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ABSTRACT

This work characterized burn-off emissions from automobiles. After an
exhaustive literature review, engine temperatures were determined to reach a maximum
temperature of approximately 110°C, while exhaust system components reached a
maximum temperature around 600°C. Metal-drawing fluids were used to bend the
exhaust system components during manufacturing. Because these components were not
rinsed prior to incorporation into a vehicle, residues could be left on the surfaces. An
experimental test chamber was constructed to conduct controlled testing of three
metalworking fluids of various types to mimic real-world conditions. Real-time particle
number measurements were made using a condensation particle counter and an optical
particle counter. The temperature at which burn-off begins to occur was found to be
around 120 to 150°C. This burn-off was found to be an evaporation-condensation
phenomenon when metalworking fluid residues vaporize and condense forming fine
(0.1um to 2.5um) and ultrafine (<0.1pum) aerosols. The temperature dependency of this
phenomenon was observed to follow the Clausius-Clapeyron equation that states as
temperature increases, vapor pressure increases. Most aerosol particles were observed to

be in the range of less than 0.01um to approximately 2.0pm.
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INTRODUCTION AND LITERATURE REVIEW

There are many recognized hazards in the automobile industry. These hazards
include exposures to metals, chemicals, bioaerosols, physical agents such as noise and
vibration, and ergonomic hazards such as awkward postures, forceful exertions, contact
stresses and static postures. Exposure to airborne particles and vapors has been related to
increased health risks such as: immune system suppression, respiratory inflammation,
cardio-pulmonary disease, respiratory and chemical sensitivities, hypersensitivity
pneumonitis, occupational asthma and bronchitis (O’Brien, 2003; NIOSH, 2007;
McCawley et al., 2001; Kreyling et al., 2006; Detwiler-Okabaysahi and Schaper, 1996;
Oberdorster, 2001; Park et al., 1996; Vincent and Clement, 2000; Anderson, 2000;
Highwood and Kinnersley, 2006; Donldson, 2000; and Wichmann, 2000).

Burn-off emissions are a source of airborne particles and vapors generated in the
process of automobile assembly. Vehicles are started in the final assembly and process
area. Cars are driven on the chassis dynamometer at speeds approaching seventy miles
an hour. During this process, a test system checks critical performance elements such as:
brakes, power steering, and engine torque. Workers in this area have noticed “smoke”
coming from the new cars and complained of eye and respiratory irritation. These
emissions are believed to be fine and ultra-fine aerosols produced as the engine and
associated exhaust components increase in temperature and residues left on their surfaces
begin to vaporize. These aerosols may be created by evaporation and condensation,
combustion, or a combination of the two.

Hot processes such as: welding, smelting, and refining of metals, vaporize
material which then condenses to form small aerosol particles when rapidly cooled as it
moves away from the high temperature zone (Vincent and Clement, 2000). As the
temperature increases, more molecules have enough energy to escape the liquid phase

and enter the gas phase or vaporize. As the temperature decreases away from the high



temperature zone, the forces of attraction between the molecules are strong enough to
make the evaporated liquid return to the liquid phase. This is known as an evaporation-
condensation phenomenon.

Combustion processes such as: transportation, carbon black manufacture, and
coal-fired power plants also have the potential to produce ultrafine aerosols (Vincent and
Clement, 2000). Combustion is a chemical reaction between a fuel and an oxidizer,
generally oxygen, which generates heat and light. Incomplete combustion is involved
where the fuel source is not entirely consumed. Both evaporation-condensation and
combustion have a strong potential to produce large concentrations of fine and ultrafine

particles.

Fine and Ultrafine Particles

The particles that are formed during the burn-off process are likely to be fine
particles between 0.1um to 2.5um and ultrafine particles which are less than 0.1pm in
size in all dimensions (Kreyling et al., 2006). According to the 2007 ACGIH TLV
Booklet, particles in this size range (<2.5um) are approximately 85-90% respriable
particles. This means that most of these particles are able to enter the nose by normal
breathing and can reach the alveolar regions deep in the lung, however only about 50% of
the particles in the range from 0.01 to 0.03um will deposit. Due to their size, many of
these particles will follow the stream of air and be exhaled. Deposition of these particles
in the pulmonary system will mostly be caused by diffusion; however, this deposition has
a minimum between 0.1 and 1um for the alveolar region (Ostiguy et al, 2006). Thoracic
and extra-thoracic deposition increases as particle size decreases for particles smaller
than approximately 0.006um. After deposition in the lung, some ultrafine particles may
elude alveolar macrophages and gain access to the pulmonary interstitium (Oberdorster,
2001). The number of particles and surface chemistry of fine and ultrafine particles play

a role in their toxic properties. Due to the large surface area per given mass exposed on



ultrafine particles, greater contact occurs between ultrafine particles and respiratory tissue
than occurs with larger particles. These small particles can also potentially carry other
contaminants deep into the lung when inhaled or act as a catalyst for some intercellular
reactions (Oberddrster, 2001). Although the mechanism is not entirely understood,
ultrafines can be translocated to other organs such as the liver and heart (Wichmann and
Peters, 2000; McCawley et al., 2001).

