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ABSTRACT. 

Industrial hygienist generally place air sampling probes on the mid to upper torso of 
workers when attempting to determine their inhaled concentrations. A review of the 
literature does not supply convincing evidence that concentrations measured on the chest 
are equal to inhaled concentrations. To determine how well surrogate locations matched 
concentrations at the mouth (Cmouth), low concentrations of ethanol in nitrogen were 
released between the hands of standing and seated subjects while they sat or stood in a 
wind tunnel. Experimental results for a manikin were compared to experimental results 
for human subjects and to concentrations predicted from simulations made using 
computational fluid dynamics. 

In all cases the subjects stood or sat with their backs to the airflow because previous 
studies had established that exposures facing downstream produced exposures that were 
more than 100 times exposures when facing upstream or sideways to the flow with the 
source in the subjects' hands. Sampling probes were placed at the subject's mouth, nose, 
forehead, neck, both collars, center chest and both lapels. Airflow was drawn to 3L 
sampling bags using sampling pumps at O. lL/min. Concentrations were measured using a 
gas chromatograph with a photo-ionization detector, which was calibrated daily over the 
range of sample concentrations. Test conditions included 5 levels of cross-draft velocities 
(11, 27, 48, 82 and 104 ft/min), two levels of body heat (unheated/heated), two levels of 
hair length ("2" and bald), and two levels of posture (sitting/standing). 

The manikin was anthropometrically correct and could be heated to natural temperatures. 
In addition, body-temperature air could be "inhaled" and "exhaled" through its nose in a 
realistic manner. The manikin either wore a wig or was "bald." The human subjects sat or 
stood while doing make-work tests that involved moving their hands over the tracer gas 
source. Three dimensional transient computational fluid dynamics (CFD) was used to 
simulate exposure conditions for the manikin with and without heating. 

For the manikin tests, wind tunnel velocity, heating, and posture each had a statistically 
significant effect for all sampling locations. Hair length had a significant effect for some 
locations but not others. For the unheated manikin, concentrations for all sampling 
locations declined monotonically with wind tunnel velocity. However, for the heated 
conditions, concentrations varied with an inverted-V relationship with wind tunnel 
velocity. For heated conditions, concentrations at the mouth were always higher for 
standing than sitting. Concentrations measured at the chest and shoulder levels were 
higher than mouth concentrations for the standing posture and were lower than mouth 
concentrations for sitting. Concentrations measured at the forehead location were always 
lower than concentrations measured at the mouth for both sitting and standing. 

For the 13 human subjects the test conditions included cross-draft velocities of 11, 27, 
48, and 103 ft/min, breathing/not breathing, and sitting/standing. Effects of not breathing 
were simulated by having the subject breathe through a long tube. 

Results for the human subjects were consistent with the results for the manikin in some 
ways but not others. As with manikins, concentrations varied with wind tunnel velocity 
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(p< 0.01) in an inverted V-shape and posture was significantly related to concentrations 
at all locations (p<0.01). However, unlike manikins, whose concentrations were roughly 
twice as high for standing as sitting, the ratio was inverted for humans. Breathing through 
a tube appeared to reduce the concentrations at most sampling sites but was not 
statistically significant. This appears to contradict the finding that breathing was 
important for manikins. However, the lack of statistical significance for humans may be 
due to the higher variability in results across subjects for humans than was found for 
manikins. If diverse manikins had been used, they may or may not have exhibited the 
same variability. 

Concentrations for different human subjects ranged over a 4 to I range for the same 
conditions. It is likely that differing body sizes, body shapes, and lengths of hair 
contributed to the differences among subjects. Concentrations at the mouth were often 
substantially different from concentrations elsewhere. Concentrations at the humans' 
foreheads averaged about 85% of the concentration at the nose. The center chest 
averaging 136% of the nose. However, the 10% of the ratios of center chest to mouth 
were below 58% and the 10% were above 259%. The lapels were only slightly better. 
The corresponding values for collars were 75% and 126%. For the neck it was 80% and 
140% and for the Nose it was 80% and I 06%. Ratios of concentrations measured below 
the collars were much more variable than the ratio of concentrations at the nose to the 
mouth. The geometric standard deviation for Cchesi/Cmouth was 2.12, a disturbingly high 
value. 

The dramatic effects of velocities and postures suggest that exposure studies should 
consider multiple postures and cross-draft velocities. For human subjects, the forehead, . 
collars, and adjacent to the nose were good surrogates (i.e., concentrations mostly within 
+20% of the mouth). The nose and forehead could be corrected by fixed amounts to 
estimate concentrations at the mouth. The collars were more accurate without correction 
but had higher standard deviations (i.e., lower precisions). 

The CFD results closely matched the manikin results for the same conditions. In addition, 
the following was noted: 1) The heat flux from the body significantly affects the flow 
field and the subsequent contaminant concentration field at low Reynolds numbers; 2) the 
free stream turbulence plays an important role in the variation of exposure measurements 
at low Reynolds numbers; 3) results calculated with the Large Eddy Simulation (LES) 
illustrate.the turbulence structure in the wake of the manikin and indicate that the flow 
unsteadiness plays an important role in the variation of exposure measurements; 4) 
calculations with various body shapes suggests that oversimplified body shapes may lead 
to inaccurate predictions in worker exposure assessment; 5) the concentrations measured 
at the lapel were very different than the concentrations measured near the mouth. 

The results of this study raise strong concerns about the accuracy of samples taken 
anywhere below the collars when the subject is close to the source and flow is from the 
rear. The results from the manikin also cast strong doubts on the use of a manikin as a 
surrogate for humans unless it is heated and breathes realistically. The dramatic effects of 
posture on concentrations suggest that exposure studies should include both sitting and 
standing as well as variations of each. It is troubling that the effect of posture was 
reversed for humans and the manikin. The effects of body size and shape and hair length 
should be investigated in future studies. 
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HIGHLIGHTS/SIGNIFICANT FINDINGS. 
Significant findings are similar to. conclusions. These are the important results of the 
project, and they should relate to the specific aims of the project. The most important 
findings should be listed first. Separate findings should be in different paragraphs. 

The overall conclusions from both the human and manikin studies are that: 

1. For the manikin, all independent variables (Velocity, Posture, Hair Length, Heating, 
Breathing) were important, as were most interactions of the dependent variables 
( especially velocity and Heating). 

2. When the manikin was either hot heated or did not breath, it was a poor surrogate 
for the human subjects. The effects of velocity on concentrations were profoundly 
different when the manikin was at ambient or 98F body temperatures. At 98F; 
velocities followed an inverted V relationship with concentrations at all sample 
locations. At ambient temperatures the effect of increasing velocity was to decrease 
concentrations monotonically, a common finding in unheated manikin studies. 

3. For manikins, concentrations were twice as high at the mouth when standing than 
when seated. Concentrations on the torso were higher than Crnouth when standing and 
lower when sitting. 

4. For manikins no location was a reliable surrogate for the mouth. 

5. For human subjects, the effect of increasing velocities tended to follow the inverted 
V relationship, just as it did for heated manikins. · 

6. Likewise, the effect of posture was profound for human subjects, but opposite to the 
manikin. That is, the concentrations were higher when sitting than standing, 
possibly due to subtle differences in postures. 

7. For humans, breathing through a tube had no significant effect. 

8. For humans, the collars, nose, and forehead were reasonably good surrogates for the 
mouth. 

9. The CFD results suggest that turbulent intensity is an important issue and that a 
manikin can be realistically simulated using CFD. 

10. Based on results from the human studies, concentrations at the mouth can be 
estimated with reasonable precision using samples taken at the forehead, adjacent to 
the nose, or at the collars. Concentrations at the forehead were roughly 15% less 
concentrations at the mouth and concentrations at the nose were roughly 5% less 
than concentrations at the mouth. The forehead and nose locations provided ratios 
to Crnouth that had the lowest geometric standard deviations and were unaffected by 
the independent variables. Thus both can provide reasonably good estimates of 
Cmouth by adding a fixed percentage correction to their values. 
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TRANSLATION OF FINDINGS. 
This section provides an interpretation of how the significant findings of the project can be used in prevention of workplace 
diseases and injuries. If specific recommendations are made for reducing hazards on the job, the language should be as non­
technical as possible in order to communicate to employers or employees. It is very important that a PI identify how these 
findings have been or may be adopted in the workplace. If the findings are such that they cannot yet be applied to the workplace, 
this section should address how these findings can be used to guide future activities. 

When taking exposure samples when the source is close to the worker, the results of this study 
suggest that it may be important to avoid locating the inlet probe at either lapel or at the center of 
the chest. Based on this study, for those sites the ratio of their concentrations to the mouth under 
these conditions was 50% to 200%, depending on whether the subject was sitting or standing and 
what the cross-draft velocity was. For the greatest accuracy, sample as near the mouth as 
possible if the probe is small enough not to affect the flow around the face. Given the 
inconvenience of attaching a probe to the face, the next best locations are at the centers of either 
collar bone, followed by the "pit" of the neck. 

Those doing exposure assessment research should take note of the profound effects of posture, 
body heat, and breathing on the results when a manikin was used. 

Outcomes/Relevance/Impact. 
This section should be a concise statement of the outcomes, relevance, and/or impact of your project. 

The outcomes of the study raise serious concerns about the accuracy of sampling on the chest, 
especially when the source is near the worker and airflow is from the back. It is particularly 
important to note that the direction of the resulting sampling errors may depend on whether the 
subject is sitting or standing and on the level of the airflow velocity (which generally is difficult 
to characterize in the field). It is likely that sampling errors in the field would be a great deal less 
if the subject adopts many different postures and experiences a broad range of cross-draft 
velocities. Such diversity is more likely for 8-hour sampling than for 15-minutes sampling. 

The impact of this project is to raise concerns about use oflapel and chest locations as surrogates 
for inhaled concentrations. It also suggests that variability in sampling results could be strongly 
affected by choice of sampling location. The study also should impact the selection of apparatus 
and methods employed by researchers investigating human exposures using manikins. 
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SCIENTIFIC REPORT. 

This study had two very different aspects: 1) experimental studies of manikins and human 
subjects, and 2) computational fluid dynamics simulation to aid and explain the experimental 
studies. Because the methods and goals of the two aspects are so different, the PI believed it 
would be easier for reviewers to understand both aspects if the scientific reports were presented 
separately. The experimental studies are presented first all the way to Conclusions, followed by 
the simulation study all the way to its Conclusions. 

BACKGROUND FOR THE PROJECT 

Workers on the job are often exposed to airborne chemicals in levels that may be sufficient to 
affect their long-term health. Industrial hygienists sample their exposures and compare them to 
"safe" levels. In sampling these airborne chemicals, it is important that the sample fairly 
represent the inhaled concentration. For many years it was assumed that a sample taken 
anywhere in the so called "breathing zone" (BZ) would more or less equal the inhaled 
concentration. "The Occupational Safety and Health Administration (OSHA) considered the 
breathing zone to be a hemisphere forward of the shoulder with a radius of approximately 6-9 
inches" (CFR, 1985). However, over time it became more and more apparent that there could be 
steep concentration gradients near sources. Hence, a sample taken at different locations in the 
supposed BZ near the body could give very different results. By 1973, the volume accepted as 
representing the true BZ shrunk to be "within a foot of the head as well as the upper torso" 
(NIOSH, 1973). Presently the most popular sampling location is the lapels and collars (but 
sometimes on the sternum), perhaps due to their convenience when attaching filters and probe 
inlets. 

The surrogate sampling locations used for the study are all either currently used in practice or 
could be used. Currently used positions are the left and right collar and the left and right lapels. 
Sometimes sampling inlets are actually well below the collars and lapels, hence the selection of 
the center chest location. The forehead has been proposed as a sampling location by Cohen et al. 
(1982). The mouth location represents true "inhaled" concentrations. The adjacent nose position 
would be expected to be nearly the same as the mouth but somewhat more convenient for 
sampling. Sampler positions in front of the ear and on top of the shoulder were studied and 
rejected by Guffey et al. (2001) as they found concentrations there to be both erratic and 
substantially (-70%) lower than samples collected at the mouth. 

In determining whether samples taken at a given location will have concentrations equal to 
inhaled concentrations, the "acid test" is to compare concentrations taken on human subjects at 
that location to samples simultaneously sampled near the mouths of the subjects. However, 
testing human subjects can be inconvenient and costly. Manikins are more convenient subjects 
than humans because humans must be treated with elaborate care to avoid harmful exposures and 
cannot be tested for long periods of time due to fatigue. However, the convenience of manikins 
would be of dubious benefit if the results from manikin studies do not accurately predict results 
with humans. The only way to confirm that a simple manikin is behaving like humans is by 
comparing results from manikins to results from exposed humans under similar conditions. As 
will be discussed later, it is an open question whether manikins of any complexity are adequate 
surrogates for humans in modeling inhaled concentrations. Despite the substantial reliance on . 

9 



1 ROI OH07587 P.I. Steven E. Guffey, PhD, CIH 

manikins in past studies, there are few published studies that even investigate whether manikins 
are reliable substitutes for humans in industrial hygiene sampling. This study sought to answer 
that question by testing both manikins and humans under similar conditions. 

Manikins used in most previous experimental investigations were far from lifelike in many 
characteristics. Plausibly important characteristics include lifelike facial features such as hair, 
breathing, body temperature, anthropometrically-correct dimensions, posture, and body 
movement. As will be discussed, no study was found in which the manikin had all of these 
characteristics. If there were differences in results between such a simple manikin and a human, 
one could not determine whether the differences were due to these dissimilarities or to more 
subtle differences, such as facial features, hair style, etc. Manikins used in some previous works 
were just standing in uniform velocity fields with their hands straight down. In some studies, the 
source was placed in unrealistic locations. In the industrial work environment, the greatest 
exposures are likely where workers hold a source in their hands (Flynn and Shelton, 1990). In 
this research, the manikin held a source within its arms whether it was sitting or standing. 

Likewise, although there is little question that computation fluid dynamic simulation of airflows 
is well-developed and highly accurate for many conditions, it had not been established that CFD 
could successfully model points very close to a body whose topology is as complex as a human 
body. This study sought to answer that question by comparing manikin results to results from 
CFD simulation of the same manikin under the same conditions. 

Physical as well as virtual modeling of human beings is a subject of growing interest for 
assessing, measuring and simulating personal exposure to contaminants in the workplace. 
Manikins used in CFD simulations have been spheres, rectangles, sharp edged simplified shapes, 
or cylinder shaped models. The influence of manikin geometry on the flow pattern and 
contaminant dispersion at the breathing zone is still undergoing research (Brohus, 1997; Li et al., 
2003; 2005). Issues which need careful consideration are those of the choice of anthropometric 
measures, plus the mechanical and geometrical representation of the human being (joints and 
body parts). Making such choices should depend on the intended use of the model. For instance, 
a manikin used to study air flow patterns and contaminant dispersion requires separated legs and 
separated arms to simulate a human being in a standing position while holding a source with his 
arms. Parameters that govern modeling of a human physically are simplicity, feasibility of the 
model, and the need to satisfy the purpose of research. 

Anthropometric parameters such as height, width, and depth of the manikin parts are important 
for studying the proportions of physical or virtual manikins to human beings, while integral 
parameters such as surface area and body volume are important for studying the effects of 
convective and radiated heat loss from different body parts on airflow patterns and contaminant 
dispersion in breathing zones of workers. 

This study considered whether and how heating, posture, and air velocity affect concentrations 
measured at several potential sampling locations on the head and torso of a manikin. Since the 
results will not be compared directly to a human, this study alone can not determine if any 
combination of treatments makes a manikin equivalent to humans for the purpose of exposure 
assessments. However, this study provides evidence that should be helpful in determining if 
these treatments are necessary to producing a faithful surrogate for humans. The logic is simple: 
if a treatment ( e.g., heating) makes no difference in the results for a manikin, then adding body 
heat to unheated manikin probably is pointless whether or not the manikin is later shown to be 
equivalent to a human. On the other hand, if heating does make a difference to a manikin, then it 
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is reasonable to assume that human data would be more similar to the heated manikin than to the 
unheated manikins since humans also breathe. 

It is important to determine if the "improvements" intended to make manikins more lifelike are 
needed because making a manikin similar to a human can be costly, both in direct costs and in its 
effects on study size. For the latter, each improvement introduces another set of potentially 
important variables. For example, if heating is important, is it important to heat all body parts or 
is heating the upper torso and head sufficient? Are the results sensitive to small changes in body 
temperature? If so, then future studies would have to use a diverse array of manikins or 
treatments to manikins, increasing the size of the studies. 

Another independent variable for this study is air velocity, a crucial environmental condition that 
has proven important in other studies (Baldwin and Maynard, 1998; Guffey, et al 2001; Fletcher 
and Johnson, 1988; Fletcher and Johnson, 1996; Kim and Flynn, 1992; Kulmala et al, 1996; 
George et al, 1990; Flynn and Ljungqvist, 1995; Kim and Flynn, 1991a; Kim and Flynn, 1991b; 
Kim and Flynn, 1991; Flynn and Shelton, 1990; Flynn et al, 1995; Welling et al, 2000; Welling 
et al, 2001; Heist et al, 2003; Brohus, 1997; Brohus and Nielsen, 1994a; 1995; 1996b; Rodes et 
al, 1995; Bjorn and Nielsen, 1996a; 1996b). Five levels of velocity were tested because these 
studies generally have found the effects of velocity to be non-linear and because velocity could 
interact with other variables. For example, it is likely that the effects of heating a manikin would 
be quite different at low velocity ranges than at higher ones. 

In comparing gas and vapor concentrations at the breathing zone of human subjects and simple 
manikin, Fletcher and Johnson (1988) compared nose and lapel concentrations for a human 
subject and a manikin in an industrial environment. Sampling at the nose, left lapel, and right 
lapel, they found slight differences between samples at the lapel and the nose for a human 
subject seated at a table with a neutrally-buoyant source on the table. The manikin showed lower 
breathing zone concentration values than a human subject under the same conditions. When a 
denser than air source was substituted, they found that concentrations varied with sampling 
location with the concentration at the nose the lowest. Although Fletcher and Johnson used a 
anthropometric manikin, their manikin did not breathe nor was it heated. In addition, the 
experimental conditions were not defined clearly. While, Welling et al. (2000) studied the 
dispersion of acetone from a low and moderate low "impulse" source in a uniform air stream 
flow. Concentrations were measured at 9 sampling locations (including nose level) infront of a 
human subject and unheated manikin. The effects of orientation and velocity of air flow, 
convection due to the human body, arm movement of a human being, and the type of source on 
the concentration gradients were studied. They tested the effects of facing, side, and back 
orientations to a cross-draft of 0.3 mis. They found that concentrations were profoundly higher 
for the back orientation. They also tested the effects of arm movements and body heat for the 
back to flow orientation at 0.1, 0.3, and 0.5 mis. They found that concentrations at the nose were 
higher for the human subject than the unheated manikin and were higher for arm movement than 
for a stationary human. However, neither of these results was statistically significant. 

According to Clark and Edholm (1985), the maximum air velocity induced by body heat at face 
level of a standing person is 0.3-0.5 mis. They speculated that this convection flow would 
strengthen the upward reverse flow and the transportation of contaminant into the breathing 
zone. However, smoke tests showed that when a table was used and there was a gap between the 
body and the table, the vertical convection flow due to body heat transported uncontaminated air 
from below the table into the breathing zone, thereby diluting concentrations. Guffey et al. 
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(2001) used a manikin to study the effect of manikin orientation (back, side to, and facing), cross 
draft velocity (10, 22, 47, 80) and movement of manikin torso on three sampling locations within 
the breathing zone. The tracer gas used was undiluted SF6 at 0.1 I/min. It was found that 
concentrations at the chest were 2.9 times the concentrations at the nose, with the ratio 
decreasing as wind tunnel velocity increased. They concluded that the ear was not a location to 
sample as there was a high variability in the ear concentrations as compared to the nose. Also, 
concentrations at all sample locations were 100-200 times higher for the back-to-flow orientation 
than for the side and facing orientations. Although the manikin used in their study was 
anthropometrically-scaled, it did not breathe nor was it heated. Also, the SF6 released was not 
neutrally buoyant, which could have had substantial effects on the results. 

Malek et al. (1999) compared styrene samples taken at the nose, left lapel, right lapel, and chest 
of 21 workers who were spraying or rolling during boat building. They found that the average 
values at the nose ranged from 10% to 24% lower than samples taken at the lapels, with 
individual samples showing considerable variation. In addition, the ratio of nose to lapel 
concentrations varied by subject and by the task performed. They concluded that the variation in 
concentration within the breathing zone is affected by the distance between styrene source and 
the worker, the turbulent air flow in the breathing zone, "re-volatilization" of styrene from 
worker clothing and the average ventilation rate. They also found a clear correlation between 
concentrations measured at the chest and at the nose. However, Malek had his subjects wear 
bulky backpacks filled with sampling bags, thus potentially profoundly changing the air flow 
patterns near his subjects. 

In a field study conducted by Martinelli et al. (1983), aerosol concentrations were measured 
simultaneously at the nose, lapel and forehead. They found considerable variability in 
concentrations at different sampling locations. However, the concentration at the lapel was 
higher than at the nose and forehead. They speculated that the discrepancies were due to re­
suspension of dust from clothing, the job performed, and individual work practice differences. 
Cohen et al. (1982) measured exposures to styrene in a work place. They found that the 
concentration measured at the nose for an individual was about 76% of the level measured at the 
chest. However, Chatterjee et al (1969) investigated the lead concentrations in a lead acid 
electric accumulator (battery) factory by attaching two filter heads to the upper chest of the 
worker, one 5 inches below the other. The mean concentration obtained in the upper position 
was 22 % less than the lower one. 

The effects of source type, location, and momentum was presented by Welling et al. (2000) who 
studied the effect of source type (point or line source) and "momentum" 0.1 and 0.8 mis on the 
dispersion of acetone in the breathing zones of a human subject and an unheated manikin in a 
uniform air stream flow. The tracer gas used in their study was acetone. They found a 1 % higher 
concentration at the nose level with the line source than with the point source. In addition, Kim 
and Flynn (1992) examined contaminant momentum, the presence of a flat plate downstream of 
the worker, the distance between contaminant source and the body, and the manikin's motion on 
concentrations at the mouth in a paint spray booth by using SF 6 mixed with helium as a tracer 
gas. They found substantial reductions in mouth concentrations when the spray gun emitted 

. contaminants with high momentum. Also, reductions of 30-50% in mouth concentrations were 
observed due to the effect of the distance from the source and worker's motion. They also 
developed mathematical relationships between concentrations at the mouth and contaminant 
source momentum. They used an unheated, non-breathing anthropometric manikins. 
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Kulmala et al. (1996) studied worker's exposure experimentally and numerically in the near­
wake region of an unheated, non-breathing anthropometric manikin. The effect of contaminant 
source location on the worker's breathing zone concentration was examined by injecting almost 
neutrally buoyant SF6 (diluted to 2.8% with air) from 420 points in the wake region. The 
experiments were carried out using cross draft velocities of 0.25, 0.375, and 0.5 mis. They found 
that the contaminant transport into the breathing zone depends strongly on the location of the 
release point. The airflow field was also determined numerically assuming a steady flow and 
using the standard k-e turbulence model. They also found that the mean recirculation length 
downstream from the manikin depended on free stream velocity and was 1.5 times the manikin 
width. They also observed that significant contaminant transport towards the breathing zone 
occurred only above the hip level. 

George et al. (1990) tested a manikin (unheated, non breathing, half-sized) in a wind tunnel. 
They found that for the three cross-draft velocities tested (0.51, 0.76, and 1.27 mis), both the 
mouth and chest concentrations decreased with increasing velocity. For cases where the source 
was held in front of the manikin at waist height, concentrations were vastly lower than when the 
manikin faced upstream and sidestream than when it faced downstream. That suggests that 
worker exposures are dominated by the periods they face a downstream source unless the 
background concentration is very high. Finally, they found that the concentration at the mouth 
decreased exponentially with increasing horizontal distance from the manikin to the source. 
None of the findings gave a clue to the effects of sample location, source location, velocity, or 
cross-draft orientation on the ratio of mouth to lapel concentrations, but it is prudent to assume 
that all three variables could affect that ratio. 

Flynn and George (1991) found greater exposure variability when the point source contaminant 
was located within the separated boundary layer than when the source was outside this region as 
one might expect. In another work George and Flynn (1990) studied the effect of source to 
manikin distance on concentration at the mouth location for a half-sized unheated manikin facing 
downstream. As the manikin source distance increased, a substantial reduction in SF6 
concentration in breathing zone occurred especially as the source passed out of the separated 
region. 

Limited research studied airflow patterns, wake length and width, boundary layer separation and 
modeling of breathing zone concentration. For example, Welling et al (2001) characterized the 
reverse flow zone created in front of a human being in a uniform flow using both experimental 
data and numerical simulation. Experiments were carried out by moving a point source of 
acetone vapor in front of the human subject and measuring the contaminant concentration at nose 
level in front of the subject. They found that the length of the reverse flow region was (0.9-1.4 
m) with freestream velocities between 0.1 and 0.5 mis for a stationary human being. With the 
person moving his arms, the length of reverse flow fell to between (0.5-1.2 m) for the same 
velocities. In addition, numerical simulations were carried out to predict the length of reverse 
flow using the k-e turbulence model. Compared to experimental data, they found that the extent 
of the reverse flow region was predicted fairly well using numerical modeling. 

Kim and Flynn (1991a) found the boundary layer separation to be an important factor in 
determining a worker's exposure to airborne contaminants. They developed a conceptual model 
to understand this phenomenon and to predict the average concentration in the reverse flow 
region downstream of a worker in a uniform freestream. Subsequently, the assumptions of this 
model were tested experimentally in wind tunnel studies. Based on these results, a revised model 
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(Kim and Flynn, 1991 b) was presented and validated using a tracer gas method. The revised 
model provided a reasonable estimate of the average concentration in the reverse flow region of 
the mannequin. Empirical models were presented that related both the average concentration in 
the reverse flow region and the mouth concentration to the body dimensions and the freestream 
air velocity. 

Flynn and Ljungqvist (1995) studied wake effects on worker exposure and ventilation design 
using smoke visualization. They indicated the importance of flow visualization using smoke to 
detect and correct problems. Moreover, they pointed out that work practices are as important as 
ventilation design in controlling exposures. When sampling location and the source are in the 
wake zone, circulation patterns with the wake transports contaminant throughout its volume. If 
the source is in the hands and air is flowing from the back, then the face, lapel area, and hands 
were all within the wake zone. For flow from the side or front, none of these locations are in the . 
wake. Thus, one would expect dramatically higher contaminant transport to the face and chest 
when the flow is from the back, as has been verified in other smoke visualization studies (Kim 
and Flynn, 1991a; 1991b; Guffey et al., 2001) that used a manikin holding a source in its hands. 

Kim and Flynn (1991a) found that "chest" concentrations were approximately three times nose 
concentrations when the source was within the torso wake zone for unheated, non-breathing 
manikin. However, they were not measuring chest concentrations on the manikin, but rather at 
seven points on a plane in front of the manikin. In a smoke visualization study where vortex size 
was estimated, Kim and Flynn (1991b) found that the wake zone profile downstream of a 
manikin was not uniform. The wake zone was a much shorter distance downstream at the neck 
than at the hips. Furthermore, different air flow patterns prevailed in the head region than the 
chest region. Above the chest, a down wash over the top of the head was dominant, while for the 
chest to elbow region a combination of downwash and vortex shedding was important. Above 
the hip level the net airflow was directed upwards, while below the hip it was directed 
downwards. Johnson et al. (1996) studied the air movement around a human and a manikin in a 
low speed flow field and suggested that a manikin selected for sampling studies should be 
heated, rounded shape, and clothed. However, Fletcher and Johnson (1996) and Homma and 
Yakiyama (1988) found no effect of breathing using a breathing and heated manikin placed in a 
uniform free stream while studying the flow field around the head and chest using laser Doppler 
anemometry. They found that exhalation breath did not break through the thermal boundary 
layer of the heated and breathing manikin they used. 

The wind speeds experienced by people in indoor environments are important when 
investigating personal exposures. For example, Baldwin and Maynard (1998) reported that wind 
speeds in homes and offices are usually between 0.05 to 0.1 mis. However, when industrial work 
environments were considered, the averaged wind speeds increased to 0.3 mis. They also 
reported that average values of personal wind speed distributions were approximately 0.05 mis 
higher than measurements from static anemometers. 

The effects of heating the manikin was presented by Heist et al (2003) who studied the effect of 
heating and and velocity on airflow patterns around a child-size manikin in a low-speed wind 
tunnel. They found that when the manikin was unheated the flow pattern on the downstream side 
of the manikin consisted of two slowly recirculating eddies. With the addition of body heat to the 
manikin (heated), the flow pattern downstream of the manikin changed to a rising vertical plume 
with velocities on the order of 0.1 mis. This vertical plume was capable of transporting 
particulate matter into the breathing zone from near the floor. As the wind speed increased from 
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0.1 to 0.3 mis, the vertical plume on the downstream side of the manikin was replaced by two 
recirculating eddies, a flow pattern similar to that with the unheated manikin. Although they used 
a child-size manikin, it was an anatomically correct physical model of human form, with 
movable joints and latex skin. The manikin tested was heated, breathed and was clothed. 

Cermak et al (2002) studied the interactions between the free convection flow around a human 
body, the flow ofrespired air, personalized supply airflow, room airflow, and their effects on the 
quality of inhaled air using a two dimensional Particle Image V elocimeter (PIV). The manikin 
used to simulate human being was breathing, heated, clothed and wore a wig. The results showed 
that the personalized supply airflow was able to penetrate the free convection flow due to body 
heat and reach directly the face of the manikin. A large velocity gradient was observed at the 
manikin's face with a maximum air velocity of 0.2 mis. Several studies have shown that natural 
convection due to body heat from humans can produce vertical velocities on the order of 0.1 to 
0.25 mis in areas near the breathing zone. For instance, Melikov and Zhou measured profiles of 
vertical velocity as a function of the distance from the neck for a seated, clothed, heated, and 
anthropometric manikin. They found vertical velocities of 0.13 mis at 10 mm from the neck and 
0.04 mis at 50 mm from the neck. They also introduced an "invading" flow from behind the 
manikin with velocities in the range form 0.1 to 0.3 mis. This invading flow reduced the strength 
of the natural convection and thus the vertical velocity by one half. 

