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This study investigated the relationships between particle
number, surface area, and respirable mass concentration
measured simultaneously in a foundry and an automotive
engine machining and assembly center. Aerosol concentrations
were measured throughout each plant with a condensation
particle counter for number concentration, a diffusion charger
for active surface area concentration, and an optical par-
ticle counter for respirable mass concentration. At selected
locations, particle size distributions were characterized with
the optical particle counter and an electrical low pressure
impactor. Statistical analyses showed that active surface area
concentration was correlated with ultrafine particle number
concentration and weakly correlated with respirable mass
concentration. Correlation between number and active surface
area concentration was stronger during winter (R2 = 0.6
for both plants) than in the summer (R2 = 0.38 and 0.36
for the foundry and engine plant respectively). The stronger
correlation in winter was attributed to use of direct-fire gas
fired heaters that produced substantial numbers of ultrafine
particles with a modal diameter between 0.007 and 0.023
µm. These correlations support findings obtained through
theoretical analysis. Such analysis predicts that active sur-
face area increasingly underestimates geometric surface area
with increasing particle size, particularly for particles larger
than 100 nm. Thus, a stronger correlation between particle
number concentration and active surface area concentration
is expected in the presence of high concentrations of ultra-
fine particles. In general, active surface area concentration
may be a concentration metric that is distinct from particle
number concentration and respirable mass concentration.
For future health effects or toxicological studies involv-
ing nano-materials or ultrafine aerosols, this finding needs
to be considered, as exposure metrics may influence data
interpretation.
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INTRODUCTION

U ltrafine particles are commonly encountered in auto-
motive foundries and machining centers as unintended

byproducts from manufacturing operations.(1) Substantial
quantities of submicrometer particles are generated by foundry
operations, such as the melting and subsequent pouring of
liquid alloy into molds.(2) Although most machining operations
produce aerosols larger than 1 µm,(3−10) many operations
produce a submicrometer component if “hot” processes such
as welding,(11,12) heat treating, grinding,(13) and high-speed
machining(14,15) are involved. For example, the frictional forces
involved in grinding may result in surface temperatures in
excess of 550◦C.(16)

Although most occupational exposure limits for aerosols are
based on mass concentration, additional metrics are being con-
sidered to assess worker exposure to ultrafine particles.(17,18)

Particle number or surface area concentration may better re-
flect adverse cardiopulmonary outcomes than respirable mass
concentration for nonsoluble, ultrafine particles (diameter <

100 nm).(19−22) Moreover, the mass concentration of ultrafine
particles is often negligible compared with that of larger parti-
cles. Thus, control measures that focus on reducing aerosol
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mass concentrations in the workplace may not necessarily
translate into improved worker health if ultrafine particle
exposures persist.(23)

From a practical standpoint, many questions remain as to
how different metrics should be measured in occupational
settings. For particle surface area concentration, as an example,
the traditional approach is to determine the surface area of bulk
material through gas adsorption, commonly known as the BET
method.(24) However, the quantities of particulate required to
measure surface area by BET (milligrams) require that airborne
sample collection is conducted at high flow rates and for long
sampling periods, which may not be possible or practical
for most workplace monitoring situations. Furthermore, this
method does not lend itself to real-time measurements that
may aid in identifying sources or “hot spots.” Alternatively,
estimates of particle surface area concentration may be derived
from measurements of particle number concentration by size.
However, instruments that provide these data are generally
expensive, not particularly portable for routine use, and not
well suited for many workplace settings.

Instruments that directly provide a real-time measure of
particle surface area concentration, known as diffusion charg-
ers, are attractive because they are compact and portable, eco-
nomical, battery operated, and field robust. However, diffusion
chargers measure the active surface area concentration, which
may be different in many cases from the physical or geometric
surface area concentration on which toxicological data are
based.

Active surface area is defined as the surface of a particle that
is involved in the interactions with the surrounding gas.(25) In
the free molecular regime, where particle diameter is much
smaller than the mean free path of the surrounding gas,
active surface area is equivalent to the geometric surface area
for spherical particles, and proportional to particle diameter
squared. However, as particle size increases, this relationship
is lost and active surface area of a particle increases propor-
tionally to particle diameter.(25)

As discussed in the following section, active surface area
is the result of phenomena that occur in the gas phase,
yet interactions between deposited air contaminants and the
human respiratory tract, for example, generally take place in
fluids. From a practical perspective, instruments that provide
active surface area are suitable for exposure assessments in
actual workplaces. Other metrics such as particle number
concentration measured by hand-held condensation particle
counters (CPCs) or respirable mass concentration measured
by traditional gravimetric methodology may be acceptable
indicators of exposure to ultrafine particles in certain cases.

