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A Model to Estimate Worker
Exposure to Spray Paint Mists

Gary N. Carlton and Michael R. Flynn

Department of Environmental Sciences and Engineering, University of North Carolina at Chapel Hill,
Chapel Hill, North Carolina 27599

Exposure models traditionally have emphasized the statistical associ-~
ation between process parameters and measured exposures. These
empirical—statistical models can identify factors important in control-
ling exposure, but are difficult to generalize for various reasons. Dif-
ferent modeling techniques may have wider applicability. Known as
empirical-conceptual models, they are based on a conceptual analysis
that identifies contaminant generation and transport processes leading
to the exposure. Dimensional analysis is used to group important
process parameters into independent, nondimensional ratios. The re-
lationship among these ratios is then determined from experiment.
This research develops an empirical-conceptual model of exposure
to mists generated during a spray painting task. Dimensional analysis
is used to identify four important dimensionless quantities. Laboratory
wind tunnel experiments with a mannequin, flat plate, and spray
nozzle provided data to determine the mathematical relationship be-
tween these quantities. The model successfully explained the variabil-
ity in the average breathing zone concentration of the mannequin
within measurement uncertainty. Mannequin orientation to the
freestream had a significant effect on breathing zone concentrations.
A dimensionless quantity consisting of spray nozzle pressure, manne-
quin height, liquid viscosity, and average freestream velocity deter-
mined in which orientation the breathing zone concentration was
higher. Differences between the experimental setup and actual spray-
ing tasks may limit application of the model. However, the research
indicates good potential for empirical-conceptual models based on
dimensional analysis to predict breathing zone concentrations. This
should lead to more effective control interventions and reduced ex-
posures. CarITON, G.N.; FLYNN, M.R.: A MODEL TO ESTIMATE WORKER EXPOSURE
70 Seray PANT Mists Aept, Occup. ENviRON. Hyve, 12(5):375-382; 1997.
© 1997 AIH.

A primary goal of industrial hygiene is to control worker
exposure to hazardous materials and prevent occupational
disease. If inhalation is the route of exposure, then hygienists
typically base judgments for appropriate control measures on
breathing zone sampling. In some cases, references are available
that outline effective controls for specific hazards, for example,
the American Conference of Governmental Industrial Hygien-
ists (ACGIH Industrial Ventilation: A Manual of Recom-
mended Practice).!) Another less frequently used method for
evaluating control options is exposure modeling.

There are two types of exposure models: theoretical and
empirical. Theoretical models use computational fluid dynam-

ics to solve the basic governing equations determining the
distribution of contaminants in air. However, these equations
are intricate and analytical solutions are impossible. Current
capabilities limit numerical results to relatively simple situations
which do not reflect the complexity of most industrial oper-
ations.

Empirical models address this complexity by relating the
exposure to various process parameters. Kromhout et al.?®
sampled the rubber manufacturing industry in The Nether-
lands and correlated exposures to tasks performed, ventilation
characteristics, and production variables. Woskie et al.®
looked at exposures to metalworking fluids in automotive
component manufacturing and developed a model based on
several factors, including the fluid type, the presence or ab-
sence of local exhaust, and the atmospheric conditions. Krom-
hout called this the empirical-statistical approach since the
model relates exposure to the parameters by multiple linear
regression. It is difficult to apply these models to new situa-
tions, however, since additional factors, not considered in
developing the model, may be important. Also, the assumption
of linearity between exposure and causal factors may leave
much of the variability unexplained since there is no guarantee
that the dependence is linear. In addition, factors that do not
vary much during sampling will not show up in the model,
even though they may be important in controlling the expo-
sure.

A different type of empirical model relates the exposure to
the process parameters, not by their statistical association, but
through a conceptual model. This empirical-conceptual ap-
proach is appropriate if a limited number of identifiable factors
determine the exposure. A conceptual model of the industrial
operation is developed, outlining contaminant generation and
transport processes leading to the exposure. Each process is
examined and factors that characterize it are identified. Once
these factors are known, an empirical model results from
dimensional analysis, a process of grouping the factors into
nondimensional ratios and performing experiments to deter-
mine the relationship between these ratios. Besides improving
physical insight into the problem, this method has the potential
to generalize the model to new situations.®» The model does
not require an assumption of linearity. Furthermore, as long as
a sound conceptual understanding of the problem exists, the
model should include all factors important to controlling the
exposure.

