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The impact of a worker’s location, orientation, and activity
was studied in an experimental room (2.86 m x 2.35 m x
2.86 m) at known flow rates of 5.5 m3/min and 3.3 m*/min.
A person in the room, wearing a full-facepiece, air-supplied
respirator represented a worker. Propylene tracer gas was
emitted at a constant rate from a 1-m pedestal at the center of
the room and a continuous air sample was drawn from a point
midway between the worker’s mouth and nose. Breathing zone
concentration (BZC) was monitored at 12 worker locations
within the room for a stationary worker. At each location,
BZCs were measured separately for four worker orientations:
east, west, south, and north. BZCs of a walking worker were
also monitored along the path defined by the 12 worker
locations used in the stationary experiments. In a separate set of
experiments, area concentration was monitored to see whether
the worker’s activity disturbed the contaminant concentrations
at a fixed sampling point located behind the source looking
from the direction of air inlet (location: 1.34 m, 1.20 m,
0.45 m). The following average differences in BZC over the
12 fixed locations were observed: 43% higher for near-field
than for far-field locations; 20% higher when the worker was
facing the source than when facing away (p-values for all four
conditions: <0.033), and 30% higher for a moving worker
than for a stationary worker (p-values for all four conditions:
<0.01). When the worker was walking, the concentration at
the fixed area sampling point was generally lower than the
area concentration when the worker was absent or stationary
in the room, possibly due to greater mixing of room air by
the worker’s movement. Because a worker’s activities may be
irregular and complicated, incorporating them as parameters
in mathematical models is often not feasible. Instead, these
findings may be used to assess uncertainty or adjust exposure
estimates from simple models.
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INTRODUCTION

worker’s exposure to airborne contaminants is a function

of physical factors that affect contaminant transport
within the workroom. For example, personal exposure to an
airborne contaminant depends directly on the distribution pat-
tern of the contaminant within the workroom. The distribution
of contaminant concentrations, in turn, depends on the room air
velocity field and the effects of source factors, such as contam-
inant composition, density, and generation rate. Some other
factors that affect velocity and concentration fields include
the type of supply air diffusers; the temperature differences
between walls and room air; the room configuration; and the
worker’s location, orientation, and activities. These factors
have an impact on the worker’s exposure, but experimental
investigation of the effects of all these factors and their
interactions is very challenging.

Some studies have investigated the effects of fundamen-
tal physical factors on either contaminant concentrations or
velocities. Those factors include room geometry,!'~" airflow
and/or room thermal characteristics,®~!" and a worker’s
presence.>12)

The effects of a worker’s orientation and activity on
exposure and contaminant distribution in a room have also
been studied. Brohus et al.!'® found a significant influence of
persons’ movements on contaminant transport in an operating
room using computational fluid dynamic (CFD) simulations.
Other researchers!'*!> observed higher personal exposure
when the worker was facing the source and air was blowing
toward the back of the worker. Also, better mixing of room air
with increasing speed of a cylindrical worker surrogate was
reported by several investigators.(1216~19

However, those studies were performed either in
a wind tunnel'' or in a room with displacement
ventilation,!216719 not workrooms with dilution ventilation
as are most common in North America. Wind tunnel studies
are valuable for investigating the effects of uniform air velocity
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on exposure but represent extreme effects of airflow relative to
the effects of airflow in a workroom with dilution ventilation.
Where exposure is controlled by dilution ventilation, the room
is mixed to some degree in that the air speed and direction
vary much more than in a wind tunnel. Dilution ventilation
also differs markedly from displacement ventilation.

In displacement ventilation, supply air is introduced at a
low inlet velocity near floor level, and contaminant emissions
that are warmer than the surrounding room air rise toward the
ceiling, where they are removed from the room in exhaust
air. In addition to low velocity at the supply inlet, the thermal
characteristics of the room are controlled to produce a stable
vertical temperature structure (density decreases from floor
to ceiling) suppressing air mixing by natural convection. In
dilution ventilation, room airflow is driven by the inertia of the
supply air blowing into the room and sometimes by fans inside
the room. These flows produce turbulence and circulation
within the room, which enhance mixing.

Because most previous studies of the effects of worker
factors (such as location, orientation, and activity) on exposure
were performed in wind tunnels and displacement ventilation,
which differ substantially from dilution-ventilated rooms,
research on these factors in dilution ventilation is needed.
Also, previous studies of a moving worker restricted the
worker’s movement to a single dimension, back and forth in
the middle of room, not walking around a room. Therefore, the
primary objective of this study was to investigate the effect of
worker’s location, orientation, and activity on breathing zone
concentration (BZC) of a gaseous contaminant in a room with
dilution ventilation. Because a moving worker may affect the
exposure in another part of the room, a second objective was
to determine the effect of a moving worker on contaminant
concentration at a fixed area sampling location in the room
with dilution ventilation.

This study was part of a larger project whose long-term
goal was to improve methods for estimating exposure by
exploring the impact of some of the fundamental physical
factors that affect worker’s exposure in a dilution-ventilated
workroom. In addition to studying the effects of worker’s
location, orientation, and activity presented here, the larger
project explored the effects of other factors on the distribution
of contaminants within a workroom; those other factors are
dilution airflow rate, differences between room air and wall
temperatures,?” supply air inlet type,?"” and a worker’s
location.??