A comparison of these different metrics in workplaces
is needed to understand the limitations inherent to each
technology within the context of protecting worker health from
exposure to ultrafine particle and evaluating the relationship
between exposure and health effects for ultrafine aerosols.
Because of the uncertainty as to the most appropriate ex-
posure metric for ultrafine aerosols and nanomaterials, the
simultaneous measurement of particle number, surface area

and mass concentrations has been recommended for exposure
assessments.(26)

Thus, this study explores the relationships between particle
number concentration, active surface area concentration, and
respirable mass concentration measured in automotive engine
manufacturing environments. Particle concentrations accord-
ing to these different metrics were measured simultaneously
with direct-reading instruments on 942 occasions at a multi-
tude of locations within an engine machining and assembly
facility and an adjacent foundry. Theoretical considerations
for the measurement of particle surface area concentration are
presented, followed by an analysis of the relationships among
collocated measurements of particle concentrations by these
different metrics.

Considerations in Measuring Particle Surface Area
Concentration

As extensively discussed by Keller et al.,(25) the active
surface area of a particle is the area of the particle that interacts
with the gas. The product of this active surface area (Aactive)
and particle mobility (B) has been observed experimentally to
be a constant up to a particle size of 0.75 µm. This expression
is stated mathematically as:(27)

B • Aactive = const. (1)

The mobility of a particle, in the free molecular range, may be
expressed as:

B = λ

πδηd2
p

(2)

where λ is the mean free path; η is the viscosity of air and δ

is a scattering parameter that expresses the tendency of a gas
molecule to bounce from the surface of the particle.(27,28)

Based on Friedlander’s formula for friction and mobility, δ

may be estimated as a function of α:

δ = 2

3

[
1 + π

8
α
]

(3)

where α is the accommodation coefficient.(29) The accommo-
dation coefficient is the fraction of the impinging gas molecules
that transfer all their momentum to the particle surface before
they leave the surface at the interface gas/particle.(28) Based on
a published value for α of 0.91 for air, the computed value of
δ is 0.905.(28)

For particles substantially smaller than the mean free path
of gas (dp << λ; λ = 66 nm for air at standard temperature and
pressure, STP), the active surface can be computed as:(25,30)

Ageometric = Aactive = πd2
p = for dp << λ (4)

The constant in Eq. 1 may be estimated as the product of B
(Eq. 2) and Aactive (Eq. 5):

const = λ

δα
(5)

For all particle sizes, including particles larger than the mean
free path of air that interact with the fluid as a continuum,
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mobility may be computed as:

B = C

3πηdp
(6)

where C is the Cunningham slip correction.(30) Equation 1 may
be rearranged to estimate the active surface area for these larger
particles (Aactive) using mobility Eq. 6:

Aactive = 3πλdP

Cδ
(7)

Thus, the active surface area for larger particles is propor-
tional to particle diameter, not geometric surface area, with C
approaching one as particle diameter increases in the region
(dp >> λ).

Finally, one can estimate the dimensionless ratio of active
to geometric surface area (sp) as:

sp = 3λ

Cδdp
(8)

In Figure 1 a plot of this ratio by particle size shows that the
active surface area of a particle transitions from being a good
estimate of geometric surface area to a poor one as particle
size becomes progressively larger. The term sp is near one
(i.e., active is equivalent to geometric surface area) for the
molecular regime where particles are smaller than 0.08 µm.
For particles larger than 0.08 µm, active surface area becomes
progressively smaller than the geometric surface area (i.e., sp

becomes progressively less with increasing particle diameter).
Keller et al.(25) showed that Eq. 1 applies up to 0.75 µm of

particle size by using published mobility and mass coefficient
data, regardless of particle shapes (agglomerates or spherical
particles), and Ku and Maynard(31) reconfirmed the validity of

Eq. 1 below 0.1 µm using silver agglomerates and spherical
particles. They compared the active surface area concentration
of monodisperse particle agglomerates measured with two
commercially available diffusion charger monitors (model
LQ1 DC and model DC 2000 CE; EcoChem Analytics, League
City, Texas) with the geometric surface area concentration
of the particles derived from scanning mobility particle sizer
(SMPS) measurements and the projected particle area con-
centration from transmission electron microscope analysis.
The uncertainty in the experimental values of the geometric
physical surface area was estimated to be 20%.(31) They found
that diffusion charger measurement of active surface area
agreed, with a nominal geometric surface area as well as
with surface area estimated from particle mobility diameter,
regardless of particle morphology for particles smaller than
100 nm, and accounted for 80% and 63% of the geometric
surface area for 150-nm and 200-nm particles, respectively.
Further experimental data are needed for larger particle sizes.