Ultrafine particles are different from nanoparticles because they are not created
intentionally for a desired purpose. They are often produced from combustion and gas
particle interactions in ambient and occupational environments. Therefore ultrafine
particles are often complex in nature containing an abundance of compounds (Kreyling et
al., 2006). In many workplace situations, ultrafine particle generation by evaporation-
condensation is not feasible. When there are high vapor concentrations, the particles will
generally grow out of the ultrafine range. Where there is a high number concentration,
agglomeration can dominate to grow particles above 0.1um (Vincent and Clement,
2000). This likelihood is also increased when there is generation of very small particles
from the physical process of nucleation from the vapor phase. Nucleation can be
heterogeneous where particles are formed by condensation onto existing nuclei or
homogeneous nucleation and condensation from the gas back to the liquid phase (Vincent
and Clement, 2000). Relatively low concentration of these particles must be present in
order to prevent further coagulation. Localized heating enhances ultrafine aerosol
formation because the temperature will decrease rapidly further from the source allowing
the aerosol to essentially be “frozen” and no longer condense, nucleate or coagulate to

form larger particles (Vincent and Clement, 2000).

There are various chemicals used in the manufacture of engine and exhaust
system components that may leave a residue coating these surfaces. As vehicle surfaces
increase in temperature after engine ignition, residual fluids have the potential to vaporize

or combust, generating vapors and aerosols (see Table 1-1). Vehicle engine blocks are



typically rinsed prior to being incorporated into a vehicle. This reduces the likelihood
that chemical residues are left on the surface of the engine to vaporize when surface
temperatures increase. However, the exhaust components are not rinsed prior to being
incorporated into vehicles. Therefore, the metalworking fluids that are used to form these
components may leave residue on the surface of the metal parts and be available for

combustion or vaporization.

Metalworking Fluids

Metalworking fluids are the type of chemicals that are most likely to remain on
newly manufactured vehicles. Metal working fluids is a name given to a group of fluids
that are used to cool or lubricate metalwork during the machining process (NIOSH,
2006). Metalworking fluids are made in four main types from straight oils to synthetic
fluids. The four main types of oils used in industry today in order from most commonly
used to least are: soluble oils, semisynthetic fluids, synthetic fluids, and straight oils
(STLE, 2006).

Soluble oils or emulsifiable oils are the most common type of metalworking fluid
currently used in industry. These oils are made as a concentrate that is fortified with
emulsifiers and specialty additives and are diluted with water forming an oil and water
emulsion. The dilution percentage depends on the job task. For general machining and
grinding dilutions to 1-20% of the concentrate are used. However, when used as a
drawing compound and applied to metal before going into a press, less water is added
such that dilutions to between 20-50% of the concentrate are used. At 50% dilution, the
thickened dilution has superb lubricating properties and does not run off the metal prior
to the draw (STLE, 2006). This class of metalworking fluids was created in response to a
changeover to carbide tooling and increased machine speeds. A typical formulation of a

soluble oil product is shown in Table 1-2.



Semisynthetic fluids are the next most common class of metalworking fluids used.
This class is similar to soluble oils because they are also an emulsion. However, they are
different because they are water-based like synthetic fluids. While the product
concentrate is generally clear in appearance, it is generally 5 to 30% mineral oil
emulsified into water. A typical formulation of a semisynthetic fluid is shown in Table
1-3 (STLE, 2006).

Synthetic fluids are distinct because they contain no mineral oil. This allows
them to provide excellent cooling properties due to the water content. However, because
they contain so much water they also can cause corrosion. Therefore, a synthetic fluid
will also contain a variety of rust inhibitors. A typical formulation of a synthetic fluid is
shown in Table 1-4 (STLE, 2006). While water based fluids have superior cooling
properties than oil based fluids, they also allow for the growth of microbes (Detwiler-
Okabayashi and Schaper, 1996). One study carried out by Schaper and Detwiler in 1991
showed that synthetic metalworking fluids produced both sensory and pulmonary
irritation in mice. It could not be determined which component of the synthetic
metalworking fluid was responsible for this irritation but the amines were the suspected
cause (Detwiler-Okabayashi and Schaper, 1996).