Spray painting tasks are well suited to test whether an
empirical—conceptual model can predict worker exposures.
Spraying paint gives workers good control over the quality of
finish, but results in exposure to paint mists. Even though
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FIGURE 1. Conceptual model of a spray painting task showing the
sequential processes resulting in exposure.

generation of this mist and its interaction with the flow field in
a paint spray booth are complex, a limited number of factors
determine the exposure. Spray painting tasks lend themselves
to modeling since these factors are identifiable.

This research develops an empirical-conceptual model to
predict breathing zone concentrations of paint mist during
spray painting tasks. If validated in the field, this model will
allow the industrial hygienist to identify work practice changes
and improve the efficiency of engineering controls. Although
spray painting is the process of interest, the modeling concepts
developed here should have applicability to other industrial
operations as well.

Conceptual Model

The spray application process of most concern from an expo-
sure viewpoint is compressed air atomization. Also known as
pneumatic or twin-fluid atomization, it is the most widely used
spray application process in industry.® It is popular because it
can atomize viscous liquids like paint and adjust the atomiza-
tion quality by varying air and liquid flow rates to the atomizer.
Compressed air atomization is classified as either conventional
or high volume, low pressure (HVLP) spraying. Conventional
spraying operates at air pressures greater than 20 psig, while
HVLP spraying involves lower pressures, usually 10 psig or
less.

Compressed air atomization produces a paint mist which
can enter a worker’s breathing zone and lead to an exposure.
This exposure results from three sequential processes common
to all spraying tasks, shown conceptually in Figure 1.

The droplet formation process produces the droplets that
coat the workpiece. A spray gun causes compressed air to
interact with the paint and form droplets. Paint atomizers are
universally external mixing, meaning the paint and air interact
outside of the atomizer. They are also generally parallel flow,
characterized by the atomizing air and liquid flowing in the
same direction when they contact. The spray gun discharges
the liquid through a fluid nozzle, and a hollow column of air
emitted from the air nozzle surrounds this liquid stream. Shear
forces develop-along the surface of contact between the two
fluids, causing the liquid to disintegrate into droplets.® This
interaction is complex, and empirical observations are the
primary basis for knowledge of the resulting particle size dis-
tributions.” The most important factors affecting these distri-
butions are: air pressure at the nozzle (p,); liquid paint viscosity
{(w); and ratio of air to liquid mass flow rates (m,/m;)."=

The droplet transfer process creates the paint mist or over-
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spray. The air jet leaving the spray gun imparts a forward
velocity to the droplets. This jet produces an air flow pattern
around the workpiece. Larger droplets deviate from the air
flow streamlines and deposit on the object. Smaller droplets
with insufficient momentum to deposit follow the streamlines
and become entrained in the air flow around the object to
form the overspray (m,). The transfer efficiency of the spray, or
the fraction of droplets that impact on the workpiece, depends
primarily upon droplet momentum and the distance from the
spray gun to the object.®'") Droplets receive momentum from
the velocity of the air jet, which for compressed air atomizers
results from the nozzle air pressure (p,). Spray gun-to-object
distances do not vary much among compressed air painting
tasks; guidelines recommend keeping the gun within 6 to 8
inches of the object.®

In the final process, droplet transport, the overspray may
enter the worker’s breathing zone. This is typically the stage
where intervention takes place to control the exposure. This is
usually local exhaust ventilation if painting occurs in a spray
booth. ACGIH recommends ventilation rates as average
freestream velocities (U).(” Small booths encompass the work-
piece and capture the overspray like an enclosing hood. Larger
booths allow the worker to stand in the freestream while
painting. The freestream propels the overspray toward one end
of the booth, where an air-cleaning device, usually a dry filter
bed or water curtain, removes the droplets. The worker gen-
erally orients the workpiece so the freestream is either to the
worker’s side (90° orientation) or to the worker’s back (180°
orientation; see Figure 2). The uniform freestream can cause a
boundary layer to form around the worker and a reverse flow
region to develop downstream of the worker." Contami-
nants generated in this wake can move into the breathing zone
when the worker is in the 180° orientation.(!? Investigators
document a difference in breathing zone concentration (C)
when a mannequin of height H and breadth D is positioned in
these two orientations and holds a passive contaminant
source.!!31 This research emphasizes these larger spray booths
where this orientation effect may also be important.