METHODS AND MATERIALS

Site Descriptions
This study was conducted at an engine machining and

assembly facility and an adjacent foundry in Indianapolis,
Indiana.(1,2,32) The engine machining and assembly center has
over 100,000 m2 of floor space and produced about 1000 6-L
diesel engines per day when this work was conducted. This
facility was divided into three distinct operational areas with
different particulate contaminants:

1. Block-head-rod (BHR) area. Engine blocks, cylinder
heads, and piston connecting rods were machined in

FIGURE 1. Fraction of geometric surface area of sphere that is active. This is based on Eq. 8.
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transfer lines with state-of-the-art, near-complete venti-
lation enclosures that used a water-based, synthetic met-
alworking fluid (MWF). Generally, these ventilated en-
closures controlled the aerosol generated by machining
operations. Ventilation was provided by 17 air handling
units, each processing 23.3 m3/sec (50,000 ft3/min).
These units had computer-controlled dampers intended
to control the amount of make-up air (outdoor air) and
return air (recycled air) in the plant. Air was tempered
(heated) in winter with direct-fire natural gas burners
or cooled in summer by water-cooled heat exchangers,
both within the air handling units. As reported elsewhere,
these gas burners were a primary source of ultrafine
aerosol that was effectively dispersed throughout this
area.(1,32)

2. Cam-crank (CC) area. Cam- and crankshafts were
machined in transfer lines with older than 20-year-
old, loosely fitting enclosures that were retrofitted from
previous operations. These machining operations were
an obvious source of MWF mist. In this area of the plant,
a straight, petroleum-based oil was used as an MWF.
In many locations, mist was visible in the air and had
formed puddles on the floor. In winter, this area was
heated with forced air over steamheated heat exchangers.

3. Assembly area. Engines were assembled from a multi-
tude of components. This area of the plant was relatively
clean and did not posses obvious sources of aerosol
generation.

The 50,000-m2 foundry produced engine blocks and cylinder
heads that were used by the adjacent engine facility and at other
sites. The foundry was divided into three distinct operational
areas:

1. Core and mold area. Sand was injected and mechanically
pressed to form molds that defined the external surfaces
and cores that defined internal voids of the casting.
Core and mold components were coated on appropriate
surfaces with a water-based binding agent, an emulsion
of bentonite, seacoal, soda ash, and a minor constituent
of cellulose, and then oven dried. The binding agent
served to prevent a burn-in of the sand by the molten
alloy during pouring. Core and mold components were
assembled and transported to the pour operations by
conveyors. These operations mechanically generated
dust, but for the most part, emissions appeared to be
controlled effectively by local exhaust ventilation.

2. Melt and pour area. Iron ingots, scrap metal, and
additives were charged into any of eight induction
furnaces and melted to produce gray iron alloy. The
molten iron alloy was decanted from the furnace into
vessels mounted on overhead cranes that transported the
molten material to pour areas. Alloy was subsequently
poured into mold assemblies for engine blocks and
cylinder heads. Fugitive emissions were observed to
rise toward large exhaust vents in the roof. Although
local exhaust ventilation was in place to capture most of

these emissions, some emissions escaped and rose due
to thermal convection. Aerosols were generated in this
area from metal fume and from partial combustion of
combustible material in scrap metal, additives, and hot
core and mold components.

3. Shakeout and cleaning area. Once solidified and cooled,
mold and core material was removed, and the assembly
was moved through a lengthy conveyor system, vio-
lently shaken by hydraulic rams. The shakeout process
separated the majority of the remaining mold and core
material from the solidified casting. Castings were
further cleaned by an automated shot-blasting process
and coarse, dry grinding to remove unwanted material.
Components were visually inspected and underwent
further manual grinding as needed. Aerosol generation
in this area of the facility appeared to be primarily by
mechanical means. Most aerosol generated by grinding
operations appeared to be effectively controlled by
enclosures and ventilation.

Particle Concentration Mapping
Particle concentrations were mapped throughout both plants

as previously described.(1,2,32) Briefly, a condensation particle
counter (CPC, model 3007; TSI Inc., Shoreview, Minn.) was
used to measure the number concentration of particles with
diameters from 10 nm to 1 µm. An optical particle counter
(OPC, PDM-1108; Grimm, Ainring, Germany) was used to
measure particle number concentration in 15 channels from
0.3 µm to 20 µm. A diffusion charger (DC2000; EcoChem
Analytics) was used to measure active surface area concentra-
tion (Cs). The upper limit for OPC channel 12 is 10 µm. Data
from the OPC were used to calculate respirable aerosol mass
concentrations, Cr:

Cr =
∑12

i=1

π

6
ρpfidiCn,i (9)

where

fi = fraction of respirable aerosol in channel i computed per
ACGIH

©R criteria(33)

di = average of upper and lower boundaries for channel i
Cn,i = particle number concentration in channel i (particles/

m3) and
ρp = assumed unit density of 1 g/cm3

Because the density of the aerosol likely varied with sam-
pling location, a density of 1 g/cm3 was arbitrarily assigned. As
described earlier, the respirable mass concentration estimated
using Eq. 9 was correlated with gravimetric measurements and
underestimated gravimetrically measured concentrations by a
factor of approximately 2.(1,2) As discussed in a later section,
the relationship among the concentration measurements were
analyzed separately for the two different plants, since aerosol
properties varied with differing composition resulting from
widely varied sources.