Straight oils are petroleum or vegetable oils that are used without dilution with
water. They can however, be compounded with various polar or chemically active
additives (STLE, 2006). Lightweight solvents, neutral oils, and heavy bright and refined
stocks are some of the most commonly used forms (STLE, 2006). Paraffinic oils have
better oxidative stability and produce less smoke during cutting operations than
naphthenic oils. Most compounded oils contain naphthenic oils because they are more
compatible with lubricant additives (STLE, 2006). There is a potential for oils to be
overheated and polynuclear hydrocarbons to be formed (NIOSH, 2006). These oils are

generally used in the most difficult machining and forming operations. Their use has



greatly declined since its peak in the early 1940’s (STLE, 2006). A typical straight oil

formulation can be found in Table 1-5.

Evaporation-Condensation Phenomenon

Evaporation-condensation phenomenon is governed by the Clausius-Clapeyron
equation, a fundamental law of nature that explains the equilibrium between two phases
such as liquid and gas phases (Castellan, 1966; Poling et. al, 2000). When more vapor is
present than allowed by the Clausius-Clapeyron equation then condensation will occur.

If less vapor is present, evaporation will occur. As temperature increases, the saturation
vapor pressure also increases. The Clausius-Clapeyron equation describes how this vapor
pressure varies with temperature.

The relationship between saturation vapor pressure and temperature can be stated
by the differential equation as follows:

din(p) _ AH

dT RTZ (Eq' 1 )

where: p is the saturation vapor pressure, T is absolute temperature (°K), AH is the latent
heat of vaporization, and R is the gas law constant (1.987cal g-mol'°K™"). This equation
is sometimes used to determine the latent heat of vaporization as a function of

temperature.

To present vapor pressure data Equation 1 is integrated assuming heat of

vaporization is relatively independent of temperature to yield the following formula:

In(p) =4 -7 (Eq.2)

where: A is a constant, B is typicallyAH /R, T is absolute temperature and the negative

sign denotes that the enthalpy of vaporization is a negative number. This intergrated



form is sometimes used to present and summarize vapor pressure data as in the CRC
Handbook (Lide, 1992).

Infrared Thermography

An infrared thermometer is actually a heat transfer sensor. It detects radiant heat
transfer from the surface to the detector. The higher the temperature of an object the
more infrared or thermal radiation emitted (Nicholas, J. V., 2001). Most thermal
radiation is emitted perpendicular to the surface of an object so when measurement
angles are less than 60°, the amount of radiation decreases and erroneous low readings
can occur (Nicholas, J. V., 2001).

This heat transfer is described as:

Q = cA(eT,* — aT/*) (Eq. 3)

Where: Q = heat transfer (calories/second), o= the Stefan-Boltzmann constant or
1.335x10"%cal sec™ em™ °K™, A=area (cm?), e= emissivity of surface, T,= temperature
(°K) at the surface, T;= temperature at the instrument and a= absorptivity of the
instrument (Bird, et al. 2004).

A high emissivity reading is necessary to get an accurate radiation to temperature
correlation. Emissivity is strictly a surface phenomenon. It is essentially the ratio
between the apparent temperature of the object, as measured by a radiation detector such
as a thermal camera, and the actual temperature of an object. Under ideal conditions at
equilibrium, the ability to emit or radiate energy is equal to the ability to absorb energy
making emissivity another term for absorption (Nicholas, J. V., 2001). An industry
standard used to estimate emissivity of an unknown surface is 3M electrical tape which
has an emissivity of 0.94. Apparent temperature readings are taken on and off the surface

of the tape until the two temperatures match (FLIR, 2007).



Study Objectives

The first objective of this study was to determine if burn-off emissions from
metalworking fluid residue is an evaporation-condensation phenomenon as opposed to
combustion or a combination of evaporation-condensation and combustion. The second
objective was to determine at what temperature burn-off emissions become detectable
over background concentrations. The third and final objective was to determine a general

size distribution of the particles created by burn-off emissions.



Table 1-1 Automotive Temperature Extremes

Location Typical Continuous Maximum Temperature
On engine transmission 140°C
At engine intake manifold 125°C
Under hood near engine 120°C
Under hood remote location 105°C
Exterior 70°C
Passenger compartment 70-80°C
In exhaust and combustion areas 200-600°C

Sources: Fairchild, Ray, M., Snyder, Rick B., Berlin, Carl W., Sarma, D. H. R..
"Emerging Substrate Technologies for Harsh-Environment Automotive Electronics
Applications." Society of Automotive Engineers Technical Paper Series 2002-01-
1052(2002):

Johnson, R. Wayne, Evans, John L. Jacobsen, Peter, Thompson, James R. (Rick),
Christopher, Mark. "The Changing Automotive Environment: High-Temperature
Electronics." IEEE Transactions on Electronics Packaging Manufacturing 27(2004):
164-176.