Bj0m and Nielsen (1996a) used CFD to investigate the effects of pulmonary ventilation rate, 
convective heat output, exhalation temperature, and cross sectional exhalation area on personal 
exposure. Experiments showed that exhalation from one person was able to penetrate the 
breathing zone of another person at a distance. In these experiments, two breathing thermal 
manikins were used: manikin no. I acted as contaminant source, breathing directly towards the 
face of manikin no.2. Tracer gas (N20) was added to the exhalation, and manikin no.2 was used 
for measuring personal exposure. Manikin no. I exhaled through either its nose or mouth. 
Different distances between the two manikins were tested. Breathing was simulated by steady­
state CFD with reasonably good results. The simulations showed that personal exposure was 
very sensitive to variations in the convective heat output (body heat) of both the exposed person 
and the exhaling person, the cross sectional area of nostrils, and the pulmonary rate of the 
exhaling person. They found that when exhalation air was heated, a substantial influence on 
buoyancy was seen. Exhalation did not follow the manikin's own convective airflow, however, it 
formed its own independent flow which penetrated the other manikin's breathing zone. 

Bj0m and Nielsen (1996b) experimentally investigated in a displacement ventilated room. They 
found that exhalation from one person penetrated the breathing zone of another person placed 
nearby, thus leading to higher exposures. When two persons are placed close to each other, 
convective boundary layer flow interacted in such a way that the personal exposure to an 
ambient concentration field was altered. They used two breathing thermal manikins. For the set 
of experiments conducted they found that when the manikins were facing each other, interaction 
can take place. Horizontal distance and inclination are important parameters. If exhalation was 
directed towards the back, higher exposures do not occur. In the case of two persons standing 
close together, the exposure to ambient concentration was not altered. 

·Brohus (1997) presented personal exposure measurements by means of a breathing thermal 
manikin (BTM) developed at the Technical University of Denmark. The manikin was 1.7 m high 
anatomically correct female display manikin. The BTM wore tight-fitting clothes with an 
insulation value of0.8 clo. Respiration was simulated by means of an artificial lung. 
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Contaminant concentrations were measured at chest, front of the mouth, above the head, and in 
the inhaled air. For the manikin placed in a uniform flow field, he found considerable deviations 
from inhaled for concentrations measured in front of the head and above the head. However, 
concentrations measured at the chest had modest deviations from inhaled. 

Divisions of the sensible heat loss from the body surface into convective and radiative heat 
transfer rates were developed based on experimental findings (Colin et al., 1967; Ichihara et al., 
1997) using a thermal manikin. Yang et al. (2002) studied the influences of wind velocity, 
sensible heat loss, arranged furniture, and posture on local convective heat transfer coefficient 
(alpha). They concluded that the local convective heat transfer coefficient (alpha) was greatly 
influenced by wind velocity and slightly affectd by sensible heat loss. In addition, the value of 
(alpha) decreased as the manikin body approached the arranged furniture. This was clear at the 
feet, lower legs, thighs, hands, forearms, and upper arms of the manikin. In addition, the value of 
(alpha) for some parts such as the feet, lower legs, thighs and hands was affected by posture even 
when the sensible heat loss was constant. 

Silva and Coelho (2002) studied local heat transfer coefficients for different body parts in a wind 
tunnel using a thermal naked manikin. Tests were performed at three flow orientations (front, 
side, and back), for two postures (seated and standing), and for the velocity range of Oto 4 mis. 
They concluded that peripheral parts of the body have higher heat losses than central parts. On 
the other hand, the head had the lowest convective heat transfer coefficient, probably due to the 
shielding effect of hair. 

SPECIFIC AIMS FOR EXPERIMENTAL AND SIMULATION 
STUDIES 

Samples taken at the lapel are an unproven surrogate for sampling of inhaled air. The overall aim 
of the study is to determine the effects of important parameters on the deviations between lapel 
samples and samples taken at the lips during inhalation and whether samples taken at alternative 
sites (forehead, neck, lapel, or adjacent to the nose) are better surrogates for inhaled exposures 
than are lapel samples. 

Our specific aims evolved in the last two years of the study as we reviewed on-going 
experimental and CFD results. Based on preliminary results from experimental studies and CFD 
simulation, we added heating (to body temperature) and artificial breathing to the manikin for 
the study and two distinct postures (sitting and standing) to both the manikin and human studies. 
We found source location and size to be less useful and dropped them from further 
experimentation. We believe these changes greatly strengthened the study. 

These changes were not discussed in renewal reports because they occurred in the third year and 
the extension year of the grant. The PI's severe, extended illness crippled much of the first year, 
so nearly two-thirds of the work was done after the second renewal. 

The following are the original specific aims followed by what we did: 

(1) Experimentally determine the relationship between concentrations at the cheek adjacent to 
the distal end of the nose ("AdjNose") and concentrations at the lips ("mouth") during 
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inhalations to determine whether the "AdjNose" site can serve as a "gold-standard" for sampling, 
as preliminary studies suggest. 

Comment: We did this for manikins, humans, and CFD simulation. Concentrations adjacent to 
the nose were a reasonable, but not perfect surrogate for concentrations at the mouth. 

(2) Determine whether experimental results for human subjects and a mannequin are similar to 
CFD predictions under conditions in which mannequins and CFD are most likely to be similar to 
humans. Use the results to further refine the CFD modeling (e.g., add breathing and body heat, if 
needed) and to determine the reliability of simple mannequins as substitute for human subjects. 

Comment: The effects of study variables on concentrations were remarkably similar for the 
manikin and CFD simulations. We had not expected the concentrations to be similar but they 
were surprisingly close. CFD study found that the temperature of the body was critical, which 
lead us to add heating/not heating to the manikin study. We could add breathing to the CFD 
simulation only as a constant flow. We decided to add breathing/not breathing to the manikin 
studies, instead. Both heating and breathing proved to be very important to the experimental 
results. 

(3) Use numerical simulation by computational fluid dynamics (CFD) to select the most efficient 
set of additional human subject and mannequin experiments to study the interactive effects of 
source location and source size with cross-draft velocity, uniformity, and turbulence. 

Comment: We did study the effects of temperature, turbulence and other variables using CFD. 
However, we did not simulate the effects of modifying the source size and location because the 
time demands for the simulations we did were even higher than we had expected and because we 
came to believe that posture, heating, and breathing were far more important. Given the success 
we enjoyed for the specific source location and size we simulated, we are very confident that our 
simulations would be equally successful in predicting concentrations if the source size and 
location were changed. 

( 4) For the sets of conditions selected above, conduct mannequin experiments to study the main 
and interactive effects of source location and source size with cross-draft velocity, uniformity, 
and turbulence. For a subset of tested conditions whose size depends on the reliability of 
mannequin results, repeat the tests with human subjects doing simulated work tasks, including 
tasks that involve low movement to mimic non-moving mannequins. 

Comment: As stated above, we concluded that the source size and location were much less 
important than the effects of posture, velocity, hairlength, etc for humans. Therefore we chose 
only one source size and location. We placed the source in the subjects' hands and fixed the 
source size at 9". We considered that the most common and important location for cases where 
over-exposures actually occur. 

(5) Further refine the CFD modeling, then determine the congruence of CFO-modeled results 
with a experimentally observed results for humans and mannequins. If CFD is reliable for the 
tested conditions, employ the CFD model to extrapolate and interpolate to conditions we did not 
test with human subjects. 

Comment: As discussed in the report in later section, the CFD simulation results were highly 
congruent with the manikin and the manikin was highly congruent with results from humans. 
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(6) Using the results from the studies above, find simple mathematical relationships to predict 
inhaled concentrations using samples taken at the lapel and other surrogate sites. If such 
relationships predict with acceptable precision, it may be possible to "correct" sample results 
from surrogate sites to predict inhaled concentrations. If not, then use of the most reliable 
sampling site may be the best solution. 

Comment: As is discussed later, it was not feasible to "correct" concentrations at surrogate sites 
to predict mouth concentrations. The deviations were too sensitive to too many variables, 
especially posture and velocity. Posture is the most problematic. We investigated only standing 
and sitting slightly crouching forward. Given the profound differences between results for sitting 
and standing, it is quite possible that even modest differences in sitting or standing postures 
could strongly affect deviations between concentrations at the mouth and at other locations. 
Likewise, the effects of velocity were non-linear ("V"- shaped) and changed interactively with 
posture. 

(7) Using the experimental results, determine the most reliable alternative location ( e.g., neck or 
cheek) that should be employed for conditions in which lapel sampling proves unreliable. 

Comment: This was done and is discussed at length in the report. 

Goals for Numerical Simulation (CFO) 
The basic goal of the CFD portions at each stage of the study is to make the CFD model as 
accurate as possible for exposure conditions when the source is nearby. Specifically, the CFD 
will be employed to determine: 

( 1) The most important variables affecting both the concentration levels and ratios of 
concentrations at the sampling sites. 

Comment: CFD simulations correctly showed cross-draft velocity, body temperature, and 
turbulent intensity to be highly important to both concentrations and ratios of 
concentrations. The simulations were done only for the standing condition, so the effects 
of posture were not predicted. 

(2) The most important and efficient sets of conditions to investigate with human subjects. 

Comment: As is discussed later, the interaction of cross-draft velocity and body temperature 
were profoundly important and were correctly predicted by CFD, leading to marked 
changes to the experimental study. In addition, early CFD modeling suggested which 
velocities were the most important to results, leading to changes to the experimental 
program. 

(3) The interactive effects of independent variables on the relative concentrations at the 
sampling sites for a broad range of conditions, including those we cannot test within the 
wind tunnel. 

Comment: Because of CFD findings, we increased the breadth of velocities used for 
experimental tests. 

(4) The conditions for which the CFD model does well and the conditions for which it does 
not. 

Comment: CFD did extremely well for all of the conditions we tested. 
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APPARATUS, PROCEDURES, RESULTS, DISCUSSION, 
CONCLUSION FOR EXPERIMENTAL STUDIES 

Apparatus for Experimental Studies 

The apparatus evolved over the first year but was largely consistent with the proposal. 

Manikin 

The current manikin (see Figure 1) was a 66" high, anthropometrically scaled (including facial 
features and short hair) male with hollow cavities in the head, torso, legs and arms. It has a 
rubber skin that feels reasonably like real skin. The manikin has joints in shoulders, hips, and 
knees. This enables it to stand or sit in a range of postures. The manikin dimensions matched the 
501h percentile for women and the 5th percentile for men . 

Figure 1: Test Mannikin 
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Figure 3: Clothing and Hairstyle for seated manikin . 

Heating the manikin head and torso skin to simulate body heat of humans was done by placing 
lengths of heated wires within the torso (see Figure 2) and the head and energized them with 90 
watts of power to produce nearly uniform skin temperatures on the head and torso. By trial and 
error, we achieved the uniformity by: 1) adjusting the fraction of the wire in the head and in the 
torso, and 2) adding insulation at selected locations within the cavities. The average skin 
temperature for the manikin during experiments was ranged from 33 to 37 °C. 

Clothing the manikin (see Figure 3.4) was done with loose-fitting pants and a summer weight 
short-sleeved shirt ("trim"). Clothing insulation was roughly 1.0 clo. The manikin was "bald" 
during all tests for the first manikin study and alternatively bald and wearing a wig for the 
second manikin study. 

Breathing by the manikin was simulated using an artificial 
lung as shown in Figure 2. The lung had a maximum volume 
of 1 liter and simulated the breathing of an average sedentary 
person performing light physical work. The adjusted breathing 
cycle consisted of inhalation (2.0s) and exhalation (2.0s). The 
frequency of exhaled/inhaled air for sedentary activity ranged 
10 - 20 per minute which gave a pulmonary ventilation rate of 
10 -20 1pm (Christensen, 1964, cited in Kroemer and 
Grandjean, 1997). During experiments, pulmonary ventilation 
ranged from 16 to 18 1pm. While, Figure 5 illustrates a 
schematic diagram of the artificial lung and its breathing 
circuit. The lung breathing rate was adjusted by a lever. A 
compressed air piston assembly drew air in and expelled the 
same air through 1" diameter Teflon tubing. The average 

' I • ~ 
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Figure 4: Artificial lung 

exhaled breath temp was 96-98 F. Metabolism, respiration, heart rate and temperature varry as a 
function of work load (Christensen, 1964, cited in Kroemer and Grandjean, 1997). 
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Figure 5: Schematic Flow Diagram for the Breathing Circuit 

Human Subjects 

The six human subjects were all WVU graduate students except one who was a visiting faculty 
member. They came from India, the Middle East, North Africa, USA, and Korea. They ranged 
from very short to tall and thin to well-rounded and included 4 females and 2 females. They 
wore light clothing that was roughly similar to the manikin's. 

Wind tunnel 

The wind tunnel had no reducing section and was relatively short compared to its length as 
shown in Figure 6. The wind tunnel was equipped with upstream and downstream HEPA filters 
and downstream activated charcoal filter panels. The working section (between the HEPA 
filters) was 32 ft long, 12 ft wide, and 9 ft high. The manikin was tested at the middle of the 
wind tunnel, thus keeping a distance of nearly 4 ft from each wall. The combined cross-section 
of the full sized tables with chairs and the manikin blocked less than 15% of the wind tunnel 
cross-section. Ethanol was removed by over 300 lbs of activated charcoal before air exits wind 
tunnel cross section to the fan. 
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Figure 6: Wind Tunnel 

To reduce thermal buoyancy effects due to different temperatures at the floor and ceiling, the 
floor of the building was covered by 0.75" styrene foam insulating sheet, which was overlaid by 
l" plywood sheet and linoleum floor covering. Infrared thermometry had found temperatures in 
the air and at the walls, ceiling and floor to be within 2 °C winter and summer. Repeated rounds 
of constant temperature anemometry (CTA) measurements taken at 6" intervals vertically and 
12" intervals horizontally found a coefficient of variation of 10% for velocity along the axis of 
the wind tunnel. The turbulent intensity ranged up to 15-20% near the ceiling and was 3-5% in 
the middle section where the manikin stands. The wind tunnel fan was controlled by a variable 
frequency drive allowing a range of wind tunnel velocities of 10 to 155 ft/min. 

Temperature, humidity and barometric measurements 

Temperatures of surfaces were measured with an infrared thermometer (Oakton, model 
number EW-35629 with accuracy of ±1 % or ±1 deg C and repeatability of ±0.5% or ±1 deg C of 
full scale). Multiple points were measured on the manikin's head and torso and on the wind 
tunnel walls, ceiling, and floor. Air temperatures were measured with a calibrated dry bulb 
thermometer. Humidity was determined from a standard sling psychrometer, and barometric 
pressure was measured with a standard laboratory mercury barometer. 

Gas and vapor sampling apparatus for wind tunnel studies 

Samples were drawn from each sampling probe on the manikin in separate Teflon™ sampling 
lines. Each sampling line started with a 1/8" polypropylene probe pinned to the manikin's shirt 
or taped to the manikin face with tape. Each probe connected to roughly 4 ft of 1/8" Teflon™ 
tubing, which ran over the shoulder to the small of the back. There each line connected to 0.25" 
Teflon™ tubing, which run to the inlet port of a SKC Air-Check low-flow sampling pump and 
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from the pump's outlet port to a 3L Teflon™ sampling bag. The sampling pumps were calibrated 
with a BIOS International "Dry-Cal" (DCL-ML Rev 1.08) to a flow rate of 0.15 Umin. 

Generation and dispersion of tracer gas mixtures 

Ethanol was injected by a Cole-Parmer syringe pump (74900 series) into a chamber through 
which 1 Umin of nitrogen flowed. The ethanol dripped onto an electrical resistor energized by 
10 watts of power from a regulated DC power source. The resistor was wrapped with aluminum . 
foil to enhance evaporation, which appeared to be nearly instantaneous. The nitrogen flowrate 
was regulated and measured by an AALBORG mass flow meter ( GFM 171 flow range 0-1000 
ml/min). The mixture was carried by 0.25 inch Teflon™ tubing to a 9" diameter, 1" deep 
aluminum pie-pan that served as a contaminant source. An acrylic cover was glued "air-tight" to 
the pie-pan and drilled with 99 one-eigth inch diameter holes that were uniformly dispersed 
across the acrylic cover. The tracer gas mixture passed from the Teflon™ tubing to a connection 
fitted to the sides of the pie-pan and from there through the holes in the acrylic cover. The exit 
velocity through the 1/8" holes was less than 1 ft/min. Extensive testing showed excellent 
repeatability (95% with1nin source concentrations). The sampling bags used for testing the high 
source concentrations were not used for exposure sampling. Each bag filled about 2L during 
sampling. After sampling, the bag contents were analyzed, then the bags were purged and 
flushed with clean air and held in readiness for reuse in the next day of sampling. Analysis of 
ethanol/air mixtures was performed using Photovac Voyager gas chromatograph (GC) equipped 
with a photo-ionization detector (PID), each calibrated using headspace techniques to create a 
known concentration in a Teflon™ bag. 

Procedures for Experimental Studies 

Some aspects of procedures are described within the Apparatus section. 

Sampling and Analyses 

All locations were sampled simultaneously for 22 minutes for each condition. After the first 7 
minutes the bags were flushed with the same concentrations as that of correct exposure. 
Sampling then continued for 15 minutes. Within 2 hours, the concentration of ethanol and air 
mixture in each bag was analyzed using Voyager gas chromatograph with a photo ionization 
detector (PID). Before analysis, samples collected from the source were diluted until the 
expected level was about 50 - 60 ppm then analyzed. 

Calibration 

The calibration of the PID sensor was verified every day o.f use by withdrawing ethanol head 
space air with a micro syringe and injecting it into a Teflon™ bag pre-filled with 2.4 L of clean 
a1r. 

Sampling pumps were calibrated with the mass flow meter or electronic bubble meter and were 
verified with a 1 L bubble meter. 

Leaks and other problems 

Leaks and adsorption in the sampling pumps, tubing, and bags were measured by attaching bags 
filled with known concentrations of the tracer gases to a given sampling probe and drawing the 
air into sampling bags downstream of the sampling pumps. Losses of ethanol vapor to the plastic 
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tubing and bags were reduced to about 5% by using Teflon™ lines and bags and by pre-treating 
the lines and bags for 7 minutes. This was done by the simple expedient of dumping the first 7 
minutes of collected sample without flushing with clean air. 

Human Subjects 

The PI explained the study protocol and reviewed the !RB-approved consent form with all 
subjects. Probes were attached to subjects' faces using hypo-allergenic medical tape and were 
pinned to their shirt or blouse using safety pins. Subjects were entertained with music of their 
choice and were given opportunities to change postures and move about between sampling tests. 
No problems were reported by subjects other than boredom and delays in being paid. 

Methodology for Experimental Studies 

The study was divided into 4 separate studies: 

1. Manikin Study I: Investigate interactive effects of cross-draft velocity, posture (sitting vs 
standing), and body temperature (human normal vs ambient) on concentrations and ratios 
of concentrations at each surrogate site. 

2. Manikin Study II: For a heated manikin, investigate interactive effects of breathing, hair 
length (bald vs short), cross-draft velocity, and posture on concentrations and ratios of 
concentrations at each surrogate site. 

3. Human Studies: Investigate the interactive effects of posture, velocity on concentrations 
and ratios of concentrations at each surrogate site. Small exploratory study was included on 
the effects of breathing vs breathing through a tube and another on task (keeping still vs 
stacking). Forehead 

4. Computational fluid dynamics (CFD): 
Preliminary studies determined the 
most efficient methods for CFD 
simulation. Later studies simulated the 
interactive effects of velocity, body 
temperature, and turbulence for the 
standing condition. 

The two manikin studies and the human 
study followed nearly the same procedures. 
They are described next. The CFD studies 
will be discussed in a separate section 
following the manikin and human studies. 

Variables and Fixed Conditions 

Nose 

, Neck 

Right Collar ( / / Left . 
. ""' ;;::)( ,,, Collar 

Right ~ \ , ' / ·--. 

L~ "-J<g~~:• 
17 \i I 

Figure 7: Sampling Locations 

The dependent variables were: 1) concentrations measured simultaneously at several locations 
on the torso and head of a single, anthropometrically-correct manikin or a human subject, and 2) 
the ratios of concentrations at other locations to the concentration measured at the mouth (see 
Figure 1 ). The independent variables are listed in Table 1. Two manikin studies were conducted 
with each having full factorial designs. For the second manikin study, the unheated condition 
was not used since heating was found to be important in Study I (see Results) and is more 
lifelike than non-heating. 
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Table 1: Levels for Independent Variables for Studies Manikin I, Manikin II, and Human 

Condition Study I Study II Human 

Cross Draft velocity 11, 27, 48, 82, 104 Same 11, 27, 48, I04xx 
(fpm) 

Body Heat unheated, heated Heated, only Normal 

Posture Standing, seated Same Same 

Hair length Bald Bald, 3" length l"to 12" 

Breathing No Yes, No Normal, thru tube 

There were two replications for each combination of independent variables. The significance of 
the independent variables and their interactions for each study were analyzed using Data desk 
(Odessa, NY) statistical software. The fixed conditions for the manikin study included the use of 
one anthropometrically-correct manikin wearing summer clothes. The manikin was stationary 
and none of its limbs were moved during a test. For all tests, the manikin's hands were placed on 
each side of the tracer gas source (a 9 inch pie-pan) in a manner intended to simulate light 
assembly work. The manikin was placed in the middle section of wind tunnel with its back 
oriented to the cross draft velocity (see Figures 2 and 6). Body posture (seated and standing) was 
included in this study for two main reasons: 1) postures are commonly found in work 
environments, and 2) the orientation of legs and arms to cross draft is perpendicular in the 
standing position and parallel in seated positions. Thus, it is plausible that body posture will 
affect air flow patterns around the manikin and hence change concentration gradients with in the 
breathing zone. 

For the human study, the fixed conditions were the same placement in the wind tunnel as the 
manikin with similar postures and the same back to flow orientation to the airflow. The humans 
had two tasks, either: 1) keep as still as possible, or 2) move blocks from one side of the pan to 
another and back at a "very relaxed" pace (about I/second). For some tests subjects breathed 
through a 24", 3/8" diameter tube to remove the kinetic effects of exhaled breath. 

Manikin Study I Results, Discussion and conclusions 

Results of Manikin Study I 

For this study, the manikin was either sitting or standing and was either heated or not heated. 
It did not breathe or wear a wig, but it was clothed. This study was a complete factorial design 
with each condition tested twice in random order. Initial tests and replicates were always done at 
different days. 

One goal of this study was to find the locations that act as the best surrogates for true inhaled 
concentrations. Another goal was to investigate the effects of posture, heating and velocity on 
concentrations measured at each location. As will be shown, all were highly significant. 
Although the manikin inhaled and exhaled through its nose in a realistic manner, its "lungs" did 
not absorb ethanol. Hence a sample taken at the mouth in the exhaled air stream should differ 
negligibly from a sample taken of inhaled breath alone. For that reason the concentrations at the 
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mouth are treated here as the "gold standard" to which all others are compared. As will be 
shown, the concentrations fell into three groups with similar behavior: those at the face (Cmouth, 
Cnose, Cforehea<l), those at the shoulder area (Cneck, C1.co11ar, Cr.collar), and those at the chest (Cc.chest, 
Cl.lapel, Cr.lapel), 

1 Repeatability of Cmouth 

Two samples were taken 
simultaneously at the right edge of 
the mouth less than I mm apart. The 
coincident locations were intended to 
be redundant checks. Ideally, there 
should be no systematic differences 
between Cmouth

1 
and Cmouth2 regardless 

of the levels of other independent 
variables. Figure 8 plots Cmoutht 
against Cmouth2 with all conditions 
included. Without accounting for 
velocity or any other independent 
variable, the two dependent variables 
were highly correlated (R-sq = 
0.996). The linear regression slope of 

80 ---- ---y=- 1- .0-0-38-;--------. --- ·1 
70 

R2 = 0.9961 
[ 60 -- - ------- --- --------- - ------1 

~ :: --------1 
J ;: - .. : _: =~ =~-- =~ _: _~--1 

0 -!-------------~------;' 
0 20 40 60 80 

Cmouth_1, ppm 

Figure 8: Cmou1h1 versus Cmouth2 

1.0038 and intercept of zero confirm 
the two are indistinguishable. Furthermore, ANOV A found no significant effects of any 
independent variable. These together suggest that the samples are highly repeatable and thus that 
difference between other locations measured at the same time represent real deviations, not 
sampling or analytical error. Given the trivial differences between Cmouth I and Cmouth2, the 
average of both values was used for comparisons to all other locations and is henceforth referred 
to as Cmouth. 

As shown in Table 2, the average concentration values (ppm) varied with sampling location, 
velocity, heating, and posture where comparisons between concentrations must be matched to 
similar conditions._ Figures 4.2 to 4.10 show the scatter and mean of concentrations and log 
transformed values with velocity for all sampling locations. 
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Table 2: Average Concentrations (Ppm) For Each Velocity Level And Manikin Treatment 

Treatment 

Heated/ 
Standing 

Heated/ 
Seated 

Unheated/ 
Standing 

Unheated/ 
Seated 

V,fpm 

11 
27 
48 
82 

104 

11 
27 
48 
82 

104 

11 
27 
48 
82 

104 

11 
27 
48 
82 
104 

Cc.chest Ci.lapel Cr.lapel Cneck Ci.collar Cr.collar Cmouth Cnose 

31.6 23.9 27.0 31 .8 30.1 28.8 29.5 28.5 
49.3 41.1 46.9 52.5 44.1 39.4 61 .3 57.8 
103.1 77.9 96.3 73.1 61.8 71.2 57.1 52.7 
51.6 43.2 46.4 46.5 37.8 44.1 44.6 41.3 
38.0 34.5 33.9 35.8 27.6 33.5 35.5 33.2 

18.6 15.6 14.4 15.0 16.3 17.4 12.8 10.1 
22.6 21.9 20.4 21.3 21.3 20.3 22.7 21.5 
32.0 31.0 29.5 43.0 37.2 38.3 48.5 50.5 
23.6 21.1 18.3 20.6 20.7 20.0 29.6 31.0 
18.4 16.2 15.3 16.1 17.0 15.3 21.9 21.8 

116.5 135.3 83.9 68.5 70.2 63.9 62.9 66.8 
79.2 92.4 73.5 41.7 44.4 44.0 42.1 36.6 
67.3 76.2 54.1 40.0 43.2 40.6 33.4 29.8 
52.0 49.5 48.1 35.3 36.9 34.2 30.0 27.3 
31.8 42.5 28.5 21.8 22.3 22.9 21.2 17.8 

41 .8 51.7 42.6 56.4 61.2 53.2 58.8 58.2 
30.0 33.0 30.7 44.5 43.3 38.8 51.0 53.2 
22.9 26.1 23.2 39.8 39.3 35.6 47.4 51.5 
20.2 22.8 22.7 34.6 33.9 32.5 38.8 38.9 
15.7 19.6 17.7 32.8 30.8 24.7 34.3 34.4 
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Figure 9a: Scatter and mean plot of Cmouth vs. velocity for all manikin treatment 
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Figure 9b: Scatter and mean plot of log Cmouth vs. velocity for all manikin treatment 
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Figure 1 Oa: Scatter and mean plot of Cnose vs. velocity for all manikin treatment 
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Figure 10b: Scatter and mean plot oflog Cnose vs. velocity for all manikin treatment 
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Figure 11 a: Scatter and mean plot of Crorehead vs. velocity for all manikin treatment 
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Figure 11 b: Scatter and mean plot oflog Crorehead vs. velocity for all manikin treatment 
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Figure 12a: Scatter and mean plot of Cneck vs. velocity for all manikin treatments 
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Figure 13a: Scatter and mean plot of C1.collar vs. velocity for all manikin treatments 
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Figure 14a: Scatter and mean plot of Cr.collar vs. velocity for all manikin treatment 
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Figure 14b: Scatter and mean plot oflog Cr.collar vs. velocity for all manikin treatment 
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Figure 15b: Scatter and mean plot of log Cc.chest vs. velocity for all manikin treatment 
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Figure 16a: Scatter and mean plot of C1.1apel vs. velocity for all manikin treatment 
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Figure 16b: Scatter and mean plot of log Cl.lapel vs. velocity for all manikin treatment 
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Figure 17a: Scatter and mean plot of Cr.1ape1 vs. velocity for all manikin treatment 
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Figure 17b: Scatter and mean plot of log Cr.lapel vs. velocity for all manikin treatment 
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2 Effects of Independent Variables on all Sampling Locations 

As listed in Table 2, values of concentrations measured at the face (Cmouth, Cnose, Crorehead), 
shoulder (Cneck, Ci.collar, Cr.collar), and chest (Cc.chest, Cuapel, Cr.lapel) varied with wind tunnel 
velocity, heating, and posture. 

4.2.1 Velocity 

As shown in Figures 4.2 - 4.10, the effects of velocity on sampling locations appeared to be 
strikingly different for heated and unheated treatments but were similar for standing and seated 
postures. For unheated conditions, concentrations at all sampling locations fell more or less 
monotonically with increasing values of velocity. This behavior agrees with Flynn et al. (1991) 
and Kulmala (1996) results for their unheated manikins. These results disagree with Guffey and 
Flanagan (2001) whose concentrations increased monotonically with increasing velocity. 
However, it should be noted that the Reynolds numbers for this study (Re= 1200-12000), 
Guffey and Flanagan (Re= 1000-7200), Kim and Flynn (Re= 3419-17094), and Kulmala (Re= 
6300, 9500, and 12700) were quite different, perhaps accounting for the differences in results 
between Guffey and Flanagan and the rest. 