Particle number concentrations measured by the CPC were
not included in the estimation of mass concentration. The CPC
counts particles in the size range of 0.01 to 1 µm and the
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size of the particles measured by the CPC were not measured
routinely during the concentration mappings. However, as
subsequently demonstrated by ELPI particle number by size
measurements, the size of aerosol particles smaller than 0.1 µm
substantially changed with the operation of direct-fire natural
gas heaters. In prior studies, less than 20% of the aerosol’s mass
distribution was attributed to particles smaller than 0.3 µm.(34)

Thus, particles smaller than 0.3 µm were implicitly assumed to
have a negligible effect on respirable aerosol mass. In addition,
assessing the sub 0.3 µm contribution is a practical limitation
when relying on optical methods, such as the OPC, to estimate
respirable mass concentrations.

This data set consisted of 942 collocated measurements
of particle number, active surface area, and respirable mass
concentrations. The number of these collocated measurements
during spring, summer and winter were 99, 468, and 375,
respectively. The fraction of the diffusion charger, active
surface area concentration explained by data from the OPC
(Fa,>0.3 µm) was estimated as:

Fa,>0.3 µm =
∑15

i=1 spiπd2
i Cn,i

Cs
(10)

This term explains the portion of active surface area attributed
to particles larger than 0.3 µm, the smallest particle size
detected by the OPC. This term was computed to evaluate the
extent to which active surface area concentration is influenced
by ultrafine particles.

The number concentration of ultrafine particles (Cun), with
units of particles/cm3, was computed as follows:

Cun = Ncpc −
∑5

i=1
Cn,i (11)

where NCPC = particle number concentration measured with
the CPC after correction for dilution. The upper boundary of
the 5th channel from the OPC was 1 µm. Thus, Cun is the
number concentration of particles in the range 0.01 to 0.3 µm,
and it has units of particles/cm3.

Source Size Distribution Measurements
In summer, aerosol size distributions of selected sources

were measured with an electrical low-pressure impactor (ELPI;
Dekati Ltd., Tampere, Finland) and the OPC (PDM-1108,
Grimm). In the ELPI, a real-time cascade impactor, particles
first passed through a diffusion charger, were positively
charged, and then collected onto electrically isolated stages by
aerodynamic diameter. The current on each stage, measured
by electrometers, was further converted into a particle number
concentration.(35) ELPI size distributions were obtained every
second in 12 channels from 7 nm to 10 µm. Oiled sintered-
metal impaction substrates were used to reduced particle
bounce and re-entrainment. The number size distributions
measured with the ELPI and OPC were averaged over a
period of at least 5 min. Mass weighted size distributions
were preferentially derived from the OPC as the upper particle
size limit of 20 µm offered further information. In addition,
although number size distributions provided by the ELPI have

consistently shown reliability, there remains debate over the
validity of mass size distributions derived from the ELPI,
with the generation of artifacts on the uppermost stages.(36−39)

Consequently, the ELPI data were not used to estimate mass
distributions or active surface area distributions as a function
of particle size.

Supply Air Sampling
In summer, sampling equipment was placed downstream of

the chiller inside one of the air-handling units that served the
BHR area. The system was configured for 100% recirculation
of plant air; however, visual inspection indicated that some
outside air might have entered the system due to improper
functioning of dampers. For the purposes of the present study,
the burners were cycled on and off for short durations (5–10
min at 7% of their capacity) with the chiller on. The ELPI was
also used to measure aerosol number distributions upstream of
the chiller.

Statistical Analyses
Collocated measurements were analyzed to determine the

extent to which ultrafine particle number concentration and
respirable mass concentration were predictive of active surface
area concentration measured with the diffusion charger. For
data collected in winter and summer, this data analysis was con-
ducted on the logarithms of the data. The SAS General Linear
Models procedure was used to model the natural logarithm of
the active surface area concentration as function of the natural
logarithm of the fine particle concentration and as a function
of the natural logarithm of the respirable mass concentration.
From these analyses, the regression coefficients and the value
of R2, the fraction of the variability in the dependent variable
that is explained by the independent variable were obtained.
The regression model is:

In(Cs) = (a) + b ln(X) (12)

where

Cs = Active surface area concentration measured by the
diffusion charger (µm2/cm3)

a,b = regression coefficients, and
X = the independent variable, either Cun or Cr.

