

Figure 5-2. Sampling probe locations for Aerosol Homogeneity Studies.
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The sampling methods used to determine the aerosol mass concentration,
and aerosol particle size were previously described (the mass median
aerodynamic diameter MMAD, was used for testing spatial and temporal
homogeneity of particle stze). Similarly, measurements of temperature and
relative humidity of the conditioned air and the oxygen levels in the exposure
chambers have been also discussed (Section 4 Test Atmosphere Monitoring).

Aerosol homogeneity tests were conducted in the Pilot Chamber at 10
locations per concentration, at four concentrations for solid aerosols, and at
three concentration combinations for mixed aerosols with three replicate
experiments at one of these concentrations for each aerosol type. One of the
three combinations for the mixed aerosol study required just the PBL aerosol
by itself without the solid particulate aerosol.

The test concentrations selected by the government were:

Solid Particulate Aerosols : 10, 60, 100, and 200 mg/m’ ;
(one replicate at 10, 60, and 200, three replicates at 100 mg/m’)

. Solid/Liquid Aerosol Mixture : 071000, 200/1000, 200/500 mg/m3
(oneageplicate at 0/1000 and 200/1000, three replicates at 200/500
mg/m

In addition, the homogeneity of the cris;oba]ite particulate aerosol
(positive control) was tested at the 200 mg/m” level.

The concentrations were adjusted to these specified levels by using
generator settings established in previous exploratory experiments. The set-
tings were maintained at a constant level for each of the replicate tests, at
a given concentration. Temperature and relative humidity were monitored rou-
tinely and maintained in the specified ranges of 24 to 27°C and 40 to 60% RH.

The spatial and temporal homogeneity of the aerosols in the chamber were
determined by the following sampling procedure: Data were collected in two
sets. The first set contained six randomly-selected sampling locations. The
second set contained the remaining four locations plus one location from the
first set. Filter and particle size samples were collected once per hour for
four hours for all the sampling locations within the set. At the end of four
hours, the second set of sampling locations was monitored (this represents one
replicate experiment).

The randomization pattern was maintained at a constant level for all
three concentrations. Thus, the Pilot Chamber study produced 44 (11
samples/hour x 4 hours) filter collected samples and particle size data per
replicate experiment for the evaluation of spatial and temporal homogeneity at
each concentration level.

5.3 REMAINING CHAMBERS

Each of the remaining three chambers was assigned an aeroso)
concentration level (for both the solid and the solid-liquid aerosol mixture)
randomly selected from those used in the Pilot Chamber studies (because only
two concentration combinations were used for the solid-liquid mixture , one of
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these was repeated in two chambers). The same procedure used for Pilot
Chamber studies was used to establish the homogeneity in the remaining
chambers. In addition, inter-chamber comparisons were made. The overall mean
for each parameter for each chamber was compared to the overall mean of the
Pilot Chamber for that respective concentration level. Table 5-1 presents the
concentration assignments for all the chambers for both the solid and the
solid-liquid aerosol mixture studies.

5.4 STATISTICAL EVALUATION OF AEROSOL HOMOGENEITY MEASUREMENTS

The aerosol concentration and MMAD calculated from the raw data were
entered onto floppy disks for transmittal to R. Gibbons, Statistical
consultant, for analysis. Prior to transmittal, these data were subjected to
100% internal quality control. A complete listing of these data is also
attached in Appendix B. All raw data recorded during the course of the Phase
I studies will be retained in the IITRI Life Science's archives and will be
available for inspection.

The aerosol concentration and MMAD were analyzed using an analysis of
variance model and estimates of various components of variance were
obtained. A statistical analysis report detailing the methodology and results
is attached in toto in Appendix C. Only a summary of the findings is
presented in this section. The primary purpose of these analyses was to
estimate the amount of spatial and temporal variability within the chambers
and to determine if these estimated variances represented significant
variation about the estimated mean value of the chamber. For this
determination, a criterion of 20% of the estimated mean value was used; if the
variance estimate accounted for 20% or more of the variation about the
estimated mean, it was deemed to be significant. Finally, inter-chamber
analyses were performed to determine if significant variation was attributable
to the design and operation of the chamber and to examine the estimated
spatial and temporal variation across chambers.

5.4.1 Homogeneity Study of the Solid Particulate Aerosol

Within Chamber Analysis: The results from the variance component
analyses are given in Tables 5-2 (for aerosol concentration) and 5-3 (for
particle size given as MMAD) of the aerosol size distribution. In all cases
the shelf x time interaction was non-significant and was not included in the
final tables. As can be seen from Table 5-2, the coefficient of variation for
the aerosol concentration never exceeds 20% in any of the chambers at any
target concentration. Additionally, the means for the aerosol concentrations

are usually very close to the target concentrations and always within one
standard deviation of the target value.

For particle size (MMAD), given in Table 5-3, all of the coefficients of
variation exceed 20%. However, the percentage of variation due to the shelf
or time effects never exceeds 20%, and the bulk of the variance is attribut-
able to the residual compornent, which combines all other effects, such as
inhomogeneity in the bulk test material and monitoring instrument response
factor variation. The variations observed in particle size, even though
statistically significant, are not expected to be biologically meaningful in
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TABLE 5-2

Components of Variance far the Solid Particulate
Aerosol Concentrations (mg/m) in the Exposure Chambers
(Within Chamber Analysis)

standard  coefficient Variance Components
n mean deviation of variation rep set  shelf time residual

pulot chamber - target concentration = 10 mg/m?
44 10.60 1.83 17.3% 0.8% 02% 13.1% 3.3%

puot chamber - target concentration = 60 mg/m®
44  58.70 7.12 121% 0.6% 32% 3.2% 5.1%

piot chamber - target concentration = 100 mg/m?
1312 103.01 15.85 15.4% 0.9% 55% 4.9% 0.2% 3.9%

piot chamber - target concentration = £00 mg/m?>
44 197.25 17.95 9.1% 2.5% 3.9% 0.2% 2.5%

chamber 5 - target concentration = 10 mg/m?

44 9.47 1.87 19.8% 0.3% 8.1% 2.2% 9.1%
chamber 1 - target concentration = 60 mg/m?>

43 58.86 7.38 12.5% 2.3% 5.2% 2.4% 2.6%
chamber 2 - target concentration = 100 mg/m?

44 9265 9.45 10.2% 1.6% 3.8% 1.5% 3.4%
a

The Pilot Chamber study at this aerosol mass concentration was
replicated three times
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TABLE 5-3

Components of Variance for the Solid Aerosol

Particle Size (MMAD in um) in the Exposure Chambers

(Within Chamber Analysis)

standard  coefficient

Varmance Components

n mean deviation of variation rep set shelf time  residual
piot chamber - target concentration = 10 mg/m?

4 113 0.48 42.5% 0.0% 12.5% 15.1%  14.9%
pilot chamber - target concentration = 60 mg/m*

202 1.59 0.75 47.2% 0.0% 21%  45.1%
puot chamber - target concentration = 100 mg/m®

85D 1.55 0.65 41.8% 0.0% 1.1% 2.8% 14.7% 23.2%
pilot chamber - target concentration = 200 mg/m?>

44 1.96 0.51 26.0% 1.6% 03% 12.5% 11.6%
chamber 5 - target concentration = 10 mg/m?

43 145 0.34 23.4% 0.8% 54% 03%  16.9%
chamber 1 - target concentration = 60 mg/m?®

43  1.86 0.55 29.7% 104% 0.0% 8.4% 10.9%
chamber £ - target concentration = 100 mg/m>

4 150 0.43 28.7% 0.0% 1.1% 65% 21.1%

Reduced number of data due to QCM malfunction.

The Pilot Chamber study for particle size was replicated two

times.
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terms of inhalation and deposition of particies because the actual values for
the MMAD were well within the respirable range (Dennis, W. L. "Inhaled
Particles and Vapours", Oxford: Pergamon Press, 1961). ODue to a malfunction
in the QCM,Ano particle size data were collected during the third replication
of 100 mg/m target level and the number of observations was reduced to 20 at
the 60 mg/m” target level both in the Pilot Chamber.