Table 1-2 Typical Formulation of a Soluble Oil Metalworking Fluid

Function Component % By Weight
Oil 100/100 naphthenic hydro-treated oil 68
Emulsifier Sulfonate emulsifier base 17
EP lubricant Chlorinated olefin 5
Boundary lubricant Synthetic ester 5
Rust Inhibitor Alkanolamide 3
Biocide Phenol-type 2

Total

100

Source: Society of Tribologists and Lubrication Engineers, Metalworking Fluids . 2.

Wakefield: CRC Press Taylor & Francis, 2006.

Table 1-3 Typical Formulation of a Semisynthetic Metalworking Fluid

Function Component % By Weight
Emulsifier Sulfonate base 5
Emulsifier Alkanolamide 15

0il 100/100 naphthenic oil 15
Corrosion inhibitor Amine borate 6
Coupler Butyl carbitol 1.5
Biocide/fungicide Triazine/pyridinethione 2

Diluent Water 55.5

Total

100

Source: Society of Tribologists and Lubrication Engineers, Metalworking Fluids . 2.

Wakefield: CRC Press Taylor & Francis, 2006.




Table 1-4 Typical Formulation of a Synthetic Metalworking Fluid

Function Component % By Weight

Diluent Water 70

Rust inhibitor Amine carboxylate 10
pH buffer and inhibitor Triethanolamine 5
EP lubricant Phosphate ester 4
Boundary lubricant PEG ester 5
Boundary lubricant Sulfated castor oil 4
Fungicide Pyridinethione 2

Total 100

Source: Society of Tribologists and Lubrication Engineers, Metalworking Fluids . 2.
Wakefield: CRC Press Taylor & Francis, 2006.

Table 1-5 Typical Formulation of a Straight Oil Metalworking Fluid

Component % By Weight
Naphthenic 100 s mineral oil 90
Lard oil 2
Chlorinated paraffin 6
Sulfurized lard oil 2
Total 100

Source: Society of Tribologists and Lubrication Engineers, Metalworking Fluids . 2.
Wakefield: CRC Press Taylor & Francis, 2006.
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TEMPERATURE DEPENDENCY OF BURN-OFF EMISSIONS IN THE
AUTOMOBILE INDUSTRY

Introduction

The automobile industry has several recognized hazards. One of these hazards is
burn-off emissions. Burn-off emissions are a source of airborne particles characterized as
fine and ultra-fine aerosols produced as the engine and associated exhaust components
increase in temperature and residues left on their surfaces begin to vaporize. Vehicles are
started in the final assembly and process area and engine surfaces and exhaust system
components reach operating temperatures for the first time. Workers in this area have
noticed “smoke” coming from the new cars and complained of eye and respiratory
irritation. These aerosols may be generated by evaporation and condensation,
combustion, or a combination of the two.

Hot processes such as: welding, smelting, and refining of metals, vaporize
material which then condenses to form small aerosol particles when rapidly cooled as it
moves away from the high temperature zone (Vincent and Clement, 2000). As the
temperature increases, more molecules have enough energy to escape the liquid phase
and enter the gas phase or vaporize. As the temperature decreases away from the high
temperature zone, the forces of attraction between the molecules are strong enough to
make the evaporated liquid return to the liquid phase. This is known as an evaporation-
condensation phenomenon.

Evaporation-condensation phenomenon is governed by the Clausius-Clapeyron
equation, a fundamental law of nature that explains the equilibrium between two phases
such as liquid and gas phases (Castellan, 1966; Poling et. al, 2000). When more vapor is
present than allowed by the Clausius-Clapeyron equation then condensation will occur.

If less vapor is present, evaporation will occur. As temperature increases, the saturation
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vapor pressure also increases. The Clausius-Clapeyron equation describes how this vapor
pressure varies with temperature.
The relationship between saturation vapor pressure and temperature can be stated

by the differential equation as follows:

din(p) _ AH
dT - RT?2 (Eq' 1)
where: p is the saturation vapor pressure, T is absolute temperature (°K), AH is the latent
heat of vaporization, and R is the gas law constant (1.987cal g-mol'°K™"). This equation
is sometimes used to determine the latent heat of vaporization as a function of

temperature.