In addition, an analysis of covariance was performed on all
of the data collected during summer, winter, and spring. The
analysis was performed using the SAS General Linear Models
procedure. The model for this analysis included: ln(Cun) or
ln(Cr); season (spring, summer, or winter); plant (foundry or
engine plant); and all interactions involving these variables.
This analysis evaluates the extent to which the regression
coefficients in equation 12 vary with the season and the plant.

Analyses assume that the residuals (the difference between
the modeled and observed values of ln(Cs) from the analysis)
are normally distributed. Much data analysis in the practice of
industrial hygiene involves log-normally distributed data.(40)

To evaluate this assumption, the Shapiro-Wilk test statistic was
computed for the studentized residuals (residual divided by
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root mean square error) from the analysis of variance. The SAS
Proc Univariate Procedure was used to compute this statistic.
In addition, the observed and expected, assuming a log-normal
distribution frequency, were plotted. Because the statistical
tests revealed that there were statistically significant deviations
from normality, the Spearman rank order coefficient was
computed using the SAS Proc Corr procedure. Spearman rank-
order correlation (r) is a correlation coefficient computed from
the ranks of the data values.(41) The range of r is from –1 to 1.

Values of Fa were computed for each mapping location.
These data were analyzed to evaluate whether they were
affected by season and area within the plant. Each mapping
exercise resulted in multiple ratios within each area. All
statistical procedures were conducted on the mean of the log-

transformed ratio within an area for each mapping session
to avoid issues of spatial and temporal correlation. Analysis
of variance (Proc GLM SAS) was used to evaluate whether
the categorical variables such as season (winter, spring, or
summer); area (BHR, CC, or assembly in the engine plant,
and core making, melting and pouring, and cleaning areas
in the foundry); and their interaction affected Fa. To evaluate
whether the data were log-normally distributed, the Shapiro-
Wilk test statistic was computed for the studentized residuals
(residual divided by root mean square error) from the analysis
of variance. The SAS Proc Univariate Procedure was used to
compute this statistic.

Because the resulting data set did not have an equal number
of replicates for each combination of area and season, the least

FIGURE 2. Map of number, surface area, and mass in foundry in winter and summer.
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squares means option of PROC GLM was used to examine
differences in these geometric mean values of Fa among the
seasons and the difference between seasons at each location.
The variance estimate obtained from Proc GLM was used
to conduct t-tests to evaluate differences between means. As
the resulting data set had between 1 and 4 values for the
combinations of season and area, the least squares means
(LSM) option was used instead of the multiple comparison
tests to examine differences between seasons and the difference
between seasons at different locations.

The least square means computation gave equal weight
to the different locations and t-tests conducted to examine
differences between these geometric means were based upon
the root mean square error from the analysis of variance.
The geometric means were computed using the LSM option,
and t-tests were conducted to evaluate the difference between
seasons at these locations. Further statistical analysis was not

conducted because the LSM option does not control overall
experimental error. Thus, caution is needed interpreting the
results of the analysis.

RESULTS AND FINDINGS

F igure 2 presents example maps of ultrafine number,
active surface area, and respirable mass concentrations

in the foundry taken from one day in winter and one day in
summer. These maps were constructed from data collected
simultaneously with different instruments on the same mobile
sampling cart. Because of the batch nature of work in the
foundry, the aerosol contaminant concentration fluctuated from
day to day in the foundry as described by Evans et al.(2) More
steady-state conditions were encountered in the engine plant
and these concentration maps are available elsewhere.(1) The
maps in Figure 2 are provided here to illustrate that different

FIGURE 3. Relationship between active surface area, particle number, and respirable mass concentrations in the engine plant.
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FIGURE 4. Relationship between active surface area, particle number, and respirable mass concentrations in the foundry.

metrics provide a substantially different picture of contami-
nants in the foundry. The greatest number concentrations of
ultrafine particles were observed in the melt area, whereas the
greatest active surface area concentrations were observed in the
core room. The greatest respirable mass concentrations were
observed in the cleaning and pouring areas.