Inter-Chamber Comparison: For each test concentration, data from the
Pilot Chamber were compared with the data from one of the remaining chambers
with the same test concentration. In general, a total of 88 observations will
be available (44 each for the Pilot and for the chamber in question) to assess
the chamber variability and the homogeneity of the time and shelf effects
across chambers. For concentration levels where Pilot Chamber data from more
than one replication were available, a single replication was selected at
random for comparison. The results from these variance component analyses are
given in Tables 5-4 (for aerosol concentration) and Table 5-5 (for particle
size). The coefficient of variation for aerosol concentration, listed in
Table 5-4 does not exceed 20% for any of the three target concentrations.
Furthermore, the variability due to the interactions of chamber x time and
chamber x shelf is small, indicating that the low degree of spatial and
temporal variability is consistent across chambers. The overall means for the
actual concentrations are very close to the target concentrations and always
within one standard deviation of the target value.

For particle size, given in Table 5-5, all of the coefficients of
variation exceed 20%; however, the percentage of variation due to any of the
model effects never exceeds 20%. Again, the actual values for MMAD in these
chambers were well within the respirable range.

Positive Control Particulate Aerosol: Homogeneity of concentration for
the positive control aerosol (silica in the form of Cristobalite) chamber
(chamber . #4), shown in Table 5-6, was obtained at the test concentration of
200 mg/m . The concentration data has a mean of 179.55 with a standard
deviation of 32.45 and a coefficient of variation of 18.07%. From the
components of variance analysis, the computed percentage of variation for the
set, shelf, and time effects are 0.6%, 13.2%, and 2.6%, respectively. The
residual variability accounted for 1.7% of the overall variation. Because the
shelf x time interaction was non-significant, it was not included in the final
model. Thus, the coefficient of variation for aerosol concentration does not
exceed 20% and the mean for the actual concentrations is easily within one
standard deviation of the target value.

Due to the technical difficulities (described in Section 4) encountered in
measuring the particie size of the positive control aerosol with the QCM, we
used 3 Mercer Cascade Impactor to measure the particle size distribution of
the positive control aerosol. Typically, the sampling times required with the
Mercer Cascade Impactor are in the order of 40 minutes as opposed to less than
a minute with the QCM.

In -iew of these long sampling times for particle size, it was not
possiblie to obtain sufficient data to perform the components of variance
model. Instead, to estimate a coefficient of variation for the temporal
effect, one sample per hour for four hours was obtained from a reference
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Components of Variance for the Solid Particulate
Aeroso] Concentrations (mg/m”) Between Various Exposure Chambers
(Inter-Chamber Comparison)

TABLE 5-4

Varance Components

standard  coefficient chamber chamber

n  mean deviation of variation set  shelf time chamber x time x shelf  residual
target concentration = 10 mg/m?

88 10.03 1.93 19.2% 0.0% 1.5% 1.8% 0.2% 5.6% 3.4% 6.7%
target concentration = 60 mg/m?®

87 58.78 7.21 12.3% 0.0% 4.8% 1.0% 0.0% 2.1% 0.0% 4.3%
target concentration = 100 mg/m?

87 95.71 13.18 13.8% 0.0% 58% 0.8% 0.9% 0.4% 0.7% 5.2%

a Comparison performed with the data from the first replication
within the Pilot Chamber.
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TABLE 5-5

Components of Variance for the Solid Aerosol

Particle Size (MMAD in .m) Between Various Exposure Chambers

(Inter-Chamber Comparison)

Variance Components

standard  coefficient chamber chamber

n mean deviation of variation  set shelf time chamber x time x shelf  residual
target concentration = 10 mg/m3

87 1.29 0.45 34.5% 0.0% 6.6% 0.0% 5.9% 9.2% 0.9% 11.9%
target concentration = 60 mg/m?>

409 1.58 0.59 37.3% 0.0% 9.7% 0.0% 0.0% 0.0%  27.6%
target concentration = 100 mg/m?>

85b 1.56 0.69 44.2% 0.0% 1.1% 13.0% 0.0% 0.4% 0.0% 29.6%

a Due to a malfunction of the QCM only 20 samples were collected
and compared with the corresponding 20 samples of the Pilot

Chamber.

b Comparison performed with data from the second replication

within the Pilot Chamber.
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TABLE 5-6

Components of Variance for the Aerosol Concentrations (mg/mB)
of Positive Control Material in the Exposure Chambers
(Within Chamber Analysis)

standard  coefficient Varance Components
n  mean deviation of variation rep  set shelf  time residual

chamber 4 - target concentration = 200 mg/m?
44 179.55 3245 18.1% 0.6% 13.2% 2.6% 1.7%
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port. Ffor these data, the mean of 3.13 with a standard deviation of 0.19
yields a coefficient of variation of roughly 6%. Similarly, to estimate a
coefficient of variation for the spatial effect, one sample per port was
collected. The data have a mean of 3.00 with a standard deviation of 0.21
which corresponds to a coefficient of variation of approximately 7%. Thus,
from these data, we can conclude that no appreciable effects due to shelf or
time were observed for particle size.

5.4.2 Homogeneity Study of the Solid-Liquid Aerosol Mixture

Data from the test concentrations of 700 (200 solid/500 1ligquid), 1000 (no
s01id/1000 liquid), and 1200 (200 sclid/1000 ligquid) mg/m~ were obtained
within the Pilot Chamber (Chamber #3), while data from Chambers 1 and 2
corresponded to the target concentraticn of 700, and data from Chamber 5
corresponded to the target concentrations of 1200. No data were collected
from Chamber #4, using mixed aerosols, because it was dedicated to positive
control material. For the target concentration of 700 in the Pilot Chamber,
data were collected at three replications.

Within Chamber Analysis: The results from the variance component
analyses are given in Tables 5-7 (for aerosol concentration) and 5-8 (for
particle size). In all cases, the shelf x time interaction was non-
significant, and so was not included in the final tables. As can be seen from
Table 5-7, the coefficient of variation for aerosol concentration is typically
small and never exceeds 20% in any of the chambers at any target
concentration. The means for the actual concentrations are usually very close
to the target concentrations and always within one standard deviation of the
target value.

The particle size, given in Table 5-8, show that all of the coefficients
of variation exceed 20% as was the case with solid particle. However, the
percentage of variation due to the time effect never exceeds 5%, while the
percentage of variation attributable to the shelf effect exceeds the 20%
cutpoint only in Chamber #1. Furthermore, the actual values for the MMAD in
these chambers are well within the respirable range and these variations are
expected to be of no significance from a biological point of view.

Inter-Chamber Comparison: Inter-chamber analysis was performed to assess
the homogeneity of the time and shelf effects across the chambers.

The results from these variance component analyses are given in Tables 5-
9 (for aerosol concentration) and 5-10 (for particle size). The coefficient
of variation for actual concentration, listed in Table 5-9, does not exceed
20% for either of the two target concentrations. Furthermore, the variability
due to the interactions of chamber x time and chamber x shelf is very small,
indicating that the low degree cf spatial and temporal variability is
consistent across chambers. The overall means for the actual concentrations
are very close to the target concentrations and always within one standard
deviation of the target value.