METHODS

Experimental Setup

The experimental room for simulating contaminant trans-
port and exposure in workrooms was placed within a ther-
mostatically controlled laboratory room. To simulate work
rooms somewhat larger than the space available, the exper-
imental parameters were set based on similarity criteria. In
geometrically similar spaces (for example, a 1 x 2 x 3 meter
space is similar to a 2 x 4 x 6 meter space), airflow patterns
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are similar when the ratios of all the forces that affect fluid
motion are equal.*® When a room’s physical dimensions are
increased proportionally in all three dimensions for isothermal
conditions, the airflow patterns within the room will also
change proportionally if the Reynolds number (Re) is kept
constant.

ux
Re = uxe

m
where u = air velocity, x = a characteristic physical dimension,
p = gas density, and = gas viscosity.

Re is the ratio of inertial forces (up) to viscous forces (/4/x).
For constant temperature and pressure, both gas density and
viscosity are constant. Re may be held constant by keeping the
product of u and x constant. Thus, if the physical dimensions
of a room are increased by a scaling factor of S, to keep
Re constant the dilution airflow rate must also be increased
by a factor of S. For this example, the volume of the room
changes by a factor of S. Therefore, the air change rate (Q/V)
is decreased by a factor of S~2.

The experimental room (Figure 1) was 2.86 m (L) x 2.86
m (W) x 2.35 m (H), with a volume of 19 m? equivalent
to larger workrooms. For instance, the velocity pattern for
experimental conditions of Q = 3.3 m?/min and 10.3 air
changes per hour (ACH) is similar to a room six times larger
in all dimensions at Q = 19.8 m’/min. Such a room has
a volume of 4152 m*® and a normalized flow rate of 0.29
ACH. (Similarity criteria are discussed in greater detail in the
Appendix).

The room was constructed with plywood on the in-
terior walls, and the exterior was insulated with a rigid
foam/aluminum foil laminate (Rmax-plus), with a 1-m high
source pedestal, a dilution air inlet, and a room air exhaust
to the outside. The interior surface of the plywood was
coated with Teflon paint to prevent chemical sorption by the
surface. The source pedestal had a small opening in the upper

<>

Ceiling Diffuser
Air Inlet
) —
Wall Jet 2.35m (H)
Air Inlet
A

Source
Pedestal

South
2.86 m (W)

Outlet

FIGURE 1. Experimental workroom
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surface with a windscreen (diameter = 0.1 m) through which a
tracer gas was discharged into the room. The 1 meter height was
chosen because it is nearly midway between two recommended
heights for a standing workplace®® (107 cm for light assembly,
writing, and packing tasks, and 91 cm for tasks requiring large
downward or sideward forces).

Room air was supplied by either a wall jet (WJ) air
inlet or a ceiling diffuser (CD) air inlet with a common
exhaust outlet. The jet from the wall inlet is near the ceiling
and parallel to it. The CD jet also was directed along the
ceiling by several turning vanes in the diffuser. Both jets,
though expanding somewhat with distance from the inlets,
maintained some attachment to the ceiling by the Coanda
effect. The measured air speeds in the occupied zone did not
exceed the recommended comfort limit of 18 m/min.?*2> The
dimensions and positions of object centers are listed in Table I.

A centrifugal fan located outside the building exhausted
room air through the outlet of the experimental room at
known flow rates of 5.5 m*/min (17.2 ACH) and 3.3 m?/min
(10.2 ACH), drawing clean air into the room. The room was
tested for leakage by comparing airflow rates at the inlet and
the exhaust. In addition, velocities in the exhaust duct were
measured before and after experiments to ensure a constant
airflow rate by obtaining velocity along two perpendicular six-
point traverses across a 4-inch diameter exhaust duct with
a thermoanemometer (model 8350 VelociCalc; TSI Inc., St.
Paul, Minn.).

A photoionization analyzer (PID 101; Process Analyzers,
Walpole, Mass.) was used to measure BZC. For quality
assurance, the PI analyzer was calibrated before and after
each experiment using a known concentration of propylene
(100 ppm) in a Tedlar bag. The analyzer was connected to a
data logger (StowAway Volt; Onset Computer Corp., Pocasset,
Mass.) to record readings every other second.

Pure propylene (99.5%) was used as a tracer to represent
a gaseous contaminant. It was bled from a compressed gas
tank at constant pressure through a calibrated rotameter and
continuously injected at 200 cm?/min for the 5.5 m’/min
airflow and 150 cm?®/min for the 3.3 m*/min airflow. Different
tracer emission rates were applied to keep tracer concentrations
within the optimal range for measurement with the PI analyzer.
Also, pure propylene was selected as the tracer gas because
it is easily measured using the PI analyzer, is relatively
nonreactive at the level of oxidizers commonly found in

TABLE I. Dimensions and Coordinates of Object
Center

Position (x, y, z)

Object Size (m) (m)
Air inlet
Wall jet 0.39 (L) x 0.24 (H) 0.81,2.12,2.86
Ceiling diffuser  0.28 (L) x 0.28 (W) 1.43, 2.35, 1.43
Exhaust D=0.1 2.71,0.18, 2.86
Source pedestal 0.1 (ID) x 1.0 (H) 1.43,1.00, 1.43
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indoor and outdoor air and is nontoxic at the concentrations
observed.

To promote a uniform distribution of tracer across the
opening, tracer was discharged through a fine screen in the
opening on top of the source pedestal. The room was allowed to
equilibrate for 2 hours at constant air and tracer gas flow rates
to achieve steady-state conditions before monitoring began.
Three replicate sets of measurements were taken on different
days for each combination of experimental variables: two inlet
types and two airflow rates.

Worker’s Orientations and Movements

A person in the room, wearing a full facepiece, air-supplied
respirator (Neoterik Health Technologies, Inc., Woodsboro,
Md.), represented a stationary worker and a moving worker.
Procedures involving a human subject were reviewed and
approved by the University of South Carolina Institutional
Review Board (IRB) before measuring BZCs.