To present vapor pressure data Equation 1 is integrated assuming heat of

vaporization is relatively independent of temperature to yield the following formula:

In(p) = A2 (Eq. 2)

where: A is a constant, B is typicallyAH /R, T is absolute temperature and the negative
sign denotes that the enthalpy of vaporization is a negative number. This integrated form
is sometimes used to present and summarize vapor pressure data as in the CRC
Handbook (Lide, 1992).

Combustion processes such as: transportation, carbon black manufacture, and
coal-fired power plants also have the potential to produce ultrafine aerosols (Vincent and
Clement, 2000). Combustion is a chemical reaction between a fuel and an oxidizer,
generally oxygen, which generates heat and light. Incomplete combustion occurs where
the fuel source is not entirely consumed. Both evaporation-condensation and combustion
phenomena have a strong potential to produce large concentrations of fine and ultrafine

particles.
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The particles that are formed during the burn-off process are likely to be fine
particles between 0.1um to 2.5um and ultrafine particles which are less than 0.1pm in
size in all dimensions (Kreyling et al., 2006). The number of particles and surface
chemistry of fine and ultrafine particles play a role in their toxic properties. Due to the
large surface area per given mass exposed on ultrafine particles, greater contact occurs
between ultrafine particles and respiratory tissue than occurs with larger particles. These
small particles can also potentially carry other contaminants deep into the lung when

inhaled or act as a catalyst for some intercellular reactions (Oberdorster, 2001).

There are various chemicals used in the manufacture of engine and exhaust
system components that may leave a residue coating these surfaces. Metalworking fluids
are the type of chemicals that are most likely to remain on newly manufactured vehicles.
Metalworking fluids are made in four main types from straight oils to synthetic fluids.

As vehicle surfaces increase in temperature after engine ignition, residual fluids have the
potential to vaporize or combust, generating vapors and aerosols (see Table 1-1). Engine
temperatures generally do not exceed 110°C, and exhaust system components can reach

upwards of 600°C (Fairchild et al., 2002, Johnson et al., 2004).

To determine temperatures of various vehicle parts, infrared thermography is
used. An infrared thermometer is actually a heat transfer sensor. It detects radiant heat
transfer from the surface to the detector. The higher the temperature of an object the
more infrared or thermal radiation emitted (Nicholas, J. V., 2001).

The first objective of this study was to determine if burn-off emissions from
metalworking fluid residue is an evaporation-condensation phenomenon as opposed to
combustion or a combination of evaporation-condensation and combustion. The second
objective was to determine at what temperature burn-off emissions become detectable
over background concentrations. The third and final objective was to determine a general

size distribution of the particles created by burn-off emissions.
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Methods and Materials

Objective and Overview

The goal of this experimental work was to determine the extent to which
temperature explains the generation of aerosols from metalworking fluid residue on
automotive exhaust system components. To conduct this experiment, a hotplate was
placed inside a ventilated enclosure. A pan coated with 5 grams of metalworking fluid
was set on the hotplate at various temperatures. Emissions and apparent temperatures
were simultaneously measured. Apparent temperatures were measured with infrared
thermography. Emissions were measured inside the ductwork downstream from the
chamber with condensation particle counter (CPC) and an optical particle counter OPC).
The data was analyzed to determine the temperature dependency of the burn-off
emissions and to what extent these emissions are explained by the Clausius-Clapeyron

equation.

Materials

Test chamber: A test chamber was constructed as pictorially shown in Figure 2-1
and schematically in Figure 2-2. The test chamber was a square cube with dimensions of
4 feet on each side. The front of the chamber was a filter holder fitted with two
20”x30”x1” 3M Filtrete™ Ultra allergen reduction filters (Model 6132) and two
16”x20”x1”” 3M Filtrete™ Ultra allergen reduction filters (Model 2000). The bottom was
the concrete floor and the remaining four sides were Plexiglas with one door. A hole was
cut in the back of the chamber to insert the ductwork, and a hole was cut in the top of the
chamber to allow apparent temperature measurements. The hotplate (Model SP47235-
60, Barnstead/Thermolyne, Dubuque, 1A) was placed directly in front of the exhaust
take-off as shown in Figure 2-1 and Figure 2-2. An 18 inch square, 10 inch tall baffle

was placed around the hotplate which is not shown in Figure 2-1 and Figure 2-2.
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The ductwork had two 90° elbows to ensure mixing and sampling was conducted
20 feet downstream of the inlet to the duct. The ductwork was connected to a large tube
axial fan (TC-Axial, Type TCTA 4000CFM, Twin City Fan and Blower, Minneapolis,
MN) which moved 2300 cubic feet per minute (CFM) through the chamber.