Droplet evaporation proceeds concurrently with droplet
transfer and transport. Overspray droplets decrease in size as
the solvent fraction volatilizes. This change in size distribution
affects the movement of the overspray and results in worker
exposure to solvent vapors, though vapor concentrations are
generally low during spraying tasks if ventilation is avail-
able.>-') The overspray, consisting of paint solids and un-
evaporated solvent, contributes most of the worker’s total mass
exposure. This research develops an empirical model based on
dimensional analysis for this overspray contribution to the
exposure.

Empirical Model Development
The overspray leads directly to the worker’s exposure. Con-
trolling this overspray will result in lower breathing zone
concentrations and reduced exposures, all other factors being
equal. A successful model based on the overspray generation
rate should lead to better control measures and allow applica-
tion to a wide variety of spraying tasks.

The primary hypothesis is that the worker’s average breath-
ing zone concentration during a spraying task is a mathematical
function of the factors defining the conceptual model shown in
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FIGURE 2. Worker orientation to the freestream. In the 90° orienta-
tion the freestream flows to the worker’s side; in the 180° orientation,
to the worker’s back.

%

Figure 1. These factors are: overspray mass generation rate;
spray nozzle pressure; paint viscosity; ratio of air-to-liquid mass
flow rates; freestream velocity; dimensions of the worker; and
worker orientation to the freestream. The following equation
represents the functional dependence between these nine vari-

ables:
C = ¢(m,, p,, , m,/my, U, H, D, orientation) (1)

Since Newton’s second law is not specifically included in
the problem formulation, the FMLT measuring system reveals
the nondimensional form of this relationship. This system
designates four primary quantities (force, mass, length, and
time). The Buckingham pi theorem states that the number of
independent dimensionless groups equals the difference be-
tween the number of initial factors and the number of primary
quantities.® Therefore, five nondimensional variables describe
the functional relationship between the nine factors pertinent
to a spray painting task. A dimensional analysis after selecting
m,, iy, U, and H as the four repeating variables which do not
by themselves form a dimensionless group provides the fol-
lowing nondimensional representation of the problem:
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CUH*m, = ®(m,/m,, p,H/wU, H/D, orientation) (2)

Assuming that the ratio of body height to breadth is fairly
constant among workers®? reduces the number of dimension-
less groups by one and results in the final model:

CUHD/m, = ®(m,/m,, p,H/ U, orientation) 3)

The dimensional analysis indicates that under similar flow
conditions, the concentration group CUHD/m,, is a function
of worker orientation to the freestream and two other nondi-
mensional groups. The previously identified group, m,/m,,
influences droplet size distributions from pneumatic noz-
zles.”® The second group, p,H/uU, is new. This dimen-
sionless quantity incorporates four important elements of the
task: the spray gun (p,), the paint (w,), the spray booth (U), and
the worker (H).

Methods

Laboratory Setup

A laboratory model of a spray painting task was used to
determine the relationship between the nondimensional
groups. Spraying took place in a wind tunnel which simulated
a paint spray booth. The tunnel has a cross-sectional area of 25
fi> and is 8 ft deep. Uniform velocity profiles due to a flared
entrance flange and a pegboard rear wall were confirmed with
hot wire anemometry. Average freestream velocities (U) from
75 to 350 ft/min with a longitudinal component of freestream
turbulence intensities of 6 to 11 percent are possible in the
tunnel.

The laboratory model used a Spraying System 1/4] spray
nozzle fitted with a 60100 fluid cap and 120 air cap. The
nozzle consists of an annulus for air flow (area of 0.00346
inches?) surrounding a circular orifice for the liquid flow (area
0.00283 inches?). This pneumatic, external-mixing spray noz-
zle operates at nozzle pressures and air-to-liquid mass flow
ratios similar to a compressed air spray gun and produces
comparable droplet size distributions, characterized by Kim
and Marshall.® The nozzle was operated in either the gravity
feed or siphon configuration. Changing the gravity feed or
siphon height of a liquid container varied the liquid mass flow
rate (my) to the nozzle, measured by weighing the container
before and after spraying. A compressed air source provided air
for the nozzle. A pressure regulator adjusted the nozzle pres-
sure (p,,) and air mass flow rate (m,). Fixing the nozzle pressure
and adjusting the liquid container height set the air-to-liquid
mass flow ratio (m,/my).