After achieving steady-state conditions, the worker entered
the room and the entrance was sealed with tape. An additional
waiting period of 20-25 min was used to reach steady-state
conditions.

For the stationary worker experiments, BZCs of the standing
worker were measured at 12 sampling locations and four
worker orientations (i.e., east, west, south, and north) at each
location (Figure 2). These experiments were performed (a) to
determine the ratio of BZCs in the near-field of the source to
those in the far-field, and (b) to investigate the effect of the
worker’s orientation on BZC.

A total of 12 sampling locations were selected to compare
average concentrations of near and far for each condition
investigated. The far-field was sampling points 1-8; near-field
was sampling points 9—12. In previous studies, defining near-
field and far-field has been somewhat arbitrary. Near-field has
been defined as a volume of 8 m? surrounding a worker,26-27)
a 1 meter distance from a worker,?%2? and a 1 meter radius
hemisphere centering at the source.®? Far-field is generally
defined as the rest of the area or volume outside the near-field.
In this study, the near- and far-field distance was smaller than
in previous studies because of a smaller room size than was
used in previous studies above. For example, room volumes
in previous studies were in the range of 38-3008 m*?% and
210 m?,3% which are 2—158 times larger than the room size in
the present study.

Worker orientations at each sampling point were catego-
rized in three groups: facing toward the source (FT), facing
away from the source (FA), and sideways to the source (S),
that is, one shoulder was toward the source. Two orientations,
the south and north at sampling points 2 and 6, and the east
and west at the sampling points 4 and 8, make up the sideways
orientation groups (see Figure 2). At each orientation for each
sampling point, BZCs were monitored for 1 min. After each
change of orientation, 1 min was allowed for flushing out the
sampling tube. The estimated average residence time in the
sampling tube was less than 10 sec.

August 2007



ﬁ North

> x
(0.58,0.60)

4

(1.43,0.60)

0.83m

West

o ¢

(0.58,2.26) (1.43,2.26)

?

_{T__—_.g

(2.28,0. en)@<

(1.77,1.21)

(1.77,1.65)

(2.28,2.26) — P Returning Path from 12 to 1

—Jp Forwarding Path from 1 to 12

[
Air Inlet ﬂ South

from the source, and S = sideways to the source.

FIGURE 2. Numbered sampling points for a stationary worker and the path of a moving worker (a human being was used in the experiment).
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For the moving worker experiments, the worker walked
continuously along the path defined by the 12 numbered
sampling points (Figure 2) for 3 min. After the worker walked
along the path from point 1 to point 12 (solid line in Figure
2), the worker returned back from point 12 to point 1 (dotted
line in Figure 2). Consistent paths were employed through the
numbered points to allow comparison of BZCs for a moving
worker with that of stationary workers. The pace of worker
movement was also monitored and kept consistent for all
experiments.

For each condition, a continuous sample was drawn through
a length of 1/16-inch tubing (Tygon) with the open end
positioned in front of the respirator, between mouth and nose
(height: 1.6 m), to obtain BZCs. Preliminary tests showed no
influence of relatively clean air coming out from the bottom
of the respirator on the tracer gas concentration in the breath-
ing zone. Three replicates of experiments on different days
were performed. However, because of instrument malfunction
during experiments at 5.5 m?/min/WJ condition, the results
of only two experiments were reported for this condition.
Three replicate experimental results were reported for other
conditions.

Comparison of Area Concentrations at the Fixed
Area Sampling Point

In a separate set of experiments, tests were performed to see
whether a worker’s activity disturbed the average contaminant
concentration at a randomly selected, area sampling point
(location (X, Y, Z): 1.34 m, 1.20 m, 0.45 m). The worker
walked along the path described above and shown in Figure 2.
For both flow rates/WJ conditions, area monitoring results
with a moving worker in the room were compared with area
monitoring results, published previously,?? at the same point
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with a stationary worker present. In the previous study, the
stationary worker was represented by a heated mannequin
(120 W). Figure 3 shows locations of the mannequin in the
room and the fixed area sampling point.

Analysis
Average absolute percent error occurring from three repli-
cates of experiments was calculated for the effect of worker’s

Area sampling point
O (x,y,z=1.34m, 1.2m, 0.45m)

z North (1.38, 0.98)

West East
(0.98, 1.43) I O I (1.88, 1.43)
Source

(1.43,1.43)

South (1.38, 1.88)

A
Air Inlet

Outlet

v

FIGURE 3. Locations of the heated mannequin (120 W) and the
fixed area sampling point. The gray boxes indicate locations of the
heated mannequin given in the room coordinate system (x, z).
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orientation. The following equation was used:

x=3 |Cix—Cave|
Dol et x 100

3

Average abs % error =

where C; , = time weighted average (TWA)-BZC at sampling
point i for the number of replicates, x (x = 1-3), and C,,,; =
average TWA-BZC of three replicates at sampling point .

Statistical tests were performed for quantitative compar-
isons using the statistical software package SAS v 9.1. Paired t-
tests were performed for the effect of worker’s orientations with
respect to the source. The hypothesis was that there was no sig-
nificant difference between BZCs when the worker was facing
toward and when facing away from the source (Hy: BZCp; =
BZCraj, where BZCrr = TWA-BZC as the worker faced
toward the source, BZCgsa = TWA-BZC as the worker faced
away from the source, and i = number of sampling location).