For the more lifelike conditions, a heated manikin, concentrations at all sampling locations 
varied in an inverted-V shape relationship with velocity for both sitting and standing postures 
(see Figures 9-25). Cmouth, Cnose, and Crorehead, had the peak concentartions values at 27 fpm for 
standing posture and at 48 fpm for sitting (see Figures 4.2 - 4.4). However, concentrations at the 
shoulder, Cneck, Ci.collar, Cr.collar, and at the chest, Cc.chest, C1.1ape1, Cr.1ape1, had peak concentrations 
values at-48 fpm only for both sitting and standing postures (see Figures 4.5 - 4.10). Those 
results agree with Brohus (1997), who employed a full-sized heated, breathing manikin wearing 
heavy clothing and wig. The velocity range for Brohus was 0.05, 0.15, 0.3, and 0.45 mis, while, 
the Reynolds numbers were (1000, 3000, 6000, and 9000). 

The effect of velocity on Cmouth, Cnose, and Crorehead, is shown in Table 2. For the heated 
manikin in a standing posture, Cmouth, Cnose, and Crorehead, doubled as velocity increased from 11 
to 27 fpm and decreased by half as velocity increased again from 27 to 104 fpm. On the other 
hand, for the seated posture, Cmouth, Cnose, and Crorehead, increased four times as velocity increased 
from 11 to 48 fpm and decreased by half as velocity increased from 48 to 104 fpm. The effect of 
velocity on Cmouth, Cnose, and Crorehead, is substantial and the peak concentration values occurred at 
27 fpm for standing and at 48 fpm for sitting posture. For unheated manikin, Cmouth, Cnose, and 
Crorehead, declined monotonically with increasing velocities for both sitting and standing. 

The effect of velocity on concentrations measured at the shoulder and chest levels is shown 
in Table 2. For the heated manikin, Cneck, C1.collar, and Cr.collar, doubled as velocity increased from 
11 to 48 fpm and decreased by half as velocity increased again from 48 to 104 fpm for both 
sitting and standing postures. However, Cc.chest, Cuapel, and Cr.lapel trippled for standing and 
doubled for sitting as velocity increased from 11 to 48 fpm and decreased by one third its value 
as velocity increased again from 48 to 104 fpm for standing and by one half for sitting. It is 
worth mentioning that, the effect of velocity on Cneck, C1.co11ar, Cr.collar, and Cc.chest, C1.1ape1, Cr.1ape1 is 
substantial and the peak concentration values occurred at 48 fpm only for both sitting and 
standing postures. Likewise concentrations at the face, for unheated manikin, concentrations at 
the shoulder and chest levels declined monotonically with increasing velocities for both sitting 
and standing. 
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4.2.2 Heating 

As shown in Figures 4.2 - 4.10, the effects of heating on concentrations appeared to be 
strikingly different for heated and unheated conditions at different velocities. For standing 
posture, concentrations at the face, shoulder, and chest levels were substantially higher for 
unheated manikin than heated one, at the lower velocity ranges (11 and 27 fpm). On the other 
hand, for the higher velocities (27 to 104 fpm), concentrations at the face, shoulder, and chest 
were substantially higher for the heated manikin. Unlike standing, concentrations at all locations 
for the unheated manikin were considerably higher than the heated one at all velocities for the 
manikin in sitting posture. It is worth mentioning that minor differences in concentrations 
occurred only at 48 fpm for some locations. For the unheated manikin, for both sitting and 
standing, concentrations at all locations had peak values at 11 fpm. 

The effect of body heat on concentrations at the face, shoulder, and chest levels is shown in 
Table 2. At 11 fpm and for the manikin in sitting or standing posture, Cmouth, Cnose, and Crorehead, 
levels were 55% higher for unheated manikin than heated one. Likewise, for the same velocity, 
heating decreased Cneck, Ci.collar, Cr.collar and Cc.chest, C1.1apel, Cr.lapel levels by 54% and 57% for both 
sitting and standing postures. 

Therefore, the effect of body heat on concentrations is substantial. Heating changes the 
airflow patterns around the manikin's head and torso. For the heated manikin, the results show 
that concentrations declined monotonically above 27 fpm at the face and above 48 fpm at 
shoulder and chest levels. In other words, as wind tunnel velocity increased, the relative 
importance of body heat decreased. These results agree with Heist et al. (2003), Fletcher and 
Johnson (1996), Brohus (1997), and Homma and Yakiyama (1988) who studied the effect of 
body heat on air flow patterns around a manikin in a uniform flow field and found that heating 
was also significant and had substantial effects at low speed wind environments. For these 
studies, wind velocities were ranged 0.05, 0.15, 0.3, and 0.5 mis. 

4.2.3 Posture 

The effect of posture was substantial for both the heated and unheated conditions and for all 
velocities. It is plausible that posture would affect concentrations because of the different 
orientation of arms and legs to cross draft. In the standing posture, the manikin arms and legs are 
perpendicular to the cross draft while in sitting posture the arms and legs are parallel to wind 
tunnel velocity. The arms and legs would affect air flow patterns around the manikin and hence 
concentration gradients in the breathing zone. 

At the head, the effect of posture on Cmouth, Cnose, and Crorehead, is shown in Figures (4.2 -4.4) 
and listed in Table 2. The effect of posture was neutralized with heating. Standing showed higher 
concentration levels than sitting for heated manikin while sitting showed higher concentration 
levels than standing for the unheated manikin for the entire velocity range. For example, at 48 
fpm, Cmouth, Cnose, and Crorehead were higher for standing than sitting by 15%, 4%, and 21 % for the 
heated manikin while sitting was higher than standing for unheated. As velocity decreased to 27 
fpm, concentrations were higher than sitting for the heated manikin and were lower for unheated. 

The effect of posture on Cneck, C1.collar, and Cr.collar is shown in Figures (4.5 - 4.7) and listed in 
Table 2. Standing showed higher concentration levels for Cneck, Ci.collar, and Cr.collar than sitting 
for the heated manikin for the entire velocity range with peak concentrations at 48 fpm. For 
lifelike manikin, at 48 fpm, Cneck, Ci.collar, and Cr.collar were approximately higher for standing by 
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46% than sitting. However, for unheated manikin, minor differences were found between sitting 
and standing for the entire velocity range. 

Unlike concentrations at the shoulder, the effect of posture on Cc.chest, Cuapel, and Cr.lapel is 
shown in Figures 4.8 - 4.10 and listed in Table 2. For the heated and unheated manikin, Cc.chest, 
Cuapel, and Cr.lapel were higher for standing than sitting for the entire velocity range with peak 
concentrations at 48 fpm for heated manikin and at 11 fpm for unheated. For example, at 48 fpm, 
Cc.chest, C1.1ape1, and Cr.lapel were approximately 65% higher for standing than sitting for both 
heated and unheated conditions. 

Therefore, the effect of posture is substantial on concentrations at the head, shoulder, and 
chest. However, higher differences for standing and sitting were observed at chest locations may 
be refferd to the presence of the table down stream the manikin which was probably affecting the 
wake zone and air flow pattern. 

Table 3: Average Concentrations (Ppm) for Each Velocity Level and Manikin Treatments 

Treatment V,fpm Clower.torso Cupper.torso C1nhaled 

11 27.5 30.2 29.0 
Heated/ 27 45.8 45.3 59.5 

Standing 48 92.4 68.7 52.7 
82 47.0 42.8 43.0 

104 35.5 32.3 34.3 

11 16.2 16.2 11.5 
Heated/ 27 21.6 21.0 22.1 
Seated 48 30.8 39.5 49.5 

82 21.0 20.4 30.3 
104 16.6 16.1 21.8 

11 111.9 67.5 64.9 
Unheated/ 27 81.7 43.4 39.3 
Standing 48 65.9 41.2 31.6 

82 49.9 35.5 28.6 

104 34.3 22.3 19.5 

11 45.3 56.9 58.5 

Unheated/ 27 31.2 42.2 52.1 
Seated 48 24.0 38.2 49.5 

82 21.9 33.7 38.8 

104 17.7 29.4 34.3 
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3 Effects of Independent Variables on Cinhalect, Cupper.torso, and C1ower.torso 

Since concentrations near the mouth behaved similarly, the average of Cmouth and Cnose were 
used to compute Cinhalect· Likewise, Cupper.torso is the average of Cneck and Ccollars and C1ower.torso is 
the average of Cchest and C1apels· Crorehead was the lowest concentration level compared to (Cmouth 
and Cnose) so it was not used to compute Cinhaled· 

Figures 19 to 22 show the effects of velocity, body heat and posture on Cinhaled, Cupper.torso, and 
C1ower.torso· For lifelike condition (heating), all three concentrations varied in an inverted-V shape 
with velocity for both sitting and standing. The location of the peak for Cupper.torso, and C1ower.torso 
was the same (48 fpm) for both postures. The location of the peak for Cinhaled was different for 
sitting (48 fpm) than for standing (27 fpm). The magnitudes of the peaks were about the same at 
a given location. However, the concentrations differed sharply by measurement locations. More 
importantly, the differences in concentrations were strongly affected by posture. For example, 
the lower torso concentrations were much higher than Cinhaled for standing and lower for sitting 
(see Figures 19&20). Hence, whether a torso measurement exaggerated or underestimated the 
actual level depends on whether the manikin was sitting or standing. 

Likewise patterns occurred for the unheated manikin. For example, the lower torso 
concentrations were much higher than inhaled for standing and lower for sitting for the entire 
velocity range (see Figures 21 & 22). 

Table 4: Ratios of Concentrations to Cmouth for all Velocities and Manikin Treatments 

Treatment V,fpm Cc.ches/Cmouth Cuape{Cmouth C ,.1ape{Cmouth CneciCmouth C1.co11a.JCmouth C,.co11a.JCmouth CnosJCmouth CrorehuiCmouth 

11 1.07 0.81 0.91 1.08 1.02 0.98 0.97 0.86 
· Heated/ 27 0.80 0.67 0.76 0.86 0.72 0.64 0.94 0.85 
Standing 48 1.95 1.48 1.83 1.39 1.18 1.36 1.01 0.90 

82 1.15 0.97 1.04 1.04 0.85 0.99 0.93 0.88 
104 1.06 0.97 0.95 1.01 0.78 0.94 0.94 0.92 

11 1.45 1.21 1.12 1.18 1.28 1.36 0.80 0.61 
Heated/ 27 1.00 0.97 0.90 0.94 0.94 0.89 0.95 0.65 
Seated 48 0.66 0.65 0.61 0.89 0.77 0.79 1.04 0.77 

82 0.80 0.71 0.62 0.70 0.70 0.67 1.04 0.88 
104 0.84 0.74 0.70 0.73 0.78 0.70 0.99 0.86 

11 1.82 2.15 1.32 1.09 1.10 1.01 1.06 0.69 
Unheated/ 27 1.87 2.23 1.73 0.99 1.04 1.03 0.88 0.65 
Standing 48 2.08 2.32 1.70 1.19 1.29 1.24 0.88 0.92 

82 1.72 1.65 1.60 1.17 1.23 1.14 0.90 0.64 
104 1.51 2.10 1.35 1.01 · 1.03 1.07 0.80 0.72 

11 0.76 0.91 0.75 0.98 1.03 0.91 0.99 0.90 
Unheated/ 27 0.57 0.64 0.59 0.88 0.85 0.76 1.05 0.91 

Seated 48 0.48 0.56 0.49 0.84 0.83 0.75 1.09 0.94 
82 0.53 0.60 0.59 0.89 0.88 0.84 1.01 0.87 
104 0.46 0.57 0.52 0.96 0.90 0.72 1.00 0.91 

42 



1 ROI OH07587 P.I. Steven E. Guffey, PhD, CIH 

1.4 ------- -------·--- ----------------------------------

1.2 

1.0 
.J:::: 
:i 
E o.8 

(J -"' "' g 0.6 
(J 

0.4 

0.2 

seated ,unheated 

a 

-· 

l 

standing.unheated 

• 

' standing,unheated 
• seated.unheated 

-- - -- - ---- - • standing.heated 
" seated ,heated 

0.0 -t-----~-----,------.-----.---------,------; 

0 20 40 60 

V,fpm 

80 100 120 
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4 Effects of Independent Variables on Ratio of Concentrations 

The main purpose of this study was to investigate the agreement between lapels, collars, 
center chest, nose, neck, and forehead sampling locations to mouth location as assumed to be 
inhaled exposure. Concentration ratios to Cmouth for locations at the face (Crorehead/Cmouth, 
CnoselCmouth), shoulder (C1.co11a/Cmouth, Cr.cona/Cmouth, Cneck/Cmouth), and chest (Cr.1apei/Cmouth, 
Cc.chestlCmouth, C1.1ape1/Cmou1h) varied wind tunnel velocity, heating, and posture. 

The effect of velocity, heating, and posture on ratios of concentrations is shown in Figures 23 
to 30 and is listed in Table 4. As shown in Figures 23 - 30, for the ratios of concentrations at the 
shoulder and chest levels, posture had an effect on the relationship with velocity than did 
heating. For example, sitting had similar patterns on ratios of concentrations at the shoulder and 
chest whether the manikin is heated or not. However, standing showed higher peak ratios for the 
effect of velocity than sitting. As discussed earlier in section 4.2, for a standing heated manikin, 
concentrations at the mouth had peak values occurred at 27 fpm, while, concentrations at the 
shoulder and chest levels had peak values occurred at 48 fpm. Therefore, the ratios of 
concentrations at the shoulder and chest levels for a standing heated manikin had two inverted-V 
peaks occurred at 27 and 48 fpm. The scatter in ratios of concentration was higher at the lower 
velocities than at higher velocities. 

As shown in Table 4, for the heated manikin, the ratio of nose to mouth CnoselCmouth was very 
close to unity for the entire velocity range and for both postures, except one value at 11 fpm for 
sitting posture. The ratio of forehead to mouth Crorehead/Cmouth was always lower than unity for the 
entire velocity range, but it approached unity (0.92) at highest velocity level. It is possible that 
Crorehead always underestimated mouth exposure due to the downwash patterns from the sides of 
the face and the top of head. 

The effect of posture, velocity and heating on ratios of concentrations at the shoulder is 
shown in Figures 25 - 27. For lifelike conditions, Cneck/Cmouth, C1.co11a/Cmouth, and Cr.cona/Cmouth, 
had two inverted-V peaks with velocity at 27 and 48 fpm for standing and a declined flattened-U 
relationship with velocity for sitting. As listed in Table 4, Cneck/Cmouth, C1.co11a/Cmouth, and 
Cr.cona/Cmouth, were around (1.02) at 11 fpm for standing posture, and were around (0.94) at 27 
fpm for sitting. 

The effect of posture, velocity and heating on ratios of concentrations at the chest is shown in 
Figures 28-30. For lifelike conditions, heated manikin, ratios of concentrations at center chest, 
left lapel, and right lapel to mouth had two inverted-V peaks with velocity at 27 and 48 fpm for 
standing posture and a declined flattened-U relationship with velocity for sitting. As listed in 
Table 4, Cc.chestlCmouth, Cuapei/Cmouth and Cr.lapei/Cmouth had values ranged (0.9-1.2) at the lower 
velocity levels for both sitting and standing. At 48 fpm, concentrations at the chest overestimated 
mouth concentrations by 1.75 for standing, and underestimated mouth concentrations by 0.65 for 
sitting. 
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Discussions of Manikin Study I 

Data Desk (Data Description Inc. Ithaca, NY) software was used to do statistical analysis of 
results. The independent variables for this study were five levels of velocity (11, 27, 48, 82, and 
104 fpm), two levels of heating (unheated,heated) and two levels of posture (standing,seated). 
The dependent variables were concentrations at each sampling location and ratio of 
concentrations. As results were quite variable, log transformation of concentration values and 
ratio of concentrations were used. 

Dependent variables were log-transformed to produce residuals that were normally 
distributed. Using log ratio of concentration allowed analysis of the differences in logs of two · 
dependent values, removing "small denominator" problems associated with actual ratios: log 
{Cneck/Cmouth} = {log Cneck - log Cmouth} 

1 Log-Transformation of Dependent Variables 

Critical value for coefficient of correlation between ordered residuals and expected values 
under normality when distribution of error term is normal was found to be equal (r = 0.972) for a 
sample of size n=40, and level of significance alpha= 0.05 (Neter et al. 1996). Table 5 listed the 
coefficient of correlation for externally studentized residuals versus nscores ( computed using 
DataDesk software) for log-transformed dependent variables (concentrations and ratios of 
concentrations for each sampling location). 

Table 5: Coefficient of Correlation for Externally Studentised Residuals Versus Normal Scores 
· For Log-Transformed Individual Concentrations and Ratios of Concentrations 

Lo Cmouth 0.99 Lo { C nose/ C mouth 0.93 

Lo Cnose 0.95 Lo Crorehead/Cmouth 0.97 

Lo Crorehead 0.99 Lo Cneck/Cmouth 0.99 

Lo Cneck 0.98 Lo C1.collar/Cmouth 0.96 

Lo Ci.collar 0.99 Lo Cr.conarf Cmouth 0.95 

Lo Cr.collar 0.99 Lo Cc.chestf Cmouth 0.92 

Lo Cc.chest 0.96 Lo 0.98 

Lo C1.1a el 0.99 Lo 0.97 

Lo Cr.la el 0.99 

Lo Cinhaled 0.98 

Lo 0.98 

Lo C1owertorso 0.97 

As shown in Table 5, log transformed individual concentration and ratio of concentartions 
showed reasonable degree of normality for all sampling locations, except for log Cnose and Log 
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{Cc.chestlCmouth}. Although correlation coefficients varied for each dependent variable, there was 
no substantial departure from linearity. 
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2 Analysis ofVariance (ANOVA) 

The independent variables for this study were five levels of velocity (11, 27, 48, 82, and 104 
fpm), two levels of heating (unheated,heated) and two levels of posture (standing,seated). The 
dependent variables were concentrations at each sampling location and ratios of concentrations. 
The design is a completely randomized factorial design with two replications for each treatment 
combination, see Table 6. The linear statistical model used for the analysis of variance is 
illustrated by the following equation: 

Yijkl = µ + Lj + pj + Yk + (-rPh + (-ry)ik + (Py)jk + (-rpy)ijk + t ijkl 

Where i = 1,2,3,4,5; j = 1,2; k = 1,2; I= 1,2; and Ti, pj, Yk, represent the effects of wind tunnel 
velocity, manikin heating and posture, while (-rP)u, (-ry)ik, (PY)jk, (-rpy)ijk represent the 
interaction of velocity, heating and posture. eijkt represents the random error . 

a e T bl 6 C omp etely an om1ze 1 R d . dF actona esum o . ID . fE xpenments 
Velocity, fpm 

11 27 48 82 104 
Heated Seated ++ ++ ++ ++ ++ 

Standing ++ ++ ++ ++ ++ 
Unheated Seated ++ ++ ++ ++ ++ 

Standing ++ ++ ++ ++ ++ 

Analysis of variance was performed on log-transformed dependent variables (concentrations 
and ratios of concentrations for all sampling locations) for the effects of the independent 
variables (velocity, heating and posture) and their interaction. The outline for ANOVA table was 
obtained from (Montgomery, D, 1997). For the fixed effects model, test statistics for each 
independent variable and interaction was developed by dividing the corresponding mean square 
for the variable or interaction by the mean square error. All of these F tests were one tail tests. 
The number of degrees of freedom for any factor is the number of levels of the factor minus one, 
the number of degrees of freedom for an interaction is the product of the number of degrees of 
freedom associated with the individual components of the interaction (Montgomery, D, 1997). 
All tests were done at 95% confidence level ( a=0.05). Data Desk software was used to compute 
ANOVA and the results of the F-tests were summarized asp-values. 

Tables 7 and 8 list the p-values for log-transformed individual concentrations and ratios of 
concentrations for all sampling locations. Table 9 shows p-values for log transformed 
concentrations for Cinhated, Cuppertorso, and Ctowertorso· 
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Table 7: p-Values from ANOV As for Log-Transformed Individual Concentrations 

Source df Log Cmouth Log Cnose Log C,o,ehead Log Cneck Log C1.co11a, Log C,.coua, Log Cc.chest Log C1.1ape1 Log C,.1ape1 
Const 1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Velocity 4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Heating 1 0.00 0.01 0.00 0.00 0.00 0.00 0.09 0.00 0.00 
Posture 1 0.00 0.24 0.07 0.00 0.00 0.00 0.00 0.00 0.00 
VelocityxHeating 4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
VelocityxPosture 4 0.00 0.00 0.01 0.44 0.47 0.99 0.54 0.34 0.26 
HeatingxPosture 1 0.00 0.00 0.00 0.00 0.00 0.00 0.27 0.02 0.24 

Table 8: p-Values from ANOV As for Log-Transformed Ratios of Concentrations 

Scuce cf Log{Gu,./c,,...,J Log{Cra.t-/c......J Log(c...Jc......J Log{G.a,.i.Jc,,...,J Log(C..cai.Jc......J Log{~_,/c,,...,J Log(Cu.i,JG.u..tJ Log{C.~c......J 

Coost 1 0.02 0.00 0.15 0.00 0.00 0.92 0.89 0.01 
Velocity 4 0.75 0.07 0.01 0.00 0.00 0.25 0.15 0.36 
I-eating 1 0.94 o.m 0.35 0.00 0.41 0.48 0.00 0.52 
Posh.re 1 0.06 0.33 0.00 0.00 0.00 0.00 0.00 0.00 
Velocityxteating 4 0.26 0.13 0.05 0.04 0.03 0.79 0.72 0.34 
VelocityxPo;tire 4 0.10 0.39 0.00 0.00 0.00 0.02 0.00 0.00 
1-eatingxPostlre 1 0.00 0.00 0.86 0.01 0.01 0.00 0.00 0.00 

Table 9: p-Values from ANOVA's for Log Cinhaled, log Cuppertorso, and log C1owertorso 

Source df Log Cinhaled Log Cuppertorso Log C1owertorso 
Const 1 0.00 0.00 0.00 

Velocity 4 0.00 0.00 0.00 

Heating 1 0.00 0.00 0.00 

Posture 1 0.04 0.00 0.00 

Velocity/Heating 4 0.00 0.00 0.00 

Velocity/Posture 4 0.00 0.72 0.33 

Heating/Posture 1 0.00 0.00 0.41 

3 Regression Analysis 

Regression analysis was performed on log transformed concentrations for each sampling 
location with wind tunnel velocity for each manikin treatment. Manikin treatments were divided 
into four groups: heated/standing, heated/seated, unheated/standing, and unheated/seated. For 
unheated conditions, linear regression was applied to fit the data with velocity for both standing 
and seated manikin. For heated conditions, a second velocity term was added to the regression 
model to correct for the inverted V-shape peak for both seated and standing conditions. 

For unheated conditions, the regression model for concentration at the mouth, Cmouth, is: 
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For heated conditions, the regression model for Cmouth is: 

Log Cmouth = Po+ P1 V1 + P2 V2 

In case the peak concentration occurred at 48 fpm, then, {V 2 = (V 1 - 48)x} 

Where: x = 0 ifV1 :'.S 48 and x = 1 ifV1 > 48 

In case the peak concentration occurred at 27 fpm, then {V 2 = (V 1 - 27)x} 

Where: x = 0 ifV1 :'.S 27 and x = 1 ifV1 > 27. Concentrations at each 
sampling location were fitted using the same model applied on log 
Cmouth· 

Tables 10 to 13 summarize adjusted R-square, regression coefficients, and p-Values obtained 
from regression analysis for each sampling location and manikin treatment. 

Table 1 Oa: Regression Coefficients for heated/standing manikin 

Adj R2 (%) Co C1 C2 C3 

Lo2 Cmouth 95.3 1.24 0.02 -0.02 

Loe Cnose 87.5 1.23 0.02 -0.02 

Loe Crorehead 94 1.17 0.02 -0.02 

Loe Cneck 85 1.41 0.01 -0.02 

Loe Ci.collar 83.2 1.39 0.01 -0.01 

Loe Cr.collar 82.3 1.32 0.01 -0.02 

Loe Cc.chest 91.3 1.33 0.01 -0.02 

Loe C1.1aoe1 95.l 1.23 0.01 -0.02 

Loe Cr.1ane1 93.8 1.26 0.02 -0.02 
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Table 1 Ob: Regression p-Values for heated/standing manikin 

Co C1 C2 C3 

Log Cmouth 0.000 0.000 0.000 

Log Cnose 0.000 0.000 0.000 

Log Crorehead 0.000 0.000 0.000 

Log Cneck 0.000 0.000 0.000 

Log Cr.collar 0.000 0.001 0.000 

Log Cr.collar 0.000 0.000 0.000 

Log Cc.chest 0.000 0.000 0.000 

Log C1.1ane1 0.000 0.000 0.000 

Log Cr.1aoe1 0.000 0.000 0.000 

Table 11 a: Regression Coefficients for heated/seated manikin 

Adj_R2 

(%) Co C1 C3 

Log Cmouth 97.9 0.93 0.02 -0.02 

Log Cnose 98 0.79 0.02 -0.03 

Log Crorehead 98.8 0.67 0.02 -0.02 

Log Cneck 93.8 1.02 0.01 -0.02 

Log Cr.collar 94.5 1.09 0.01 -0.02 

Log Cr.collar 89.5 1.10 0.01 -0.02 

Log Cc.chest 84.8 1.18 0.01 -0.01 

Log C1.1aoe1 89 1.10 0.01 -0.01 

Log Cr.1ane1 86.7 1.07 0.01 -0.01 
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Table 11 b: Regression p-Values for heated/seated manikin 

Co C1 C3 

Log Cmouth 0.000 0.000 0.000 

Log Cnose 0.000 0.000 0.000 
Log 
Crorehead 0.000 0.000 0.000 

Log Cneck 0.000 0.000 0.000 

Log Ci.collar 0.000 0.000 0.000 

Log Cr.collar 0.000 0.000 0.000 

Log Cc.chest 0.000 0.000 0.000 

Log C1.1aoe1 0.000 0.000 0.000 

Log Cr.1aoe1 0.000 0.000 0.000 

Table 12a: Regression Coefficients for unheated/standing manikin 

Adj_Rl 
(%) Co C1 

Log Cmouth 71.3 1.78 -0.004 

Log Cnose 59.9 1.79 -0.005 

Log Crorehead 65.6 1.64 -0.004 

Log Cneck 62 1.82 -0.004 

Log Ci.collar 54.7 1.84 -0.004 

Log Cr.collar 64.5 1.80 -0.004 

Log Cc.chest 77.3 2.08 -0.005 

Log C1.1aoe1 90.1 2.14 -0.005 

Log Cr.1aoe1 74.5 1.98 -0.005 
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Table 12b: Regression p-Values for unheated/standing manikin 

Co C1 

Loe Cmouth 0.000 0.001 

Loe Cnose 0.000 0.005 

Log Crorehead 0.000 0.003 

Loe Cneck 0.000 0.004 

Log Ct.collar 0.000 0.009 

Loe Cr.collar 0.000 0.003 

Log Cc.chest 0.000 0.001 

Loe C1.1ane1 0.000 0.000 

Log Cr.taner 0.000 0.001 

Table 13a: Regression Coefficients for unheated/seated manikin 

Adj_R2 

(%) Co C1 

Log Cmouth 77.2 1.79 -0.002 

Log Cnose 84.4 1.80 -0.003 

Log Crorehead 87.5 1.74 -0.002 

Log Cneck 74.2 1.74 -0.002 

Log Cr.collar 69.7 1.76 -0.003 

Log Cr.collar 74.3 1.71 -0.003 

Log Cc.chest 42.5 1.57 -0.004 

Log C1.1aoe1 67.2 1.67 -0.004 

Log Cr.ranet 56.8 1.60 -0.003 

Table 13 b: Regression p-Values for unheated/seated manikin 

Co C1 

Loe Cmouth 0.000 0.001 

Log Cnose 0.000 0.000 

Loe Crorehead 0.000 0.000 

Log Cneck 0.000 0.001 

Loe Cr.collar 0.000 0.002 

Log Cr.collar 0.000 0.001 

Loe Cc.chest 0.000 0.024 

Log C1.1ane1 0.000 0.002 

Log Cr.1aoe1 0.000 0.007 
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Figure 31 : Mean Concentration (ppm) versus velocity for standing/heated manikin 
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Figure 32: Mean Concentration (ppm) versus velocity for seated/heated manikin 
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Figure 33: Mean concentration (ppm) versus velocity for standing/unheated manikin 
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Figure 34: Mean concentration (ppm) versus velocity for seated/unheated manikin 
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Figure 35: Concentration ratio to Cmouth versus velocity for standing/heated manikin 
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Figure 36: Concentration ratio to Cmouth versus velocity for seated/heated manikin 
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Figure 37: Concentration ratio to Cmouth versus velocity for standing/unheated manikin 
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Figure 38: Concentration ratio to Cmouth versus velocity for seated/unheated manikin 
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Comparisons of individual Concentration Values and Ratios of Concentrations for all Sampling 
Locations 

As shown in Figures 31-34, the effects of wind tunnel velocity on all locations appeared to 
be strikingly different for heated and unheated treatments but were similar for standing and 
sitting postures. For unheated conditions, concentrations at all sampling locations fell more or 
less monotonically with increasing values of velocity. This behavior agrees with Flynn et al. 
(1991) and Kulmala (1996), who tested only unheated manikins. Concentrations did not increase 
monotonically with increasing velocity as found by Guffey and Flanagan (2001). However, it 
should be noted that the Reynolds numbers for this study (Re= 1200-12000), Guffey and 
Flanagan (Re= 1000-7200), Kim and Flynn (Re= 3419-17094), and Kulmala (Re= 6300, 9500, 
12700) were quite different, perhaps accounting for the differences in results between Guffey 
and Flanagan and the rest. 