For particle size, given in Table 5-10 both of the coefficients of
variation exceed 20%; however, the percentage of variation due to any of the

T RESEARCH INSTITUTE

5-13




TABLE 5-7

Components of variance for the Solid-Liquid Mixture
Aerosol Concentrations (mg/m’) in the_Exposure Chambers
(Within Chamber Analysis)

standard  coefficient
n mean deviation of variation rep

Variance Components
set  shelf time residual

piot chamber - target concentration = 700
121 706.51 54.46 7.7% 1.7%

prlot chamber - target concentration = 1000
44 10251  36.95 3.6%

prlot chamber - target concentration = 1200
44 11810 1226 10.4%

0.0% 20% 0.0% 4.0%

0.3% 16% 0.0% 1.7%

22% 02% 2.7% 5.4%

chamber 1 - target concentration = 700
44 684832  34.17 5.0%

chamber £ - target concentration = 700
44 73482  52.35 7.1%

chamber 5 - target concentration = 1200
44 11664  65.51 5.6%

0.1% 2.1% 04% 2.4%

02% 3.1% 0.6% 3.2%

0.2% 12% 2.2% 2.0%

Target Concentrations: 700 mg/m
1000 mg/m
1200 mg/m

K
-

3
3

(200 so1id/500 1iquid)
(no s011d/1000 1iquid)
(200 s011d/1000 1iquid)
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TABLE 5-8

Components of variance for the Solid-Liquid Mixture
Aerosol Particle Size (MMAD in um) in the Exposure Chambers
(Within Chamber Analysis)

standard  coefficient Varignee Components
n  mean deviation of variation rep set shelf  time residual

piot chamber - target concentration = 700

110 0.37 0.14 37.8% 23% 0.0% 12.2% 0.0%  23.2%
prot chamber - target concentration = 1000

40 035 0.09 25.7% 0.0% 13.9% 1.0% 10.8%
piot chamber - target concentration = 1200

40 040 0.11 27.5% 0.0% 5.6% 3.8% 18.2%
chamber 1 - target concentration = 700

40 0.29 0.10 34.5% 0.0% 23.8% 1.1% 9.6%
chamber 2 - target concentration = 700

40 034 0.11 32.4% 0.0% 121% 0.0%  20.3%
chamber 5 - target concentration = 1200

40 0.39 0.08 20.5% 0.0% 80% 1.1% 11.4%
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TABLE 5-9

Components of Variance for the Solid-lLiquid Mixture
Aerosol Concentrations (mg/m”) Between Various Exposure Chambers
(Inter-Chamber Comparison)

Veriance Components
standard  coefficient chamber chamber

n mean deviation of variation set shelf time chamber x time x shelf  residual

target concentration = 700
1328 705.39 49.13 7.0% 0.0% 24% 0.0% 1.5% 0.3% 0.0% 2.8%

target concentration = 1200
88  1173.7 98.00 8.3% 1.1% 06% 2.2% 0.0% 0.2% 0.0% 4.2%

a Comparison performed with data from the second replication
within the Pilot Chamber.
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TABLE 5-10

Components of Variance for the Solid-Liquid Mixture
Aerosol Particle Size (MMAD in um) Between Various Exposure Chambers
(Inter-Chamber Comparison)

Variance Components
standard  coeflicient chamber chamber
n mean deviation of variation  set shelf time chamber x time x shelf  residual

target concentration = 700
1208 0.35 0.12 34.3% 0.2% 14.5% 0.0% 6.8% 0.7% 0.0% 12.1%

target concentration = 1200
80 0.39 0.10 25.6% 0.0% 6.9% 2.0% 0.0% 0.8% 0.0% 15.8%

a Comparison performed with data from the second replication
within the Pilot Chamber.
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model effects never exceeds 20%. In light of the finding that the shelf
effect of Chamber #1 exceeded 20%, it is important to note that the qverall
variability due to the shelf effect at the concentration of 700 mg/m” is below
20%.

5.4.3 Summary Findings

The aerosol concentration variations within the Pilot Chamber and between
chambers never exceeded 20% for both the solid, as well as the solid-liquid
aerosol mixture. The estimated mean concentrations were always within a
standard deviation of the target value. For particle size, the estimated
coefficient of total variations exceeded 20% on several occasions but the
variability due to time or shelf was aiways below 20%, indicating that the
size distribution was homogeneous with respect to time and space. Moreover,
absolute changes in particle sizes are quite small and will have no effect on
the deposition locations of these particles in the lung.
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6. CONCLUSIONS

This Phase [ report summarizes test atmosphere development and aerosol
homogeneity studies for aerosols of a solid particulate test material and
mixtures of this solid particulate aerosol with a petroleum-based liquid
aerosol.

Two aerosol generators (provided by the Government through ORNL) were
used to generate the solid particulate aerosols and the liquid (PBL) aerosols
respectively. Aerosols of the solid test material are generated by pneumatic
re-dispersion of the bulk solid using a jet mill, a screw feeder, and
compressed air. The particles produced enter a size classifier and, if small
enough, exit the system as aerosol. Large particles stay in the mill unti}l
their size is reduced egough to pass thiough the classifier. For concen-
trations below 100 mg/m”, a slip stream dilution system was employed.
Aerosols of the PBL are generated by injecting it onto a temperature-
controlled Vycor glass heating element in nitrogen atmosphere. The PBL flask
evaporates and condenses to form aerosol when mixed with dilution air. For
generating the solid-liquid aerosol mixtures, the solid aerosol and the PBL
aerosol are dynamically mixed before entering the chambers. HPLC analyses of
the PBL aerosol collected on the filters revealed that the PBL did not degrade
either during the generation process or when mixed with solid particulate
aerosol.

The solid§ aerosol generator was tested within the concentration range of
10 tg 200 mg/m” and the PBL aerosol generator in the range of 500 to 1000
mg/m” as required. For both generation systems, aerosal outputs remained
stable at these concentration levels and we believe that the performance will
be similar at any other concentration levels within the tested ranges.
Generator settings may need some readjustment for other aerosol concentrations
which may be used in the upcoming exposure studies.

Three real time optical aerosol sensors were evaiuated for monitoring the
solid as well as solid-liquid aeroscl mixtures. The extreme stickiness of the
solid-liquid aeroso) mixtures combined with high electrostatic charge of the
solid aerosol produced particle deposition onto the sensor's optics and was a
major operational problem. Sensors required cieaming within an hour or two of
operation. Hence, gravimetric filter collection was chosen as the primary
method for determining the chamber aerosol concentrations. The real time
sensors were used as on-line gquides for generator adjustment.

For studies with solid particulate aerosol only, a commercially available
sensor, the portable continuous aerosol monitor (PCAM) was used. For studies
with solid-liquid aerosol mixtures, the concentration was monitored at three
locations: at the solid aerosol generator outlet, the Tiquid (PBL) aerosol
generator outlet, and in the chamber itself. We modified the ORNL
photosensor, to provide a protective air sheath, and it was used at the solid
generator outlet and in the chamber ("in situ semsor"). The output from the
1iquid aerosol generator was monitored with the eriginal ORNL photosensor.
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Particle size distribution of the solid, and solid-liquid aeroso]l
mixtures was determined by a Quartz Crystal Microbalance (QCM)-based cascade
impactor. The MMAD ranges for the solid particulate aerosol was 1.5 to 2.0
um, and for the solid-liquid aerosol mixture 0.3 to 0.4 um (for ratio of solid
to 1iquid in the aeroscl mixtures, see below). The MMAD of the positive
controi material measured with a Mercer Cascade Impactor, was approximately
3.0 um.

tpatial and temporal homogeneity of the chamber test atmospheres was
established through a procedure of simultaneous sampling from several
locations within the chambers. Aerosol mass concentration and particle size
were measured at each concentration as a function of location and time. Two
homogeneity studies were conducted: the first for the solid particulate
aerosols, and the second for the solid-1i1quid aerosol mixtures. The positive
control material was tested as part of the solid particulate homogeneity
studies. The test concentrations were:

Solid particulate aerosols (mg/m’) ; 10, 60, 100, 200
Solid/1iquid aerosol mixtures gmg/m )+ 200/50Q, 200/1000, 0/1000
Positive control aerosol (mg/m’) : 200

The homogeneity data collected were statistically analyzed to establish
the total and individual components of variance, such as effects due to time,
shelf, chamber, etc. (A comprehensive statistical analysis report is attached
in toto in Appendix C).

Results of the statistical analyses revealed that the total variation of
the aerosol concentration was within the required 20% limits for all the
concentration levels tested. For spatial homogeneity, the variation
attributable to shelf was always less than 10% for both the solid and solid-
liquid aeroscl mixtures. For temporal homogeneity, the variation was also
less than 10% at all test runs except once (at the 10 mg/m” level of the solid
aerosol only study). For the inter-chamber comparison, the aerosol
concentration variations between exposure chambers were below 5% at all
concentration levels.