For the effect of worker’s activity, one-way analysis of
variance (ANOVA) was conducted to determine whether there
was any significant difference between the overall BZC of the
stationary worker and the BZC for the worker walking along
the path (Ho: BZCgw = BZCmw, where BZCgyw = average
BZC when the worker was stationary at 12 location [Figure 2],
and BZCyw = average BZC when the worker was walking
along the path).

Area concentrations for varying conditions of worker’s
activity were analyzed by one-way ANOVA test to determine
whether any significant differences existed among average area
concentrations for all conditions investigated (Ho: Cyw =
CNW = CWE = CWW = CWS = CWN7 where CMW — average
area concentration when the worker was walking along the
path; Cyw = average area concentration when no worker was
present; and Cwg ww.ws, and WN = average area concentration
when the heated mannequin was present east, west, south,
and north of the source, respectively). For the individual

comparison, multiple comparison procedures, using Scheffe’s
adjustment, were performed to determine where the differences
lay. A significance level of & = 0.05 was used for all analyses.

RESULTS AND DISCUSSION

Effect of Worker’s Location

As shown in Table II, the overall average concentration
near the source (sampling points 9, 10, 11, and 12) was higher
than the overall average concentration far from the source as
anticipated. The ratio of overall average concentration between
near and far from the source ranged from 1.33 to 1.60. Better
mixing of room air was observed in the far-field, showing lower
coefficients of variation (CVs) than the CVs in the near-field.
Higher concentration gradients were observed in the near-field.

A similar study was performed by Cherrie,*® who sim-
ulated exposure levels using a box model with a source in
the near-field by employing factorial combinations of five far-
field volumes, five air exchange rates between the far-field
and outside the room, and three air exchange rates from the
near-field to the far-field. Cherrie reported the results in four
categories, factorial combination of two room sizes: small
(<100 m?) and large (>1000 m®); and two ventilation rates,
good (>10 ACH) and poor (<1 ACH). The experimental
room described here falls in the small room/good ventilation
category (<100 m?® and >10 ACH). The range of near-field
to far-field concentration ratios measured in the current study
(1.33-1.60) was in the lower portion of the range 1.20-5.56
estimated by Cherrie.?®

Effect of Worker’s Orientation

Table III shows average absolute percent error occurring
from three replicates of experiments; for 5.5 m?/min/WJ
condition, only two replicates of experiments were reported
due to anomalies in the data from one experiment at this

TABLE Il. Overall Average Concentration and CV Near and Far from Source

Average Coefficient of
Concentration Variation
(ppm) (CV)4 Ratio of

Inlet type/ Concentration
Flow Rate Near? Far€ Near Far (Near/Far)
Wall jet

5.5 m*/min 59.9 374 0.22 0.14 1.60

3.3 m*/min 69.8 52.5 0.21 0.13 1.33
Ceiling Diffuser

5.5 m*/min 42.7 30.6 0.36 0.05 1.40

3.3 m*/min 56.8 40.7 0.27 0.14 1.40

ACoefficient of variation (CV) = standard deviation (SD) / average concentration.

BOverall average concentration of 4 sampling points nearest the source. Horizontal and vertical distance from the center of the source was 34 cm and 22 cm,

respectively (sampling points from 9 to 12, Figure 2).

€ Overall average concentration of 8 sampling points farthest from the source. Horizontal and vertical distance from the center of the source was 85 cm and 83 cm,

respectively (sampling points from 1 to 8, Figure 2).
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TABLE lll. Average Absolute Percent Error

Flow Rate/Inlet type
Orientation 5.5 m?/min/WJ4 5.5 m*/min/CD 3.3 m*/min/WJ 3.3 m*/min/CD
East 12.6 7.9-8.7 15.0-25.5 16.9-33.1
West 5.1 8.9-14.6 11.4-14.4 14.7-28.2
South 5.0 10.1-16.7 12.1-18.1 13.3-23.1
North 9.4 7.3-11.7 13.3-19.5 14.4-23.6
Average® 8.0 15.6 20.1

AOnly two replicates of experiments were reported due to anomalies in the data from one experiment at this condition.

BQverall average absolute percent error for all orientations.

condition. Overall, average absolute percent errors for WJ
conditions showed less variation than those for CD conditions
for both flowrates.

As shown in Tables IV and V, BZCs when facing toward
the source at each sampling point were higher (FT/FA ratio:
1.15-1.25 for 37 out of 48 sampling points) or nearly the
same (FT/FA ratio: 0.89-0.99 for 9 out of 48 sampling points)
than those when the worker was facing away from the source.
Statistical tests also detected that exposures were significantly
higher when the worker was facing toward the source than
when facing away from the source for all positions analyzed
(p-values for four conditions: <0.033). For the WJ air inlet,
sampling points 11 and 12 for 5.5 m*/min and sampling points
10 and 11 for 3.3 m3/min showed the largest differences; these
sampling points were located near the source, an area with

high concentration gradients. The same pattern was observed
for the CD air inlet where large differences were observed at
all sampling points near the source.

Interesting results were observed when the worker was
oriented with the side of his body toward the source. For
both flow rates/WJ condition, BZCs for sideways orientation
at sampling points 4 and 6 were higher than FT and FA
orientations at those sampling points. Also, for 3.3 m?/min/CD
condition, BZCs for all sideways orientations were higher
than measured BZCs for FT and FA. Explanation of this
phenomenon is very complicated because of unpredictable
flow directions in the room, unlike unidirectional flow in a
wind tunnel.