Figures 3 and 4 plot ultrafine number and respirable mass
concentration as a function of active surface area concentration
measured with the diffusion charger. Table I contains the
regression statistics for Figures 3 and 4 and the nonparametric
Spearman correlation coefficient. Active surface area concen-
tration was more strongly correlated with ultrafine particle
number concentration in winter (R2 = 0.64 for engine plant;
R2 = 0.63 for foundry; and r = 0.82 for both plants) than
in summer (R2 = 0.37 and r = 0.66 for engine plant; R2 =
0.38 and r = 0.61 for foundry). In contrast, active surface area
concentration was weakly correlated with respirable aerosol
mass concentration in winter (R2 = 0.09 for the foundry; R2 =

0.11 for the engine plant; and r = 0.29 for both plants) and in
summer (R2 = 0.28 and r = 0.6 for the engine plant; and R2 =
0.1 and r = 0.38 for the foundry).

The analysis of covariance showed that season significantly
(p = 0.0001) affected the relationship between the active
surface area concentration and the independent variables
ln(Cun) and ln(Cr) (Table II). In addition, the relationship
between active surface area concentration and ultrafine number
concentrations was significantly affected by interaction terms
involving season (p < 0.01). Plant significantly affected the
relationship between active surface area concentration and
respirable mass concentration p = 0.01).

The regression analysis results presented in Figures 3
and 4 and in Table I assume that the residuals are nor-
mally distributed. The tests for normality revealed statistically
significant deviations from normality (p < 0.0001) for all
of the regression analyses. Figure 5 compares the observed
distribution of studentized residuals from the analysis of
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TABLE I. Statistics Describing the Relationship Among CS and the Independent Variables Cun and Cr

Engine Plant Foundry

Winter Summer Winter Summer

Figure 3A 3A 3B 3B 4A 4A 4B 4B
Independent Variable Cun Cr Cun Cr Cun Cr Cun Cr

Regression Statistics
Standard Error 0.29 0.45 0.41 0.44 0.33 0.52 0.39 0.47
R2 for regression line, the fraction of

the variability explained by the
regression model

0.64 0.11 0.37 0.28 0.63 0.09 0.38 0.10

Prob> F from regression analysis <.0001 0.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
intercept 0.53 6.96 1.44 6.64 −2.43 6.93 0.75 6.02
Standard error for intercept 0.35 0.14 0.38 0.09 0.45 0.17 0.39 0.12
Slope 0.44 0.18 0.40 0.34 0.70 0.29 0.40 0.26
Standard error for slope 0.03 0.04 0.03 0.04 0.04 0.06 0.03 0.05
n number 160 160 234 234 215 216 234 234

Nonparametric Statistics
Spearman correlation coefficient (r) 0.82 0.29 0.66 0.60 0.82 0.29 0.61 0.38
Probability > r 0.0001 0.0002 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001

Note: The linear regression was performed after taking the natural logarithms of the data.

covariance with a normal distribution. The observed dis-
tributions appear to have more of a central tendency than
the normal distribution. However, the observed distributions
were symmetrically distributed about zero and the distribution
of studentized residuals were not visibly skewed. Thus, the
distribution of studentized residuals appears to approximate a
normal distribution. Furthermore, the interpretation of R2 and
r lead to the same interpretation of the data.

TABLE II. Probability that Independent Variables
Affected Active Surface Area Concentration for Mod-
els Including the Ultrafine Particle Concentration and
the Respirable Mass Concentration

p-Value Cun p-Value Cr

X ( which is either ln(Cun) or
ln(Cr) in Eq. 13)

< 0.0001 0.0001

Season <0.0001 0.0001
Plant p > 0.05 0.01
Plant-season interaction 0.02 p > 0.05
X-season interaction <.0001 p > 0.05
X-plant interaction p > 0.05 p > 0.05
X-plant-season interaction 0.0008 p > 0.05
Regression Statistics

R2 0.61 0.41
Std error of estimate 0.38 0.47
Number of samples 942 942

Table III shows the fraction of the active surface area
concentration explained by particles larger than 0.3 µm
(Fa,>0.3−µm) by area and season. The values of Fa,>0.3−µm

ranged from 0.08 (block-head-rod area; engine plant; winter)
to 0.87 (core area; foundry; summer). This fraction was
significantly affected by area of the plant (p < 0.0001), season
(p < 0.0001), and the interaction between season and area (p <

0.0001). Values were substantially greater in the summer than
in the winter. The residuals from this analysis did not exhibit
notable deviations from a log-normal distribution (p = 0.96).
The LSM estimate of the geometric mean value of Fa,>0.3−um

during winter, spring, and summer were, respectively, 0.15,
0.36, and 0.62. These means all differed from each other based
on t-statistics (p < 0.0001).

Figures 6 through Figure 8 present size distribution mea-
surements made at selected locations in both facilities during
summer. Ultrafine particles (dp < 0.1 µm) dominated number
concentration in all cases ( Figures 6A, 7A, and 8A.) The great-
est concentrations of ultrafine particles were associated with
the following hot processes ( Figure 6A): molten alloy pouring
in the foundry (8 × 106 particles/cm3) and operation of direct-
fire gas heaters in the engine plant (2 × 106 particles/cm3).
These hot processes generated the smallest particles observed
in this work (predominately smaller than 0.023 um; Figure 6A).
The greatest active surface area concentrations were also found
near these processes (2000 µm2/cm3 for pouring; and 1331
µm2/cm3 for direct-fire gas heaters).