For aerosol particle size, the data showed the total variations to exceed
20% most of the time; however, the mean particle sizes were always within the
inhalable range. In addition, variations attributable either to shelf or time
were always less than 20%, indicating that these variations are not due to an
inhomogeneity with respect to time or location. Moreover, the MMAD values
were well within the respirable range of Practical sizes and therefore these
variations are expected to have no significance from the biological point of
view.

Based on these studies, it is concluded that adequate levels of spatial
and temporal homogeneity were attained for the aerosol concentration and

particle sizes in all the chambers and at all the target concentration levels
tested.
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APPENDIX A
SOLIDS FEEDER CALIBRATION
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FEED RATE OF ACCURATE (MODEL 100) SCREW FEEDERS
1/4* SCREW AND CENTER ROD
USING SOLID TEST MATERIAL

Feeder No/Chamber Setting Revolution Per Minute feed Rate (g/min)

1/Chamber #1

W NN »r— —
—n

2/Chamber #2

N PO
.
o 0O

3/Chamber #3 (Pilot)

. o
[S A aN ]

4/Chamber #4 3.5
(Positive Control)

12.2

—O000 OCQOO0OO0OOo O000O0o O0O0O0OO0O0o
L L) - - . L L] * * o L] [ ] . -
w
n

W NN [FV AN BN N g
L] L] . [ ] 1 - L] » . L] L] L] L] » . . . .
oOUNnoOu;mmoO oo umO OO O,;MmMoO OoOunoOuw;mo (eN, Yo R Nl
—
o~

5/Chamber #5

W N A s —
L] . . L] .
wm O
OO0 00OO0
L) [ ] L)
N
n

4 Feed rate measured with positive control material (Cristobalite)
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APPENDIX B
HOMOGENEITY DATA TABLES
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TABLE EZ: SOLID PARTICULATE AERDOSOL HOMQGENITY STUDY
FILOT CHAMBER (CHAMEER #Z) TEST CONCENTRATION 100 mg/m" =

AEROSOL FARTICLE
SHELF TIME REPLICATE CONC. (mg/m™Z) SIZE(microns)

o
Q
n
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118.0 1.09

126.0 1.42
112.0 1.12
1256.0 1.71
115.0 1.09
84.4 .12
P5.0 S
Q<. 2 08
2.0 g
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e7. =2
114.0 .Ta
105, 0 .87

Z.0 .21
9.0
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7.9
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989.7 .18

11=.0 .44

113,00 .38

10 90,0 1.48
b 111.0 1,77
11 94,1 1.24
7 112.0 1.27&
= 116.0 1.84
4 115.0 1.77
10 87.8 1,72
11 Q1.5 1.77
S 111.0 1.71
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4 11Z7.0 2.01
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TABLE BZI: SOLID PARTICULATE AEROSCL HCMOGENMITY STUDY

FILOT CHAMEER (CHAMEER #T) TEST CONCENTRATION 100 mgs/m™=

AERQSOL FARTICLE
PORT SHELF TIME REFLICATE CONC. (mg/m~7) SIZE{(micr
= 1 1 2 124.0 1.27
= 1 1 2 127.0 1.21
11 2 1 2 106,00 1.07
4 1 1 2 120.,0 1.15
7 2 1 2 117.0 1.09
10 2 1 2 115.0 1.10
= 1 2 2 127.0 1.49
11 2 z 2 112.¢ 1.5886
7 2 2 2 125.0 .o
10 2 ) 2 112, 0 ND
4 1 2 2 1Z20,0 1.26
s 1 2 2 121.0 ND
7 2 = 2 122.0 1.73
10 2 = 2 12Z7.0 2.19
4 1 = 2 141.0 1.80
11 2 z 2 112.¢ MD
5 1 3z 2 1738.0 1.468
z 1 = 2 140, 0 1.86
4 1 4 2 119.0 Z.32
= 1 4 2 119.0 1.74
7 2 4 2 110.0 1.54
10 2 4 2 102.0 T.8%
S 1 4 2 114.0 .06
11 2 4 2 4. 1.08
1 1 1 2 87.58 1.726
Q@ z 1 2 99.2 1.1S
2 1 1 2 106.0 1.27
3 2 1 2 ?1.1 1.19
) 2 1 2 100.0 1.08
=) 2 z 2 PO, 0 1.30
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TABLE E4: SOLID PARTICULATE AERCSOL HOMOGENITY STUDY
CHAMEBER #I TEST CONCENTRATION 100 mgs/m™T
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TABLE ES: SOLID PARTICULATE AEROSOL HOMOGENITY STUDY
FILOT CHAMEER (CHAMEER #7) TEST CONCENTRATION 40 mg/m 7
p AEROSOL SARTICLE
FORT SHELF TIME REFLICATE CONC. (mg/m~3) GSIIE microns:

5 1 1 1 S9. 6 ND
11 2 1 1 43,7 ND
b 7 2 1 1 51.5 ND
4 1 1 1 51.8 ND
> 1 1 1 50.7 ND
10 2 1 1 50,9 ND
10 e, 2 1 s=. 8 MD
a 1 2 1 59. 7 ND
7 2 2 1 48.4 MD
4 11 2 2 1 51.2 ND
S 1 2 1 &1.8 ND
3 ' 2 1 50.9 ND
4 1 ! 1 S7.4 ND
7 2 > 1 62.1 ND
11 2 R 1 48,7 ND
p 5 1 = 1 b51.1 ND
10 2 3 1 55,2 ND
A 1 T 1 =8. 1 ND
7 2 4 1 74,0 ND
4 1 4 1 78.9 ND
= 1 4 1 74,2 MD
11 2 4 1 S7.2 ND
10 2 4 1 64.0 ND
5 1 4 1 74,5 ND

3 2 1 1 57.0 1.379

2 1 1 1 55,2 1.74

2 2 1 1 61,7 1.25

1 1 1 1 S5, 2 1.48

6 2 1 1 =8. 89 1.28

5 2 2 1 57.0 1.16
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8 2 2 1 4,7 1.21
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1 1 4 1 9.9 1.48

2 1 4 1 51,4 1.90

5 2 4 1 S5, 7 1,40
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TABLE EBY: SOLID FPARTICULATE AEROSOL HOMOGENITY STUDY

CHAMERER #1 TEST CONCENTRATION S50 mg/m™ T

RERCSOL F
SHELF TIME REFLICATE CONC. img/m 2 S
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TAEBLE EBE8: S0OLID PARTICULATE AERQSOL HOMOGEMITY STUDY

CHAMBER #2 TEST CONCENTRATION 100 mg/m™Z

AEROEOL FARTICLE
FORT SHELF TIME REFLICATE CONC. ¢(mg/m T} SIIE‘micronz.
5 1 1 1 71.9 1,71
7 2 1 1 1.9 1.3
10 2 1 1 78.6 1.4
= 1 1 1 4.5 1.25
4 1 1 1 99.7 1.27
11 2 1 1 8%.2 1.14
10 oy 2 1 T7.3 1.2=
> 1 2 1 Q0. 1.740
11 2 2 1 7.2 1.11
S 1 2 1 89.1 1.Z72
7 2 2 1 Q.0 1.54
4 1 2 1 88. = 1.90
11 2 = 1 34.72 2.158
7 2 z 1 ?1.8 7. &0
S 1 = 1 106.0 1.5
4 1 = 1 101,0 1,272
10 2 z 1 77.7 1.588
z 1 = 1 100,00 Z.13
4 1 4 1 105.0 2.27
= 1 4 1 85.0 1.54
11 2 4 1 2.8 1.89
S 1 4 1 101,90 1L.70
7 2 4 1 *Z.4 1.482
10 2 4 1 82.1 1.49°9
i 1 1 1 108.0 1.27
8 2 1 1 101.0 1.19
4 2 1 1 85.7% 1.07
) z 1 1 ?4.1 1.182
2 1 1 1 5.6 1.71
z 1 2 1 9%.4 1,13
4 ) 2 1 az.2 1.20
& 2 2 1 Q0.4 1.19
8 2 2 1 88.8 1.09
1 1 2 1 °8. % 1.256
1 1 = 1 6.5 2.97
) 2 z 1 Q7.0 1.55
8 2 = 1 R0.56 .28
2 1 = 1 R6.5 1.2¢
| 2 z 1 S.7 1.47
& 2 4 1 107.0 1.35
4 z 4 1 7.4 1.48
2 1 4 1 111.0 1.32
1 1 4 1 111,00 1.4C2
8 z 4 1 5.9 1,51