Previous studies by Hyun and Kleinstreuer!'# and Welling
et al.1» came to the same conclusions but presented very

TABLE IV. Breathing Zone Concentrations and Statistical Test Results (5.5 m*/min)

Experimental Condition

Wall Jet Air Inlet Ceiling Diffuser Air Inlet
Sampling
Point FT FA S FT/FA FT FA S FT/FA
1 22.7 20.3 — 1.12 34.0 35.8 — 0.95
2 31.0 25.9 31.5 1.20 28.7 27.8 27.8 1.03
3 43.0 41.5 — 1.04 31.1 33.9 — 0.92
4 46.0 43.4 51.1 1.06 28.4 259 28.1 1.10
5 49.5 38.6 — 1.28 31.0 31.3 — 0.99
6 26.0 27.5 50.2 0.94 31.0 29.4 29.9 1.05
7 34.4 32.4 — 1.06 30.4 29.2 — 1.04
8 46.8 35.8 42.4 1.31 35.4 27.5 30.0 1.29
9 66.6 544 — 1.22 54.7 344 — 1.59
10 56.2 52.0 — 1.08 52.0 34.3 — 1.52
11 63.7 48.4 — 1.32 47.5 34.6 — 1.37
12 83.8 543 — 1.54 58.5 25.8 — 2.26
Average 47.5 39.6 — 1.20 38.6 30.8 — 1.25
Paired t-test 0.0083 0.0329
(p-value)

Notes: FT = facing toward; FA = facing away; S = source. Paired t-test was performed to detect any statistical difference between BZCs when facing toward and
facing away from the source.
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TABLE V. Breathing Zone Concentrations and Statistical Test Results (3.3 m*/min)

Experimental Condition

Wall Jet Air Inlet Ceiling Diffuser Air Inlet
Sampling
Point FT FA S FT/FA FT FA S FT/FA
1 61.8 48.7 — 1.27 45.5 34.9 — 1.31
2 52.3 58.7 57.4 0.89 42.4 45.5 50.8 0.93
3 66.7 59.4 — 1.12 42.5 46.3 — 0.92
4 60.5 55.9 71.4 1.08 34.3 355 40.4 0.97
5 324 34.5 — 0.94 33.7 32.6 — 1.03
6 50.5 46.9 52.9 1.08 41.5 34.8 50.2 1.19
7 42.1 34.9 — 1.20 433 36.1 — 1.20
8 68.5 499 55.7 1.37 36.3 29.9 442 1.22
9 66.7 65.6 — 1.02 62.7 54.9 — 1.14
10 71.2 53.2 — 1.34 67.1 429 — 1.56
11 91.1 66.5 — 1.37 63.9 453 — 1.41
12 76.7 66.9 — 1.15 72.7 449 — 1.62
Average 61.7 53.4 — 1.15 48.8 40.3 — 1.21
Paired t-test 0.0092 0.0154
(p-value)

Notes: FT = facing toward; FA = facing away; S = source. Paired t-test was performed to detect any statistical difference between BZCs when facing toward and

facing away from the source.

different ratios. Hyun and Kleinstreuer'* concluded that
when a heated mannequin faced toward the source with a
breathing zone height of 1.6 m and air blowing toward the
back of the mannequin at a velocity of 0.15 m/s, the steady-
state personal dose was about 22 times greater than the dose
when the mannequin faced away from the source and into the
airflow.

Welling et al.('> measured the mean concentration of vapor-
ized acetone at a height of 0.94 m and a distance of 0.35 m at
nose level with freestream velocity of 0.3 m/s in a wind tunnel.
A worker, represented by a 1.75-m mannequin, was positioned
in three different orientations, with air flowing from behind,
front, and side. They found that mean acetone concentrations
with freestream flow from behind of the mannequin were 126
and 57.5 times greater than the mean acetone concentration
with freestream flow from in front.

Both studies!*!> were conducted in unidirectional turbu-
lent flow in a wind tunnel, and discrepancies between the two
studies are probably due to different velocities and source
locations. In the current study, the worker’s orientation had a
smaller but still significant effect on BZC in the experimental
room more realistically representing a typical workroom.

Effect of Worker’s Movement

As shown in Table VI, TWA exposure for the moving worker
was consistently higher, ranging from 1.14 to 1.51 times greater
than TWA exposure for the stationary worker standing still
at designated stopping points. Statistical tests also showed
the same result from those comparisons (p-values for all four
conditions: <0.01).
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Previous experimental results®!>!9 indicated that dis-
ruption of convective flow along the front of a moving
worker had an important effect on exposure. In a room using
displacement ventilation with a stationary, heated mannequin,
clean air from lower parts of the room was transported up
along the surface of the mannequin due to natural convection.

TABLE VI. Comparison of TWA Breathing Zone
Concentration
5.5 m*/min 3.3 m*/min
WJ CD Wi CD
Condition Inlet Inlet Inlet Inlet
Stationary worker  44.9 34.6 58.2 46.0
(ppm)
Moving worker? 56.1 52.3 66.1 61.7
(ppm)
Ratio® 1.25 1.51 1.14 1.34
F-test statistics 14.12 24.62 7.10 30.92
(p-value)”

(0.0002) (<0.0001) (0.0081) (<0.0001)

Notes: CD=ceiling diffuser ; WJ=wall jet.

AThe overall average concentration of 12 sampling points for a stationary
worker.

BThe overall average concentration walking path defined by the 12 sampling
points for 3 min.

CRatio = time-weighted average (TWA) exposure of the moving worker/TWA
exposure of the stationary worker.