Whereas aerosol from pouring operations had noticeable
mass modes in the 1–10 µm range (Figure 6B), those from
direct-fire gas heaters had little mass associated with particles
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FIGURE 5. Frequency distributions of studentized residuals
from analysis of covariance. The observed distribution of studen-
tized appears to be approximately consistent with a log-normal
distribution.

larger than 1 µm. Thermal buoyancy caused fugitive emissions
from melting and decanting molten alloy to rise to the roof
where exhaust fans discharged most emissions out of the
foundry. However, the aerosol produced by the operation of the
direct-fire gas heaters was directly and deliberately introduced
and dispersed into the plants as supply air.

In contrast, other routine foundry and machining operations
produced larger aerosol particles ( Figures 7 and 8) than those
produced by pouring and direct-fire gas heaters (Figure 6).
The ultrafine particle number concentrations and respirable
mass concentrations appeared to be influenced differently by
particular operations and processes. The mode of the number
size distributions for all of these other routine operations were
between 0.023 and 0.05 µm as compared with a mode of less
than 0.01 µm for pouring molten metal and for the direct-fire
gas heaters. The aerosol from these other routine operations
had substantial mass concentration associated with particles in
the 1 µm to 20 µm size range. In contrast, the gas-fired heaters
produced minimal aerosol mass in this size range (Figure 6B)
which was identical to the aerosol in the supply air.

TABLE III. Fraction of Active Surface Area Concen-
tration Attributed to Particles Detected by the Optical
Particle Counter (Fa,>0.3µm)

Winter Summer
Prob

Area GM GSD n GM GSD n > tA

Cleaning 0.35 1 0.73 1.15 3 0.007
Core 0.14 1.32 3 0.87 1.20 3 0.0001
Melt 0.23 1.12 3 0.49 1.26 3 0.0002
Assembly 0.09 1.15 4 0.73 1.15 3 0.0001
Block-head-rod 0.08 1.43 3 0.59 1.06 3 0.0001
Cam-crank 0.39 1 0.78 1.16 3 0.009
Least square means

by seasonB
0.15 A 18 0.62 A 15 0.0001

AThe least square means option in SAS uses the variance estimate from the
ANOVA to conduct the t-tests. The geometric standard deviation from this
variance estimate was 1.2 with 21 degrees of freedom. Caution is needed
interpreting this table as the least squared means tests does not include
consideration of overall experimental error. To keep the overall probability
of falsely declaring on or more of the difference across seasons significant
below 0.01, p in this table needs to be less than 1- (0.99)1/7 or 0.0014 as seven
differences between winter and summer were evaluated.
B Weighted so that all locations have equal influence in the presence of unequal
sample sizes.

DISCUSSION

A reas of greatest concentration in the foundry varied
substantially depending on the chosen exposure metric

(Figure 2). Ramachandran et al.(42) identified a similar situation
for occupational exposure of parking garage attendants to
diesel particulate. Thus, the metrics most closely associated
with adverse health effects need to be identified so that rational
priorities may be set for controlling particulate exposure
hazards.

The particle size distribution of an aerosol is integral
to the relationship among active surface area, number, and
respirable mass concentration. Although active surface area
concentration appeared to be a distinct exposure metric, it was
more closely related to ultrafine particle number (R2 values
ranged from 0.3 and 0.6, r values ranging from 0.6 to 0.8 in
Table I) than respirable mass concentration (R2 values ranged
from 0.09 to 0.27 and r values ranging from 0.29 to 0.6 in
Table I). This observation is explained, at least in part, by the
fact that particles progressively larger than 0.1 µm contribute
diminishingly less to active surface area concentration (Figure
1). In this study, active surface area was virtually independent
from respirable mass.

The strength of the correlation between the ultrafine particle
number and active surface area concentrations depended on
season, with the operation of the direct-fire natural gas heaters
present in both facilities. The correlation was strongest in
winter when particle number size distributions were dominated
by ultrafine particles from the heaters. These units introduced
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FIGURE 6. Number and mass distributions for selected hot
processes in both plants. The “metal pouring” and “direct-fire gas
heater” produced number concentration distributions that were
about a factor of 50 larger than the concentrations in the air supply
for the foundry and the engine plant. The metal pouring operation
was directly in the plume from pouring metal into a mold. The fresh
air sample in the foundry was taken at fresh air supply outlet in the
core room. The engine plant samples were taken in the air handling
unit with the direct-fire gas heater in use and with this heater off, the
sample labeled air supply. The size distributions for the air supply
are repeated in Figures 7 and 8.

substantial number concentration (2 × 106 particles/cm3)
and active surface area concentration (1300 µm2/cm3) to air
supplied throughout both plants. In essence, the correlation
during winter was simply the result of diluting and dispersing
the particles produced by the heaters.