MD= NO DATA
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SOLID FARTICULATE AEROSOL HOMOGENITY
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TABLE ER1Q: FPOSITIVE CONTRCL
SOLID PARTICULATE AEROSOL HOMAQGENITY STUDY
CHAMBER #4 TEST CONCENTRATION Z00mg:/m” T

AERQSOL
FORT SHELF TIME REFLICATE CONC., {mg/m™ =}
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TABLE BE11:

1
— (]
00 N> a b)) e 3

SFATIAL VARIATION OF FARTICLE

CHAMBER 4 FOSITIVE CONTROL

FPARTICLE
SIZE(microns)

2.95

-~ 0~
-t A

.93
T.07
T.11
Z.07

~ hed —4
P A

T.09
Z.04

2.54

MEASURED EBY MERCER CASCADE IMPACTOR
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TABLE E12: TEMFORAL VARIATION OF FARTICLE SIZE

CHAMEER 4 POSITIVE CONTROL

TIME FARTICLE
HQURS SIZE(microns)
1 RIS

2 T.4

= Z.04

4 2.98

a
MEASURED BY MERCER CASCADE IMFACTOR




TAERLE B 13: SOLID/LIQUID MIXTURE AEROSOL HOMOGEMITY STUDY

FILOT CHAMEER (CHAMEER #7T) TEST CONCENTRATION 1200 mg/m =

AERQOSOL FARTICLE
FPORT SHELF TIME REFLICATE CONC. (mg-m™2) SIZE(microns’

1 1 1 1 250,00 0. 1982
2 1 1 1 1090, 0 0.472
Ins 1 1 1 775.0 0,469
4 1 1 1 1090,0 L2857
S 1 1 1 1100.0 . 244
& z 1 1 12270.0 G.2772
7 2 1 1 1090, ¢ G, 469
8 z 1 1 1O90C. D G.278
Q 2 1 1 1070,0 0,279
10 2 1 1 P4, 0 0,477
11 < i 1 1080.0 0.274
1 1 2 1 230.0 Q0.220
2 1 2 1 120.0 0,224
= 1 2 1 1280, 0 0.47%
4 1 2 1 1150.0 . 758
S 1 2 1 1220.0 0.419
& 2 2 1 1120.0 0.278
7 2 2 1 1110.0 0. 758
8 poy 2 b 1270.0 0.551
2 2 2 1 11060 0. 829
10 2 2 1 1080, 0Q 0. 224
11 2 2 1 1200,0 O.3251
1 i = 1 1450.0 0. 708
2 1 = 1 1300.0 0.711
z 1 = 1 1150.0 O.4282
4 1 z 1 1150.Q 0, 28%9
s 1 = 1 1110.0 0. 280
L) z z 1 1450, 0 O, T2
7 = = 1 1250.0 ¢, 248
8 2 = 1 1170.0 0,459
4 by = 1 1280, 0.597
10 2 z 1 1070.0 0.%17
11 z R 1 1090,0 0,459
1 1 4 1 1210,0 0. 737
2 1 4 1 1270.0 G, 294
= 1 4 1 1260.0 .12
4 1 4 1 12460.0 0. 488
S 1 4 1 1240.0 Q. 307
& z 4 1 1230.0 0,579
7 2 4 1 1270.0 0,419
8 el 4 1 1270.0 0.E8T
@ 2 4 1 1150.0 0,479
10 2 4 1 1090.,0 0.581
11 z 4 1 1250, 0 0. S57




TARLE El14:

FILOT CHAMEER

FORT
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CONC. {(mg/m
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1040 ,0
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1040, 0
1000, O
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1040, 0
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1070, 0
1080,0
1050, 0
1OT0,0
1030, 0
FBO. O
1040, 0
1010.,0
F81.0
1050.0
1090, 0
1040,0
9G9I, O
1030, 0
1000, 0
1OT0,.0
975.0
1040.0
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80, 0
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1040, 0
1210,0
1040, 0
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1GL0.0
P7CQ.Q
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101¢.90
FTELQ
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SOLID/LIGQUID MIXTURE AEROSQL HOMCGEMITY STUDY
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TARLE E1S: SOLID/LIOQUID MIXTURE AEROSOL HOMOGE

FILOT CHAMEER (CHAMEER #3) TEST CONCENTRATION

PO P PRI EI B = v b2 e = P BRI R R R B s v b e = R R B R B BY e e e r

data was

AERQASCL

SHELF TIME REPLICATE CONC. (mg/m™2)

7352.0
719.0
aB7.0
685.0Q
692.0
&7 .0
&95.0
b60. O
6635.0
&24.0
647, 0
742.0
740.0
TOZ. 0
594.0Q
&76.0
859.0
&815.0
&29.0
$75.0
0.0
£26.0
745.0
770

P )

&87.0
E70.0
&£98.0
TI25.0
6589.0
LI7.0
T25.0
ZS7.0

60,0

LA g G o Gl Gl G L G G BRI RD B RD B RY BI R BRI B e e e e e e b e e e b

bt e b et b b bh b b b b e bt e b b B b R b S e e e R e s e e

collected for the fourth hour.

MITY STLDY

TOO mg/mT 2

FARTICLE
SIZE{microns)

0.291
0.244
0.192
0.194
Q. 208
0,29z
S
1,005
Q.467
0,288
1,005
0.247
0.219
O.248
0,475
0.572
0.Z74
0,299
0.271
Q.2719
0,261
0.271
Q. 280
0.228

O 27C

0. 247
0., 208
0. 252
0. 344
0. 224
0.410
0.249
O.224

LR e




TABLE B16: SOLID/LIQUID MIXTURE AEROSOL HOMOGENITY STUDY

PILOT CHAMBER (CHAMBER #3) TEST CONCENTRATION 700 mg/m"3

AEROSOL PARTICLE
PORT SHELF TIME REPLICATE CONC.(mg/m"3) SIZE(microns)
1 1 1 2 609.0 0.256
2 1 1 2 615.0 0.434
3 1 1 2 740.0 0.491
4 1 1 2 717.0 0.235
5 1 1 2 702.0 0.358
6 2 1 2 701.0 0.762
7 2 1 2 774.0 0.439
8 2 1 2 690.0 0.802
9 2 1 2 723.0 0.475
10 2 1 2 643.0 0.448
11 2 1 2 694.0 0.802
1 1 2 2 763.0 0.280
2 1 2 2 722.0 0.242
3 1 2 2 719.0 0.270
4 1 2 2 740.0 0.281
5 1 2 2 734.0 0.497
6 2 2 2 680.0 0.399
7 2 2 2 729.0 0.544
8 2 2 2 632.0 0.412
9 2 2 2 685.0 : 0.333
10 2 2 2 599.0 0.427
11 2 2 2 665.0 0.412
1 1 3 2 746.0 0.282
2 1 3 2 755.0 0.251
3 1 3 2 739.0 0.367
4 1 3 2 720.0 0.583
5 1 3 2 738.0 0.403
6 2 3 2 697.0 0.407
7 2 3 2 708.0 0.376
8 2 3 2 630.0 0.508
9 2 3 2 689.0 0.524
10 2 3 2 682.0 0.370
11 2 3 2 632.0 0.508
1 1 4 2 730.0 0.326
2 1 4 2 736.0 0.262
3 1 4 2 712.0 0.281
4 1 4 2 725.0 0.302
5 1 4 2 763.0 0.312
6 2 4 2 667.0 0.295
7 2 4 2 703.0 0.384
8 2 4 2 646.0 0.464
9 2 4 2 666.0 0.475
10 2 4 2 618.0 0.566
11 2 4 2 679.0 0.464