DFrom one-way ANOVA test.
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TABLE VIl. Average Area Concentrations of Worker’s Activity at a Randomly Selected Sampling Point
5.5 m’/min 3.3 m’/min
Concentration® Individual Concentration® Individual
Condition” (ppm) Comparison® Condition” (ppm) Comparison®
WS 40.8 A WS 54.7 A
WN 41.7 A MW 50.6 A
MW 45.1 A NW 68.6 B
WwWw 51.5 B WN 69.8 B
NW 52.6 CB WE 83.2 C
WE 56.0 C ww 89.2 C
F-Test statistics (p-value):” F-Test statistics (p-value):”
54.5 (<0.0001) 107.2 (<0.0001)

Notes: Sampling point (location ((X, y, z) = 1.3 m, 1.2 m, 0.5 m) (W] inlet).

AConditions of worker’s activity: MW = moving worker; NW = No worker or mannequin present; WE, WW, WS, and WN = heated mannequin present east,

west, south, and north of the source, respectively.

B Time-weighted average concentration at the fixed sampling point for each condition.

€ Same letters indicate that the difference of concentrations was not significant.

DFrom one-way ANOVA test.

However, when the mannequin was moved back and forth, the
effectiveness of entrainment of clean air in the mannequin’s
boundary layer (the thermal convective flow layer generated
from the difference between body temperature and room air
temperature) decreased, resulting in higher personal exposure
for a moving mannequin than for a stationary mannequin,
either sitting or standing. In the current study, the same result
was observed in a room with dilution ventilation; when the
worker walked along the path, the natural convection boundary
layer along the front of the worker was disrupted, allowing
room air at breathing zone height to penetrate to the breathing
zone.

Comparison of Area Concentrations for Varying
Conditions of a Worker’s Activity

Table VII reports the TWA concentrations at the fixed
area sampling point, ((x, y, z) = 1.3 m, 1.2 m, 0.5 m) for
varying conditions of a worker’s activity and locations. For
both flow rates and when the worker was walking along the
path, the area monitoring result was generally lower than
or almost equal to results for other conditions. The shortest
distance from the worker’s path to the fixed sampling point
was 15 cm. The worker’s movement probably disrupted the
room airflow and generated more mixing of room air, causing
lower concentration at the sampling point. Presumably, when
the worker was absent or standing still, incomplete mixing
of room air generated locally lower or dead air space at the
sampling point and thus promoted higher concentrations at
that specific point.

Overall, statistically significant results were detected from
comparisons of area concentrations for varying conditions
of the worker’s activity. Overall p-values for both flow rates
were less than 0.0001. Individual comparisons were performed
with multiple comparison procedures, using Scheffe’s adjust-

Journal of Occupational and Environmental Hygiene

ment, to determine where the differences were. As shown in
Table VII, no statistical significance was detected from the
comparison of WW vs. NW, NW vs. WE, and WS vs. WN vs.
MW for 5.5m?/min and the comparison of WS vs. MW, NW
vs. WN, and WE vs. WW for 3.3 m>/min.

CONCLUSIONS

reathing zone concentrations of the stationary worker

were monitored at various locations and four orientations
at each location. In this study, the average BZC was higher
in the near-field of the source than in the far-field because
of higher concentration gradients in the near field. The
experimental results also demonstrated that the worker was
likely to have higher exposures when facing toward the source
than when facing away from the source. BZC of the worker
walking along the path connecting the 12 sampling points
within the room was significantly higher than BZC of the
worker standing still at these points along the path. This
might have happened because motion disrupted the vertical
convective flow around the body of the moving worker at low
air speeds as observed by other researchers.?’ Also, when the
worker walked along the path, the average area concentration
at the fixed sampling point was generally lower than when
the worker was absent or stationary in the room. Presumably,
the worker’s movement generated locally better mixing of
room air at that specific location. However, this conclusion
applies to the single monitoring location and cannot be as-
sumed to represent concentrations throughout the experimental
room.

The outcomes for conditions studied here are: the average
ratio of BZC in the near-field vs. far-field was 1.43 (ranging
from 1.33 to 1.60); of facing toward the source vs. facing
away from the source was 1.20 (ranging from 0.89 to 2.26);
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and for the moving worker vs. the stationary worker was 1.30
(ranging from 1.13 to 1.51). These ratios indicate that personal
exposure is not just a function of one characteristic. Findings
from this investigation indicate that a worker’s activity in a
room should be taken into account when estimating BZC
mathematically®®3173% or computationally®® in epidemio-
logic studies. For example, BZC estimation of a worker facing
toward a source might be underestimated if the worker’s
orientation is not considered. One reason for underestimating
the true concentration would be that most exposure assessment
models do not explicitly account for other characteristics of
the work environment that may affect exposure. Therefore,
inclusion of a worker’s orientation and activity in these models
would likely increase accuracy and precision of exposure
estimates. However, treatment of those factors investigated
here as distinct model parameters is not feasible in most cases
because workers’ activities are often irregular and complicated.
Instead, these findings may be used to assess uncertainty or
adjust exposure estimates from simple models. For example, a
model estimate multiplied by the average ratio of worker’s
movement and standing still promises a more accurate es-
timate than the model estimate itself. However, differences
between an actual workroom and the one studied here must
be carefully considered before applying these ratios. One
important difference could be the elevation of the source and/or
density differences between the emissions and the surrounding
room air. In this study, the emission height was about 1.0 m,
which is about 0.6 m below the breathing zone. Further
studies are needed to investigate the range of these ratios
for various workroom conditions not explored in the present
study.

ACKNOWLEDGMENTS

he authors acknowledge the support of a National Institute
for Occupational Safety and Health grant.

REFERENCES

1. Khan, J.A., C.E. Feigley, E. Lee, M.R. Ahmed, and S. Tamanna:
Effect of relative locations of inlet and exhaust and density of source
gas in indoor air contaminant concentration. Build. Environ. 41:851-863
(2006).