For lifelike conditions, heated manikin, concentrations varied in an inverted-V shape 
relationship with velocity for both sitting and standing. Cmouth, Cnose, and Crorehead had peak values 
at 27 fpm for standing and 48 fpm for sitting. However, concentrations at the shoulder, Cneck, 
Ci.collar, and Cr.collar, and chest, Cc.chest, Cuapel, and Cr.1apel had peak values at 48 fpm only for both 
postures. As listed in Table 2, for standing manikin, heating increased concentration levels at the 
mouth and nose locations for the entire velocity range, except at 11 fpm. For the same locations, 
the heated manikin had substantially lower concentrations for sitting at all velocities. These 
results were strongly supported by the analysis of variance (ANOVA) as shown in Table 33 . The 
effect of velocity and heating were significant for log- transformed concentrations at all locations 
(p<0.001). In addition, the interaction of velocity and heating was also significant (p<0.001). 
These results agree with Heist et al. (2003), Fletcher and Johnson (1996), Brohus (1997), and 
Homma and Yakiyama (1988) who studied the effect of body heat on air flow patterns around a 
manikin in a uniform flow field and found that heating was also significant and had substantial 
effects at low speed wind environments. For these studies, wind velocities were ranged 0.05, 
0.15, 0.3, and 0.5 mis. 

For the heated manikin, the effect of posture (sitting/standing) was quite significant on 
sampling locations. Sitting reduced concentration levels at chest and shoulder locations (see 
Figures 31-34 and Table 2). The reductions were statistically significant (p<0.001) for log 
transformed concentrations. The effect of posture on log Cmouth was statistically significant 
(p<0.001) but not significant for log Cnose and log Crorehead· The interaction of velocity and 
posture was not significant (p> 0.26) for concentrations at the shoulder and chest, but, was 
significant for Cnose, Cmouth, and Crorehead· Also, the interaction of velocity and posture was 
significant at face (p<0.01). This is because concentrations at the face had peak values at 27 fpm 
for standing and 48 fpm for sitting. 

The interaction of posture and heating was very significant for locations at the face and 
shoulder (p<0.001 ), but not significant for chest locations. This is illustrated in Figures 31-34. 
For the heated and unheated conditions, Cc.chest, Cuapel, and Cr.lapel, had the highest values for 
standing, but, the lowest values for sitting, for all velocities. 

Compared to individual locations, Cinhaled, Cupper.torso, and C1ower.torso showed similar patterns 
with velocity, heating and posture, but, concentration levels were slightly different (see Tables 
4.1 and 4.2). Analysis of Variance (ANOV A) for log transformed concentrations is shown in 
Table 9. Velocity, heating, and posture had a statistically significant effect (p<0.001) on Cinhaled, 
Cupper.torso, and C1ower.torso· Likewise, the interaction of velocity and heating had same significance. 
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The interactions of velocity and posture and heating and posture on the three levels had similar 
significance when compared to concentrations at individual locations. 

As shown in Figures 35-38, unlike individual concentrations, the effect of velocity on ratios 
of concentration appeared to be different for heated and unheated conditions and for standing 
and seated postures. The ratio of nose to mouth CnoselCmouth varied very closely to unity for all 
treatment combinations and did not show any specific patterns. This was strongly supported by 
the analysis of variance (ANOVA), shown in Table 8. The effects of velocity, heating, and 
posture and their interactions velocity x heating, velocity x posture, and heating x posture, on log 
{CnoselCmouth} were statistically insignificant (p>0.06). Cnose was located adjacent to the distal 
end of the nose on the left side, very closely to Cmouth· This strongly suggests that Cnose could be 
a good surrogate location for Cmouth· 

The effect of independent variables and their interactions on log {Crorehead/Cmouth} was also 
statistically insignificant, except for the interaction of heating x posture (p<0.001). Crorehead 
consistently underestimated mouth exposure for the effect of independent variables. This is 
because of the downwash airflows coming from the sides of the face and the top of head. Since, 
the bias of Crorehead/Cmouth was consistent, a mathematical relationship could be developed to 
estimate mouth concentrations using the forehead. However, sampling at the face of the worker 
is not a recommended practice for industrial hygiene practitioners. 

As listed in Table 8, the effect of posture on log-transformed ratios of concentrations at the 
chest was statistically significant (p<0.001). Cc.chestlCmouth, Cuapei/Cmouth, and Cr.lapei/Cmouth varied 
with posture. Concentartions at chest locations overestimated mouth for standing and 
underestimated mouth concentrations for sitting (see Figures 35-38). The ratio Cc.chesi/Cmouth was 
approximately 2.1 for the unheated standing manikin and 1.95 for heated manikin. This agrees 
with (Malek et al, 1999) and (Welling et al, 2000) who tested human subjects and agrees also 
with (Guffey, et al., 2001), (Kim and Flynn, 1992) and (Kulmala et al., 1996) who tested 
unheated manikins and found that concentrations at the chest were higher than concentrations at 
vicinity of mouth (e.g. nose). For the unheated standing manikin, the ratio Cc.chesi/Cmouth was 2.1 
for this study and 2.9 for (Guffey, et al., 2001). The differences agree qualitatively and disagre 
quantitively, because the manikin used in this study was anthropometrically correct, while, the 
one used in (Guffey et al., 2001) was 60% smaller. It is worth mentioning that the bias in chest 
concentrations is consistent for the effects of heating and velocity, but varies with posture. In 
industrial environment, workers are either sitting or standing. If a task is performed while 
standing, workers sit during breaks only, far from the source. As sampling at the chest 
overestimate mouth concentrations, it will provide over protection to worker. Therefore, 
developing a mathematical relationship to estimate mouth concentrations using concentrations 
measured at chest might be important. This would suggest that sampling at center chest location 
is a good surrogate for estimating mouth concentrations. 

As listed in Table 8, ANO VA, the effect of velocity, posture, and the interaction of velocity 
and posture was statistically significant (p<O.01) on log transformed ratios of concentrations at 
shoulder level. Although heating was not significant for ratios of concentrations at the neck and 
the right collar, the interaction of velocity and heating was slightly significant (p<=0.05) for both 
ratios. It is worth mentioning that there are differences in statistical significance for the ratios of 
three sampling locations. This could be related to the fact that samplers at the shoulder level 
were in contact with clothing for both collars while neck sampler was in contact with manikin 
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skin. Also, both collars had downwashed air flows coming from above the shoulder level and 
washing both of them. This is not the case for the neck location. 

Tables 5.6 to 5.9 listed regression coefficients, p-values and adjusted R-squared for log 
transformed concentrations for each sampling location. Log transformed concentartions were 
regressed versus wind tunnel velocity for each manikin treatment. 

For unheated conditions (seated and standing), wind tunnel velocity was highly significant 
(p<=0.009) for all sampling locations, except for Log Cc.chest that had significane at (p=0.024) 
for unheated/seated. The concentrations at all sampling locations decreases as wind tunnel 
velocity with increases (see Tables 5.8 and 5.9). This was observed by the negative sign for 
velocity coefficient (C 1). Velocity coefficient (C1) ranged from (-0.002 to -0.005) for both seated 
and standing. The regression constant (Co) varied substantially from sampling location to another 
and from seated to standing. For example, (Co) ranged from 1.64-2.14 for standing and from 
1.60 - 1.80 for seated. Regression coefficient (Co) values at chest level were higher than mouth 
level for standing and lower for seated. Adjusted R-squared (R2

) ranged 60%- 80% for both 
seated and standing for most sampling locations. This indicated that about 60% of the data can 
be represented by these regression models. 

For heated manikin conditions, wind tunnel velocity was highly significant (p<0.0001) for all 
sampling locations for both seated and standing. Velocity coefficients (C1) and (C2) ranged from 
(0.01 to 0.02) and from (-0.01 to -0.02) respectively for both seated and standing. Velocity 
coefficient (C1) was lower than (C2) for all sampling locations (see Tables 5.6 and 5.7). The 
regression constant (Co) varied substantially from sampling location to another and from seated 
to standing. For example, (Co) ranged from 1.17 - 1.39 for standing and from 0.67 - 1.18 for 
seated. Regression coefficient (Co) values at chest level were higher than mouth level for seated 
and were almost same for standing, except for Log Cc.chest (1.33). Adjusted R-squared (R2) 
ranged in the 80% - 90% for both seated and standing for most sampling locations. This 
indicated that about 90% of the data can be represented by these regression models. In 
conclusion, adjusted R-squared (R2) for heated conditions were higher than unheated. 
Regression coefficient (Co) values varied from seated to standing and from heated to unheated 
for all sampling locations. 

Manikin Study II Results, Discussion and conclusions 

Results of Manikin Study II 

For this study, the manikin was either sitting or standing, breathing or not breathing and 
wearing a wig or bald. The manikin was heated and clothed throughout the whole study. This 
study was a complete factorial design with each condition including replicates (2) tested in 
random order. Initial tests and replicates were always done on different days. 

As in Study I, one primary goal was to find the locations that act as the best surrogates for true 
inhaled concentrations. Concentrations measured at the mouth were assumed to equal "inhaled" 
volume. The secondary goal was to determine whether breathing, hair style, posture, and 
velocity affected concentrations measured on the manikin. Although the manikin inhaled and 
exhaled through its nose in a realistic manner, its "lungs" did not absorb ethanol. Hence a sample 
taken at the mouth in the exhaled air stream should differ negligibly from a sample taken of 
inhaled breath alone. As will be shown, the concentrations fell into three groups with similar 
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behavior: those atthe face (Cmouth, Cnose, Crorehead), the shoulder (Cneck, Ci.collar, Cr.collar), and the 
chest (Cc.chest, C1.1ape1, Cr.1ape1,). 

Repeatability of Cmouth 

Two samples were taken simultaneously at the right edge of the mouth less than 1 mm apart. The 
coincident locations were intended 
to be redundant checks. Ideally, 
there should be no systematic 
differences between Cmouth1 and 
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Figure 40: Cmouth1 versus Cmouth2 

and that differences between other locations measured at the same time represent real deviations 
at those times, not sampling errors. Given the trivial differences between Cmouthl and Cmouth2, the 
average of both values was used for comparisons to all other locations and is henceforth referred 
to as Cmouth. 

As shown in Tables 6.la and 6.lb and Figures 41 to 49, the average concentration values 
varied with sampling location, velocity, breathing, wig, and posture. Hence, comparisons 
between concentrations must be matched to similar conditions. Appendix C shows scatter and 
mean plots for log transformed concentrations with velocity for all sampling locations, 
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Table 15a: Average Concentration Values (Ppm) For Each Velocity Level and Manikin 
Treatment (Seated) 

Treatment V,fpm Cc.chest Cl.lapel Cr.lapel Cneck Ci.collar Cr.collar Cmouth Cnose Cforehead 

11 18.6 15.6 14.4 15.0 16.3 17.4 12.8 10.1 7.8 
~,,:ated/NoBreat 27 22.6 21.9 20.4 21.3 21.3 20.3 22.7 21.5 14.9 

hing/NoWig 48 32.0 31.0 29.5 43.0 37.2 38.3 48.5 50.5 37.1 
82 23.6 21.1 18.3 20.6 20.7 20.0 29.6 31.0 26.2 
104 18.4 16.2 15.3 16.1 17.0 15.3 21.9 21.8 18.9 

11 12.8 9.2 10.8 15.7 15.6 12.1 15.9 13.3 9.3 
Seated/ 

27 18.3 17.9 15.2 33.7 26.7 24.5 34.9 35.0 25.9 
Breathing/NoWi 

48 21 .2 23.0 21.9 36.7 34.7 36.8 48.3 46.8 44.3 g 
82 17.4 14.1 18.0 28.9 29.5 25.9 31.5 34.1 28.1 

104 16.3 12.7 12.9 25.0 28.0 21.9 26.6 28.4 21.9 

11 9.8 7.3 7.2 28.3 23.5 31.9 18.6 15.9 12.8 
Seated/ 

27 14.1 13.1 13.5 44.1 26.6 41.3 53.5 48.9 45.9 
NoBreathing/Wi 

g 48 19.7 18.6 20.4 37.4 25.8 33.4 44.3 43.0 42.1 
82 13.2 11.2 11.5 29.0 22.9 29.2 33.7 32.2 32.8 

104 10.0 10.7 9.3 25.0 21.4 24.3 31.3 28.9 27.6 
·:=.~; 

11 8.6 6.4 6.6 12.4 7.0 13.6 10.7 6.1 6.6 
Seated/ 27 15.5 13.4 12.5 19.9 18.0 17.1 24.6 26.0 26.8 

, j~eathing/ Wig 48 18.8 16.9 16.2 27.9 25.9 22.1 32.0 35.6 38.7 
82 14.8 12.6 10.1 24.6 24.0 23.4 27.7 30.0 28.6 
104 7.6 9.5 7.8 23.0 22.2 21.3 26.5 27.7 24.2 
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Table 15b: Average Concentration Values (Ppm) For Each Velocity Level and Manikin 
Treatment (Standing) 

. "f reatment V,fpm Cc.chest Cl.lapel Cr.lapel Cneck Cr.collar Cr.collar Cmouth Cnose Ctorehead 

11 31.6 23.9 27.0 31.8 30.1 28.8 29.5 28.5 25.3 
:~tanding/NoBr 27 49.3 41.1 46.9 52.5 44.1 39.4 61.3 57.8 52.0 
:;athing/NoWig 48 103.1 77.9 96.3 73.1 61.8 71.2 57.1 52.7 47.3 

82 51.6 43.2 46.4 46.5 37.8 44.1 44.6 41 .3 39.4 
104 38.0 34.5 33.9 35.8 27.6 33.5 35.5 33.2 32.6 

11 25.9 12.9 17.3 25.0 25.9 18.8 20.3 21.4 18.6 
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Figure 41a: Scatter and mean plot ofCmouth vs. velocity for all manikin treatment (seated) 
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Figure 41b: Scatter and mean plot ofCmouth vs. velocity for all manikin treatment (standing) 
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Figure 42a: Scatter and mean plot of Cnose vs. velocity for all manikin treatment (seated) 
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Figure 42b: Scatter and mean plot of Cnose vs. velocity for all manikin treatment (standing) 
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Figure 43a: Scatter and mean plot of Crorehead vs. velocity for all manikin treatment (seated) 
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Figure 43b: Scatter and mean plot of Crorehead vs. velocity for all manikin treatment (standing) 
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Figure 44a: Scatter and mean plot of Cneck vs. velocity for all manikin treatments (seated) 
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Figure 45-a: Scatter and mean plot of Ci.collar vs. velocity for all manikin treatment (seated) 
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Figure 45-b: Scatter and mean plot of C1.collar vs. velocity for all manikin treatment (standing) 

60 ·- · -- ----------- -------·------ • seated,nobreathing,wig 

50 

E 40 
a. 
a. 
.= 30 

.!!! 
0 
(,! 

u 20 

10 • • 

• seated,nobreathing,wig 

. -·- - -
seated,breathing,wig 

• seated,breathing,wig 
• seated,nobreathing,nowig 
• seated,breathing,wig 

£eated,breathing,nowig 

0-t-------,-------,----~-------~---~ 

0 20 40 60 

V,fpm 

80 100 120 

Figure 46-a: Scatter and mean plot of Cr.collar vs. velocity for all manikin treatment (seated) 
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Figure 46-b: Scatter and mean plot of Cr.collar vs. velocity for all manikin treatment (standing) 
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Figure 47a: Scatter and mean plot of Cc.chest vs. velocity for all manikin treatment (seated) 
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Figure 47b: Scatter and mean plot of Cc.chest vs. velocity for all manikin treatment (Standing) 
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Figure 48a: Scatter and mean plot of Cl.lapel vs. velocity for all manikin treatment (seated) 
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Figure 48b: Scatter and mean plot of C1.1ape1 vs. velocity for all manikin treatment (standing) 
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Figure 49a: Scatter and mean plot of Cr.lapel vs. velocity for all manikin treatment (seated) 
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Figure 49b: Scatter and mean plot of Cr.1apel vs. velocity for all manikin treatment (standing) 

2 Effects of Independent Variables on all Sampling Locations 

As listed in Tables 15a and 15b, concentration values of sampling locations at the face 
(Cmouth, Croreheaa, Cnose), at the shoulder (Cneck, C1.co11ar, Cr.collar), and chest (Cc.chest, C1.1ape1, Cr.1ape1,) 
varied with different combinations of wind tunnel velocity, breathing, wig and posture. 
Generally, sampling locations were grouped based on two criteria: 1) similar patterns with 
velocity, breathing, wig and posture and 2) similar concentration levels. The following 
illustrates the effects of breathing, wig, posture and velocity on sampling locations. 

6.2.1 Velocity 

As shown in Figures 6.2 - 49, the effects of velocity appeared to be similar from one 
sampling location to another within each group for any given treatment combinations. As was 
true for a heated manikin in Study I, concentrations varied in an inverted-V shape relationship 
with velocity. Peak concentration levels occurred at either 27 or 48 fpm for all treatment 
combinations. These results agree with Study I of this work and with Brohus (1997), who 
studied the effect of heating on concentrations using full-sized, heated, breathing manikin 
wearing heavy clothing and wig at similar velocities. 

The effect of velocity on concentrations at the face is shown in Figures 6.2 - 6.4. For 
breathing, with or without a wig, Cmouth, Cnose, and Crorehead had peak values at 27 fpm for the 
standing manikin and 48 fpm for sitting. However, for the effect of wig only, Cmouth, Cnose, and 
Crorehead had peak values at 48 fpm for standing and 27 fpm for sitting posture. As shown in 
Tables 6.1 a and 6.1 b, the difference in the means of various treatments was substantial at the low 
and middle velocities, but minor at the highest level (104 fpm). 

The effect of velocity on concentrations at the shoulder is shown in Figures 44 - 46. For 
lifelike conditions, with or without a wig, Cneck, C1.collar, and Cr.collar had flat peaks at 27 and 48 
fpm for both sitting and standing postures. However, for the effect of wig only, Cneck, C1.collar, and 
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Cr.collar had peak concentrations at 27 fpm for sitting and 48 fpm for standing. As shown in 
Tables 6.1 a and 6.1 b, the difference in the means of various treatments was substantial at 48 fpm 
for standing and moderate at 27 fpm for sitting. 

The effect of velocity on concentrations at chest level is shown in Figures 47-49. C~.chest, 
Cuapel, and Cr.1ape1 had peak values at 48 fpm for both sitting and standing. The peaks were wider 
for sitting than standing. As shown in Tables 6.1 a and 6.1 b, for lifelike conditions, the difference 
in the means of various treatments for the three locations was modest at all velocities for sitting 
and was substantial at 48 fpm for standing. 

6.2.2 Breathing 

As shown in Figures 41 -49, the effects of breathing on sampling locations appeared to be 
substantial for all sampling locations, and for both sitting and standing manikin. For a breathing 
manikin, with or without a wig, concentrations at all sampling locations varied in an inverted-V 
shape relationship with velocity. The peak concentrations varied with posture and wig. Breathing 
reduced concentrations for all sampling locations. The effect of breathing was greater for 
locations at the face and shoulder for the manikin wearing a wig for both postures. 

As will be discussed later, the effect of breathing was substantial for all sampling locations. 
In addition, these findings agree with Heist et al. (2003), Fletcher and Johnson (1996), and Wood 
and Birkett (1979) who tested the effect of breathing for chid-size manikin and for adult sized 
manikin standing in a low speed flow field (0.1 - 0.5 mis). Heist et al. (2003) found that 
breathing affected air flow patterns around the manikin in the vicinity of the mouth and nose, 
while, Wood and Birkett (1979) found that breathing action had little effect on a personal 
sampler located on manikin's lapel. In addition, Fletcher and Johnson (1996) found that 
breathing was confined to thermal boundry layer and did not influence the general flow field. 

The effect of breathing, for the manikin wearing a wig, on concentrations at the face is 
shown in Figures 6.2 - 6.4. Breathing changed the peak location for Cmouth, Cnose, and Crorehead 
from 27 fpm to 48 fpm for sitting and from 48 fpm to 27 fpm for standing. As shown in Tables 
6.1 a and 6.1 b, at 48 fpm, Cmouth, Cnose, and Crorehead concentration values for breathing and wig 
conditions were 51 % lower for standing manikin and 54% lower for sitting than the no breathing 
and wig conditions. 

The effect of breathing, for the manikin wearing a wig, on concentrations at the shoulder 
level is shown in Figures 44 - 46. Likewise, Breathing changed the peak locations for Cneck, 
Ci.collar, and Cr.collar in similar patterns as concentrations at the face. As shown in Tables 6.1 a and 
6.1 b, at 48 fpm, Cneck, Ci.collar, and Cr.collar concentration values for breathing and wig conditions 
were 47% lower for standing manikin and 25% lower for sitting than the no breathing and wig 
conditions. 

Unlike concentrations at the face and shoulder levels, the effect of breathing, for the manikin 
wearing a wig, on concentrations at the chest level is shown in Figures 4 7 - 49. Breathing had 
greater effect on Cc.chest, C1.1apel, and Cr.lapel for the low and middle velocity levels (11-48 fpm) for 
standing. However, the effect of breathing on concentrations at the chest was minor at all 
velocities and for sitting posture. As shown in Tables 6.1 a and 6.1 b, at 48 fpm, Cc.chest, C1.1apel, 
and Cr.lapel concentration values for breathing and wig conditions were 42% lower than the no 
breathing and wig for standing manikin. 
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6.2.3 Wig 

As shown in Figures 41-49, the effects ofwig on sampling locations appeared to be 
strikingly different with or without the effect of breathing and for both for the entire velocity 
range. For lifelike conditions, breathing, the wig had substantial and higher effects on 
concentrations measured at the face and the shoulder levels than concentrations measured at the 
chest for sitting posture at all velocities. Interestingly, the effect of the wig varied modestly with 
velocity at all sampling locations for standing manikin. As will be shown later, the wig reduced 
concentration levels, but with the peak location varied with velocity for all sampling locations. 

The effect of wig on concentrations at the face is shown in Figures 41-44. Cmouth, Cnose, and 
Crorehead had an inverted-V peak concentration values at 27 fpm for standing manikin and 48 fpm 
for sitting, for lifelike conditions. However, for the effect of wig only, the location of the peak 
changed to 48 fpm for standing and 27 fpm for sitting. As shown in Tables 6.la and 6.lb, at 27 
fpm and for a breathing standing manikin, Cmouth, Cnose, and Crorehead concentration values for 
wearing a wig were 3% lower than bald conditions. On the other hand, at 48 fpm, for a: breathing 
sitting manikin, Cmouth, Cnose, and Crorehead concentration values for wearing a wig were 34% 
lower than bald conditions. 

The effect of wig on concentrations at the shoulder is shown in Figures 44-48. Cneck, C1.collar, 
and Cr.collar had peaks occured at 48 fpm for sitting and 27 fpm for standing, for lifelike 
conditions. However, for the effect of wig only, the location of the peak changed to 48 fpm for 
standing and 27 fpm for sitting. As shown in Tables 6. la and 6.1 b, at 48 fpm, for a breathing 
standing manikin, Cneck, Ci.collar, and Cr.collar concentration values for wearing a wig were 34% 
lower than bald conditions. On the other hand, at 48 fpm, for a breathing sitting manikin, Cneck, 
C1.collar, and Cr.collar concentration values for wearing a wig were 24% lower than bald conditions. 

The effect of wig on concentrations at the chest is shown in Figures 47-49. Cc.chest, C1.1apel, and 
Cr.lapel had peaks occured at 48 fpm for various treatment combinations. However, peaks were 
flatter for chest concentrations than shoulder and face concentrations. As shown in Tables 6.1 a 
and 6.1 b, at 48 fpm, for a breathing standing manikin, Cc.chest, C1.1ape1, and Cr.lapel concentration 
values for wearing a wig were 39% lower than bald conditions. On the other hand, at 48 fpm, for 
a breathing sitting manikin, Cc.chest, C1.1apel, and Cr.lapel concentration values for wearing a wig 
were 12% lower than bald conditions. 

6.2.4 Posture 

The effect of posture was substantial for the effects of velocity, breathing, and hair style. It is 
plausible that posture would affect concentrations because of the different orientation of arms 
and legs to cross draft. In the standing posture, the manikin arms and legs are perpendicular to 
the cross draft while in sitting posture the arms and legs are parallel to wind tunnel velocity. The 
arms and legs would affect air flow patterns around the manikin and hence concentration 
gradients in the breathing zone. 

For instance, for sitting, concentrations at the face Cmouth, Cnose, and Crorehead, had peak 
concentrations occurred at 48 fpm for lifelike conditions and at 27 fpm for the effect of wig only. 
For standing, the peak for each treatment combination shifted to the other's locations (see 
Figures 6.2 - 6.4). Similarly, concentrations at the shoulder level, Cneck, C1.collar, and Cr.collar had 
peak occurred in similar pattern to concentrations at the face. Unlike sitting, concentartions at 
shoulder level peaked at 48 fpm and at 27 fpm for various treatments for standing as shown in 
Figures 44 - 46. Concentartions at chest level, Cc.chest, Cuapel, and Cr.lapel peaked at 48 fpm for 
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both postures and for all treatments (see Figures 47 - 49). As will be discussed later on, the effect 
of posture was statistically significant for all sampling locations. 

Table 16-a: Average Concentrations (ppm) at lower torso, upper torso, and inhaled (sitting) 

Treatment V,fpm Clower.torso Cupper.torso Cinhaled 

11 16.2 16.2 11.5 
Seated/NoBreat 27 21.6 21.0 22.1 

hing/NoWig 48 30.8 39.5 49.5 

82 21.0 20.4 30.3 
104 16.6 16.1 21.8 

11 10.9 14.5 14.6 
Seated/ 

27 17.1 28.3 34.9 Breathing/NoWi 
g 48 22.0 36.1 47.6 

82 16.5 28.1 32.8 
104 14.0 25.0 27.5 

11 8.1 27.9 17.3 
Seated/ 

27 13.5 37.3 51.2 NoBreathing/Wi 
g 48 19.5 32.2 43.7 

82 11.9 27.0 33.0 
104 10.0 23.6 30.1 

11 7.2 11.0 8.4 
Seated/ 27 13.8 18.3 25.3 

Breathing/ Wig 48 17.3 25.3 33.8 
82 12.5 24.0 28.9 

104 8.3 22.2 27.1 
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Table 16-b: Average Concentrations (ppm) at lower torso, upper torso, and inhaled (standing) 

Treatment V,fpm Crow er.torso C upper.torso Cinhaled 

11 27.5 30.2 29.0 
Standing/NoB 27 45.8 45.3 59.5 
reathing/NoWi 

g 48 92.4 68.7 54.9 
82 47.0 42.8 43.0 
104 35.5 32.3 34.3 

11 18.7 23.2 20.9 
Standing/ 27 22.2 33.8 41.2 

Breathing/No 
48 51.5 45.2 38.8 Wig 
82 30.9 31 .1 30.8 
104 25.3 25.4 26.7 

11 42.3 40.8 29.7 
Standing/ 27 52.1 54.2 39.7 

NoBreathing/ 
48 62.5 58.6 52.9 Wig 
82 33.1 36.2 37.9 
104 32.3 29.0 31.9 

11 16.1 19.9 18.5 
Standing/ 

27 19.5 29.3 38.0 
Breathing/ 

48 27.9 25.3 31.2 Wig 
82 23.4 21.3 26.1 
104 20.9 18.4 25.3 
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Figure 50-a: Average BZ Concentration versus velocity for all treatments 
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Figure 51-a: Average BZ Concentration versus velocity for all treatment 
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Figure 51-b: Mean BZ Concentration versus velocity for all treatment 
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Figure 52-a: Mean BZ Concentration versus velocity for all treatment 
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Figure 53-b: Mean plot of Cnhaled versus velocity for all manikin treatment 
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3 Effects of Independent Variables on Cinhale<l, Cupper.torso, and C1ower.torso 

Since concentrations near the mouth behaved similarly, the average of Cmouth and Cnose 
were used to compute Cinhaled· Likewise, Cuptorso is the average of Cneck and the two collars 
and C1owtorso is the average of Cchest and the two lapels. Crorehead was the lowest concentration 
level compared to (Cmouth and Cnose) so it was not used to compute Cinhaled, 

Figures 50 to 53 show the effects of velocity, breathing, wig, and posture on Cinhaled, 
Cuppertorso, and C1owertorso· For the the most realistic conditions, breathing and Wig, all three 
concentrations varied in an inverted-V shape with velocity for both sitting and standing. The 
location of the peak was different for sitting (48 fpm) and standing (27 fpm), but the 
magnitudes of the peaks were about the same at a given location. However, the 
concentrations differed sharply by measurement locations. More importantly, the differences 
in concentrations were strongly affected by posture. For example, the lower chest 
concentrations were much higher than Cinhaled for standing and lower for sitting (see Figures 
50a&b ). Hence, whether a torso measurement exaggerated or underestimated the actual level 
depends on whether the manikin was sitting or standing. 

As shown in Tables 16a and 16b, for lifelike conditions, at peak velocities, the effect of 
breathing and wig on Cinhaled was substantial, 32% reduction for sitting. On the other hand, 
the effect of breathing only on Cinhated was substantial, 31 % reduction in concentrations for 
standing. Similarlly, the effect of breathing and wig on Cupper.torso substantially reduced 
concentration levels by 36% for sitting and 44% for standing. 