TARLE B17: SOLIDALIGUID MIXTURE AERCOSOL HOMQGEMITY STUDY

FILOT CHAMEBER (CHAMBEFR #32) TEST CONCENTRATION 700 mg/m™ T

AEROSOL FARTICLE
FORT SHELF TIME REFLICATE CONC. {mg/m™Z) SIZE!‘microns

)

1 759, 0 0,417
2 734.0 0,358
- 7IT.0 O, 256&
a T778.0 0,244
= 71Z.0 O, 290
s &595. 0 0,288
7 TE7.0 4,7%5&
8 &7S. 0 G.312
Q 712.0 D, 310

o~

£29.0 0,200
E7T.0 0,212
750, 0 0,244
798.0 0,481
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LIRS I 5 S
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— -

1 714.0 G.414

1 s£98. 0 0,921
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4 T4, G D, SO0

pal 745.0 0. 752

& &9T. 0 0,254

7 875.0 Q. 301
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10 SITT.Q i, 497
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730,00 D, 228

744,0 0.187
TTIELO

Y s
] Ve

SO0 M NG R e e
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TARBLE E18: SOLID/LIQUID MIXTURE AEROSOL HOMOGERITY STUDY

FORT
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BB BB E B DD DD R Gl L G R ED R ED R B B ED B R BD e ke e e s e e e
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[ T P N S S T T T S I T = T S e e e o e Ll i T ac i S S
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£74.0
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71z.0
66T 0
&84.0
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TE6.0
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822.0
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&71.0
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TOT7 .0
5RC. 0
7IT.0
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TOD.0
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T12.0
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O, 255
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0,289
., 2T
0,447

Q.49

STDY




TAERLE B20O: SOLID/LIQUID MIXTURE AEROSOL HOMUOGENITY STUDY

CHAMERER #& TEST CONCENTRATION 1200 mg /m T

AEROSOL FPOARTICLE
FORT SHELF TIME REFLICATE CONC. 'mg/'m™~2) SIZEimicrons:

i 1 1 1 112200 D.397
z 1 1 1 1276.0 0,427
= 1 1 1 1105,0 0, 405
4 1 1 1 1066.0 0. T0%
S : 1 1 1176.0 D, 708
o 2 1 1 1160, 0 0,288
7 z 1 1 1058.0Q 0.247
g 2 1 1 1069, 0 G.ITE2
e 2 1 1 1049, 0 4,409
10 2 1 1 1080.,0 Q. T&&
11 2 1 1 1146,0 O.252
1 1 2 1 1199.0 .04
- 1 2 1 1184.0 0,289
= 1 2 1 1187.0 Q, 280
4 1 2 1 1200,0 0.401
5 1 2 1 1188. 0 O, 789
& 2 2 ) 1 1191.C 0,795
7 Iy ) 1 1118.¢ . Dol
8 z 2 1 1120,0 O.I91
X z 2 1 1140, 0 0,418
10 z 2 1 1126.0 0,478
11 2 2 1 1170,0 Q0,291
1 1 z 1 1240.0 0.272
2 1 z 1 1244, 0 O, I99
= 1 > 1 1151.0 Q0. 247
4 1 = 1 1179.¢ 0, 76°
S 1 = 1 1177.0 0,382
& 2 = 1 1154.0 0,490
7 z > 1 1090.0 0.49&
8 2 at 1 1129.0 0. 48%
g 2 z 1 1180.,0 0.42%
10 z z 1 1102.0 0,297
1l 2 %t 1 114646.0 o, 489
1 1 4 1 1289,.0 0. 768
z 1 4 1 1270,0 Q0. 2I29
s 1 4 1 1189.¢ 0,727
4 1 4 1 1251.0 Q0. 241
S 1 4 1 1288.¢ O, 250
) 2 4 1 1171.0 0,399
7 2 4 1 1218.¢Q 0,494
8 ) 4 1 1127.0 0,456
= z 4 1 1291.0 0. 5289
10 2 4 1 12274.0 0. S84
11 Z 4 1 1172.0 0. 456
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1 Introduction

The purpose of this report is to describe the statistical methods and results for the
evaluation of the chamber atmosphere homogeneity studies. Three sets of data were
analyzed: the solid particulate data, the solid liquid mixture data, and the positive
control data. For each, the parameters under study were actual concentration and
particle size, which were analyzed statistically using a components of variance analy-
sis of variance model (Winer, 1971, Statistical principles in ezperimental design, 2nd
edition, McGraw-Hill). Prior to analysis, the actual values were log transformed to
better accomodate the assumed normality of the statistical model.

The primary purpose of these analyses was to estimate the amount of spatial and
temporal variability within the chambers and to determine whether these estimated
variances represented significant variation about the estimated mean value of the
chamber. For this determination, a criterion of 20% of the estimated mean value
was used; if the variance estimate accounted for 20% or more of the variation about
the estimated mean it was deemed to be significant. Finally, inter-chamber analyses
were performed, for those chambers exposed to the same target concentration, to
investigate whether significant variation was attributable to the chamber and to
examine the homogeneity of the estimated spatial and temporal variation across
chambers.

2 Solid Particulate Distribution Study

Data from the target concentrations of 10, 60, 100, and 200 mg/m3 were obtained
within the pilot chamber (chamber # 3), while data from chambers 5, 1, and 2
corresponded to the target concentrations of 10, 60 and 100 mg/m?3, respectively.
Within each chamber, actual concentration and particle size data were collected from
both top and bottom shelves of the chamber and at four hourly timepoints following
exposure of the target concentration. Sample ports 1-5 were considered top shelf
locations and ports 6-10 were bottom shelf locations. Additionally, since all ports
could not be assessed at the same time, the ports were divided into two cets: set
one consisting of sample ports 3,4,5,7,8, and 10, while set two consisted of sample
ports 1,2,6,8, and 9. Sample port 8 was included in both sets to assess and adjust
for any inter-set differences. For the target concentration of 100 mg/m? in the pilot
chamber, data were collected at three replications.

2.1 Intra-chamber Analysis

Within each chamber (and for the pilot chamber, within each target concentration)
three sources of variability were of interest: the variation due to shelf (¢3), time (¢3),
and set (02). The variation due to shelf and time represent, respectively, the spatial
and temporal variability in the chamber. In terms of interactions, the variability due
to shelf by time (aiﬂ) was also estimated, in order to test the homogeneity of shelf
variance across time. The expected mean squares for this three way components of




variance mode] are given as:

source symbol expected mean square
shelf a o} +nrol, + ngrol

time B 0} +nraly + nproj

set 5 oi + npgo?

shelf x time af ol +nral,

residual £ L

with p = 2 shelf levels, ¢ = 4 timepoints, and r = 2 levels of the set factor. Also, n
refers to the cell sample size in each of the 16 cells formed by this 4 x 2 x 2 design;
since sample port 8 was assessed twice the design is not completely balanced, and so,
the average cell sample size of 2.75 can be used for n. For the target concentration
of 100 mg/m3 in the pilot chamber, the variability due to replication (¢?) must also
be accounted for, and so, the components of variance for this target concentration
are given as:

source symbol expected mean square
shelf a ol + anUiﬂ + ngrso?
time B ol +nrsol, + nprsag
set o df + npqsa,";

replication ) o? + npgro}

shelf x time afB o,’ + nrsaga

residual € ol

where s = 3 for the three replications.

The results from these variance component analyses are given in Tables 1 (for
actual concentration) and 2 (for particle size). In all cases the shelf x time interaction
was non-significant, and so was not included in the final tables. As can be seen from
Table 1, the coefficient of variation for actual concentration never exceeds 20% in
any of the chambers at any target concentration. Additionally, the means for the
actual concentrations are usually very close to the target concentrations and always
within one standard devation of the target value.

For particle size, given in Table 2, many of the coefficients of variation exceed
20%, however, the percentage of variation-dues to the shelf or time effects never
exceeds 20%. Furthermore, the actual values for the mean and standard deviations
in these chambers are quite small and within an acceptable range. It should be
noted that for the target concentration of 100 mg/m? in the pilot chamber, while
for the actual concentration data there were 3 replications, for particle size only two
replications were obtained and so the sample size listed differs for the particle size




(n = 85) and actual concentration (n = 131) data. Also, particle size data for the
target concentration of 60 mg/m3 in the pilot chamber were obtained only for the
second set of sample ports (1,2,6,8, and 9) and thus the sample size listed in Table
2 is only 20 for this target concentration within the pilot chamber.