2. Brohus, H., and P.V. Nielsen: Personal exposure in displacement
ventilated rooms. Indoor Air 6:157-167 (1996).

3. Cheong, K.W.D., E. Djunaedy, T.K. Poh, et al.: Measurements and
computations of contaminant’s distribution in an office environment.
Build. Environ. 38:135-145 (2003).

4. Chung, K.C., and S.P. Hsu: Effect of ventilation pattern on room air and
contaminant distribution. Build. Environ. 36:989-998 (2001).

5. Feigley, C.E., J.S. Bennett, E. Lee, and J. Khan: Improving the use of
mixing factors for dilution ventilation design. Appl. Occup. Environ. Hyg.
17:333-343 (2002).

6. Nielsen, J.R.: “The Influence of Office Furniture on the Air Movements
in a Mixing Ventilated Room.” PhD dissertation, Aalborg University,
Aalborg, Denmark, June 1998.

580 Journal of Occupational and Environmental Hygiene

10.

11.

12.

13.

14.

15.

16.

17.

20.

21.

22.

23.
24.

25.

. Sinha, S.L., R.C. Arora, and S. Roy: Numerical simulation of two-

dimensional room air flow with and without buoyancy. Energy Build.
32:121-129 (2000).

. Hosni, M.H., K. Tsai, and A.N. Hawkins: Numerical predictions of

room air motion. In Proceedings ASME Fluids Engineering Division
Summer Meeting: Volume 2, July 7-11, 1996, San Diego, Calif.,
pp. 745-750. American Society of Mechanical Engineers, New York,
1996.

. Nielsen, P.V., C. Filholm, C. Topp, and L. Davidson: Model experiments

with low Reynolds number effects in a ventilated room. In Proceedings
of ROOMVENT 2000, Volume 1, 7th International Conference on Air
Distribution in Rooms, July 9-12, 2000, Reading, United Kingdom,
pp- 185-190.

Topp, C., P.V. Nielsen, and L. Davidson: Room airflows with low
Reynolds number effects. In Proceedings of ROOMVENT 2000, Volume
1, 7th International Conference on Air Distribution in Rooms, July 9-12,
2000, Reading, United Kingdom, pp. 541-546.

Xue, H., and C. Shu: Mixing characteristics in a ventilated room
with non-isothermal ceiling air supply. Build. Environ. 34:245-251
(1999).

Bjorn, E., and P.V. Nielsen: Dispersal of exhaled air and personal
exposure in displacement ventilated rooms. Indoor Air 12:147-164
(2002).

Brohus, H., K.D. Balling, and D. Jeppesen: Influence of movements
on contaminant transport in an operating room. /ndoor Air 16:356-372
(2006).

Hyun, S., and C. Kleinstreuer: Numerical simulation of mixed convec-
tion heat and mass transfer in a human inhalation test chamber. Int. J. Heat
Mass Transfer 44:247-2260 (2001).

Welling, 1., .M. Andersson, G. Rosen, et al.: Contaminant dispersion
in the vicinity of a worker in a uniform velocity field. Ann. Occup. Hyg.
44(3):219-225 (2000).

Bjorn, E., M. Mattsson, M. Sandberg, and P.V. Nielsen: Displace-
ment ventilation-Effects of movement and exhalation. In Proceedings
of Healthy Buildings '97, 5th International Conference on Healthy
Buildings, Volume 2, 27 Sept.—2 Oct. 1997, Bethesda, Md., pp. 163—
168.

Mattsson, M., and M. Sandberg: Displacement ventilation-influence
of physical activity. In Proceedings of ROOMVENT '94, 4th Interna-
tional Conference on Air Distribution in Rooms, Kracow, Poland, 1994,
Volume 2, pp. 77-92.

. Mattsson, M., and M. Sandberg: Velocity field created by moving

objects in rooms. In Proceedings of ROOMVENT ’96, 5th International
Conference on Air Distribution in Rooms, Volume 1, Yokohama, Japan,
July 17-19, 1996, S. Murakami (ed.). pp. 547-554.

. Mattsson, M., E. Bjorn, M. Sandberg, and P.V. Nielsen: Simulating

people moving in displacement ventilated rooms. In Proceedings of
Healthy Buildings *97, 5th International Conference on Healthy Build-
ings, Bethesda, Md., September 27-October 2, Volume 1, 1997. J.E.
Wood, D.T. Grimsrud, and N. Boschi (eds.). pp. 495-500.

Lee, E., C.E. Feigley, J.A. Khan, and J.R. Hussey: The effect of
temperature differences on the distribution of an airborne contaminant
in an experimental room. Ann. Occup. Hyg. 50:527-537 (2006).

Lee, E., J.A. Khan, C.E. Feigley, M.R. Ahmed, and J.R. Hussey:
An investigation of air inlet types in mixing ventilation. Build. Environ.
42:1089-1098 (2006).

Lee, E., C.E. Feigley, J. Khan, M. Ahmed, and S. Tamanna: The
effect of an occupant’s presence in a room on pollutant dispersion.
In Proceedings of the 10th International Conference on Indoor Air
Quality and Climate, Indoor Air 2005, Beijing, China, September 4-9,
2005.

Awbi, H.B.: Ventilation of Buildings. London: E&FN Spon, 1991.
Baldwin, P.J., and A.D. Maynard: A survey of wind speeds in indoor
workplaces. Ann. Occup. Hyg. 42(5):303-313 (1998).

Eastman Kodak Company: Ergonomic Design for People at Work,
Vol. 1. New York: Van Nostrand Reinhold, 1983. p. 26.