Table 17-a: Ratios of Concentrations to Cmouth for all Velocities and Manikin Treatments 
(sitting posture) 

Treatment V,fpm Cc.chestfCmouth CuaparlCmouth c,.lapal,cmouth Cneck/Cmouth C1.co11a/Cmouth C,.co11a/Cmouth Cnos./Cmoulh C1o,eheaiCmouth 

11.3 1.45 1.21 1.12 1.18 1.28 1.36 0.80 0.61 
Seated/NoBreathin 27.2 1.00 0.97 0.90 0.94 0.94 0.89 0.95 0.65 

g/NoWlg 47.5 0.66 0.65 0.61 0.89 0.77 0.79 1.04 0.77 
81.5 0.80 0.71 0.62 0.70 0.70 0.67 1.04 0.88 

103.5 0.84 0.74 0.70 0.73 0.78 0.70 0.99 0.86 · 

11.3 0.89 0.64 0.71 1.04 1.09 0.75 0.89 0.60 
Seated/ 27.2 0.53 0.52 0.44 0.97 0.76 0.70 1.00 0.74 

Breathlng/NoWlg 47.5 0.44 0.48 0.46 0.76 0.72 0.77 0.97 0.92 
81.5 0.55 0.45 0.57 0.92 0.95 0.83 1.09 0.90 

103.5 0.61 0.48 0.48 0.94 1.06 0.82 1.07 0.83 

11 .3 0.52 0.40 0.39 1.51 1.26 1.71 0.86 0.70 
Seated/ 27.2 0.26 0.24 0.25 0.82 0.50 0.77 0.91 0.86 

NoBreathlng/Wig 47.5 0.45 0.43 0.46 0.84 0.58 0.75 0.97 0.96 
81.5 DAO 0.34 0.35 0.87 0.69 0.86 0.96 0.98 

103.5 0.32 0.34 0.30 0.80 0.68 0.78 0.94 0.88 

11.3 0.87 0.63 0.67 1.15 0.69 1.26 0.60 0.65 
Seated/ Breathing/ 27.2 0.65 0.56 0.52 0.81 0.75 0.69 1.06 1.09 

Wig 47.5 0.59 0.53 0.51 0.87 0.81 0.69 1.11 1.21 
81.5 0.53 0.46 0.36 0.89 0.87 0.84 1.08 1.03 

103.5 0.29 0.36 0.30 0.86 0.84 0.80 1.04 0.91 
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Table 17-b: Ratios of Concentrations to Cmouth for all Velocities and Manikin Treatments 
( standing posture) 

Treatment V,fpm Cc.chesi/Cmouth C1.lape1/Cmoulh C,.1ape1/Cmouth Cneck/Cmouth C1.co11a,/Cmoulh C,.cona,/Cmoulh Cno,.f Cmoulh Cto,oheac/Cmoulh 

11.3 1.07 0.81 0.91 1.08 1.02 0.98 0.97 0.86 
: ' .• .,;;ding/NoBreat 27.2 0.80 0.67 0.76 0.86 0.72 0.64 0.94 0.85 

hing/NoWig 47.5 1.81 1.37 1.69 1.29 1.09 1.26 0.93 0.83 
81.5 1.15 0.97 1.04 1.04 0.85 0.99 0.93 0.88 

103.5 1.06 0.97 0.95 1.01 0.78 0.94 0.94 0.92 

11.3 1.28 0.63 0.85 1.23 1.28 0.93 1.06 0.92 
Standing/ 27.2 0.74 0.43 0.50 1.03 0.87 0.64 1.06 0.92 

:, .·,, :,:hing/NoWig 47.5 1.63 1.00 1.40 1.29 1.15 1.09 1.02 0.83 
81 .5 1.24 0.84 0.99 1.08 1.09 0.93 1.05 0.96 

103.5 1.20 0.94 0.89 1.05 1.13 0.86 1.13 1.01 

11 .3 1.72 1.12 1.21 1.36 1.44 1.18 0.97 0.89 
Standing/ 27.2 1.43 1.08 1.24 1.31 1.23 1.42 0.93 0.78 

: ·.19reathing/Wig 47.5 1.21 1.00 1.26 1.14 1.01 1.09 0.95 0.82 
81 .5 0.95 0.72 0.84 0.98 0.78 0.97 0.92 0.93 

103.5 1.07 0.76 1.01 0.88 0.67 1.00 0.87 0.89 

11 .3 1.71 0.55 0.64 1.64 1.19 0.73 1.19 0.99 
Standing/ 27.2 0.75 0.36 0.49 0.92 0.73 0.55 0.96 0.80 

' l1;.a~thing/ Wig 47.5 1.48 0.88 0.82 1.23 0.96 0.69 1.33 1.06 
81 .5 1.55 0.88 0.87 1.20 1.00 0.80 1.47 1.08 

103.5 1.56 0.83 0.75 1.17 0.93 0.68 1.54 1.22 
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Figure 54-a: Scatter and mean plot of Cnose/Cmouth vs. velocity for all manikin treatments 
(seated) 
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Figure 55-a: Scatter and mean plot of Croreheact!Cmouth vs. velocity for all manikin 
treatments ( seated) 
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Figure 55-b: Scatter and mean plot of CroreheadlCmouth vs. velocity for all manikin 
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Figure 56-a: Scatter and mean plot of Cneck /Cmouth vs. velocity for all manikin treatments 
(seated) 
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Figure 57-a: Scatter and mean plot of C1.collar /Cmouth vs. velocity for all manikin 
treatments (seated) 
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Figure 57-b: Scatter and mean plot of C1.collar /Cmouth vs. velocity for all manikin 
treatments (standing) 
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Figure 58-a: Scatter and mean plot of Cr.collar/Cmouth vs. velocity for all manikin treatments 
(seated) 
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Figure 19-b: Scatter and mean plot of Cr.collar/Cmouth vs. velocity for all manikin treatments 
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Figure 59-a: Scatter and mean plot of Cc.chesJCmouth vs. velocity for all manikin treatments 
(seated) 
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Figure 59-b: Scatter and mean plot of Cc.chesJCmouth vs. velocity for all manikin treatments 
(standing) 
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Figure 60-a: Scatter and mean plot of C1.1ape1/Cmouth vs. velocity for all manikin treatments 
(seated) 
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Figure 60-b: Scatter and mean plot of C1.1ape1/Cmouth vs. velocity for all manikin treatments 
(standing) 
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Figure 61-a: Scatter and mean plot of Cr.1ape1/Cmouth vs. velocity for all manikin treatments 
(seated) 
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Figure 61-b: Scatter and mean plot of Cr.1ape1/Cmouth vs. velocity for all manikin treatments 
(standing) 
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4 Effects of Independent Variables on Ratios of Concentrations 

As stated previously, we assume that concentrations measured near the mouth, Cmouth, 
are the "true" values. Thus, the differences between values measured at other locations 
and Cmouth are "errors" attributable to other sampling location. The second goal of this 
study was to investigate whether the measured concentrations varied with sampling 
location, and if they did differ, how their ratios varied with velocity, posture, breathing, 
and hair style. 

The results are presented in terms of ratios rather than differences since the relative 
error is more useful to know than the absolute error, which would vary with every 
exposure condition. The ideal ratio between the Cmouth and concentrations at other 
locations is unity. A ratio less than unity represents underestimation and greater than 
unity represents over-estimation. 

The results are shown in Figures 54 to 61 and Tables 17a and 17b. The effects of 
velocity on ratio of concentration appeared to be quite different for breathing and wig 
treatments and for standing and sitting postures. The scatter in ratios of concentration was 
higher at lower velocities. In addition, some locations had greater scatter than others. 

As listed in Tables 17a and 17b, for lifelike (breathing and wig) conditions, the ratios 
of nose to mouth, Cnosef Cmouth, and forehead to mouth, CroreheactlCmouth, had a V-peak 
occurred at 27 fpm for standing and a flattened inverted-V peak at 48 fpm for sitting. 
However, for the effect of wig only, the wig has greater effect on CnoselCmouth ratio at 
higher velocity ranges for standing. For the effect of breathing and wig, the ratio of 
forehead to mouth CroreheactlCmouth was closer to unity (0.91-1.22) for higher velocity 
ranges for both sitting and standing. As shown in Figures 55a and 55b, breathing had 
greater effect on CroreheactlCmouth for sitting than standing. This is because that breathing 
reduced mouth concentrations while the wig decreased Crorehead concentration levels. It is 
worth mentioning that when neither breathing nor wig was present (Study I), Crorehead 
always underestimated mouth exposure. 

For lifelike (breathing) conditions, concentration ratios of neck to mouth, Cneck/Cmouth, 
left collar to mouth, C1.co11arlCmouth, and right collar to mouth, Cr.coIIarlCmouth, have similar 
patterns with velocity but different for sitting and standing (see Figures 59-61). 
Cneck/Cmouth, C1.collarf Cmouth, and Cr.collarfCmouth, had flattened V-shape with the peak 
concentrations occurred at 48 fpm for sitting and had two other peaks (V and inverted-V) 
at 27 and 48 fpm for standing. On the other hand, for breathing and wig conditions, 
Cneck/Cmouth, C1.co11ar!Cmouth, and Cr.collarlCmouth, had flattened V shape with velocity at 27 
fpm for both sitting and standing. This relation ship was slightly different for the 
C1.co11arlCmouth due to the variability at 27 fpm for this location. 

As listed in Tables 17a and 17b, for standing, Cneck/Cmouth over estimated mouth 
concentrations, while, Cr.co11arlCmouth underestimated mouth concentrations. C1.co11ar!Cmouth 
was a mix of both. On the other hand, for sitting, concentrations at neck, left collar, and 
right collar underestimated mouth concentrations for lifelike conditions. In conclusion, 
ratio of concentrations at shoulder level varied from location to another and from sitting 
to standing with tendency to underestimate mouth concnetrations. 
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For lifelike (breathing and wig) conditions, ratios of concentration for center chest 
Cc.chesi/Cmouth, left lapel C1.1ape1/Cmouth, and right lapel Cr.1ape1/Cmouth, have similar patterns 
with velocity. However, the pattern is very different for sitting and standing (see Figures 
59-61). Cc.chesi/Cmouth, C1.1ape1/Cmouth Cr.1ape1/Cmouth, varied monotonically with velocity for 
sitting, while, two peaks occurred at 27 and 48 fpm for standing. Similar patterns 
occurred for the effect of breathing and bold conditions. 

As listed in Tables 6.3a and 6.3b, concentrations at center chest, left lapel, and right 
lapel underestimated mouth concentrations for all velocities for sitting posture. However, 
for lifelike conditions and for standing, C1.1ape1/Cmouth and Cr.1ape1/Cmouth under estimated 
mouth concentrations, while, Cc.chesi/Cmouth had values overestimated mouth 
concentrations (1.2-1.6) for all velocities. Althouhg left and right lapels underestimated 
mouth concentartions, the ratios were closer to one (0.85-0.99) at higher velocities than 
lower ones. In conclusion, ratios of concentration at chest level were more variable 
(wider range) for sitting than standing and tended to underestimate mouth exposures. 

For lifelike conditions, concentration ratios varied from one location to another with 
the effect of independent variables. For example, it was found that nose and forehead 
concentration levels were closer to mouth levels with tendency to overestimate exposures 
at higher velocities. However, concentration ratios at chest levels ( center chest, left and 
right lapel) underestimated mouth exposures while concentrations at neck, left and right 
collar were a mix of both of them. 

Discussions of Manikin Study II 

One major goal of both Study I and Study II was to determine if other sampling 
locations experience the same concentrations as the mouth (the "gold standard"). If not, it 
is of interest to know how the independent variables affect the differences. A secondary 
purpose was to determine what lifelike features are necessary for a manikin to be a 
representative surrogate for a human being for exposure sampling. Since human data 
were not taken for comparisons, the assumption here is that if different levels of a 
variable produce different results for the manikin, then the most "lifelike" conditions 
should be used in subsequent manikin testing. If a variable proved important in testing 
and if more than one level is lifelike ( e.g. bald or hair), then each level should be tested in 
future studies. 

Study I established that body heat was important. Since all humans are heated by 
metabolic activity, it is pointless to futher consider unheated manikins. For that reason, 
the manikin was heated for all test conditions in Study II. Study I also established that 
manikin posture was important and that cross-draft velocity was important. Since humans 
may sit or stand at work and the cross-draft velocities at the work station may differ, then 
manikins should be tested both sitting and standing and at a range of cross-draft 
velocities. This was done for Study II. 

Study II introduced two additional variables: breathing and hair style. If breathing is 
important, then manikins in future tests should be tested while breathing. If results for the 
manikin are affected by whether it is wearing a wig or not, then since some humans have 
hair and some do not, manikins should be tested both with hair and without. 

Data Desk (Data Description Inc. Ithaca, NY) software was used to do statistical 
analysis of results. The independent variables for this study were five levels of velocity 
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(11, 27, 48, 82, and 104 fpm), two levels of breathing (breathing, nobreathing), two levels 
of hair style (bald, wig), and two levels of posture (seated, standing). The dependent 
variables were concentrations at each sampling location and the ratios of concentrations. 

As stated previously, the results (see Figures 48-49) appeared to show that breathing 
and hair style were important as were the interactions of breathing and hair with other 
independent variables. As is shown in the following sections, breathing, hair style, 
posture, and velocity and many of their interactions were statistically significant. 

Tables 21 to 23 list the p-values from ANOV A for both log-transformed 
concentrations and ratios of concentrations for the effect of independent variables and 
their interactions. Using non-transformed dependent values had little effect on the p­
values (not shown). 

Table 18: Coefficient of Correlation for Externally Studentised Residuals Versus Nonna! 
Scores for Log-Transformed Individual Concentrations and Ratios of Concentrations 

Lo Cmouth 0.972 Lo Cnosef Cmouth 0.963 

Lo Cnose 0.977 Lo Crorehead/Cmouth 0.973 

Lo Crorehead 0.974 Lo { Cneck/Cmouth 0.96 

Lo Cneck 0.983 Lo C1.collarf Cmouth 0.986 

Lo Ci.collar 0.988 Lo Cr.collarf Cmouth 0.98 

Lo Cr.collar 0.97 Lo Cc.chestf Cmouth 0.987 

Lo Cc.chest 0.969 Lo Ci.la e1/Cmouth 0.997 

Lo Ci.la el 0.991 Lo Cr.la e1/Cmouth 0.994 

Lo Cr.la el 0.984 

Lo Cinhaled 0.971 

Lo 0.977 

Lo C1owertorso 0.966 

1 Log-Transformation of Dependent Variables 

Dependent variables were log-transformed to produce residuals that were normally 
distributed. Using log ratio of concentration allowed analysis of the differences in logs of 
two dependent values, removing the potential for "small denominator" problems 
associated with actual ratios: 

Log {Cneck/Cmouth} = {log Cneck - log Cmouth} 

As shown in Table 18, the R-sq values for n-scores of residuals all exceeded the "critical 
coefficient of correlation" of 0.985 for n = 80 (Neter et al., 1996). As shown in Table 18, 
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log-transformed individual concentrations and ratio of concentartions showed reasonable 
degree of normality for all sampling locations, except for log Cnose and Log · 
{Cc.chestlCmouth}. Although correlation coefficients varied for each dependent variable, 
there was no substantial departure from linearity. Normal probability plots are shown in 
appendix C. 

2 Analysis ofVariance (ANOVA) 

The independent variables for this study were five levels of velocity (11, 27, 48, 82, and 
104 fpm), two levels of breathing (breathing, nobreathing), two levels of hair style (bold, 
wig), and two levels of posture (seated, standing). The dependent variables were 
concentrations at each sampling location and ratio of concentrations. As shown in Table 
19, the design was completely randomized factorial design with two replications for each 
treatment. Experiments were done on randomized order. The linear statistical model used 
for the analysis of variance is illustrated by the following equation: 
Yijklm = µ + Tj + pj + Yk + AJ + (-rP)u + (TY)ik + (-rA)iI + (Py)jk + (PA)jI + (yA)kl + (-rpy)ijk + 

(-rPA)ijl + (-ryA)ikl + (PyA)jkl + (-rpyA)ijkl + tijklm 

Where i = 1,2,3,4,5; j = 1,2; k = 1,2; 1 = 1,2; m = 1,2 and Ti, pj, Yk, A1 represent the effects 
of wind tunnel velocity, breathing, wig and posture, while (i-P)ij, (TY)ik, (-rA)i1, (Pr)jk, (P11.)j1, 
(y11.)k1, (-rpy)ijk, (-rPA)u,, (-ryA)ikl, (py11.)jkl, (-rpy11,)ijkI represent the interaction terms of 
velocity, breathing, wig and posture. tijklm represents the random error. 

Table 19: Completely Randomized Factorial Design of Experiments 

Velocity, fpm 
11 27 48 82 

Wig Seated ++ ++ ++ ++ 
Breathing Standing ++ ++ ++ ++ 

No Wig Seated ++ ++ ++ ++ 
Standing ++ ++ ++ ++ 

Wig Seated ++ ++ ++ ++ 
No Standing ++ ++ ++ ++ 
Breathing No Wig Seated ++ ++ ++ ++ 

Standing ++ ++ ++ ++ 

Analysis of variance was computed for log-transformed dependent variables 
( concentrations and ratio of concentrations) for the effect of independent variables 
(velocity, breathing, hair style, and posture) and their interactions. The outline for 
ANOVA for fixed effects model was obtained from (Montgomery, D. 1997). For the 
fixed effects model, test statistics for each independent variable and interaction was 
developed by dividing the corresponding mean square for the variable or interaction by 
the mean square error. The number of degrees of freedom for any factor is the number of 
levels of the factor minus one, the number of degrees of freedom for an interaction is the 
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product of the number of degrees of freedom associated with the individual components 
of the interaction (Montgomery, D., 1997). All tests were done at 95% confidence level 
(a=0.05). Data Desk software was used to perform ANOVA and the results of performing 
F-tests were summarized asp-values. 

Tables 20 and 21 listed the p-values from ANOV A for log transformed individual 
concentrations and ratio of concentrations for all sampling locations. While Table 22 
shows p-values form ANOV A for log transformed individual concentrations for Cinhaled, 

Cuppertorso, and C1owertorso, 

Table 20: p-Values from ANOV A's for Log-Transformed Individual Concentrations 
Log Log Log Log Log Log Log Log Log 

Source df Cmouth Cnose Crorehead Cneck Ci.collar c,.collar Cc.chest C1.1ape1 Cr.lapel 

Const 1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Vly 4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Brg 1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Vly*Brg 4 0.66 0.02 0.25 0.08 0.00 0.02 0.48 0.15 0.33 

Wig 1 0.07 0.16 0.29 0.56 0.00 0.24 0.00 0.00 0.00 

''/ly*Wig 4 0.26 0.49 0.53 0.04 0.25 0.00 0.34 0.80 0.22 

Brg*Wig 1 0.00 0.00 0.00 0.00 0.00 0.00 0.50 0.74 0.10 

Vly*Brg*Wig 4 0.85 0.02 0.38 0.21 0.05 0.59 0.66 0.72 0.83 

Pst 1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Vly*Pst 4 0.00 0.00 0.00 0.11 0.00 0.84 0.52 0.35 0.78 

Brg*Pst 1 0.00 0.05 0.00 0.00 0.00 0.00 0.02 0.00 0.00 

Vly*Brg*Pst 4 0.51 0.80 0.54 0.23 0.08 0.09 0.41 0.16 0.85 

Wig*Pst 1 0.01 0.22 0.00 0.04 0.53 0.00 0.00 0.09 0.07 

Vly*Wig*Pst 4 0.25 0.01 0.00 0.76 0.18 0.42 0.03 0.37 0.16 

Brg*Wig*Pst 1 0.01 0.00 0.00 0.00 0.53 0.90 0.09 0.01 0.02 

Table 21: p-Values from ANOV A's for Log-Transformed Ratios of Concentrations 
,1:Jrce df Log{C.,.,.JC.,..,.,.,J Log{C,-...,IC.,..,.,.,J Log{C.-JC.,..,.,.,J Log(C..""..,IC.,..,.,.,J Log{C,.eo1i.JC....,J Log{C~-..JC....,J Log{C..._.!C....,J Log{C,.._.IC.,..,.,.,J 

~- "'.'J't~t 1 0.86 0.00 0.63 0.00 0.00 0.00 0.00 0.00 
. 'i}' 4 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 
: :J'~:, :. 1 0.00 0.00 0.15 0.06 0.00 0.92 0.00 0.00 
. ,'f"E'rg 4 0.07 0.23 0.08 0.00 0.00 0.75 0.41 0.37 
.·rcg 1 0.39 0.00 0.10 0.02 0.48 0.00 0.00 0.00 
. ;}"'\'Vig 4 0.46 0.42 0.08 0.86 0.01 0.72 0.97 0.70 
·: ·,:{Wig 1 0.09 0.08 0.41 0.26 0.00 0.00 0.00 0.08 
· i)'..,:?.rg*Wig 4 0.07 0.64 0.22 0.27 0.50 0.93 0.98 0.67 
',si 1 0.00 0.00 0.00 0.00 0.09 0.00 0.00 0.00 

·_,;y•Pst 4 0.00 0.00 0.02 0.12 0.00 0.01 0.00 0.00 
'>,g*Pst 1 0.00 0.28 0.32 0.83 0.00 0.49 0.09 0.02 
\ 'ly*Brg*Pst 4 0.34 0.05 0.19 0.12 0.07 0.15 0.05 0.23 
'.' flg*Pst 0.02 0.00 0.58 0.05 0.05 0.00 0.00 0.00 
··Jly"Wig*Pst 4 0.44 0.01 0.17 0.10 0.00 0.02 0.29 0.01 
, 0,rg"Wig*Pst 1 0.06 0.51 0.56 0.03 0.00 0.00 0.00 0.00 
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Table 22: p-Values from ANOVA's for Log Cinhaled, Log Cuppertorso, and Log C1owertorso 

Source df Log Cinhaled Log Cupper.torso Log C1ower.torso 

Const 1 0.00 0.00 0.00 
Velocity 4 0.00 0.00 0.00 
Breathing 1 0.00 0.00 0.00 
Wig 1 0.11 0.06 0.00 
Posture 1 0.00 0.00 0.00 
Velocity/Breathing 4 0.20 0.00 0.20 
Velocity/Posture 4 0.00 0.06 0.49 
Velocity/Wig 4 0.32 0.01 0.35 
Breathing/Wig 1 0.00 0.00 0.98 
Breathing/Posture 1 0.00 0.00 0.00 
Wig/Posture 1 0.04 0.02 0.00 
Velocity/Breathing/Wig 4 0.25 0.29 0.77 
Velocity/Breathing/Postur 
e 4 0.74 0.10 0.34 
Velocity/Wig/Posture 4 0.06 0.62 0.06 
Breathing/Wig/Posture 

1 0.00 0.12 0.02 

3 Regression Analysis 

Regression analysis was performed on log transformed concentrations for each 
sampling location ( dependent variable) with wind tunnel velocity (independent variable) 
for each treatment combination. Treatments were divided into four groups which are: 
breathing/nowig/standing, breathing/nowig/seated, breathing/wig/standing, and 
breathing/wig/seated. For all treatments, linear regression was applied to fit the data with 
velocity for both standing and seated manikin conditions. A second velocity term was 
added to the regression model to model the inverted V-shape peak for both seated and 
standing conditions. 
For example, the regression model for log Cmouth was: 

Log Cmouth =Po+ P1 V1 + P2 V2 

In cases where the peak occurred at 48 fpm, then 

{V2 = (V1 - 48) x}, where x = 0 ifV1 :'S 48 and x = 1 ifV1 > 48 

In cases where the peak occurred at 27 fpm, then 

{V2 = (V1 -27) x}, where x = 0 ifV1 :'S 27 and x = 1 ifV1 > 27. 
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Concentrations at all sampling locations were fitted using the same steps applied on log 
Cmouth· Tables 23 to 26 summarized regression models results ( adjusted Rsq, coefficients, 
and p-values) for all sampling locations. Detailed analysis and results are presented in 
appendix D. 

Table 23a: Regression Coefficients for seated/breathing/wig manikin 

Adj R2(%) Co C1 C2 

Log Cmouth 74 0.926 0.0130 -0.0154 

Log Cnose 79.6 0.667 0.0202 -0.024 

Log Crorehead 80.8 0.691 0.0203 -0.0255 

Log Cneck 69.6 0.985 0.0099 -0.0119 

Log C1.co1tar 85.6 0.732 0.015 -0.0173 

Log Cr.collar 56.4 1.045 0.0065 -0.0068 

Log Cc.chest 61.2 0.859 0.0097 -0.0167 

Log C1.1aoe1 44.4 0.7363 0.0107 -0.0155 

Log Cr.1aoe1 66.7 0.7453 0.0101 -0.0163 

Table 23b: Regression p-Values for seated/breathing/wig manikin 

Co C1 C2 

Log Cmouth 0.0001 0.0017 0.0056 

Log Cnose 0.0008 0.0008 0.0027 

Log Crorehead 0.0004 0.0005 0.0012 

Log Cneck 0.0001 0.003 0.0088 

Log C1.co1tar 0.0001 0.0003 0.0013 

Log Cr.collar 0.0001 0.0178 0.0656 

Log Cc.chest 0.0001 0.0125 0.0058 

Log C1.1aoe1 0.0004 0.02 0.021 

Log Cr.Iaoel 0.0001 0.0048 0.0029 
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Table 24 a: Regression Coefficients for seated/breathing/nowig manikin 

Adi R2 (%) Co C1 C2 

Log Cmouth 67.3 1.079 0.0134 -0.0189 

Log Cnose 76.9 1.022 0.015 -0.0195 

Log Crorehead 82.9 0.797 0.0187 -0.025 

Log Cneck 57.1 1.14 0.01 -0.014 

Log Ci.collar 85.2 1.12 0.01 -0.011 

Log Cr.collar 70.3 0.937 0.014 -0.0184 

Log Cc.chest 51.3 1.06 0.006 -0.008 

Log C1.1aoe1 51.5 0.891 0.0101 -0.0158 

Log Cr.1ane1 57 0.921 0.01 -0.013 

Table 24 b: Regression p-values for seated/breathing/nowig manikin 

Co C1 C2 

Log Cmouth 0.0001 0.003 0.003 

Log Cnose 0.0001 0.0008 0.0014 

Log Crorehead 0.0001 0.0003 0.0005 

Log Cneck 0.0001 0.0073 0.0094 

Log Ci.collar 0.0001 0.0002 0.0006 

Log Cr.collar 0.0001 0.002 0.003 

Log Cc.chest 0.0001 0.012 0.014 

Log C1.1aoe1 0.0001 0.015 0.012 

Log Cr.1ane1 0.0001 0.0075 0.0086 

Table 25 a: Regression Coefficients for standing/breathing/wig manikin 

Adi R2 (%) Co C1 C2 C3 

Log Cmouth 69.2 1.01 0.019 -0.023 

Log Cnose 53.7 1.123 0.016 -0.017 

Log Crorehead 51.4 1.05 0.0155 -0.017 

Log Cneck 9.2 1.33 0.0075 -0.01 

Log Ci.collar 17.5 1.168 0.010 -0.012 

Log Cr.collar 39.1 0.912 0.0149 -0.017 

Log Cc.chest 0.8 1.32 0.005 -0.007 

Log C1.1aoe1 71.9 0.81 0.011 -0.014 

Log Cr.1aoe1 41.8 0.952 0.0089 -0.0123 
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Table 25 b: Regression p-values for standing/breathing/wig manikin 

Co C1 C2 C3 

Log Cmouth 0.0001 0.0033 0.0025 

Lo2 Cnose 0.0001 0.012 0.014 

Log Crorehead 0.0001 0.012 0.013 

Lo2 Cneck 0.0001 0.29 0.22 

Log Ci.collar 0.0001 0.14 0.11 

Lo2 Cr.collar 0.0001 0.03 0.027 

Log Cc.chest 0.0001 0.2 0.26 

Lo2 C1.1aoe1 0.0001 0.002 0.005 

Log Cr.1ane1 0.0001 0.023 0.03 

Table 26 a: Regression Coefficients for standing/breathing/nowig manikin 

Adi R2(%) Co C1 C2 C3 

Log Cmouth 94.4 1.085 0.0196 -0.022 

Log Cnose 93.7 1.12 0.0188 -0.021 

Log Crorehead 89.7 1.067 0.0179 -0.0198 

Lo2 Cneck 82.4 1.34 0.00786 -0.0133 

Lo2 Ci.collar 75.2 1.35 0.006 -0.01 

Log Cr.collar 92.4 1.155 0.0098 -0.0148 

Lo2 Cc.chest 67.9 1.24 0.011 -0.016 

Log C1.1aoe1 76.7 0.924 0.0131 -0.0165 

Lo2 Cr.1ane1 79.2 1.02 0.014 -0.02 
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Table 26 b: Regression p-values for standing/breathing/nowig manikin 

60 

50 -

E 40 
C. 
C. 

:- 30 
(.) 
C: 
0 

u 20 

10 

Co C1 C2 C3 

Log Cmouth 0.0001 0.0001 0.0001 

Log Cnose 0.0001 0.0001 0.0001 

Log Crorehead 0.0001 0.0001 0.0001 

Log Cneck 0.0001 0.0008 0.0003 

Log Ci.collar 0.0001 0.0014 0.001 

Log Cr.collar 0.0001 0.0001 0.0001 

Log Cc.chest 0.0001 0.0027 0.0028 

Log C1.1aae1 0.0001 0.0009 0.002 

Log Cr.1aoe1 0.0001 0.0005 0.006 
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Figure 62: Mean concentration (ppm) versus velocity for seated/breathing/no wig 
manikin 
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Figure 63: Mean Concentration (ppm) versus velocity for standing/breathing/nowig 
manikin 
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Figure 64: Mean concentration (ppm) versus velocity for seated/breathing/wig manikin 
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Figure 65: Mean Concentration (ppm) versus velocity for standing/breathing/wig 
manikin 
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Figure 66: Concentration ratio to Cmouth versus velocity for seated/breathing/no wig 
manikin 
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Figure 67: Concentration ratio to Cmouth versus velocity for standing/breathing/no wig 
manikin 
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Figure 68: Concentration ratio to Cmouth versus velocity for seated/breathing/wig manikin 
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Figure 69: Concentration ratio to Cmouth versus velocity for standing/breathing/wig 
manikin 

4 Comparisons of Individual Concentration Values and Ratios of Concentrations for all 
Sampling Locations 

The effects of velocity, breathing, hair style and posture on concentrations at all 
sampling locations is shown in Figures 62-65. Concentrations, at all sampling locations 
and for all manikin treatments, varied in an inverted-V shape relationship with wind 
tunnel velocity. Peak concentration levels occurred at velocity range of 27 to 48 fpin. As 
velocity increases, concentrations at different locations increase to a peak value (2 to 3 
times its original levels), then decrease as velocity continue increasing to maximum level. 
Likewise, for lifelike conditions, breathing substantially reduced concentration levels for 
sitting and significantly reduced concentration levels at all sampling locations for 
standing. These results were strongly supported by the analysis of variance (ANOVA) 
shown in Table 64. The effects of velocity and breathing were statistically significant for 
all sampling locations (p<0.001). The interaction of velocity and breathing was not 
significant for locations at mouth, forehead, neck and chest (p>0.08). This is because 
nose breathing diluted (reduced) concentrations at both collars more than the neck, while, 
one effect of breathing to be larger at low velocities than higher ones. 