Spring pans: The test substances were placed on spring-form pans for testing
(Springform pan, 4555, Fox Run Craftsmen, Ivyland, PA). These pans were painted
spray-painted black (Special purpose high-heat and radiator paint, high heat black 1614,
Krylon products group, Cleveland, OH) to use infrared thermography to track apparent
temperatures.

Test fluids: Three metalworking fluids from Milacron were tested including both

semi-synthetic oils and synthetic fluids as described in Table 2-1 and Table 2-2.

Concentration and Temperature Measurement Devices

Condensation particle counter: A condensation particle counter (CPC, Model
3007, TSI Inc., Shoreview, MN) was used to count number concentrations of particles
over a range of 0.01pum to greater than 1pum. Measurements were taken every second.
To minimize coincidence errors, a diluter was fabricated by drilling a hole in the end cap
of a cartridge filter (Hepacap 90406A, 6702-7500 E495, Whatman, Spingfield Mill, UK)
(Peters, 2006). This reduced the concentration by a factor of 7.02.

Optical particle counter: An optical particle counter (OPC, PDM-1108, Grimm,
Ainring, Germany), was used to measure airborne particle number concentration. The
OPC sizes particles into 15 channels from 0.3 pm to 20 pm based upon the amount of
light scattered. This device measured concentrations every 6 seconds. An isokinetic
sampling probe (1.152 isokinetic sampling pipe, stainless steel, Grimm, Ainring,
Germany) with an inlet diameter of 0.15cm was connected to the OPC.

Airflow: The average velocity in the chamber was measured using an inclined

manometer (Durablock Manometer 400, Dwyer Instruments Inc., Michigan City, IN)
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attached to a delta tube (Delta Tube 306AZ-11-A0, Midwest Instruments, Sterling
Heights, MI). Air flow was set at 2300 cubic feet per minute (+/-200 CFM), by adjusting
the blast gate.

Thermal infrared camera: A thermal infrared camera (Thermacam, PM390, FLIR
Systems Inc., North Billerica, MA) was used to capture apparent temperatures. This
camera measures infrared energy in the spectral band range from 3.4pum to Spm and a
temperature range from -10 to 450°C (-14 to 842°F) within +/- 2% or 2°C (FLIR, 1999).
The emissivity on the camera was set to 0.95 for a painted black surface by following
standard procedures used in the industry (FLIR, 2007). The thermal camera took

measurements every 30 seconds during the experimental testing period.

Experimental Procedure

After painting, springform pans were allowed to dry. Each pan was weighed and
the scale was zeroed with the pan on the scale. Each test substance was added to the pan
using a weigh boat and a spatula until 5.00g (+/-0.02g) was evenly distributed. Five
temperature settings were selected (2, 4, 6, 8, and 10) and three replicates were made at
each temperature setting. The fan was turned on and the hotplate temperature was
adjusted to the appropriate setting and allowed to preheat. During this process the CPC
and OPC began logging data on two laptop computers. Ambient temperature and relative
humidity were collected using a Q-Trak (Q-Trak 8551, TSI Incorporated, St. Paul, MN).
The thermal camera was attached to a television, the emissivity was set to 0.95, the
relative humidity and ambient temperature were selected and images began to be
captured. A pre-weight was recorded for each pan and test substance. After all the
equipment was logging data, the pan was placed onto the hot hotplate and the chamber
door was closed. Once data logging on the CPC began to reach equilibrium or reach a
peak and then decline, the test substance was removed from the chamber and data

acquisition was terminated. After cooling a post weight was taken. Change in color,
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visible smoke production, and odor were all documented during each run. Picture
number, pre and post-weights, substance weight added to plate, static pressure,
temperature setting, relative humidity, ambient temperature, and file names were also

documented for each test run. This procedure was followed for all substances.

Statistical Data Analysis

Before analysis, the data was censored to account for background aerosol
concentration. This was done by averaging concentrations over a range where the
concentration appeared to be independent of temperature. Verification was provided by
performing regression analysis with concentration as a function of temperature. The
range where the slope of the regression line did not differ significantly from zero (p-value
>(0.05) was assumed to be background concentration. The mean (X) and standard
deviation (s) of this range was computed. An upper tolerance limit (UTL) was computed
for the background concentration as:

UTL =X +Ks (Eq. 4)
where: K was obtained from the National Bureau of Standards Handbook such that at a
99% level of confidence, 99% of the background concentration is less than this value
(Natrella, 1963).

For higher temperatures, the fluid was exhausted from the pan allowing aerosol
formation from combustion. This data was excluded by examining data from individual
runs plotted to fit the Clausius-Clapeyron equation. Where the slope of the Clausius-
Clapeyron plot was positive, the data was excluded from the analysis.