August 2007



26. Cherrie, J.W.: The effect of room size and general ventilation on the
relationship between near and far-field concentrations. Appl. Occup.
Environ. Hyg. 14:539-546 (1999).

Semple, S.E., L.A. Proud, S.N. Tannahill, M.E. Tindall, and
JW. Cherrie: A training exercise in subjectively estimating in-
halation exposures. Scand. J. Work, Environ. Health 27:395-401
(2001).

Cherrie, J.W., T. Schneider, S. Spankie, and M. Quinn: A new method
for structured, subjective assessments of past concentrations. Occup. Hyg.
3:75-83 (1996).

Cherrie, J.W., and T. Schneider: Validation of a new method for
structured subjective assessment of past concentrations. Ann. Occup. Hyg.
43(4):235-245 (1999).

Feigley, C.E., J.S. Bennett, J. Khan, and E. Lee: Performance of deter-
ministic workplace exposure assessment models for various contaminant
sources, air inlet, and exhaust locations. Am. Ind. Hyg. Assoc. J. 63:402—
412 (2002).

Keil, C., D. Krupinski, and M. Chamanchkine: Eddy diffusivity
measurements for exposure modeling. Extended Abstract No. 182.
American Industrial Hygiene Conference and Exhibition, Dallas, Texas,
1997.

Keil, C.B.: A tiered approach to deterministic models for indoor air
exposures. Am. Ind. Hyg. Assoc. J. 15:145-151 (2000).

Nicas, M.: Estimating exposure intensity on an imperfectly mixed room.
Am. Ind. Hyg. Assoc. J. 57:542-550 (1996).

Li, J.,, L. Yavuz, L.B. Celik, and S.E. Guffey: A numerical study
of worker exposure to a gaseous contaminant: variations on body
shape and scalar transport model. J. Occup. Environ. Hyg. 2:323-334
(2005).

217.

28.

29.

30.

31.

32.
33.

34.

APPENDIX

Application of Similarity Criteria

Similarity criteria may be used to extend results of these
experiments to larger workrooms with lower air change rates.
The rooms to which these results apply must be geometrically
similar, that is, they must have the same shape, although larger.
In such rooms under isothermal conditions, it is then possible to
specify a dilution airflow rate and, thus, an air change rate that

larger and in proposition to the size of the room. This condition
is called kinematic similarity.

In geometrically similar spaces, kinematic similarity occurs
when the ratios of all the forces that affect fluid motion
are equal. When a room’s physical dimensions are increased
proportionally in all three dimensions, the airflow patterns
within a room will also change proportionally if the Reynolds
number (Re) is kept constant.

ux,

"

where u = air velocity, x = a characteristic physical dimension,
p = gasdensity, and u = gas viscosity. Re is the ratio of inertial
forces (up) to viscous forces (u/x).

For constant temperature and pressure, both gas density
and viscosity are constant. Thus, Re may be held constant by
keeping the product of u and x constant. Using the subscript
“0’" to indicate the room parameter used here, and the subscript
“i” to indicate some other set of parameters, the condition of
constant Re yields:

Re

UjXj = UoXo

Let a scaling factor, S = X;/X,, Q = the volumetric flow rate
of air into the room, A = the cross-sectional area of the room,
and u = Q/A. If all three dimensions of the room are changed
by a factor of S, then by substitution it may be shown that Re
will be unchanged if Q is changed by a factor of S also. Thus,

Qi =5Qo

The new room is also larger in volume:

vV, = SV,

Letting the air change rate per hour, ACH = Q/V, then:

will produce a velocity field and a concentration field with the ACH; = ACH,
same shape as these fields in the experimental room, although S?
Q, = 3.3 m*/min
S 1 2 3 4 5 6 7 8 9 10
A (m?) 8 33 74 131 204 294 401 523 663 818
V (m?) 19 154 519 1230 2403 4152 6593 9842 14013 19222
Q; (m*/min) 33 6.6 9.9 13.2 16.5 19.8 23.1 26.4 29.7 33.0
ACH; (hr) 10.30 2.57 1.14 0.64 0.41 0.29 0.21 0.16 0.13 0.10
Q, = 5.5 m*/min
S 1 2 3 4 5 6 7 8 9 10
A (m?) 8 33 74 131 204 294 401 523 663 818
V (m?) 19 154 519 1230 2403 4152 6593 9842 14013 19222
Q; (m*/min) 5.5 11.0 16.5 22.0 27.5 33.0 38.5 44.0 49.5 55.0
ACH; (hr) 17.17 4.29 1.91 1.07 0.69 0.48 0.35 0.27 0.21 0.17

Johnson? presented ACH as a log-normal distribution in various nonresidential and nonschool microenvironments. The geometric mean was 1.23 with a geometric
standard deviation of 1.93. Air change rates of 0.34 ACH and 4.50 represent the 2.5th and the 97.5th percentiles of the distribution.
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Thus, increasing the three linear dimensions and the vol- REFERENCES
umetric flow rate by a factor of S keeps the Re constant and
gives a similar airflow pattern but a much smaller air change Al. Awbi, H.B.: Ventilation of Buildings. London: E&FN Spon, 1991.
rat.(AD A2. Johnson, T.: A Guide to Selected Algorithms, Distributions, and
For scale factors of 1 up to 10, Table AT shows the increase in Databases Used in Exposure Models Developed by the Office of Air

. Quality Planning and Standards. Revised draft, 2002. Prepared by TRJ
VOlume’ as well as the requ1red Q’ computed by Excel SOlver’ Environmental, Inc., Chapel Hill, N.C., for the U.S. Environmental

to give the same Re as the experimental room. Protection Agency, Office of Research and Development.
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