These results agree with Heist et al (2003), Fletcher and Johnson (1996), and Wood 
and Birkett (1979) who tested respectively the effect of breathing for chid size manikin, 
window type manikin, and for adult size manikin standing in a low speed flow field (0.1 
- 0.5 mis). Heist et al (2003) found that breathing affected air flow patterns around the 
manikin in the vicinity of the mouth and nose, while, Wood and Birkett (1979) found that 
breathing action had little effect on a personal sampler located on manikin's lapel. 
Fletcher and Johnson (1996) found that breathing effects were confined to thermal 
boundry layer and did not influence the general flow field. Apparently, all of them tested 
the effect of breathing on air flow patterns around manikin. 
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As shown in Figures 62-65 and listed in Table 20, the effect of posture 
(sitting/standing) was statistically significant for all sampling locations. For lifelike 
conditions, breathing, sitting reduced concentration levels for all sampling locations at 
the chest and shoulder level. Conversely, standing reduced concentration levels for 
sampling locations at mouth, nose and forehead. The reductions were statistically 
significant (p<0.001). However, the interaction of velocity and posture was statistically 
significant (p< 0.001) for concentrations at the face but not significant for concentrations 
at the shoulder and chest (p>0.35). This concentration levels at the face had peak values 
at 27 fpm for standing and 48 fpm for sitting. 

It was plausible that posture would affect sampling locations because of the 
orientation of arms and legs to wind tunnel velocity. In standing posture, the manikin 
arms and legs were perpendicular to wind tunnel velocity, while, in sitting, the arms and 
legs were parallel to wind tunnel velocity. Another point worth mentioning, the presence 
of a table in front of the manikin in sitting posture would have affected air flow patterns 
around the manikin's face and torso. 

As shown in Figures 62-65, the effects of wig on sampling locations appeared to be 
strikingly different for different conditions for both sitting and standing. For lifelike 
conditions, the wig did not affect air flow patterns around the face and torso for sitting 
posture, but it reduced concentration levels slightly at the face. The effect of wig in 
standing posture was quite different. The wig tended to decrease concentrations for 
sampling locations at chest level, while, slightly affected concentrations at the face level. 
For both sitting and standing, attaching the wig on manikin's head did not only flatten the 
peaks (occurred at 27 and 48 fpm) but also changed the level of the peaks for all 
sampling locations. This was strongly supported by the ANOV A values listed in Table 
20. The effect of wig was not significant for concentrations at the mouth, nose, forhead, 
neck and both collars (p>O. l ). it was statistically significant for center chest and both 
lapels (p>0.001). 

It was plausible that putting the wig on manikin's head will affect the convective air 
flow developed above the head which should be affecting concentrations levels at the 
face more than the chest. It is worth mentioning that the interactions of wig and posture 
and wig and breathing both were statistically significant for mouth and forehead locations 
(p<0.001). The interaction of wig and velocity was not significant (p>0.5). Interestingly, 
the three way interactions of velocity wig breathing, velocity breathing posture, velocity 
wig posture, and breathing wig posture, were not significant for most sampling locations. 

Comaped to individual concentration levels, average values for breathing zone 
concentrations Cinhaled, Cupper.torso, and C1ower.torso showed similar patterns with independent 
variables (velocity, breathing, wig, and posture). However, concentration levels were 
slightly different. On the other hand, as shown in Table 22, ANOV A for log transformed 
Cinhaled, Cupper.torso, and C1ower.torso showed significance for the effect of velocity, breathing 
and posture (p<0.001), similarly, the effect of wig was statistically significanrt for 
locations at lower torso. The interaction of breathing and wig was statistically significant 
for inhaled and upper torso locations (p<0.001) and was insignificant for lower torso 
(p>098). However, the three way interactions of velocity wig breathing, velocity 
breathing posture, and velocity wig posture, were statistically insignificant (p>0.1) for all 

107 



I ROI OH07587 P.I. Steven E. Guffey, PhD, CIH 

sampling locations, while, the three way interaction of breathing wig posture was 
statistically significant (p<0.02). 

On contrary to individual concentrations, the effects of independent variables on 
ratios of concentrations appeared to be strikingly different for all sampling locations as 
shown in Figures 66-69. The effect of velocity on ratio of concentration appeared to be 
different for lifelike conditions and for standing and seated postures for all sampling 
locations. Ratios of concentrations followed similar patterns for standing where peaks 
occurred at 27 fpm (V-shape) and 48 fpm (inverted-V), however, patterns were different 
for sitting. For lifelike conditions, breathing significantly affected ratios of concentrations 
at the lower and higher velocity ranges for sititng. 

Concentration ratios for locations at chest and both lapels were significant for sitting. 
This was strongly supported by the analysis of variance (ANOV A), shown in Table 21. 
The effects of velocity and posture on log transformed ratios of concentrations were 
statistically significant (p<0.001). However, the effect of breathing was statistically 
significant for ratios of concentrations for all locations (p<0.001), escept for neck and 
center chest did not show significance (p>0.9). The wig has no significant effect on the 
artio CnoselCmouth (p>0.3), however, the effect of wig on ratios of concentration at 
forehead, center chest and both lapels were statistically significant (p<0.001). 

As listed in Table 21, the interactions of velocity and breathing and velocity and wig 
insignificantly affected log transformed ratios of concentrations at chest level (p>0.4). 
However, the interactions of velocity and posture, breathing and posture, and breathing 
and wig were statistically significant (p<0.001). This was illustrated in Figures 66-69, 
ratios of concentrations for Cc.chesi/Cmouth, C1.1ape1/Cmouth Cr.1ape1/Cmouth varied with posture 
(higher than unity for standing and lower than unity for seated) for lifelike conditions 
(with and without wig). For example, for lifelike conditions, the ratios of Cc.chesi/Cmouth, 
C1.1ape1/Cmouth, and Cr.Iapei/Cmouth were approximately equal to 1.63, 1.0, and 1.40 for 
standing, and were equal to 0.65, 0.56, and 0.52 for sitting. This agrees with (Malek et al, 
1996) and (Welling et al, 2000) who tested human subjects and agrees also with (Guffey, 
et al., 2001), (Kim and Flynn, 1992), and (Kulmala et al., 1996) who tested unheated 
standing manikins. They found that concentrations at the chest were higher than 
concentrations at the vicinity of mouth. However, our finding strongly disagrees (for 
standing) and agrees (for sitting) with (Brohus, 1997) who found that concentrations at 
the chest were underestimating mouth exposures for both sitting and standing. (Brohus, 
1997) studied ratios of concentrations by using a breathing themal manikin, wearing 
heavy clothing and a wig, and was sitting and standing in low speed wind environment. 
For lifelike conditions, the ratio Cc.chesi/Cmouth was 1.63 for this study while 2.9 for 
(Guffey et al., 2001). The difference agrees qualitatively and disagrees quantitively 
because the manikin used (anthropometrically correct breathing thermal manikin wearing 
a wig) was different than (Guffey et al., 2001). 

Tables 23 to 26 listed regression coefficients, p-values and adjusted R-squared for log 
transformed concentrations for each sampling location. Log transformed concentartions 
were regressed versus wind tunnel velocity for each manikin treatment. 

For lifelike conditions (sitting), wind tunnel velocity was significant (p<0.01) for all 
sampling locations for wig conditions and was highly significant (p<0.001) for bald 
conditions. The concentrations at all sampling locations increases to a peak value as wind 
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tunnel velocity increases, then decreases as velocity continues incraesing (see Tables 23 
and 24). This was illustrated by the positive sign for veiocity coefficient (C1) and the 
negative sign for velocity coefficient (C2). The regression constant (Co) varied 
substantially from sampling location to another and from wig to no wig conditions. For 
example, (Co) ranged from 0.67- 1.05 for wig and from 0.8 - 1.14 for bald. Regression 
coefficient (Co) values at chest level were higher than mouth level for wig and lower for 
bald. Adjusted R-squared (R2) ranged in the 60% - 80% for both wig and bold for most 
sampling locations, except 44% for left lapel. This indicated that about 70% of the data 
can be represented by these regression models. 

For lifelike conditions (standing), velocity was highly significant (p<0.001) for all 
sampling locations for bald conditions, and was slightly significant (p<0.01) for most 
locations, and the model was not significant for neck, left collar and center chest 
locations for wig conditions. Concentrations increased to a peak value as velocity 
increased, then decreased as velocity continued increasing (see Tables 25 and 26). This 
was illustrated by the positive sign for velocity coefficient (C1) and the negative sign for 
velocity coefficient (C2) or (C3). The regression constant (Co) varied substantially from 
sampling location to another and from wig to no wig conditions. For example, (Co) 
ranged from 0.8- 1.33 for wig and from 0.92 - 1.35 for bold. Regression coefficient (Co) 
values at chest level were higher than mouth level for wig and lower for bold. Adjusted 
R-squared ranged in the 70%- 90% for bald conditions and from 40% - 60% for wig. 
This indicated that about 80% of the data can be represented by these regression models 
for standing breathing bald manikin while 50% of data can be represented for standing 
breathing wearing wig manikin. 

MANIKIN I AND II CONCLUSIONS 

The main purpose of this work was to investigate the effects of velocity, heating, 
breathing, hair style and posture on: 1) concentrations measured at sampling locations in 
the vicinity of the mouth, assumed to be equal to inhaled concentrations; and 2) ratios of 
concentrations at different locations to mouth. In addition to, the third purpose was to test 
the adequacy of a manikin in sampling, as a surrogate to human subjects, by choosing the 
optimum combination of manikin characteristics. 

Conclusions from Manikin Studies I and II 
• Wind tunnel velocity had a statistically significant effect on log transformed 

concentrations for all sampling locations. Body heat had a statistically significant 
effect on concentrations for all sampling locations. · 

• The interaction of velocity and heating had a statistically significant effect on 
concentrations at each sampling location. For heated conditions, concentrations 
varied with an inverted-V relationship with wind tunnel velocity. For unheated 
conditions, concentrations varied monotonically with wind tunnel velocity. 

• The effect of heating was substantial at low velocity ranges (11 to 48 fpm) and 
modest at higher velocities ( 48 to 104 fpm). 
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• Posture had a statistically significant effect on log transformed concentrations for 
all sampling locations. Posture changed the airflow patterns around the manikin 
due to the various orientations of legs and arms to wind tunnel velocity for sitting 
and standing. 

• Breathing had a statistically significant effect on log transformed concentrations 
at all sampling locations. Breathing tended to dilute concentrations for each 
location, specifically at the mouth and nose. 

• The wig did not have a statistically significant effect on log transformed 
concentrations at the face and upper torso levels. It did have a statistically 
significant effect on concentrations at chest level. 

• The interaction of breathing and wig was statistically significant on 
concentrations at the face and upper torso. For lifelike conditions, the effect of 
wig was substantial on inhaled concentrations for both sitting and standing 
postures. 

• The interaction of velocity and posture had a statistically significant effect on log 
transformed concentrations only at the face. 

• The interaction of posture and heating did not have a statistically significant effect 
on log transformed concentrations at chest levels. 

• Velocity and posture had a statistically significant effect on ratios of 
concentrations for all sampling locations. 

• Heating did not have a statistically significant effect on ratios of concentrations 
for most sampling locations. Likewise, breathing and wig had statistical 
significance on some ratios and not for others. 

• Although, the wig main factor was not statistically significant for the ratios of 
concentrations at forehead, the interaction of wig and posture had a statistical 
significance at this location. 

• For lifelike conditions, concentrations at the mouth were always higher for 
standing than sitting. 

• Concentrations measured at the chest and shoulder levels were higher than mouth 
concentrations for standing posture and were lower than mouth concentrations for 
sitting. 

• Concentrations measured at the forehead location were always lower than 
concentrations measured at the mouth for both sitting and standing. 

• The bias in measured concentrations was consistent for the effects of the 
independent variables such as heating, breathing, and hair style. 

• Center chest, both lapels, neck, both collars, and forehead locations are not good 
sampling locations to estimate actual inhalation exposure. 

• Nose location is the best sampling location to estimate actual inhalation exposure. 
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Finally, adding breathing and heating to the manikin was important and had 
statistically significant effect on concentrations at the mouth. Although hair style did not 
have statistical significance on concentrations at the mouth, the effect of hair was 
substantial and should be considered for more research at different levels. It was 
concluded that using a manikin in sampling as a surrogate to human subjects requires the 
addition of body heat, breathing and hair. 

8.2 Recommendations for future work 

This research was developed to investigate the effects of velocity, heating, breathing, 
hair style and posture on concentrations at the mouth and ratios of concentrations in the 
breathing zone of a manikin. As the results of this study are considered important for 
laboratory research as well as for industrial hygiene practices, further investigations to be 
conducted for the effects of these variables at higher levels and the addition of new 
variables that are plausible to be important. 

It is recommended to study the effects of wider range of wind tunnel velocities, the 
effect of mouth breathing, and breathing rates at moderate and heavy activities that are 
present in industrial applications. In addition, realistic worker movements that include 
arms, legs and torso, hair with different length, and the interactions of these factors with 
breathing may have substantial effect on inhaled concentrations. Also, in any industrial 
environment, workers wear glasses, helmets, caps, and googles. These variables may 
have an effect on inhaled concentartions for workers. 

Human Study Results, Discussion, and Conclusions 
11 .3, 27 .2, 4 7 .5, 103.5 turn in 

The apparatus and methods for the human study were the same as the manikin study with 
the following exceptions: 

1. Only 4 cross-draft velocities were tested: 11, 27, 48, and 103 ft/min 

2. Humans had two tasks: keeping very still and moving children's play blocks back 
and forth from one side of the pie-pan source to the other. 

3. "Not breathing" was achieved by breathing through a plastic tube, which was 
intended to move the kinetic effects of breathing outside the wake downstream of 
the body. 
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Table 27a: Results for Human Subjects 

Subj Ve! Stand bnou1hl bnouth2 b,ose ~forehead b,eek h Lcollar hRcollar ~~ hRlapel ~Cchest 

4 11.3 0 19.2 19.1 20.3 19.6 19.9 18.9 18.5 21.7 20.5 22.2 

4 11.3 0 13.7 13.4 14.4 13.8 16 14.5 13.9 16.4 14.5 16.4 

4 11.3 0 8.7 22.3 14.9 17.1 14.7 13.1 13.9 15.2 15.6 17.4 

4 11.3 1 8.5 8.4 8.3 7.8 9.2 9.1 8.6 12.2 11.8 11.9 

4 11.3 I 6.1 6 5.8 5.7 6.2 6 6.4 7.6 11.4 7.4 

4 27.2 0 27.1 26.9 26.9 24.9 29.1 27.8 26 32.3 34.5 37.4 

4 27.2 0 28.3 28.2 25.6 24.7 29.4 27 29.4 25.9 37 35.8 

4 27.2 0 22.8 22.8 · 22.5 21.2 23.7 22 23.5 21.3 25.5 29 

4 27.2 0 15.2 13.8 16.8 16.9 15.8 15.2 14.9 14.2 13.6 14.5 

4 27.2 0 18.1 8.7 18.3 19 16.7 17.5 18.8 17.6 18.5 20.9 

4 27.2 1 14.4 14.3 13.5 10.8 15.1 14.7 22.8 20.3 21.9 

4 27.2 1 18 18.1 15.9 15.9 18.1 16.5 18.1 19.4 20.9 19.9 

4 27.2 I 10.5 10.6 IO.I 9.7 11 10.7 10.8 14 11.8 13 

4 27.2 I 13.3 13.1 10.3 10.1 14 12.9 14.3 18 20.7 15.1 

4 27.2 I 11.5 10.9 10.4 9.8 12.7 12.4 12.4 17.9 15.7 17.1 

4 47.5 0 34.9 34.2 34.2 33.8 37 34.2 33.4 32.3 34.8 36.6 

4 47.5 0 27.9 27.7 27.6 26.1 29.6 27.4 27.4 23.9 32.3 33.5 

4 47.5 0 18.4 11.6 18.9 19.1 19.6 18.8 18.4 19 19.6 18 

4 47.5 0 30.3 23.6 31.9 30.3 23 29.8 28.9 28.6 26.3 32.1 

4 47.5 I 15.8 23.7 20.1 16.2 26.2 27.5 25 27.6 32.1 32.1 

4 47.5 1 18.9 19.2 17.4 16.2 20.6 20.1 20.1 25.3 24 24.4 

4 47.5 I 15.5 15.7 12.4 11.7 17.3 15.8 17.2 24.6 25.2 23.6 

4 47.5 I 21.4 21.4 17.5 14.4 25.1 25.5 23.6 35.8 32.5 29.2 

4 104 0 31 30.1 26.3 24 33 28.8 24.5 44.2 55.1 62.5 

4 104 0 24.3 24.2 23.9 22.1 25.5 25 24.7 20.3 20.5 23.7 

4 104 I 8.6 8.4 7.7 7.5 9.4 9.3 9.9 15.2 15.1 15.4 

4 104 I 9.4 9.4 7.5 6.3 10.3 9.6 10.4 14.4 14.8 13.7 
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Table 27b: Results for Human Subjects 

Subj Vel Stand ~ mouth ! ~outh2 hnose ~forehead hneek bLcollar ~Rcollar ~.!Jfillli ~Rlapel ~Cchest 

6 11.3 0 10.5 10.6 10.5 12.7 11 11.1 13.2 13.9 

6 11.3 0 52 50.6 49.4 43.3 58 60.5 61.2 73.2 29.3 75.6 

6 11.3 0 17.3 16.4 17.8 16 22.6 21.3 18.6 13.6 41.1 

6 11.3 0 39.5 39.5 39.5 39.5 39.5 39.5 39.5 39.5 39.5 39.5 

6 11.3 I 10.3 10 11.2 IO.I 12.6 12.7 10.5 16.1 10.3 17.7 

6 27.2 0 32.8 15.9 27.7 27.5 38.3 35 35.2 24.6 61.6 

6 27.2 0 39.5 39.5 39.5 39.5 39.5 39.5 39.5 39.5 39.5 39.5 

6 27.2 I 17.4 18 14.5 15.1 17.7 15.4 16.7 16.1 26.8 16.6 

6 27.2 I 17.5 17.6 14.6 15.5 20.4 15.7 17.6 16.4 28.5 16.7 

6 27.2 I 16.3 16.4 13.9 14.1 16.3 15.7 17.4 15.8 22.8 19.7 

6 47.5 0 9.9 9.8 10 9.5 13.4 10.4 10.7 13 14.1 14.3 

6 47.5 0 43.2 17 43 .2 36.4 46.5 43 .2 45.1 66.9 49.3 94 

6 47.5 0 35.3 36 39.5 37 48.4 44.7 44.6 40.8 51.6 86.6 

6 47.5 I 17.8 15.8 15.9 15.2 19.1 18.2 19.5 20 29 22.2 

6 47.5 I 12.5 12.4 11.7 10.5 14.8 14.2 14.6 19.7 23.4 17.5 

6 104 0 37.3 26.4 27.7 27.9 41.8 35.3 37.2 47.4 63 78.8 

7 11.3 0 14.5 14.7 12.6 11.9 12.5 11.5 11.5 9.7 12.3 12.9 

7 11.3 0 16.2 16.4 13.6 13 13.1 12.9 12.3 12.4 8.6 12.1 

7 11.3 0 9.8 9.9 8.2 8 9.4 8.7 8.8 6.2 4.9 7.5 

7 27.2 0 57.2 20.4 19.7 22.3 13.8 13 14.4 IO.I 7.9 9.3 

7 27.2 0 22.2 22.6 21.1 19.7 17.4 15 16.5 IO 8.6 11.8 

7 47.5 0 30.1 30.6 24.7 24.7 30.5 25 .9 26.6 13.5 32 26.9 

7 47.5 0 30.1 33.3 29.6 27.2 18.6 22.4 19.1 10.9 8.9 13.1 

7 47.5 0 25 .8 25.3 22.8 22.5 23.3 22 22 16.7 7.1 16.9 

7 47.5 0 26.3 26.4 24.3 22.5 22.5 22 8.7 11 22 16.3 

7 104 0 24.7 25.1 24.3 22.9 20.9 19.6 21 13.3 IO 13.2 

7 104 0 19.6 19.7 20 20.5 15 16.6 16.4 11 9.2 10 

7 104 0 22.4 22.2 20.7 18.4 20.3 17.6 20.1 10.2 8.7 15.3 
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Table 27c: Results for Human Subjects 

Subj Ve! Stand bnourhl bnoulh2 ~...Qfil; hforehead ~eek b<Lcollar hRcollar h.!Jl!J!£! hBlfillli hCchest 

9 11.3 0 13.2 13 14.2 14 12.3 11.9 12.1 10.3 10.4 IO.I 

9 11.3 0 29.9 28.5 22 15 36.3 -2 36.1 0.1 19.2 79.3 

9 11.3 0 68.4 71.3 63.9 55.6 73.1 54.9 65.6 57.9 87.7 106.2 

9 11.3 0 20.2 20.8 20.9 16.9 34 29.6 27.6 37.4 19.4 77 

9 11.3 0 33.9 33 23.7 18.7 38 31 41.3 31.4 55.1 88.1 

9 11.3 0 34.1 33.6 32.7 29.1 38.2 34.8 24.7 32.6 33.8 49.5 

9 11.3 I 17.1 17.2 17.4 16.6 21.1 17.5 16.7 23.7 22.8 24.3 

9 11.3 I 16.1 16 16 15.8 18.7 15.9 16.1 20.9 21.6 22 

9 11.3 I 11.3 11.7 9.3 5.9 21.5 13.5 13.4 24.2 27.5 28.8 

9 11.3 I 20.3 21 17 13.7 22.5 18 22.1 50.2 44.9 52.4 

9 27.2 0 24.3 25.2 25.8 24.9 17 15.2 14.9 6.7 25.9 5.8 

9 27.2 0 39.4 39.3 40.3 28.7 41.8 37.8 35.2 5.2 6.5 3.7 

9 27.2 0 71.4 70.8 71 60.2 81.8 59.4 66.1 67.6 43.9 112.9 

9 27.2 0 41.1 43 .2 41.5 31.4 58.1 56.5 51 110.3 48.1 119.3 

9 27.2 0 53.4 52 45.1 39.4 56 48.7 55.8 56.4 62.2 80.1 

9 27.2 0 32.3 31.6 29.4 26.5 35.2 32.3 13.1 65.1 37.3 64.6 

9 27.2 0 51.7 50.4 50.5 45.1 57.1 45.6 19.5 59.7 40.2 89.2 

9 27.2 I 14.3 14.3 14.3 15 16.1 25.5 15.5 21 25.5 24.4 

9 27.2 I 25.5 25.8 22.8 20.8 31.4 21.1 26.3 33.4 35.2 35.4 

9 27.2 I 27.7 27.7 26.6 29.1 19.2 17.9 23.5 25.2 27.7 29.3 

9 27.2 I 21.2 21.8 21.4 17 26.8 28.1 20.4 65.2 29.3 54.8 

9 47.5 0 41.8 42 41.8 37.4 29.3 24 26.7 6.4 5.8 5.8 

9 47.5 0 62 63.7 63.2 58.3 37.4 31.1 48.9 2.9 2.6 

9 47.5 0 56.9 55.8 68 63 44 45.1 44 6.9 4.8 7.5 

9 47.5 0 91.5 91.5 73.5 62.2 99.5 51.4 137.8 206.5 190.7 

9 47.5 0 71.2 76.1 69.5 48.4 117.5 111.8 97.1 219.3 88 249.2 

9 47.5 0 98.7 95.6 90.4 73.3 116 82 100.4 152.6 190.3 250.7 

9 47.5 0 21.2 20.6 19.3 18.1 23.8 17.2 20.4 24.6 23.2 36.9 

9 47.5 I 17.5 17.5 17.1 15.4 20.2 19.5 19.5 28.4 31.3 33 

9 47.5 1 16.9 16.9 16.1 14.7 19.7 18 18.4 28.1 30.5 32.4 

9 47.5 I 28.4 31.6 17.1 13.2 66.1 37.6 34.8 95 77.7 35.9 

9 47.5 I 23.3 23.6 15 10.6 47.6 23.2 23.8 60.1 63.2 52 

9 47.5 1 18.4 18.6 15.7 12.8 19.7 19.1 15 52.7 50 55.7 

9 104 0 36.3 35.4 36.9 36.1 24.2 25.3 20.4 9.2 6.4 6.9 

9 104 0 32 31.3 32.3 33.2 58.4 49 71.3 

9 104 0 46.4 47.3 38 30.6 61.8 53.7 56.6 129.7 123.2 201.1 

9 104 0 38.5 38.7 34.2 28.7 45.8 45.2 28.5 86 54.8 108.8 

9 104 0 38.4 37.4 36.8 32 40.3 37.5 29.7 27.2 37.2 52.7 

9 104 I 11.7 12 11.9 11.3 12.4 12.8 12.8 19.9 19.1 21.6 
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Figure 70a: Subject 1, all conditions 
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Figure 72a: Geometric Means for Standing Figure 72b: Geometric Means for Sitting 

Table 28: Analysis of Variance for Concentration at the Mouth 
Source 
Constant 
Subject 
Standing 
Velocity 
Task 
Breathing 
Error 
Total 

df 
1 
5 
1 
3 
1 
1 

99 
110 

Sums of Squares 
83888.8 
4802.03 
8129.03 
4069.33 
378.085 
22.2482 
15392.7 

32661 

Results and Discussion of Human Study 

Mean Square 
83888.8 
960.406 
8129.03 
1356.44 
378.085 
22.2482 
155.482 

F-ratio 
539.54 

6.177 
52.283 
8.7241 
2.4317 

0.14309 

Probabilty 
0.0001 
0.0001 
0.0001 
0.0001 
0.1221 
0.7060 

Results for the human subjects (see Tables 27a, 27b, 27c) were generally, but not always, 
consistent with the results for the manikin. 

Concentrations at the mouth: As with the manikin, concentrations varied with wind 
tunnel velocity (p< 0.01) in an inverted V-shape (see Figures 70a to 73b). However, 
unlike manikins, the human results showed a more consistent V-shape for Sitting than 
Standing. Sitting/Standing itself was significantly related (p<0.01) to concentrations at 
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the mouth (see Table 28). However, unlike the manikin, human subjects averaged 
roughly twice as high for sitting as standing, not the reverse. 

As shown in Table 28, subject-to-subject differences also were significant. There were 
not enough subjects to determine if subject physiological measurements, gender, or hair 
length significantly affected concentrations at the mouth or at the surrogate locations. 

Neither breathing through a tube or task (being still as possible or moving blocks) were 
significant for Cmouth· 
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Figure 73a: Subjects, all conditions Figure 73b: All subjects, all conditions 
x = Standing, o = Sitting x = Standing, o = Sitting 

Table 29: Summary Statistics for Ratios to Cmouth 

Forehead Nose Neck Lapelri&h! Lapel1en Lapel!!Y& Collar ri&h! Collar1cft Collar!!Y& ~chest 

Median 0.86 0.95 1.07 1.13 1.16 1.22 0.99 1.01 1.00 1.36 

GeoMean 0.84 0.93 1.06 1.00 1.03 1.06 0.97 0.96 0.97 1.23 

GeoStd 1.23 1.18 1.32 2.33 2.04 1.87 1.29 1.32 1.27 2.12 

Min 0.39 0.34 0.24 0.00 0.05 0.10 0.23 0.25 0.24 0.04 

Max 1.97 1.71 2.33 3.35 2.74 3.04 1.78 1.60 1.66 4.33 

10th Per 0.67 0.81 0.78 0.45 0.41 0.47 0.79 0.75 0.71 0.58 

90th Per 1.03 1.06 1.39 2.10 1.91 1.91 1.26 1.22 1.25 2.59 

Ratios of surrogate concentrations to Cmouth: As shown on Table 29 and Figures 73a and 
73b, the ratios of surrogate concentrations to Cmouth varied widely. Concentrations at the 
lapels and center chest ranged from much lower to much higher than Cmouth· Their ratios 
of roughly 50% to around 200% to Cmouth represent extremely unreliable estimates. Note 
that averaging values for the two lapels did not improve their accuracy or precision. The 
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left and right collars and the neck were much better, having median ratios close to unity 
and relatively low geometric standard deviations (crg = 1.3). The adjacent to nose location 
had the lowest geometric standard deviation (crg = 1.18) and a median value of0.95. It 
could be "corrected" by adding 5% to its values. Concentrations at the humans' foreheads 
averaged about 86% of the concentration at the nose but had a geometric standard 
deviation almost as low as at the nose. Hence, concentrations at the forehead could be 
"corrected" by adding about 15% to the value measured at the forehead. 

Hence, if one is not willing to sample on the face, the collars are a reasonably good 
surrogate for the mouth. However, some samples measured at the collars were very low 
(e.g., 25% of Cmouth) and others were very high (178%). 

Table 30: Linear Models Results for Ratios to Cmouth 

Source Forehead Nose Neck Lapelri&!!! Lapel,en Lapelm Collar Ii&!!! Collar,en Collarm hchest 

Const <0.001 <0.001 <0.01 <0.001 
Subject <0.05 <0.01 <0.05 <0.05 <0.001 <0.001 <0.001 <0.001 
Posture <0.01 <0.05 <0.01 
Velocity <0.05 <0.05 <0.05 
Task <0.001 <0.001 <0.001 <0.001 <0.01 <0.001 <0.001 <0.001 
Breathing 
R-sq 20% 15% 42% 43% 49% 47% 41% 37% 46% 49% 

As shown on Table 30, General Linear Models regression of Ln(C/Cmouth) showed the 
deviation of the geometric mean ratio from unity was statistically significant for the 
forehead, nose, and chest. Subject-to-subject differences were significant for all but Nose 
and Neck, while posture affected only the lapel samples. Velocity was significant for the 
neck and collars, and Task was significant for all samples on the torso. Breathing did not 
affect the ratio for any location. In short, the ratio of surrogate concentrations to Cmouth 
was affected by Subject, Posture, Velocity, and Task, making it impossible to model 
Cmouth for all conditions for any location except Nose and possibly Forehead. 