The temperature and concentration measurements from all runs for each substance
were assembled into a single data set. Then, the natural log (In) of concentration was
plotted as a function of temperature and the natural log of concentration was plotted as a

function of reciprocal absolute temperature.
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Regression analysis for these plots was performed using Excel data analysis pack
for Microsoft Excel 2007. The concentration and temperature data was fit to two models:

In(C) =a+ bT, (Eq. 5)

In(C) = a + % (Eq. 6)

The regression tool from excel was also used to compute the following statistics: number
of observations, the regression coefficients a and b, standard error for the regression line,
the standard error for the regression coefficients and the fraction of the variability in
natural log of concentration explained by the regression model (R?). Standard errors
explain the variability about the regression line and the regression coefficients

(Dougherty, 1990).

Results

The intermediate data analysis results are presented in the Appendix. These
include tables that present: regression statistics, temperature and concentration ranges for
each run and test substance, health effects and regulations and chemical and physical
properties of the three substances. There are also graphs of the 15 size channels from the
OPC presented for each substance.

Plots of concentration as a function of temperature for each substance are shown
in Figures 2-3, 2-4 and 2-5. Table 2-1 shows the regression statistics from fitting the
data to equation 5. Apparently, temperature explains much of the variability in the data
as the R? values are greater than 0.80. Temperature ranges at which aerosol
concentration exceeds background concentration (represented by the UTL) is presented in
Table 2-2.

Clausius-Clapeyron plots or natural log of concentration as a function of
reciprocal absolute temperature are shown in Figures 2-6, 2-7 and 2-8. The associated

R? values are greater than 0.50. This indicates that vapor pressure explains
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approximately 50% or more of the variability in the data. Regression statistics for this
model are also presented in Table 2-1. Equation 2-1 seems to fit the data well. Equation

2-2 is the integrated form of the Clausius-Clapeyron equation.

Discussion

Background concentration in the assembly plant is likely to be much higher (at
least 2 to 3 times) than those in the experiment, therefore the temperature needed to
produce aerosol concentrations over background concentration is also higher. If
background concentration is around 20,000 to 30,000 for an actual plant, then the
temperatures required would be greater than 150°C. As shown in Table 1-1, only exhaust
system components reach temperatures in excess of 150°C. The data presented in Figure
2-6, Figure 2-7 and Figure 2-8 suggest that vapor pressure explains much of the
variability in the data. Figures 2-3, 2-4 and 2-5 indicate a very strong temperature

dependency.

Limitations of this study
Particle sizes less than 0.3um could not be obtained for this data, so an accurate
size distribution for ultrafine particles was not possible. Some temperatures were not
represented in this experiment, limiting the scope of analysis. Higher temperatures were
excluded because of substance exhaustion. Therefore higher temperatures were not

analyzed.
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Table 2-2 Temperatures Required to Exceed Background Concentration

Test Substance

Temperature Range

Upper Tolerance Limit for Background Aerosol

Substance 1 120-150°C 14665 #/cm’
Substance 2 100-140°C 4386 #/cm’
Substance 3 100-130°C 6556 #/cm®
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Figure 2-1 Side view of Enclosure
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Figure 2-3 Concentration vs. Hotspot Temperature for Substance 1
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Figure 2-4 Concentration vs. Hotspot Temperature for Substance 2
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Figure 2-5 Concentration vs. Hotspot Temperature for Substance 3
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Figure 2-6 Concentration vs. Reciprocal Temperature Substance 1
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Figure 2-7 Concentration vs. Reciprocal Temperature Substance 2
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CONCLUSIONS

Findings
Substances 1, 2, and 3 all follow the Clausius-Clapeyron equation to varying
degrees and aerosol concentration is highly temperature dependant. Temperatures of
greater than 150°C are required to cause substantial burn-off to occur in an assembly
plant, therefore surfaces that reach these temperatures should be washed to eliminate
residues and prevent burn-off. The general particle size for this experiment is less than

2.0pum.

Future Research

Future research should be conducted to determine particle size distributions in all
ranges. Temperatures greater than 300°C should be analyzed using more than 5.00 grams
of substance to determine if the higher temperatures also follow the Clausius-Clapeyron

equation.