A mannequin 41 inches in height (H) and 8 inches in
breadth (D) simulated the worker. A flat plate the same height
as the mannequin représented the workpiece. A flat plate
produces a uniform air jet rebound and forms a reproducible
overspray generation rate. Flat plates would seem a reasonable
model for many common objects such as jet engines, wing
flaps, refrigerators, and vehicles, since the air rebound from the
surface facing the worker is similar to a flat plate. The spray
nozzle was at the position of the mannequin’s right hand
(upstream in the 90° orientation), 8 inches from the flat plate.

Corn oil was used to simulate the paint. It is nonvolatile and
combines safety, low cost, and good simulation of paint prop-
erties. Since it is a natural product, a single manufacturer
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provided corn oil to reduce variations in physical properties.
The liquid viscosity () varied from 39.8 to 55.2 centipoise
due to liquid temperature changes, typical values for an enamel
paint.

Overspray Generation Rate

Corn oil that impacted the flat plate during spraying drained
into a trough located beneath it. The difference in trough
weight before and after spraying determined the mass of corn
oil transferred to the plate. The overspray generation rate (m,)
was the difference between the liquid mass flow rate (mj) and
the rate of corn oil transfer to the plate.

Breathing Zone Concentration

Samples were weighed in accordance with National Institute
for Occupational Safety and Health (NIOSH) Method 0500
for total aerosol mass (37-mm polyvinyl chloride membrane
filters with 5-mwm pore size, sampled at 2.0 L/min)®V to
determine mannequin breathing zone concentration (C). The
concentration obtained by this method may differ from the
true aerosol concentration due to sampling error.?? Among
the important errors are the inlet sampling efficiency of the
cassette affected by the aerosol size distribution, ambient air
velocity, and sampler orientation;®>27) transport loss from
deposition on the cassette walls;®+2829 filter collection effi-
ciency;®% and evaporative loss from the filter during sam-
pling.®" The inhalable dust sampler developed at the Institute
of Occupational Medicine addresses the transport loss problem
by weighing the filter and cassette as a single unit, but the high
tare weight of the cassette makes it unsuitable for monitoring
short-term tasks where the collected mass is less than about 0.5
mg.®® In addition, efficiency curves for this sampler are av-
eraged over all orientations to the freestream to be compatible
with the definition of inhalability.?#27 Since orientation was
a primary factor in the model, the NIOSH sampling method
was preferred since sampling efficiencies in the 90° and 180°
orientations are known,®® allowing inferences on the effect of
sampling error on the results. Since previous sampling con-
ducted during industrial paint spraying operations showed that
closed-face sampling potentially underestimates the overall
worker exposure,®? all sampling was in the open-face mode.
The collection efficiency of 5-pum pore size filters for particles
that contribute to the mass exposure (greater than 1 wm
diameter) is essentially complete.®® The use of nonvolatile
corn oil reduced evaporative loss from the filter during sam-
pling. A Cahn model 27 electrobalance with 0.001 mg sensi-
tivity determined filter weights. Spraying lasted long enough to
ensure adequate mass collection using the NIOSH recom-
mended range of 0.1 to 2.0 mg as a guide, usually 5 to 10
minutes. The sampling cassette was placed at the mouth of the
mannequin.

Experimental Design

The three independent dimensionless groups—m,/my, p,H/
MU, and orientation—were varied to determine their func-
tional relationship with the dependent nondimensional con-
centration group, CUHD/m,. The air-to-liquid mass flow
ratios were 0.70, 0.90, and 1.30. There were two worker
orientations, either 90° or 180° to the freestream. The nozzle
pressure and wind tunnel velocity varied from 20 to 50 psig
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FIGURE 3. Functional relationship between the nondimensional
groups identified by dimensional analysis as important to a spraying
task.

and 75 to 200 ft/min, respectively, providing p,H/ U values
from 2.76 X 10° to 2.12 X 107, p H/mU varied over ten
experimental values for each value of m,/m,; and orientation,
giving a total of 60 experimental trials. Each trial had three
replicates for a sum of 180 experimental runs. Conventional air
guns operate in the range of 30 to 80 psig and with paint
viscosities of 30 to 70 centipoise. For people 5 to 6 ft tall and
actual spray booth air velocities in the range of 50 to 100 ft/min,
this results in p H/ U values from 5.9 X 10° to 1.3 X 108