Discussion of Human Study 

The dramatic effects of velocities and postures suggest that exposure studies should 
consider multiple postures and cross-draft velocities. The lapels and chest samples were 
poor surrogates for the nose, but concentrations measured adjacent to the nose, the 
forehead, and the collars generally fell within + 20% of Cmouth· 

Conclusions from Human and Manikin Experimental Studies. 

The overall conclusions from both the human and manikin studies are that: 

9. For the manikin, all independent variables (Velocity, Posture, Hair Length, Heating, 
Breathing) were important, as were most interactions of the dependent variables 
( especially velocity and Heating). 

10. When the manikin was either not heated or did not breath, it was a poor surrogate 
for the human subjects. The effects of velocity on concentrations were profoundly 
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different when the manikin was at ambient or 98F body temperatures. At 98F, 
velocities followed an inverted V relationship with concentrations at all sample 
locations. At ambient temperatures the effect of increasing velocity was to decrease 
concentrations monotonically, a common finding in unheated manikin studies. 

11. For manikins, concentrations were twice as high at the mouth when standing than 
when seated. Concentrations on the torso were higher than Cmouth when standing and 
lower when sitting. 

12. For manikins no location was a reliable surrogate for the mouth. 

13. For human subjects, the effect of increasing velocities tended to follow the inverted 
V relationship, just as it did for heated manikins. 

14. Likewise, the effect of posture was profound, but opposite to the manikin. That is, 
the concentrations were higher when sitting than standing, possibly due to subtle 
differences in postures. 

15. For humans, breathing through a tube had no significant effect. 

16. For humans, the collars, nose, and forehead were reasonably good surrogates for the 
mouth. 
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CFO SIMULATION STUDIES - ALL ASPECTS 

[Note: Figures and Tables are numbered separately for this section] 

Introduction (CFO Simulation) 

In this study, three dimensional computational fluid dynamics (CFD) simulations are 
used to investigate the distribution and level of contaminant concentrations in the 
breathing zone when airborne contaminants are released within an arm's-length in front 
of the worker who has his back to the airflow. The objective was to gain a better 
understanding of the fluid motion and mixing phenomena controlled by the combinations 
of convection, diffusion and buoyancy in the wake of a human body. A concurrent 
experimental work was carried out in Industrial and Management Systems Engineering 
Department, West Virginia University (Guffey, 2004). Some results from the 
experiments were used to validate the simulations. 

Worker exposure in a ventilation tunnel 

Ventilation systems are used to create a healthy indoor air quality and a comfortable 
indoor thermal condition with as low as possible energy consumption. Wind tunnels are 
widely used to study human exposures to airborne contaminants since they allow 
investigators to control airflow conditions. 

In the concurrent experimental study, a wind tunnel is utilized with an inlet honeycomb 
grid to straighten the flow and to induce turbulence. Gaseous contaminants ( ethanol 
vapor) are released within an arm's length of the worker who has his back to the flow. 
The Reynolds number based on the equivalent dimension of the torso is in the range of 
2000 - 30,000 (600 - 10,000 if based on the equivalent dimension of the head). With a 
heated manikin, the Grashofnumber is about 8x108

• The exposure level is measured by 
the concentration at the breathing zone, which is represented by a single point one 
centimeter from the mouth center in the current numerical study. 

Generally, the ventilation flow in the wind tunnel is of an incompressible, non-isothermal 
type with heat and mass transfer. The flow over a human body involves a very 
complicated flow due to the irregular body configuration. There is not much information 
about this kind of wake flow in the literature. However, the basic characteristics can be 
revealed by studying the wake flow of a cylinder and a sphere, since the head and the 
torso could be approximated by a sphere and an elliptic cylinder, respectively. 
Fortunately, these flows have been of great interest for researchers. The following is a 
brief review about the flow character of these two classical flows. 

The experimental work by Tritton (1959) shows that at a Reynolds number of 150, the 
vortex street becomes turbulent in the wake downstream of a circular cylinder and at a 
Reynolds number of 400, the vortices become turbulent after the separation point 
somewhere in the wake formation region. The experiments by Achenbach (1968), on the 
other hand, indicate that the transition from laminar flow to turbulent flow in the 
boundary layer can take place even at low Reynolds number. The laminar boundary layer 
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will become turbulent when the Reynolds number reaches a critical value around 2x105
• 

Thereafter, the boundary layer will separate farther rearward than if it were laminar. 

The variation of the sphere wake structure with Reynolds number is as follows. When the 
Reynolds number is lower than about 20, the flow is laminar everywhere and separation 
does not occur (Taneda 1956). At Reynolds numbers between about 20 and 400, a 
stationary, symmetric pair of vortex ring is formed at the rear of the sphere (Taneda 
1956; Achenbach 1974). When a Reynolds number of about 400 is reached, the vortex 
ring begins to oscillate, and the wake forms horseshoe-shaped vortex loops at Reynolds 
numbers between about 400 and 1000 (Achenbach 1974). At Reynolds numbers above 
about 1000 the vortex loops diffuse very rapidly, which indicates a turbulent flow field in 
the wake formation region (Taneda, 1978). Similarly, at a critical Reynolds number 
around 105 the laminar boundary layer becomes turbulent before separation. 

The above information indicates that most probably a turbulent wake flow is formed in 
the downstream of a human body after a laminar boundary separation. An unsteady 
vortex shedding may appear in the wake. However, the vortex may diffuse rapidly 
because of the flow between the arm and the torso. 

Factors related to exposure levels 

The worker exposure in a wind tunnel could be affected by a great number of 
complicating factors, many of which are not yet fully understood. These factors which 
could affect the worker exposure significantly in a wind tunnel are investigated. These 
factors include: the contaminant position, the orientation of the worker, the ventilation 
intensity, the level of free stream turbulence, the heat flux from the body, the body shape 
and the flow unsteadiness. Understanding the effects of these factors on the flow field 
and the worker exposure will be important for exposure control. 

Turbulence models for worker exposure 

To date, there are three main classes of approaches for dealing with turbulent flows: 
Reynolds Averaged Navier-Stokes (RANS), Large Eddy Simulation (LES) with a sub­
grid scale (SGS) model, and Direct Numerical Simulation (DNS) with any turbulence 
model. DNS and LES are still too computationally expensive to be employed on a regular 
basis, and, from an engineering point of view, they provide far more information than an 
engineer needs. 

Recently, various RANS models are used to deal with the complex turbulent flows in 
work places. The most widely used RANS models are those linear eddy-viscosity 
models with wall functions because of their robustness, economy, and reasonable 
accuracy for a wide range of turbulent flows. However, as it is well known, the linear 
eddy-viscosity models (EVM) have certain deficiencies. Most importantly, the 
Boussinesq hypothesis which these models are based on fails when non-trivial flows are 
considered ( e.g., flows over curved surfaces, flows in ducts with secondary motions, 
flows in rotating fluids, and flows with separation). Various modifications and new 
modeling concepts have been proposed over the past decades, ranging from ad hoc 
remedies, and complex non-linear eddy-viscosity approaches to Reynolds stress 
models/second-moment closures. Guidance and recommendations on the application of 
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these models for exposure prediction would greatly ease the usage of CFD in the 
industrial hygiene community. 

Motivation and objectives 

In this study, three dimensional computational fluid dynamics (CFD) simulations are 
used to calculate the concentration of gaseous contaminants in the breathing zone of a 
worker when airborne contaminants are released within an arm's-length in front of a 
manikin who has his back to the airflow. The main objectives were to numerically 
evaluate the effect of different factors on the manikin exposure and to recommend a 
turbulence model preferable for this type of simulations. These factors investigated 
include the body shape, the heat flux from the body, the ventilation intensity, the level of 
free stream turbulence, and the flow unsteadiness. 

Literature review (CFO Simulation) 

To accurately predict the exposure levels in the working environment, one has to 
understand which factors are significant for work exposure and what kind of models one 
could use to account for these significant factors. In this literature study, two issues are of 
major concern. One is the factors which can impact the exposure levels in the working 
environment, such as the ventilation intensity. The other is modeling-related issues. 
Simulating work exposure is a complicated problem which comprehends turbulent flow 
with complex geometry, heat transfer, and mass transfer. That is why it is important to 
understand the pros and cons of different models for turbulence, heat transfer and mass 
transport. The choice for predicted worker exposure should be made based on which 
model can best solve this problem. 

Factors affecting exposure levels 
The worker exposure in a wind tunnel could be affected by a great number of 

complicating factors, many of which are not yet fully understood. A list of factors which 

are important include the following: 

• Orientation of the worker 

• Body shape 

• Ventilation intensity 

• Heat flux from the body 

• Contaminant source position 

• Flow unsteadiness 

• Position and configuration of facilities 

• Contaminant material and momentum 

• Free stream turbulence 

• Worker motion 
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This is a formidable list, and most of these continue to be the topics of research in this 
field. Nevertheless, all these factors which prove significant should be considered to 
accurately predict the exposure levels. 

It is not possible to give a thorough discussion and literature review for each of these 
topics individually. However, a brief introduction and review with respect to six of the 
general and controllable of these factors will be given next. The topics and factors that 
are believed to be the more general and the more controllable in both the experiments and 
simulations include the orientation of the worker, the contaminant source position, the 
body shape, the ventilation intensity, the heat flux of the body, the level of free stream 
turbulence, and the flow unsteadiness. 

The position and the configuration pf the facilities, the contaminant material, size, 
location and momentum, and the worker motion vary significantly in different 
applications. In this study, these factors are fixed so that the focus is on the flow field in 
the wake of the human body and its relation with the exposure levels. A still fixed 
manikin was used in an otherwise empty wind tunnel. Gaseous contaminant was used to 
represent the contaminant source since it follows the flow closely. 

ORIENTATION OF THE WORKER 

Although the situation -- flow from the back of a worker is the main concern of this study 
-- some attention should be also given to the influence of the orientation of the worker 
because of its extreme significance. Experimental studies by George et al. (1990), Kim 
and Flynn (1991), Carlton and Flynn (1997), Welling et al. (2000), and Guffey et al. 
(2001) have shown that much higher contaminant concentrations occur at the back-to­
flow orientation than when air flows from the side or from the front of the subject. Flynn 
and Ljungqvist (1995) reported that the reason for higher exposure levels at the back to 
flow orientation is that a reverse flow wake region is created downstream of the worker 
and this recirculation will bring the contaminant to the breathing zone. 

In this numerical study, the flow from the back is considered for all cases since it is 
considered the worst case when the worker has a hand-held contaminant source. 

BODY SHAPE 

The effects of different body shapes on fluid flow and concentration patterns around the 
body in a wind tunnel have been evaluated to clarify if a sharp body or a block could be a 
surrogate for the human form in consideration of occupational and environmental health 
studies. Simple body shapes such as rectangular body, cylinder body and the composition 
of simple geometries have been widely used, despite lack of positive proof that they are 
capable ofrepresenting the real human body well. Brohus and Nielsen (1996) 
investigated the effects of body shapes using three different models, all of which were 
made of rectangular geometries and are insufficient to simulate a real human body 
accurately. In this study, a rounded body was generated to represent a human-like 
manikin used in the experiments as closely as possible in order to obtain accurate 
information about the flow field behind the manikin, especially the separation and the 
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reattachment of the flow around the head which may be significant in evaluating the 
worker exposure (Li et al. 2003, 2005). 

VENTILATION INTENSITY 

Usually, the wind speed in a ventilation tunnel is 0.1-1.0 mis (Baldwin and Maynard, 
1998), which is comparable with the face velocities of local ventilation hoods. A lot of 
experiments have been done in this wind speed range. 

The experiments by George et al. (1990) reported that the contaminant concentration will 
decrease as the free stream velocity increases if the worker stands with his back towards 
the flow and there is no obstruction in the wake zone downstream of the body. However, 
this trend may not be followed if some object obstructs the flow field downstream of the 
body. 

The experimental work of Saamanen, et al. (2002) showed that the breathing-zone 
concentration increases in the freestream velocity range of 0.1-0.3 mis when the free 
stream air velocity increases. However, they used a simplified manikin which was 
composed of boxes. Their numerical simulations gave results which agree poorly with the 
experimental results. 

The numerical analysis on the effect of inlet velocities on the exposure level may help to 
optimize the running conditions of the wind tunnel and alleviate the economic limitations 
to some extent. On the other hand, the current study is also used to validate the 
turbulence models by comparing the numerical results with the experiments. 

FREE STREAM TURBULENCE 

The turbulence intensity in the work places varies significantly. Experiments (Hancock 
and Bradshaw, 1983 and 1989; Kondjoyan, 2002) have shown that the free stream 
turbulence could significantly affect the transition from laminar to turbulence and 
thereafter the heat flux from the wall to the fluid because of its interaction with the 
boundary layer. Peneau et al. (2000) have recovered the same results using large eddy 
simulation. It could be an interesting topic to investigate the effect of the free stream 
turbulence intensity on the worker exposure. However, to the best of author's knowledge, 
there is little information in the literatures on this topic. 

Welling, et al. (2000) measured the free stream air velocities, turbulence intensities and 
temperatures at the beginning of each experiment at 280 symmetrically distributed points, 
and they found that the free stream velocities and turbulent intensities changed 
significantly at low wind speed 0.1 mis. They also observed that the variation of the nose 
concentration at that wind speed is about 90%. The reason is obvious due to the variation 
of the mean free stream velocity and the turbulent intensity. However, it's hard to 
differentiate the effect of the mean velocity and the turbulent intensity because these two 
factors were not controlled separately. 

A thorough numerical analysis can be used to isolate the effect on the exposure levels 
from these two factors since it is easy to control these factors in numerical simulations. 
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HEAT FLUX FROM THE BODY 

The heat convection from the body may affect the worker exposure in three possible 
ways: (1) it can transport the contaminants from the waist to the breathing zone by the 
action of buoyancy; (2) it may intensify the turbulence in the flow field and result in 
more diffusion; (3) it may cause contaminants that are "trapped" in the recirculation 
region near the breathing zone to rise out of that region into the free stream. Some 
experimental and numerical work in the literature, such as Saamanen, et al. (2002), Li, et 
al. (2003), Hyun and Kleinstreuer (2001) have shown that the buoyancy is important at 
low free stream velocities. The current study will concentrate on how the nature 
convection affects the flow field and thereafter the concentration field near the mouth at 
different Reynolds numbers. 

FLOW UNSTEADINESS 

Large scale unsteady motion is expected to be formed in the downstream of the body as 
mentioned in Section 1.1, which may result in the large variation of the exposure level at 
the breathing zone. Although the variation of the instantaneous exposure levels has been 
observed by other researchers (Welling, et al. 2000), its relation to the flow dynamics in 
the body wake has not been documented well. The current flow unsteadiness study 
utilizing LES is aimed to understand the flow dynamics in the formation and the 
developing of the wake flow in the downstream of human body as well as the relation to 
the contaminant transport. Hopefully, it will also provide some guidance on the sampling 
period for the experimental study. 

Modeling related issues 

There are three main classes of numerical techniques for dealing with turbulent flow: 
Reynolds Averaged Navier-Stokes (RANS), Large Eddy Simulation (LES) and Direct 
Numerical Simulation (DNS). DNS resolves the Navier-Stokes equations without 
averaging and approximation. It is viewed as an indispensable research tool to help the 
understanding the physics of the flow and the developing of turbulence models. 
However, it is simply too expensive to be employed on a regular basis, and, from an 
engineering point of view, it provides far more information than an engineer needs. 

LES has gained overwhelming consideration in both industry and academy. The physical 
basis for LES is that the large-scale motions in the turbulent regime are more energetic 
than the small scale ones and are responsible for most of the transport. The small-scale 
turbulence is more universal and nearly isotropic, which makes it more suitable to be 
modeled. Mathematically, LES is applied by filtering the Navier-Stokes equations. The 
filtered quantities are modeled by a so-called subgrid scale model which relates the 
effects of small eddies to the resolved large eddies. Still, LES is constrained by the near­
wall resolution requirements. For instance, to resolve the near-wall streaky structures, 
LES requires a grid density close to that for DNS with spacing of the order ~y+=O(l); 
~x+=0(50) and ~z+=0(20), where x+, y+, and z+ denote the streamwise, wall-normal 
and spanwise direction in wall unit respectively. As a result, one has to wait a long while 
(until 2045 according to Spalart, 2000) to use LES in large scale industrial and 
environmental applications ( e.g., flow over a car). 
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Turbulence modeling with RANS equations has started nearly a century ago, when 
Boussinesq introduced the concept of an eddy viscosity (i.e. the Boussinesq eddy 
viscosity approximation, which relates the Reynolds stresses to the shear rates). 
Nowadays the field of classical RANS turbulence modeling is still active despite its 
disputable intuitive and empirical rationale. They are simple to use, computationally 
affordable and economical, thus appealing to industry for various applications, such as 
design, optimization, and prediction of off-design performances. They do not simulate 
the details of the turbulent motion, but only the effect of turbulence on the mean flow 
behavior. 

NUMERICAL CONSIDERATION FOR REYNOLDS STRESS MODELS 

Launder (1989) noted that if one adopts the staggered velocity/pressure node cluster, 
numerical stability is increased and the amount of interpolation required is decreased if 
the stresses are also staggered, (i.e. the normal stresses are located at the scalar node 
while the off-diagonal components are positioned so that they lie on the boundaries of the 
control volumes of the velocity components). 

In a three-dimensional flow, each stress component appears in the budget equations for 
many of the other components. This strong intercoupling suggests that one should adopt 
for a simultaneous solution of the six components at a point. However, such a direct 
approach is spectacularly unstable, partly, because the stresses are scattered. The strategy 
is first to solve for the three coincident normal stresses, interpolating as necessary the 
'old' values of the shear stresses. When updated values of the normal stresses have been 
obtaiped at all nodes, the off-diagonal components are obtained by a pointwise 
substitution. 

The turbulent shear stress is often several orders larger than the molecular shear stress in 
turbulent flows. Treating it as a large source term creates stiffness and hence causes 
numerical instability in the numerical iterations. 

In simple shear flow calculations the turbulent shear stress -uv in the momentum 
equation is usually divided and multiplied by the velocity gradient 

(2.1) 

and (-uv)/(aU/ay) is treated as the eddy viscosity. In doing this, the turbulent shear stress 

is effectively cast into the diffusion term. 

However, Hwang and Peng (1995) pointed out that in elliptic-type flows the velocity 
gradients will not always have the same sign as the turbulent shear stress as they do in 
simple shear flows. When the velocity gradient and the turbulent shear stress are of 
opposite sign, negative nodal coefficients will be introduced, which can lead to numerical 
instability. 

A technique that could be used to overcome the numerical instability of the momentum 
equations is a modification of the numerical procedure for the eddy viscosity model. The 
Reynolds stresses can be expressed as 

126 



1 ROI OH07587 P.I. Steven E. Guffey, PhD, CIH 

(2.2) 

where Cµ =0.09. The second term is cast into turbulent diffusion forms in the numerical 

solution, and the rest into source term, which is trivial and have no serious effect on the 
numerical stability of the momentum equation. 

Computations with a SMC model will probably require 50-200% more computer time 
than a linear two-equation eddy viscosity model. 

Near-wall approaches 

The overall success of all turbulence models in wall bounded internal as well as external 
flows is determined in large measure by the treatment of solid walls. Three different ways 
are commonly employed to compute the near-wall behavior of complex turbulent flow. 
They are wall functions, low-Reynolds number model (LRN), and two layer models. 

Wall functions 

In application of turbulence models, the most popular near-wall treatment is the wall 
function method because it requires much less grids (30< y 7 <60) in the near wall region. 

Wall functions are derived on the assumption that a Couette flow prevails, i.e. that the 
variation of the dependent parameters with respect to the streamwise direction can be 
neglected. For impermeable walls the flow equations can be solved analytically to yield 
the well known, law-of-the-walls: 

(2.3) 

(2.4) 

Employing these equations permits one to simplify the near-wall treatment to a one­
dimensional analysis for which the solution of the dependent variables is only a function 
of the normalized wall-distance. Naturally such a simplification reduces the 
computational storage and time through a reduction of the number of nodes. In addition, 
the convergence rate is increased as a result of the simplified equations. 

Unfortunately, the universality of these wall functions is limited since they are derived 
from simplified governing equations. For instance, calculations of backward facing step 
flows with wall functions lead to more than 20% error, in the reattachment length (Rodi 
et al 1993). Although the basic assumptions made in the wall function approach, (i.e., 
flow parallel to the wall and equilibrium turbulence relations), are correct for simple wall 

127 



1 ROI OH07587 P.I. Steven E. Guffey, PhD. CIH 

shear flows, a certain error will be created when the method is applied to complex wall 
shear flows with separated regions. 

Two-layer model 

In two-layer models the near-wall viscosity-affected regions are resolved, such that the 
dissipation rate of the turbulent kinetic energy is determined by a prescribed length scale 
distribution instead of by the transport differential equation. 

The turbulent eddy viscosity in the near wall region is given by 

v=Ck112l I µ µ (2.5) 

and E is determined from 

& = k3'2 I l 
& (2.6) 

The length scales lµ and le are adopted from the model 

(2.7) 

(2.8) 

where both length scales express damping effects in the near-wall region in terms of the 
turbulence Reynolds number RY =k 112y/v . Here y is the normal distance from the wall. 

The turbulence model moduli are given as C1 =KCµ 314 
, As =2C1 and Ak =70, where K is 

the Karman constant and Cµ =0.09. 

In conducting the computation, the two models have to be matched at some location in a 
region where viscous effects have become negligible. In general, preselected grid lines 
are set for matching the two models within the criterion RY ~ 250 recommended by 

Chen and Patel (1988). 

Low Reynolds number model 

Over the past few decades, many suggestions have been made for the extension of 
turbulence models to enable their use at low turbulence Reynolds numbers and to 
describe the flow close to a solid wall. The simplest example is the van Driest damping 
function (van Driest, 1956) for the mixing length. More advanced models incorporate 
either a wall damping effect or a direct effect of molecular viscosity, or both, on the 
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empirical constants and functions in the turbulence-transport equations devised originally 
for high Reynolds number, fully turbulent flows remote from the walls. 

In the literature, a lot of work has been done on the low-Reynolds number two equation 
models. Patel et al. (1985) reviewed these works and suggested that the better 
performance of the low Reynolds number model could be achieved by: 1) selecting a 
damping function, fµ, for the shear stress that is in agreement with experimental evidence 
and whose influence is restricted to the sublayer and the buffer layer; 2) choosing the low 
Reynolds number functions fl and f2 in the s equation with a mathematically consistent 
near-wall behavior; 3) fine-tuning the functions to ensure the reproduction of the well­
known basic feature of wall-bounded shear flows over a range of pressure gradients. 
This suggestion has been followed by many later researchers (Bredberg and Davidson, 
2004; Raisee, et al. 2004). They implemented the non-linear turbulence model together 
with the low Reynolds number model at the wall and the results has been shown to be 
satisfactory. 

It should be noted here that the first interior nodes should be very close to the wall ( 
y+<5) for the low Reynolds number model. The numerical experiments of Bredberg and 
Davidson (2004) showed that the predicted Nusselt number along the lower wall of a rib-
roughened channel with y; = 1 and y; =4 meshes could be within 5% of the grid 

independent result. Even though the prediction with y; = 10 mesh deviates by more than 

25% from the experimental data, they are still encouraging when compared to other 
turbulence models, especially when using wall function based models. 

Modeling buoyancy-driven flow 

It is popular to use the simple eddy diffusivity models for turbulent flux of heat 8u i ( or 

species): 

(2.9) 

where cr~ is the turbulent Prandtl number (or Schmidt number for species) which is a 

constant or determined from an empirical formulas. It is generally recognized that the 
linear eddy-viscosity models and their analogues for scalar fields cannot reproduce any 
flows with significant non-equilibrium effects, flows subjected to body forces, or any 
extra-strain rates other than simple shear. The above shortcomings can be eliminated by 

solving the modeled transport equations for Sui , closed by the equations that provide 

thermal scales ( e.g., for 82 and s00 ). Differential transport equations have been proposed 

in the literature and applied with success to the computations of some simple buoyancy­
driven flows. However, such models contain many terms that require separate modeling, 
and deriving a general closure for complex flows is a formidable task. Algebraic models 
based on a truncation of the differential second-moment closure have been proposed as 
the minimum closure level for complex flows. For instance, Hanjalic (2002) proposed a 
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three-equation (k-8 2 -s) model which produced satisfactory solutions in a range of 
enclosed buoyancy-driven turbulent flows with different geometries and boundary 

condition. Abe et al. (1995) instead proposed a four-equation model (k-82 -s- s88 ) which 

is capable of predicting the heat transfer in separating and reattaching flows downstream 
of a backward-facing step. 

It should be emphasized here that strong variations of all flow properties, in usually very 
thin boundary layers along the walls where the buoyancy exhibits the strongest effects on 
turbulence, requires a fine numerical resolution of the near-wall region. Thus, it is 
indispensable to use a low-Reynolds-number turbulence model which can fully resolve 
the near-wall region. 

Mass transport models 

When predicting the concentration of contaminants, both Eulerian and Lagrangian 
methods have been used in the literature. For the Eulerian method, the concentration can 
be calculated by solving a scalar transport equation, which approximates the turbulent 
diffusivity in relation with the eddy viscosity with an empirical constant, i.e., the 
turbulent Schmidt number. Since the contaminant concentration are very sparse for the 
current study (10-3 kg/kg air), the effect of the secondary phase (gaseous contaminants) 
on the main phase (air) is ignored. The Lagrangian method, however, tracks individual 
parcels in a Lagrangian frame. Each of the parcels represents a certain amount of gaseous 
contaminant and closely follows the air flow. 

Flynn and Sills (2000, 2001) used the Lagrangian particle tracking method to predict 
human exposure to aerosols generated during compressed air spray painting in cross flow 
ventilated booths. They found that the predicted dimensionless breathing-zone 
concentrations were in agreement with the measured values. 

Longest et al. (2000) applied RANS simulation in conjunction with the Eulerian scalar 
transport equation to investigate the distribution of CO in a Rochester-style human 
exposure chamber. In the current study, the predictions from the Lagrangian and Eulerian 
methods are compared in order to provide some guidance as to which one is better for 
predicting human exposure to aerosols. 
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The influence of critical factors on worker exposure (CFO 
Simulation) 

This chapter first presents the computational details such as equations, grids, and the 
numerical method used in the current work. The results of the grid convergence study are 
shown next since it is important to know the numerical errors prior to the massive. Then 
the results of the influence of critical factors are presented and discussed. These results 
include the isolated influence of the body shape, the ventilation intensity, the level of free 
stream turbulence, the heat flux of the body, and the flow unsteadiness. Finally, the 
results are summarized at the end of this chapter. 

Computational details 

In this study, a three-dimensional wind-tunnel simulation was performed with the Fluent 
CFD software package (Fluent, Inc., Lebanon, NH). The geometrical configuration of the 
flow domain is shown in Figure 3.1, consisting of the wind tunnel (4.6m width x 2.6m 
height x 1 lm length) and a non-breathing manikin body (1.8m height). The manikin body 
faces downstream of the flow. Constant inlet velocity inlet and constant pressure at the 
outlet boundary were used. The inlet velocity was taken as 0.3 m/sec with a turbulence 
intensity of 0.3% to study the effect of the body shapes and the transport methods, values 
representative of typical working environments (Baldwin and Maynard, 1998). To 
investigate the thermal impact of the body, an inlet velocity ofO.l m/sec was also used. 
The characteristic turbulent length scale was chosen to be 0.01 m, which represents the 
turbulence generating grid size at the inlet of the tunnel. The dimensions of the wind­
tunnel and the sharp body configuration are illustrated in Figure 3.2. The source box is 
0.3m(length)*0.3m(width)*0.05m(height) in size and the box center is 1.2m from the 
ground and 0.5m from the body. In addition, block and rounded body models are created 
as shown in Figure 3.3 to investigate the effect of the shape of the human-body on 
concentration levels near the breathing zone. It should be noted here that the breathing 
zone mentioned in the paper is represented by one point, which is 1.65m from the ground 
and O.Olm from the body (i.e. a point directly in front of the mouth at a horizontal 
distance of O.Olm). 
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V inlet 

~ 

Figure 0-1 Schematic view of the wind tunnel model and location of 
contaminant release plane 
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Figure 0-2 The geometry of the wind tunnel and the human body (all dimensions in m) 

Different grid distributions, also known as meshes, were constructed as listed in Table 
3.1 in order to quantify the discretization error using Richardson Extrapolation with Grid 
Convergence Index (GCI) (Roache, 1994) and Extrapolated Relative Error (ERE) (Celik 
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and Li, 2005). Richardson Extrapolation uses calculations on multiple sets of grids to 
calculate the extrapolated value of a dependent variable to zero grid size, and GCI and 
ERE use the extrapolated value to determine the numerical uncertainty caused by limited 
grid size, also known in the literature as the discretization error. For each body, the whole 
domain was divided to several sub-domains each with different grid sizes so that the 
mesh in the region around the body could be much finer than that in other regions (See 
Figure 3.4). It should be emphasized that the grids are refined proportionally for each 
sub-domain to maintain similar grids as suggested by Celik and Karatekin (1997). The 
only exception was mesh #3 (the sharp body), for which only the region around the body 
is refined based on mesh #2 in the hope to illustrate if better convergence with less cells 
using non-uniform grids could be achieved. 

Table 0.1 Different meshes used for the grid convergence study 

Mesh# Block body Sharp body Rounded body 
1 125, I 03 node 30,621 nodes 92, 166 nodes 

116,712 hexahedral cells 27,396 hexahedral cells 339,350 mixed cells* 
2 229,874 nodes 124,326 nodes 136,302 nodes 

217,212 hexahedral cells 115,824 hexahedral cells 470,234 mixed cells 
3 188,583 nodes 208,600 nodes 

169,430 hexahedral cells 659,110 mixed cells 
4 347,595 nodes 

330,598 hexahedral cells 
5 1,077,176 nodes 

1,041,318 hexahedral cells 
* Mixed cells mean that some cells are hexahedral cells and the other are tetrahedral cells. 