2.2 Inter-chamber Analysis

For each target concentration, where data from more than one chamber were avail-
able (10, 60, and 100 mg/m3), an analysis was performed to assess the chamber
variability and the homogeneity of the time and shelf effects across chambers. Four
sources of variability were of interest: the variation due to time, shelf, set, and cham-
ber (¢}). In terms of interactions, the variability due to chamber by shelf (¢3,) and
chamber by time (agg) were estimated in order to test the hornogeneity of temporal
and spatial variability across chambers. The expected mean squares for this four

way components of variance model are given as:

source symbol expected mean square

shelf a ol + ngro?, + ngrtal

time B8 ol + npraj, + nprtaj

set ¥ o} + npqta?

chamber ¢ ol +ngro?, + npmgf + npgro}
chamber x shelf ag 0 + ngrol,

chamber x time B¢ ol + npﬂ7§‘

residual € o?

where ¢t indicates the number of chambers in the analysis.

The results from these variance component analyses are given in Tables 3 (for
actual concentration) and 4 (for particle size). The coefficient of variation for actual
concentration, listed in Table 3, does not exceed 20% for any of the three target
concentrations. Furthermore, the variability due to the .nteractions of chamber x
time and chamber x shelf is small, indicating that the iow degree of spatial and
temporal variability is consistent across chambers. The overall means for the actual
concentrations are very close to the target concentrations and always within one
standard devation of the target value. In the analysis of the 100 mg/m? data,
only the first replication was used so that the actual number of pilot and non-pilot
chamber data points were comparable.

For particle size, given in Table 4, all of the coefficients of variation exceed
20%, however, the percentage of variation due to any of the model effects never
exceeds 20%. Again, the actual values for the mean and standard deviations in
these chambers are quite small and within an acceptable range. In the analysis of
the 100 mg/m3 particle size data, only one of the replications was used so that the
actual number of pilot and non-pilot chamber data points were comparable. For the




same reason, in the analysis of the particle size data for the target concentration of
60 mg/m3, only the data from the second set of sample ports were included.

3 Solid Liquid Mixture Distribution Study

Data from the target concentrations of 700, 1000, and 1200 were obtained within
the pilot chamber (chamber # 3), while data from chambers 1 and 2 corresponded
to the target concentration of 700, and data from chamber 5 corresponded to the
target concentrations of 1200. Within each chamber, actual concentration and par-
ticle size data were collected from both top and bottom shelves of the chamber and
at four hourly timepoints following exposure of the target concentration. Sample
ports 1-5 were considered top shelf locations and ports 6-10 were bottom shelf loca-
tions. The ports were again divided into two sets, corresponding to their actual time
of assessment: set one consisting of sample ports 3,4,5,7,8, and 10, while set two
consisted of sample ports 1,2,6,8, and 9. Sample port 8 was included in both sets
to assess and adjust for any inter-set differences only for the actual concentration
determinations; for the particle size determinations only one sample was obtained
from sample port 8. For the target concentration of 700 in the pilot chamber, data
were collected at three replications, although in the first replication only 3 hours of
data were obtained.

3.1 Intra-chamber Analysis

Within each chamber (and for the pilot chamber, within each target concentration)
three sources of variability were of interest: the variation due to time, shelf, and
set. In terms of interactions, the variability due to time by shelf was also estimated,
in order to test the homogeneity of shelf variance across time. The expected mean
squares for this three way components of variance model is given in section 2.1. For
the target concentration of 700 in the pilot chamber, the replication factor is also
included and the components of variance {or this model are also given in section 2.1.

The results from these variance componert analyses are given in Tables 5 (for
actual concentration) and 6 (for particle size). In all cases the shelf x time interaction
was non-significant, and so was not included in the final tables. As can be seen from
Table 5, the coefficient of variation for actuai concentration is typically small and
never exceeds 20% in any of the chambers at any target concentration. The means
for the actual concentrations are usually very close to the target concentrations and
always within one standard devation of the target value.

For particle size, given in Table 6, all of the coefficients of variation exceed
20%, however, the percentage of variation due to the time effect never exceeds even
5%, while the percentage of variation attributable to the shelf effect exceeds the
20% cutpoint only in chamber 1. Furthermore, the actual values for the mean and
standard deviations in these chambers are quite small and within an acceptable
range.




3.2 Inter-chamber Analysis

For each target concentration, where data from more than one chamber were avail-
able (700 and 1200), an analysis was performed to assess the homogeneity of the
time and shelf effects across chambers. Four sources of variability were of interest:
the variation due to time, shelf, set, and chamber. In terms of interactions, the
variability due to chamber by time and chamber by shelf were estimated in order
to test the homogeneity of temporal and spatial variability across chambers. The
expected mean squares for this four way components of variance model is given as
in section 2.2.

The results from these variance component analyses are given in Tables 7 (for
actual concentration) and 8 (for particle size). The coefficient of variation for actual
concentration, listed in Table 7, does not exceed 20% for either of the two target
concentrations. Furthermore, the variability due to the interactions of chamber x
time and chamber x shelf is very small, indicating that the low degree of spatial
and temporal variability is consistent across chambers. The overall means for the
actual concentrations are very close to the target concentrations and always within
one standard devation of the target value. In the analysis of the 700 data, only one
of the replications within the pilot chamber was used so that the actual number of
pilot and non-pilot chamber data points were comparable.

For particle size, given in Table 8, both of the coefficients of variation exceed
20%, however, the percentage of variation due to any of the model effects never
exceeds 20%. In light of the finding that the shelf effect of chamber 1 exceeded 20%,
it is important to note that the overall variability due to shelf at the concentration
of 700 is below 20%. Also, the actual values for the mean and standard deviations
in these chambers are quite smal] and within an acceptable range. In the analysis of
the 700 particle size data, only one of the replications was used so that the actua!
number of pilot and non-pilot chamber data points were comparable.

4 DPositive Control Material Distribution Study

Data from the target concentration of 200 mg/m3> were obtained within chamber
# 4. The actual concentration was collected from both top and bottom shelves of
the chamber and at four hourly timepoints following exposure of the target concen-
tration. Sample ports 1-5 were considered top shelf locations and ports 6-10 were
bottom shelf locations. The ports were again divided into two sets, corresponding to
their actual time of assessment: set one consisting of sample ports 3,4,5,7,8, and 10,
while set two consisted of sample ports 1,2,6,8, and 9. Sampie port 8 was inciuded
in both sets to assess and adjust for any inter-set differences.

Within the chamber three sources of variability were of interest: the variation
due to time, shelf, and set. In terms of interactions, the variability due to time by
shelf was also estimated, in order to test the homogeneity of shelf variance across
time. The expected mean squares for this three way components of variance model
is given in section 2.1.




The results of the variance component analysis of actual concentration are given
in Table 9. From the table, we see that the sample size is n = 44 and the mean of
179.55 with a standard deviation of 32.45 yields a coefficient of variation of 18.07%.
Since the shelf x time interaction was non-significant, it was not included in the final
model. The coefficient of variation for actual concentration does not exceed 20% and
the mean for the actual concentrations is easily within one standard devation of the
target value.

For particle size, it was difficult to obtain sufficient data to perform the compo-
nents of variance model. Instead, in order to estimate a coefficient of variation for
the temporal effect, one sample per hour for four hours was obtained in cha.nber 4
at sample port 5. For these data the mean of 3.13 with a standard deviation of 0.19
yields a coefficient of variation of roughly 6%. Similarly, to estimate a coefficient
of variation for the spatial effect, one sample per port was obtained in chamber 5.
Here, the mean of 3.00 with a standard devation of 0.21 yields a coefficient of varia-
tion of approximately 7%. Thus, from these limited data, we can conclude that no
appreciable effects due to shelf or time were observed for particle size.