Results

Figure 3 shows the functional relationship of p,H/mwU to the
concentration group CUHD/m, for the two worker orienta-
tions to the freestream. The points shown are averages of the
nine runs (three replicates of three m,/m, values) for each
p.H/mU value. The error bars represent one standard devia-
tion. The orientation curves cross when p,H/uwU equals
5.0 X 105 CUHD/m, is higher in the 90° orientation if
p.H/ U exceeds 5.0 X 108, but if p,H/ U is less than 5.0 X
108, then CUHD/m,, is higher in the 180° orientation.

A regression analysis found the following best-fit curves:

90° orientation: CUHD/m, = 1/{7.44 + 1.08 X 102

exp [—5.64 X 1077 (p,H/wU)]}
= 0.98 )
180° orientation: CUHD/m, = 3.23 X 1072

exp [—1.94 X 1077 (p,H/wU)], p.H/ U < 107
P =0.95 )
CUHD/m, = 0.006, p,H/wU > 10’ (6)

Based on the excellent fit of the data to the curves, m_ /m; was
not considered a significant factor in either orientation.

A measurement uncertainty analysis estimated the bias
(fixed) and precision (random) experimental error in the non-
dimensional groups.®® Bias is the systematic error constant for
the duration of the experiment, which was minimized in this
experiment by instrument calibration. The bias limit (B) is the
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TABLE 1. Estimated Measurement Error and Uncertainfy in
Nondimensional Groups (Percent)

Nondimensional Bias Precision Uncertainty
Group Error Error (95%)
CUHD/m,, 4.49 6.07 12.94
p.H/ U 6.78 3.57 9.85
m,/m, 2.40 0.89 2.99

upper limit of this bias error. Precision is the closeness of
agreement between repeated measurements of the same quan-
tity. Precision is usually measured by the precision index of the
measurements (Sy), the estimated standard deviation of the
average of N measurements. Table 1 lists these estimates along
with their calculated uncertainties, defined as:©®3

uncertainey (95%) = [B” + (tSx)]"" %

where t is the 97.5th percentile of the two-tailed t-distribution
with N degrees of freedom. For large samples t approaches
1.96 and is approximated as 2.0 for simplicity. The uncertainty
in CUHD/m, is primarily due to inaccuracy in the NIOSH
sampling method (F11%). An illustration and further discus-
sion of the uncertainty estimates are presented in the Appen-

dix.

Discussion

The results shown in Figure 3 provide an empirical exposure
model. Worker orientation and the nondimensional group
PoH/ U explain the variability in the average value of the
concentration group CUHD/m_, within the measurement un-
certainty of the experimental setup. The fact that m,/m; was
not significant is related to the fact that it is important in
defining the droplet size distribution. This impacts transfer
efficiency, and since the model uses the overspray generation
rate, this has, to a large extent, already been incorporated into
the model. Research is underway to evaluate the impact of size
distribution on worker exposure and to clarify the transfer
efficiency issue.

As mentioned earlier, the measured breathing zone concen-
tration may be less than the actual concentration due to sam-
pling error. As a result, the actual values of CUHD/m_ may be
higher than indicated in Figure 3, meaning that the orientation
curves are shifted down from their true values. However, this
inlet-aspiration sampling error is generally greater in the 90°
orientation than the 180° orientation at the freestream veloc-
ities used in this experiment.®® This means the measured
values of CUHD/m,_ would be reduced more in the 90°
orientation than in the 180° orientation. Therefore, the 90°
orientation curve in Figure 3 is shifted down more than the
180° orientation curve. Even with this greater sampling error
in the 90° orientation, the two orientation curves do not
overlap within experimental error except at their crossover
point. This leads to the conclusion that the orientation curves
are different.