In summer when the heaters were off, the fraction of
the variability in the active surface area explained by the
ultrafine particle concentration was substantially less (R2 is
40%) than that in winter (R2 is 60%). In the absence of particle
generation by the burners, active surface area exposure was
caused by conventional foundry and machining operations. As
documented in Table III over all locations in the plant, 62% of
the active surface during summer was explained by particles
larger than 0.3 µm as compared with 15% during winter.

From Table III, it is apparent that active surface area con-
centration may be partially explained by particles larger than
0.3 µm and active surface area concentration is not exclusively

FIGURE 7. Selected size distributions in the engine plant. The
air supply sample was taken inside the air handling unit while the
burners were not in use. The distribution labeled “heat treating”
was taken near a heat treating operation in the cam-crank area.
The distribution labeled “leaking enclosure” was taken in the block-
head-rod area near a tunnel enclosure that was not ventilated
adequately.

caused by ultrafine particles. This result is problematical in the
event that active surface is used as an exposure metric for health
effects studies involving nano-materials or ultrafine particles.
In the occupational environment, exposures to ultrafines or
nanomaterials will occur in combination with exposures to
larger aerosols as in metal pouring (see Figure 6). The response
of the diffusion charger to particles larger than 0.1 µm needs
to be experimentally determined.

Although this work was limited to two facilities, similar
relationships among metrics of exposure are anticipated in
other situations because of the physical nature of particle gen-
eration, transport, and measurement. As clearly illustrated in
Figures 6–8, mechanical processes that generate primarily su-
permicrometer particles are less potent generators of ultrafine
particles than, for instance, hot processes involving combustion
or molten alloy. As shown in Figure 6, combustion results in
fine and ultrafine particles that dominate particle number and
surface area concentrations but often contribute little to particle
mass concentrations. Thus, in areas and seasons dominated
by combustion aerosol, particle number concentrations should
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FIGURE 8. Selected size distributions in the foundry. The distri-
bution labeled “air supply” was taken at a fresh air supply duct in the
middle of the core and mold area. The distribution labeled “middle
of core area” was taken away from specific exposure sources in
the core and mold area. The distribution labeled “melt deck” was
taken on an elevated platform about 5–10 m from furnaces used
to melt the iron.

correlate more strongly with active surface area concentrations
than in areas dominated by mechanically generated aerosols.

Although considerable uncertainty remains in which expo-
sure metric is most pertinent to protect worker health, multiple
metrics are needed to understand exposures to ultrafine par-
ticulates or nanomaterials. Number may be closely related to
active surface area concentration but both metrics are distinct
from mass concentration. Clearly, aerosol size information is
needed to understand the relationships between these exposure
metrics.

However, in situations where particle sizing in the work-
place is impractical, we encourage the use of a condensation
particle counter to measure particle number concentration or
a diffusion charger to measure active surface area concentra-
tion to supplement mass concentration measurements. Both
instruments provide a relatively economical means to develop
a fuller understanding of particle exposures in the workplace.
More frequent use of such instrumentation will help target
areas for additional control and provide useful information for

epidemiologic studies focused on ultrafine particulate in the
workplace.

In addition to measurements in the workplace, simultaneous
monitoring of particle number, active surface area, and res-
pirable mass should be conducted during inhalation toxicology
studies of fine, ultrafine, or nanostructured materials. As above,
these metrics are relatively easy to obtain and the information
gained from these studies will be directly comparable to
those in the workplace. Thus, appropriate risk assessments
and, hence, prudent risk management approaches may be
conducted.

CONCLUSIONS

T he active surface area metric is distinct from respirable
mass and ultrafine particle number concentration. Particle

size distribution dictates how active surface area concentration
relates to these metrics. In this study, where sources of
ultrafine particles existed, active surface area concentrations
were largely explained by particles smaller than 0.1µm, as in
the case of the direct gas-fired heaters. However, in the absence
of significant sources of ultrafine aerosol, particles larger than
0.3 µm accounted for larger fraction of the active surface area
concentration.

For a better understanding of the relationships among parti-
cle number, surface area, and mass concentrations, workplace
particle size distribution measurements are recommended.
However, where particle size distribution measurement is
impractical, simultaneous measurements of particle number,
active surface area and mass concentrations, at a minimum,
should be conducted.
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