5 Summary

In the analysis of the actual concentration data, the estimated coefficients of vari-
ation never exceeded 20% and the estimated means were always within a standard
deviation of the target value. This was observed in both the intra- and inter-chamber
analyses. For the particle size data, while the estimated coefficients of variation al-
ways exceeded 20%, only once did the variability due to shelf or time exceed 20%: in
the analysis of the liquid solid mixture data, in one chamber (# 1) the shelf variation
was estimated to be 24% of the mean value. However, in the inter-chamber analysis
the shelf effect was not above 20%, and the estimated means and standard devations
were always very small and within an acceptable range for particle size data. Thus,
these results provide strong support for the homogeneity of the chamber atmosphere
for the three sets of data analyzed: the s0lid particulate data, the solid liquid mixture
data, and the positive conirol data.

Robert D. Gibbons Ph.D.

[ S L

Study Statistician
January 24, 1990




TABLE 1

Components of Variance for the Solid Particulate
Aerosol Concentrations in the Exposure Chambers

standard  coeflicient Variance Components
n mean deviation of variation rep set  shelf time residual

pilot chamber - target concentration = 10 mg/m®
44  10.60 1.83 17.3% 0.8% 02% 13.1% 3.3%

pilot chamber - target concentration = 60 mg/m?>
44 58.70 7.12 12.1% 06% 32% 3.2% 5.1%

pilot chamber - target concentration = 100 mg/m?>
131 103.01 15.85 15.4% 0.9% 55% 4.9% 0.2% 3.9%

pilot chamber - target concentration = 200 mg/m>
44 197.25  17.95 9.1% 25% 3.9% 0.2% 2.5%

chamber 5 - target concentration = 10 mg/m?>
44 9.47 1.87 19.8% 0.3% 8.1% 2.3% 9.1%

chamber 1 - target concentration = 60 mg/m>
43  58.86 7.38 12.5% 2.3% 52% 24% 2.6%

chamber 2 - target concentration = 100 mg/m®
44  92.65 9.45 10.2% 1.6% 3.8% 1.5% 3.4%




o
o
TABLE 2
® Components of Variance for the Solid Aerosol
Particle Size in the Exposure Chambers
standard  coefficient Variance Components

n mean deviation of variation rep set shelf time  residual
¢ pilot chamber - target concentration = 10 mg/m?

44 113 0.48 42.5% 0.0% 12.53% 151%  14.9%

pilot chamber - target concentration = 60 mg/m?

20 1.59 0.75 47.2% 0.0% 21%  45.1%
L pilot chamber - target concentration = 100 mg/m?

85 1.55 0.65 41.8% 0.0% 1.1% 2.8% 14.7% 23.2%

piot chamber - target concentration = 200 mg/m3

4 1.9 0.51 26.0% 1.6% 03% 125%  11.6%
®

chamber 5 - target concentration = 10 mg/m?

43 145 0.34 23.4% 0.8% 54% 03%  16.9%

chamber 1 - target concentration = 60 mg/m?>
® 43 1.86 0.55 29.7% 10.4% 0.0% 84%  10.9%

chamber 2 - target concentration = 100 mg/m?®

44 1.50 0.43 28.7% 0.0% 1.1% 6.5% 21.1%




TABLE 3

Components of Variance for the Solid Particulate
Aerosol Concentrations between various Exposure Chambers

Variance Components

standard coefficient chamber chamber

n mean deviation of variation set shelf time chamber x time x shelf  residual
target concentration = 10 mg/m®

88  10.03 1.93 19.2% 0.0% 1.5% 1.8% 0.2% 5.6% 3.4% 6.7%
target concentration = 60 mg/m?>

87 58.78 7.21 12.3% 0.0% 4.8% 1.0% 0.0% 2.1% 0.0% 4.3%
target concentration = 100 mg/m?3

87  95.71 13.18 13.8% 0.0% 58% 0.8% 0.9% 0.4% 0.7% 5.2%

only the first replication data within the pilot chamber were included




TABLE 4

Components of Variance for the Solid Aerosol
Particle Size between various Exposure Chambers

Variance Components

standard  coefficient chamber chamber

n mean deviation of variation set shelf time chamber X time x shelf  residual
target concentration = 10 mg/m?®

87 1.29 0.45 34.5% 0.0% 6.6% 0.0% 5.9% 9.2% 0.9% 11.9%
target concentration = 60 mg/m>

40! 1.58 0.59 37.3% 0.0% 9.7% 0.0% 0.0% 0.0% 27.6%
target concentration = 100 mg/m?>

852  1.56 0.69 44.2% 0.0% 11% 13.0% 0.0% 0.4% 0.0% 29.6%¢

! only the second set data within the non-pilot chamber were included
 only the second replication data within the pilot chamber were included




TABLE 5

Components of Variance for the Solid Liquid Mixture
Aerosol Concentrations in the Exposure Chambers

standard  coefficient Variance Components
n mean deviation of variation rep set  shelf time residual

piot chamber - target concentration = 700
121 706.51  54.46 7.7% 1.7% 0.0% 2.0% 0.0% 4.0%

piot chamber - target concentration = 1000
44  1025.1 36.95 3.6% 0.3% 16% 0.0% 1.7%

piot chamber - target concentration = 1200
44 1181.0  122.6 10.4% 22% 02% 2.7% 5.4%

chamber 1 - target concentration = 700
44 684.82 34.17 5.0% 0.1% 2.1% 04% 2.4%

chamber 2 - target concentration = 700
44 734.82 52.35 7.1% 0.2% 3.1% 0.6% 3.2%

chamber 5 - target concentration = 1200
44 11664  65.51 5.6% 0.

o
R

1.2%  2.2% 2.0%




TABLE 6

Components of Variance for the Solid Liquid Mixture
Aerosol Particle Size in the Exposure Chambers

standard  coefficient Variance Components
n  mean deviation of variation rep set shelf time residual

pilot chamber - target concentration = 700
110 0.37 0.14 37.8% 2.3% 0.0% 12.2% 0.0% 23.2%

piot chamber - target concentration = 1000
40 0.35 0.09 25.7% 0.0% 13.9% 1.0% 10.8%

ptlot chamber - target concentration = 1200
40 040 0.11 27.5% 0.0% 5.6% 3.8% 18.2%

chamber 1 - target concentration = 700
40 0.29 0.10 34.5% 0.0% 23.8% 1.1% 9.6%

chamber 2 - target concentration = 700
40 0.34 0.11 32.4% 0.0% 12.1% 0.0% 20.3%

chamber 5 - target concentration = 1200
40 0.39 0.08 20.5% 0.0% 8.0% 1.1% 11.4%




TABLE 7

Components of Variance for the Solid Liquid Mixture
Aerosol Concentrations between various Exposure Chambers

Variance Components

standard  coefficient chamber chamber
n mean deviation of variation shelf time chamber x time x shelf  residual
target concentration = 700
132* 705.39 49.13 7.0% 0.0% 24% 0.0% 1.5% 0.3% 0.0% 2.8%
target concentration = 1200
88 1173.7 98.00 8.3% 0.6% 2.2% 0.0% 0.2% 0.0% 4.2%

* only the second replication data within the pilot chamber were included




TABLE 8

Components of Variance for the Solid Liquid Mixture
Aerosol Particle Size between various Exposure Chambers

Variance Components
standard  coefficient chamber
n mean deviation of variation @ set shelf time chamber x time

chamber
x shelf  residual

target concentration = 700
120*  0.35 0.12 34.3% 0.2% 14.5% 0.0% 6.8% 0.7%

target concentration = 1200
80 0.39 0.10 25.6% 0.0% 6.9% 2.0% 0.0% 0.8%

only the second replication data within the pilot chamber were included

0.0% 12.1%

0.0% 15.8%




TABLE 9

Components of Variance for the Aerosol Concentrations
of Positive Control Material in the Exposure Chambers

standard  coefficient Variance Components
n  mean deviation of variation rep  set shelf time residual

chamber § - target concentration = 200 mg/m?>
44 179.55  32.45 18.1% 0.6% 13.2% 2.6% 1.7%
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