The most striking result apparent from Figure 3 is the
importance of worker orientation to the freestream. George et
al.'V identified an orientation effect for a passive contaminant
source (tracer gas) released near a mannequin in a wind tunnel.
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They found higher breathing zone concentrations in the 180°
orientation for all wind tunnel velocities (49 to 265 ft/min).
The situation for an aerosol injected with significant momen-
tum into a flow field is more complex. For.a given nozzle
pressure, liquid viscosity, and average freestream velocity, the
mannequin’s breathing zone concentration is higher in the 90°
orientation if p,H/uU exceeds 5.0 X 10°, but higher in the
180° orientation when p,H/wU is less than this value. This
runs counter to common industrial hygiene recommendations
to place contaminant sources between the worker and exhaust
to lower exposures. At least in the laboratory, this rule is
invalid for low values of p,H/uU.

Observation of the spraying task provides an explanation for
the crossover effect. At high nozzle pressures (corresponding to
larger values of p,H/U) and the mannequin in the 90°
orientation, the air jet propelled some of the overspray droplets
toward the wind tunnel entrance (see Figure 4). The
freestream eventually captured these droplets, reversing them
back into the wind tunnel and through the mannequin’s
breathing zone. In the 180° orientation the air jet appeared to
overwhelm any reverse flow effect and prevented droplets
from entering the worker’s wake; the freestream captured the
droplets before they could enter the breathing zone. The result
was higher breathing zone concentrations in the 90° orienta-
tion when nozzle pressures were high. On the other hand,
when nozzle pressures were low (corresponding to smaller
values of p,H/mU), the freestream captured the droplets
quickly and few entered the mannequin’s breathing zone in
the 90° orientation. However, in the 180° orientation separa-
tion downstream from the mannequin possibly became im-
portant. The droplets’ low momentum allowed them to enter
the worker’s wake and caused increased breathing zone con-
centrations. The end result was higher breathing zone concen-
trations in the 180° orientation at lower nozzle pressures.

Although the influence of freestream velocity on breathing
zone concentrations was not the primary purpose of this ex-
periment, an interesting trend was observed in the 180° ori-
entation. For a fixed nozzle pressure, the concentration in-
creased as the velocity increased. This was apparent at all
nozzle pressures but was most pronounced at the lowest nozzle
pressure of 20 psig. This agrees with the findings of Kim and
Flynn®® that increases in freestream velocity may lead to
higher breathing zone concentrations in the 180° orientation.
This trend was not apparent in the 90° orientation; in all cases,
increased ventilation reduced mannequin breathing zone con-
centrations. Although additional testing is necessary, these
trends again indicate the importance of worker orientation.

Several limitations restrict applicability of the model to field
spraying tasks. The laboratory setup was static and spraying was
continuous. In actual spraying tasks, the worker and spray gun
move and spraying is intermittent. The spray gun-to-target
distance varies during the task and is not fixed as in this
experiment, though it is poor practice to vary this distance
much since it results in a poor-quality finish. A flat plate may
not be representative of the workpiece. A nonvolatile liquid
simulated paint; in the field, solvent evaporation may result in
lower breathing zone concentrations than the model predicts.
Most importantly, the available wind tunnel limited the labo-
ratory setup to a reduced-scale mannequin and workpiece.
Even though the spray nozzle air and liquid mass flow rates
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FIGURE 4. Path of the overspray for p,H/ U values greater than 5.0 X 106. In the 90° orientation the overspray passed directly through the
mannequin’s breathing zone, while in the 180° orientation the freestream captured the overspray before it could enter the breathing zone.

were less than an actual paint spray gun, scaling of the model
may be a problem. Field studies are in progress to determine
how well the model predicts worker exposures during actual
spraying tasks and the importance of these limitations.

If validated in the field, the orientation effect may have
important implications for conventional and HVLP spray
painting. Conventional spraying typically operates at nozzle
pressures and p,H/uU values to the right of the crossover
point in Figure 3. This means worker breathing zone concen-
trations may be higher when spraying in the 90° orientation,
and perhaps it is better to perform the task in the 180°
orientation, at least from an exposure viewpoint. On the other
hand, HVLP spray painting occurs at p,H/ U values to the
left of the crossover point. This means the 90° orientation may
result in lower breathing zone concentrations. Manufacturers
claim HVLP spray guns reduce the mass generation rate of the
overspray, but whether this leads to reduced worker exposures
is questionable. The orientation effect could confound this
assumption.