APPENDIX

Table A-1 Chemical and Physical Properties of Substances

Substance 1

Substance 2

Substance 3

. Laboratory Sample Laboratory Sample Laboratory Sample
Listed Name 52BRF-1 52BRF-2 52BRF-3
Synthetic Stampine and Water Soluble Water Soluble
Generic Name yD . ping Metalworking Fluid Stamping and Drawing
rawing Lubricant .
Concentrate Fluid Concentrate
Hydro-treated Heavy
Hazardous Triethanolamine Triethanolamine Naphthenic Petroleum
Component CAS# 102-71-6 CAS# 102-71-6 Distillates
CAS# 64742-52-5
Percentage 1-5% 10-30% 15-40%
. Ethoxylated Fatty
Hazardous Aminomethylpropanol .
Component N/A CAS# 124-68-5 Amine cz,z_sz# o1791-
Percentage N/A 1-5% 1-5%
Synthetic Sodium
é{: Ifqargt?:r?t N/A N/A Sulfonate
p CAS# 93820-59-8
Percentage N/A N/A 1-5%
Phosphated Alkyl
Hazardous N/A N/A Ethoxylated, Potassium
Component Salt
CAS# 154518-40-8
Percentage N/A N/A 1-5%
Smoke, fumes, oxides .
. . . Smoke, fumes, oxides
Hazardous Smoke, fumes, oxides of nitrogen, oxides of .
. . ) . of nitrogen, hydrogen
Combustion of nitrogen, and oxides phosphorus, oxides of . .
. chloride, and oxides of
Products of carbon sulfur, and oxides of
carbon
carbon
Flash Point N/A N/A 385°F (196.1°C)
Boiling Point N/A 212°F (100°C) N/A
Specific Gravity 0.98 1.05 1.06
Solubility (H,O) 100% 100% Miscible 100% Miscible
pH (Concentrate) N/A 8.7 N/A
pH (Mix) 7.7 @ 10% 8.5 @ 20% 8.5 @ 20%
Recommended . o o
Starting Dilution Use Undiluted 5% 20%
Appearance/Odor Opaque/Chemical Clear/Chemical Clear/Chemical
. Like water when Like water when
Evaporation Rate N/A diluted diluted
Volatile Organic
Content (by ASTM N/A 6% 3%
D2369)

Source: Cimcool, "Laboratory Sample 5S2BRF-1."Material Safety Data Sheet. 2007a, b,

C.




Table A-2 Health Effects and Regulations of Substances

Substance 1

sulfide. May cause
respiratory irritation.

Substance 2 Substance3
. Laboratory Sample Laboratory Sample Laboratory Sample
Listed Name 52BRF-1 52BRF-2 52BRF-3
Synthetic Stampin Water Soluble Water Soluble Stamping
Generic Name y . ping Metalworking Fluid and Drawing Fluid
and Drawing Lubricant
Concentrate Concentrate
Acute Health Yes Yes Yes
Hazard
Chronic Health No No No
Hazard
Fire Hazard No No Yes
Container vapor space
Product Inhalation N/A may contain hydrogen N/A

Product Eye
Contact

Product is a primary
eye irritant.

Product is a primary
eye irritant.

Product is a primary eye
irritant.

Product Skin
Contact

Product may be a
primary skin irritant.

Product may be a
primary skin irritant.

Product may be a
primary skin irritant.

Product Ingestion

Not orally toxic.

Not orally toxic.

Not orally toxic.

Product Dilution
Inhalation

Extended exposure to
mist may cause upper
respiratory irritation.

Extended exposure to
mist may cause upper
respiratory irritation.

Extended exposure to
mist may cause upper
respiratory irritation.

Product Dilution
Eye Contact

Will cause stinging
sensation in the eye.

Will cause stinging
sensation in the eye.

Will cause stinging
sensation in the eye.

Product Dilution
Skin Contact

Product may be a
primary skin irritant.

Not irritation to the skin

when used as directed
and good personal
hygiene is practiced.

Not irritation to the skin
when used as directed
and good personal
hygiene is practiced.

Product Dilution

Swallowing small
quantities may cause

Swallowing small
quantities may cause

Swallowing small
quantities may cause

Ingestion diarrhea, nausea or diarrhea, nausea or diarrhea, nausea or
vomiting. vomiting. vomiting.
Regulated Material Triethanolamine Triethanolamine Metalworking fluid mist
Regulating ACGIH TLV ACGIH TLV NIOSH REL
Agency
Exposure 3 3 3
Guideline 0.5mg/m 0.5mg/m 0.5mg/m
Regulated Material Metalwor.kmg fluid Metalworkmg fluid Mineral oil (mist)
mist mist
Regulating NIOSH REL, OSHA
Agency NIOSH REL NIOSH REL PEL, ACGIH TLV
Exposure 3 3 3
Guideline 0.5mg/m 0.5mg/m Smg/m

Source: Cimcool, "Laboratory Sample S2BRF-1."Material Safety Data Sheet. 2007a, b,

C.
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