Conclusions

An empirical model based in dimensional analysis which pre-
dicts breathing zone concentrations of paint mist during spray
painting tasks was developed in a laboratory wind tunnel using

a mannequin, flat plate, and spray nozzle. The model indicates
that the nondimensional breathing zone concentration
CUHD/m, is a strong function of the quantity p,H/ U and
worker orientation to the freestream. A significant interaction
occurs between p H/mU and worker orientation. All other
factors being equal, breathing zone concentrations are higher
in the 90° orientation when p H/uU exceeds 5.0 X 10° but
higher in the 180° orientation if p,H/mU is less than 5.0 X
108. The air-to-liquid mass flow ratio m,/m; does not signif-
icantly aid in predicting breathing zone concentrations in
either orientation.

Field studies are in progress to determine whether the model
can predict worker exposures during actual painting tasks. Differ-
ences between the laboratory setup and field painting tasks could
limit the model. However, this research indicates the potential
for an empirical-conceptual model to predict breathing zone
concentrations and identify improved control methods.
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Appendix: Uncertainty Analysis

Bias, Precision, and Uncertainty

The bias and precision errors of the nondimensional quantities,
and their calculated uncertainties, were found according to the
American National Standards Institute/American Society of
Mechanical Engineers standard on measurement uncertainty.
A summary of the analysis follows.

Measurement equipment is subject to two types of error:
bias and precision. Bias (or fixed error) is the systematic error
constant for the duration of the experiment. Calibration re-
duces bias, but never totally eliminates it. The bias limit (B),
the upper limit of the bias error, is difficult to estimate, espe-
cially if special test data which provide bias information are
unavailable. Estimates of B are usually based on instrument
manufacturers’ reports and other references.

Precision error (also called random error) is the closeness of
agreement between repeated measurements of the same quan-
tity. It is measured by the precision index (S,), which is an
estimate of the standard deviation in repeated measurements.
Several ways to estimate S, are outlined in the American
National Standards Institute standard.

Table 2 lists the estimated relative bias and precision errors
in the measured experimental quantities.

The 95 percent uncertainty in the measurement (assuming
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TABLE 2. Estimated Bias and Precision Error in Measured Experimental
Parameters (Percent}

Measured Bias Precision

Parameter Error Error
cA <0.1 5.6
Us 4.5 2.1
HE <0.1 0.2
DB 0.4 0.8
m.© <0.1 0.8
P.C 5.0 29
wC 1.0 0.5
m,B 2.4 0.7
m,© <0.1 0.6

ANIOSH sampling method.
BEstimate.
CManufacturer’s literature.

the error is symmetrical about the measurement mean) is
defined as:

U(95%) = [B? + (¢S,)2]"2 (A1)

where t is the 97.5th percentile of the two-tailed t-distribution
and is a function of the number of degrees of freedom used to
calculate S,. For large samples t approaches 1.96 and is usually
approximated as 2.0 for simplicity.

Propagation of Error

Measurement errors are propagated through the functional
relationship between a quantity and its parameters. Sensitivity
is the error propagated due to errors in the parameters. For a
quantity F, if

F=1{x), % ...,X) (A2)
then the relative sensitivity coefficient is

OF/dx,

0= E/x, (A3)

The bias and precision errors are propagated separately until
combined into an uncertainty.
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J
Se=| 2 (08, (A4)
i=1
. 1/2
J
Br = | X (OB, (A5)
i=1
Sample Calculation
For the dimensionless quantity
. CUHD
C= (A6)
m,
Be =
aC/aC B 2 N aC/aU o 2 . aC/oH 22
&/c X Be &g Bu X Ba
aC/aD 2 N oC/0m, 2
Tl Ep KB C/m, X B,
= [(1 X 0.001)> + (1 X 0.045)*> + (1 X 0.001)?
+ (1 X 0.004)> + (1 X 0.001)2]""% = 0.045 = 4.5%
(A7)
Similarly,
Se =
aC/aC g )2 N (aé/aU y 2+ aC/0H “ 2|12
Cc/C C ey v &l e
aC/oD N 2 N aC/dm, 2
&p X C/m, X S,

= [(1 X 0.056)* + (1 X 0.021)> + (1 X 0.002)?
+ (1 X 0.008)* + (1 X 0.008)°]"* = 0.061 = 6.1%
(A9)
The 95 percent uncertainty in the measured quantity C is
Ue(95%) = [(0.045)* + (2 X 0.061)]"*
= 0.130 = 13.0%