(a) block (b) sharp body ( c) rounded body 

Figure 0-3 Different body shapes used in the present study (not to scale) 
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The heat transfer boundary condition for the human body surface was taken as a 
convective heat flux of25 W/m2 (Bj0m and Nielsen, 1998), which was based on a 2000-
calorie diet and corresponds to a moderate activity level of a standing person. The fluid 
medium was air and the contaminant was acetone vapor. 

Figure 0-4 An example of a computational mesh used in the simulations (Mesh #2 for the sharp 
body, 115,824 hexahedral cells; the empty area represents the center of the sharp 
body) 

The turbulence model of choice was the two-equation standard k-s model (Launder and 
Spalding, 1974), which is one of the most commonly used turbulence models in practical 
engineering flow calculations. The k-s model is based on the eddy-viscosity 
approximation which expresses the Reynolds stresses in terms of the mean velocity. The 
shortcomings of the eddy-viscosity approximation has been well documented in the 
literature (see e.g. Mathieu and Scott, 2000). Numerous more sophisticated models such 
as Reynolds stress model have been developed to overcome the defects of eddy-viscosity 
approximation. The choice of a turbulence model for a specific application should be 
made carefully, depending on the considerations such as the physics encompassed in the 
flow, the established practice for a specific type of problem, the level of accuracy 
required, the available computational resources, and the amount of time available for the 
simulation. In the present study with its complex geometry, the standard k-s model was 
used because of its robustness, economy, and reasonable accuracy for a wide range of 
turbulent flows. 

Governing equations 

Standard turbulence model 

The mathematical formulation of the governing equations and the turbulence models used 
for steady flow simulations are the time-averaged Navier-Stokes equations with the 
standard two-equation k-s turbulence model. 

(3.1) 
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(3.2) 

The Bousssinesq model (Spiegel and Veronis, 1960) is employed for the calculation of 
the buoyancy force. This model treats density as a constant value in all solved equations, 
except for the buoyancy term in the momentum equation. 

The eddy viscosity, vi, is given by 

The turbulent kinetic energy, k, and its rate of dissipation, E, are obtained from the 
following transport equations: 

ak + u Bk =~[(v+3-) Bk] +Gk +Gb- e 
a, I axi axj (}" k axi 

(3.3) 

(3.4) 

(3.5) 

and Gk is the production rate of turbulent kinetic energy and Gb is the generation rate of k 
due to buoyancy, 

G _ /3 v, BT 
b - g .--

• I Prr ax; 

where PrT is the turbulent Prandtl number for energy and is equal to 0.85. It should be 
noted here that the buoyancy effects on Eis neglected by default in FLUENT. The 
constants used in the standard k-E model are: 

C1 = 1.44, C2 = 1.92, Cµ = 0.09, O'k = 1.0, and CYe = 1.3 

For the temperature distribution calculations, the energy equation can be written as: 

(3 .6) 

(3 .7) 

(3.8) 

where PrL is the laminar Prandtl number which is defined by PrL = C Pµ /Kand ST is the source term. 
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RNG model and low-Re RNG model 

The RNG based turbulence model is derived from the instantaneous Navier-Stokes 
equations, using the Renormalization Group method (RNG) (Y akhot and Orszag, 1986). 
The mean flow is governed by the incompressible Reynolds averaged continuity and 
Navier-Stokes equations with an eddy viscosity assumption. 

The turbulent viscosity v
1 

is solved by a differential equation (3 .11 ). 

d(p2kJ=I.72 11 dv 
Af ~v3 -l+Cv 

where V = vefl /v, Cv :::::: 100, and vefl = V1 + V . 

In the high Re limit, v
1 
tends to 

1 -.-. au: au: 
where k = - U;U; and & = v-' - ' 

2 axj axj 

. ... ... (3.9) 

(3.10) . 

(3.11) 

(3 .12) 

In this paper, the low_Re RNG turbulence model represents the model using differential 
equation (3.11) and the RNG turbulence model is represented by equation (3.12). The 
scale elimination procedure in RNG theory results in a differential equation for turbulent 
viscosity (Yakhot and Orszag, 1986). 

-+U .-= r .. ---&+- v+- -ak ak av a [( v1 J ak] 
at J axj I} axj axj (jk axj 

(3 .13) 

(3 .14) 
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The coefficients are a-k = a-e = 0.7179 Cµ = 0.085, Ce1 = 1.42, and, 
' 

3 (1 / ) 
C = 1 68 + 77 -77 7700 ( --)112 

e2 • l+/3773 ,where77=Skl&,77oo=4.38,/J=0.0l5,S=2SijSij ,and 

Sij is the mean rate of strain tensor. The RNG model has the same form as the standard 

k-s turbulence model, except Cµ = 0.09 is used by the latter. The model parameters in 
the s equation are also different from those for the standard k-s model. Besides the 
difference in the model parameters, another major difference between RNG and standard 
k-s is that there is an additional term in the s equation for the RNG turbulence model, 
which accounts for the effect of the rapid strain. The RNG model is known to be more 
responsive to the effects of rapid strain and streamline curvature than the standard k-s 
model, which explains the better performance of the RNG model for certain classes of 
flows. 

RSM model 

The Reynolds stress model involves calculation of the individual Reynolds stresses, u;u ~ , 
using differential transport equations. The individual Reynolds stresses are then used to 
obtain closure of the Reynolds-averaged momentum equation. The exact transport 

equations for the transport of the Reynolds stresses, u;u~ , may be written as follows: 

o(puj 'ui ') 

ot 
'-v----' 

local time derivative 

o(pUkui 'u
1
. ') --oU. --0U

1
. o(pui 'u

1
. 'u'k) 

+ = -p(u . 'u' --' + u. 'u' --)-----"-----
::, j k :J I k :J :J uxk uXk uXk uXk 

Cii =Convection Pij= production Tij =Turbulent diffusion 

[ ] ( -J o ' o ' ou 'ou . ' o ou. 'u.' -- --
- ui ,__p__+uj ,__p__ -2µ--i - 1-+--µ ' 1 -p/J(giu/B+ gju;'B) 

oxj ox; oxk oxk oxk oxk 
~ Gij=Buoyancy production 

Rij=Redistribution eij=Diss,pallon Lg=Molecu/e diffusion 

(3.15) 

Of the various terms in these exact equations, Cij, Pij, and Lij do not require any modeling. 
However, Tij, Rij, Eij, and Gij need to be modeled to close the equations. 

The turbulent diffusion is modeled by using a scalar turbulent diffusivity as follows, 

T. = _i_(.!:i_ au;u~ J 
lj oxk (Yk axk 

(3.16) 
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Lien and Leschziner (1994) derived a value of crk =0.82 by applying the diffusion model 

to the case of a planar homogeneous shear flow. Note that this value of crk is different 

from that in the standard k-s models, in which crk =1.0 is commonly used. 

The pressure-strain term is modeled according to the proposals by Gibson and Launder 
(1978). The reader is referred to their paper for detailed information on the modeling of 
the pressure-strain term. The production terms due to buoyancy are modeled as 

(3.17) 

where Prt is the turbulent Prandtl number for energy, with a default value of 0.85. 

In general, when the turbulence kinetic energy is needed for modeling a specific term, it 
is obtained by taking the trace of the Reynolds stress tensor: 

1-.-, 
k =-u.u. 2 I I 

The dissipation tensor, Eij is modeled as 
2 

&ij =35ijp& 

(3.18) 

(3.19) 

The scalar dissipation rate, s, is computed from a model transport equation similar to that 
used in the standard k-s model: 

o o o [ oe ] 1 [ e e
2 

-(pe)+-(p&u;)=- (µ+µi)- +Cc1- P;;+Cc3G;;]--Cc2P-ot ox; ox; ox j 2 k k 
(3 .20) 

where (J"k = 1.0, CE1=1.44, CE2=1.92, CEJ is evaluated as a function of the local direction 

relative to the gravitational vector, 

(3 .21) 

where vis the component of the flow velocity parallel to the gravitational vector and u is 
the component of the flow velocity perpendicular to the gravitational vector. In this way, 
CE3 will become zero. The turbulent viscosity, A, is computed in a similar manner to the 

k-s models (Eq. 3.3). 
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Whenever flow enters the domain, the individual Reynolds stresses, u;u~ and the 

turbulence dissipation rate, E, are required as inlet conditions. These quantities can be 
derived from the turbulence intensity and characteristic length for the current case, as 
follows: 

u:i = Ik 
I 3 

kJ/2 
&=C314 __ 

µ I 

(i=l,2,3) 

(i * j) 

(3.22) . 

(3.23) 

(3.24) 

where 1 is the turbulence length scale and is determined from the relationship with the 
hydraulic diameter D8 : 

I= 0.07DH (3.25) 

LES simulation 

Turbulent flows are characterized by eddies with a wide range of length and time scales. 
The largest eddies are typically comparable in size to the characteristic length of the 
mean flow. The smallest scales are responsible for the dissipation of turbulence kinetic 
energy. 

In LES, large eddies are resolved directly, while small eddies are modeled. Large eddy 
simulation (LES) thus falls between DNS and RANS in terms of the fraction of the 
resolved scales. The rationale behind LES can be summarized as follows: 

• Momentum, mass, energy, and other passive scalars are transported mostly by 
large eddies. 

• Large eddies are more problem-dependent. They are dictated by the geometries 
and boundary conditions of the flow involved. 

• Small eddies are less dependent on the geometry, tend to be more isotropic, and 
are consequently more universal. 

• The chance of finding a universal turbulence model is much higher for small 
eddies. 

The governing equations employed for LES are obtained by filtering the time-dependent 
Navier-Stokes equations in either Fourier (wave-number) space or configuration 
(physical) space. The filtering process effectively filters out the eddies whose scales are 
smaller than the filter width or grid spacing used in the computations. The resulting 
equations thus govern the dynamics of large eddies. 
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A filtered variable ( denoted by an overbar) is defined by 

¢(x) = JD ¢(x
0

)G(x,x')dx' (3.26) 

where D is the fluid domain, and G is the filter function that determines the scale of the 
resolved eddies. 

In FLUENT, the finite-volume discretization itself implicitly provides the filtering 
operation: 

¢(x) = t t ¢(x')dx', x' EV (3.27) 

where Vis the volume of a computational cell. The filter function, G, implied here is then 

, {l/V x'EV 
G(x,x) = 

0 
(3.28) 

x' otherwise 

Filtering the Navier:-Stokes equations, one obtains 

ap a ( -) -+- PU; =0 at ax; (3.29) 

(3.30) 

and 'ij is the subgrid-scale stress defined by 

'ij = pu;u1 - p(u;)(u) (3.31) 

SUBGRID SCALE MODEL 

The subgrid-scale stresses resulting from the filtering operation are unknown, and thus 
require modeling. The subgrid-scale turbulence model used in this study employs the 
Boussinesq hypothesis as in the RANS models, computing subgrid-scale turbulent 
stresses from 

(3.32) 

where µ
1 

is the subgrid-scale turbulent viscosity, and Sij is the rate-of-strain tensor for the 

resolved scale defined by 
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s .. -- -+-- _ 1 ( OU; OU j J 
/) 2 oxj OX; 

The subgrid model used in this study is Smagorinsky-Lilly model which was first 
proposed by Smagorinsky (1963). In this model, the eddy viscosity is modeled by 

(3.33) 

A = pL; jsj (3.34) 

where Ls is the mixing length for subgrid scales and 

(3.35) 

Ls is computed using 

L = min(Kd C Vl/ 3
) 

s ' s 
(3 .36) 

where K is the von Karman constant, d is the distance to the closest wall, Cs is the 
Smagorinsky constant, and Vis the volume of the computational cell. Lilly (1966) 
derived a value of O .17 for Cs for homogeneous isotropic turbulence in the inertial 
subrange. However, this value was found to cause excessive damping of large-scale 
fluctuations in the presence of mean shear and in transitional flow as when near a solid 
boundary, and has to be reduced in such regions. In short, Cs is not a universal constant, 
which is the most serious shortcoming of this simple model. Nonetheless, a Cs value of 
around 0.1 has been found to yield the best results for a wide range flows, and is the 
default value in FLUENT. 

These three dimensional equations are solved using a segregated grid approach with 
pressure projection. The well known QUICK scheme (Leonard, 1979) is used for all the 
convective terms, and a central differencing scheme is used for the diffusion terms. Two 
types of boundary conditions are applied to the system under study, namely the wall 
boundary conditions and the entry-exit conditions. All of the solid walls in this 
investigation are at rest. Therefore, both the mean and fluctuating velocities of the fluid at 
these boundaries are identically zero for the turbulent flow, as there is no slip and no 
mass-transport at the walls. In addition, wall functions are used to model the near wall 
region with an empirical logarithmic velocity profile in terms of the distance from the 
wall. The inlet boundary condition is set as a specified velocity inlet, whereas the exit 
( outlet) boundary condition is set as a specified pressure outlet. 
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Eulerian scalar transport 

If a species (acetone vapor in the present study) is added to the system, the mean 
concentration can be calculated by making use of the following transport equation: 

ac a [ v v, ac] - + - u.C -(-+-)- =S; at ax; I Scl Ser ax; 
(3.37) 

Here, ScL is the laminar Schmidt number and ScT is the turbulent Schmidt number. The 
mass flow rate of the scalar is m = I .Oe-4 kg/s. The volume¥ of the source region is 
-0.005 m3

. The source term S~ is set to ,hi¥- kg/(m3·s). The source region is 1.2m above 
the ground and 0.5m downstream of the human body. The values of ScL = 1.42 (Mills, 
1999) and ScT = 1.30 are selected for the purpose of this study. 

Lagrangian trajectory tracking 

Although gaseous vapor is used in this study, the Lagrangian model is investigated 
because it can be easily adapted in the simulation of aerosols. For the Lagrangian 
simulation of gaseous contaminants, each of the parcels represents a certain amount of 
acetone vapor and closely follows the air flow. These fictitious particles are released 
from the plane shown in Figure 3. I. In order to conform to the Eulerian scalar transport 
method, the flow rate, and the diameter of the representative particles are set equal to 0.1 
g/s, and 1 µm, respectively. 

Modeling gases with I µm aerosols presents negligible errors because they follow 
airflows so faithfully, as is demonstrated elsewhere mathematically (Hjelmfelt and 
Mockros, 1966). Indeed, one of the most important laboratory measurement devices for 
velocity and turbulence, Particle Image Velocimetry, uses much larger aerosols (up to 50 
µm, Saga et al., 2000) to track the fluid motions. 

Also, it has to be mentioned that the concentration levels for the Eulerian method are 
calculated at the cell center for that particular cell, and the concentration levels using the 
Lagrangian method are calculated by dividing the cumulative trajectory mass by the 
volume of that particular cell they are residing in. In both methods one would get a single 
value for that particular cell. 

The results are presented and discussed in two parts. First, the grid convergence and 
iterative convergence are investigated, which is followed by the predictions of the impact 
of critical factors which includes the body shape, the transport model, the turbulence 
model, the ventilation intensity, the free stream turbulence and the heat released from the 
body. The second part will be the main focus of this study. 

Grid convergence and iterative convergence 

The five different numerical grid distributions listed in Table 3 .1 were used to assess the 
grid dependency of the RANS results for the sharp body simulations. The streamwise 
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velocity component (velocity component in x direction as shown in Figure 3.1), turbulent 
kinetic energy (k), and concentration distributions (with Eulerian method) along four 
different vertical lines on the center-plane for all grid distributions are shown in Figure 
3.5, where d represents the downstream distance of the vertical line measured from the 
body. It can be seen that mesh # 1 and mesh #2 are so coarse that the turbulent kinetic 
energy profiles predicted with them in the downstream of the leg are much higher than 
the ones with other meshes. With mesh #3, #4 and #5, the results are very close in the 
downstream of the upper body, which is believed to be the most important region for the 
worker exposure. It has been mentioned earlier that mesh #3 is refined just in the region 
around the body based on mesh #2 and it has less cells than mesh #4. However, the 
turbulent kinetic energy with mesh #3 is even closer to the result with mesh #5 (the finest 
grid) at some regions. Since running a case with mesh #3 takes less time than with mesh 
#4, it has been used to study the effect of body shapes and transport methods. 

The values of turbulent kinetic energy and concentration for the sharp body with mesh 
#2, #4 and #5 are listed in Table 3.2, where his the averaged grid size calculated as 

volume 
h=J1----­

number of cells 
(3.38) 

and h5 is the finest average grid size. Convective transport due to recirculation regions 
formed in the wake of the body and the diffusive nature of the gaseous contaminants 
causes a nonzero concentration field upstream of the source. Using Richardson 
extrapolation on the concentration data which shows monotonic convergence, the 
observed order of the numerical schemes can be calculated which is consistent with the 
initial arrangement (QUICK for convection terms and central differencing for diffusion 
terms). The extrapolated "exact" concentration was 0.00489 kg/m3

. The grid convergence 
index of concentration at the breathing zone for mesh #2 is approximately 11 % 
(Extrapolated Relative Error is about 9%). For the turbulent kinetic energy data at the 
breathing zone, non-monotonic convergence was shown since k(#5) < k(#2) < k(#4) 
while h5 < h4 < h2. The relative error ofk for mesh #2 was 8% based on mesh #5. 

The concentrations at the breathing zone (mouth) using the Eulerian method are 
compared in Figure 3.6, where hl is the coarsest average grid size. Figure 3.6 shows that 
the lowest exposure is predicted for the simulations with the rounded body. The 
concentrations do not asymptotically approach to some value as expected. Instead, the 
cells composing the source region change with the mesh itself, which affect the grid 
convergence in terms of concentration as a function of the source position and source size 
(Kulmala et al., 1996). Additional setup effort was needed to keep the source region 
exactly the same for each mesh. On the other hand, for the purpose of this study, it is 
shown clearly that the body shape has significant influence on the predicted worker 
exposure. 
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Figure 0-5 Streamwise velocities, turbulent kinetic energy, and concentrations at several vertical 
lines downstream of the body on the central plane with different grid distributions for 
the sharp body 

Table 0.2 Turbulent kinetic energy and concentration at the breathing zone for the sharp body 

.:, 
< 
E 
Cl 
..>o: 

C 

~ 
~ -C 
Cl) 
I.) 

C 
0 

0 

Grid#5 Grid #4 Grid#2 
h/h5 1.0 1.465 2.08 

k(mL/sL) 0.001799 0.001939 0.001814 
Concentration(kg/m3 0.00482 0.00472 0.00448 

) 

concentration at the breathing zone 
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Figure 0-6 Concentrations at the breathing zone with different grid distributions and different body 
shapes 

There was no distinguishable difference between the results at a residual criterion of 
0.001 and of 0.0001, so a residual of 0.0001 used in this study should achieve a good 
convergence in terms of iteration convergence. The streamwise velocity component at the 
mouth also was monitored in the calculation to check if it approached an asymptotic 
value when the assigned residual was reached, in order to avoid false convergence by · 
using a fixed value of residual. 

Influence of critical/actors on worker exposure 

Effect of the body shape 

Comparison of the flow-field predictions with the block, the sharp, and the rounded body 
indicated that the predicted flow-field with the block has one large recirculation region, 
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whereas the sharp and rounded bodies each induced two smaller recirculation regions 
(Figure 6). The recirculation zone around the head suggests that contaminants trapped in 
that region are more likely to be inhaled. Moreover, the contaminants accumulated in the 
waist region could be transferred to the breathing zone from the lower recirculation zone. 
However, the flow around the sharp and rounded bodies shows different separation 
profiles, which is an important issue. For the sharp body, the flow separates at the comer 
of the head, whereas with the rounded body, the air flows along the forehead and 
separates from the body near the eye level. This means that such small issues as the 
hairstyle, the size and shape of the hat worn, and the angle of the forehead could affect 
the exposure levels. Another important issue is the clothes. If the worker wears an apron, 
the shape will be more like a sharp body since the apron blocks the flow between legs. 
This indicates that the clothes the worker wear may significantly change the flow field 
and the subsequent exposure levels. 

Using the Eulerian method for each body shape, the predicted non-dimensionalized 
concentration levels of the contaminant gas at various locations were compared for trend 
analysis (see Figure 3.8). It is clear that the block body cannot be used to represent a 
worker accurately. With the sharp and rounded body, the concentration level at the chest 
region is higher than that at the breathing zone (CchestlCnose is 13.6 for the rounded body). 
This observation qualitatively agrees with experimental results (Guffey et al., 2001) 
which concluded the concentrations at the chest averaged about 2.9 times the 
concentrations at the nose and the ratio decreased significantly with increasing velocities 
(CchestlCnose=2.4 at Vinlet =0.24 mis). It should be noted that these experimental conditions 
were different from the current study in some aspects. For instance, SF6 was used in the 
experiments and the geometric average of the concentrations at three points (left chest, 
middle chest and right chest) was taken to represent the concentration in the chest area. In 
addition, the manikin shape and the source size in the experiments are also different. 
These differences may contribute to the different ratios of Cchest to Cnose found in the 
calculations and the experiments. However, the same trend observed by both the 
calculations and the experiments suggests that it may not be a good practice to measure 
the concentrations around the chest area as surrogates for the inhaled concentrations, as is 
current practice. With the block figure the concentration ratio of chest to nose is reversed, 
which illustrates that the trend could be inaccurately predicted with crude representatives 
of the human body. 

p. 146 



1 ROI OH07587 P.I. Steven E. Guffey, PhD, CIH · 

~ - . - · ~ 

a) block 

b) sharp body 

( c) rounded body 

Figure 0-7 Comparison of the flow field with a block, a sharp body and a rounded body- velocity 
vectors and streamlines on the center plane (side elevation) 
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Figure 0-8 Comparison of normalized concentration at different points 1.0 cm downstream of 
human body for different body shapes (Normalized with the highest concentration 
value) 

Figure 3.9 presents the predicted concentration distributions 1cm downstream of the body 
obtained from the simulations using the Eulerian scalar transport method. It is seen that 
the contaminants are accumulated at the top of the block, whereas the contaminants for 
the sharp and rounded body are diffused over a much wider region of the body 
accumulating mostly in the chest region. This again shows that using less accurate shapes 
for the human body may lead to inaccurate results. 
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Figure 0-9 Concentration distribution; Eulerian method, on a cross-section 1.0 cm downstream of 
the body 

Effect of the contaminants transport model 

Using the Lagrangian method, the concentration at a plane 1.0 cm downstream of the 
body is shown in Figure 3 .1 Od. Compared to the results of the Eulerian method in Figure 
3.9b, it can be argued that both methods predict the concentration levels on the same 
order, although the Lagrangian method shows much more randomness, which is directly 
associated with the method itself since a random velocity component is added to the 
mean fluid velocity to simulate trajectory dispersion due to turbulence. It has been seen 
during the simulations that the number of trajectories tracked in the Lagrangian 
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simulations is also an important factor affecting the predicted concentration levels. The 
more trajectories tracked, the smoother the concentration contours become (see Figures 
3 .11 c and 3 .11 e ), since a better averaging over a volume can be applied to calculate the 
concentration levels. 

The symmetry-plane concentration contours are shown in Figures 3 .11 a, 3 .11 b and 3 .11 c 
for both the Eulerian method and the Lagrangian method. The latter was repeated for 
different numbers of representative particle trajectories. Here again, the Eulerian method 
exhibits a more diffusive concentration field than the Lagrangian method. The latter 
shows a higher degree of irregularity because of the applied discrete random walk 
tracking model used in the FLUENT code. Nevertheless, the predictions of the two 
methods are in fairly good agreement with each other ( see also Figure 3 .11 ). 

The local concentrations at different locations 1.0 cm downstream of the sharp body are 
compared for both the Eulerian and Lagrangian predictions in Figure 3.11. The values are 
normalized by dividing by the highest concentration value (Cmax = 0.00484 kg/m3

) that 
was predicted for both simulations. This was done since the trend of the concentrations is 
the main concern of this study, not the absolute values of the concentrations. The 
Eulerian method predicts a more uniform concentration when compared to the 
predictions obtained via the Lagrangian method. Although it is true that tracking more 
trajectories creates a more uniform concentration field for the Lagrangian method, it has 
to be noted that it is very computationally expensive to use a large number of trajectories. 
It is noteworthy to mention that both methods tend to predict higher concentrations near 
the lapel compared to the mouth/nose level. 
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Figure 0-10 Concentration contours a,b,c) on the center plane d,e) on a cross section 1.0 cm 
downstream of the body 
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Figure 0-11 Normalized concentrations at different locations at a cross section 1 cm downstream 
of the sharp body 

Variation of turbulence models 

Turbulence levels and turbulence length scales associated with the turbulent eddies are 
probably one of the most important factors that can influence the dispersion of aerosol 
particulate. Hence, it is essential that turbulence models used are capable of accurately 
predicting the major characteristics of the turbulent flows in the working environment. 
Simulations were performed with four different models, namely, standard k-i:: turbulence 
model, RNG k-i:: turbulence model, Reynolds Stress turbulence model, and Large Eddy 
Simulation (LES). The results from each are compared to the predicted concentration 
levels at critical locations in the vicinity of the face of the simulated manikin. 

The governing equations solved are the well-known Reynolds Averaged Navier-Stokes 
equations (RANS) and the equation of continuity. In the RANS approach the turbulent 
stresses resulting from the time averaging of non-linear terms need to be calculated with 
an appropriate turbulence model, hence the use of the turbulence models mentioned 
above. 

The governing equations employed for LES are obtained by filtering the time-dependent 
Navier-Stokes equations in physical space. The filtering process effectively filters out 
eddies whose scales are smaller than roughly the computational cell size. The resulting 
equations governing the dynamics of large eddies are very similar to the RANS 
equations, but in this case, the turbulent stresses are replaced by subgrid stresses. The 
Smagorinsky-Lilly subgrid-scale model (Lilly, 1966) is employed to solve the subgrid 
stresses in the present application. For values of the model constants and detailed 
information about these models, the reader is referred to the Fluent manual. 
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Constant velocity inlet and pressure outlet boundary conditions were used. The inlet 
velocity was taken as 0.3 mis with a turbulence intensity of 0.3%. These values were 
rough estimates to the experimental conditions and they are also representative of a usual 
working environment (Baldwin and Maynard, 1998). The characteristic length scale was 
chosen to be 0.01 m, which represented the turbulence generating grid size at the inlet of 
the tunnel. All of the solid walls in this investigation were at rest; therefore, both the 
mean and fluctuating velocities of the fluid at these boundaries were identically zero for 
the turbulent flow, as there was no slip and no mass-transport at the walls. Standard wall­
function boundary condition was applied at the grid nodes nearest to the walls. Tracer gas 
was released from an inert surface, which was approximated by a 0.3m x 0.3m square and 
located I .Om high from the floor and 0.25m downstream from the body. For the present 
study, the unheated body is considered. 

In the present application the source term Sis set to 0.0216xp. The volume of this region 
is 0.00463 m3

, such that the mass flow rate of the scalar is 0.0001 kg/s. The values of ScL 
= 0.32 and ScT = 0.70 in Eq. 3.38 (Lan and Viswanathan, 2001) are selected for the 
purpose of this study. 

RESULTS 

The streamlines colored by y-velocity magnitude on the center-plane are shown in Figure 
3-12(a) for the case with standard k-E turbulence model. As the plane slices the human­
body in the center, the flow between the legs also can be seen in this figure. It created a 
re-circulation region around the waist. The contaminants are usually trapped within such 
recirculation zones if turbulent diffusion is not dominant. It should be noted that if the 
worker wears an apron, the exposure he/she would receive could be quite different from 
the one observed in this study. 

It can be seen from Figure 3.12 that the convective flow will bring the contaminant 
upward from the waist region. Thi.s flow is partly due to buoyancy as it is seen in Figure 
3.13. This suggests that the heat flux from the human body could contribute to the worker 
exposure. Figure 3 .12 shows that air flows along the forehead and separates from the 
body near the eye level. This means that such small issues as the hairstyle, the size and 
shape of the hat worn, and the angle of the forehead could affect the exposure levels. 

Figure 3 .12 further shows that the overall quantitative features of the flow patterns seen 
in the vicinity of the body are very similar for the RANS simulations regardless of the 
turbulence model used. There are big differences in the predicted turbulent kinetic energy 
profiles (see Fig. 3.14) when different turbulence models are used. The LES results (Fig. 
3.12d), which were averaged over a three minute interval, do depict significantly 
different flow patterns compared to RANS results. This leads to species concentration 
prediction as observed in Figure 3 .15. 

The turbulent kinetic energy and the tracer gas concentration determined with the 
Eulerian method are depicted in Figure 3 .13 and 3 .14 for different turbulence models at 
different horizontal distances from the mouth along a vertical line in the middle plane. 
The standard k-E turbulence model exhibited much higher turbulence kinetic energy 
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levels than RNG turbulence model and RSM. This usually leads to a more diffusive 
concentration field. The turbulent kinetic energy profiles obtained from the RNG 
turbulence model and RSM are very similar. The subgrid turbulent kinetic energy, Ksgs, 
presented in Figure 3.14 indicates that most of the energetic large eddies are captured by 
the LES technique. Note that Ksgs represents the unresolved part of the turbulent kinetic 
energy by LES. This is apparent from the low levels ofKsgs compared to K obtained 
from RANS. As for computation time, RSM took approximately 50% more time than the 
RNG turbulence model which took a little bit more time than standard k-E turbulence 
model. Because of its unsteady nature, the LES model required 500% more time than the 
RANS turbulence models. The contaminant concentration profiles shown at various 
locations in Figure 3 .14 indicate that except very near the body all models exhibit similar 
results. However, as seen in Figure 3.12d near the face of the body, LES results are 
significantly different than the other models. 

-1.1211-01 

(a) Standard k-e turbulence model (b) RNG k-e turbulence model 
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Figure 0-12 Streamlines colored by y-velocity in the middle cross section plane with different 
turbulence models 
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Figure 0-13 Tke/subgrid Tke at different horizontal distances from the mouth along a vertical line 
in the middle plane (Ksgs = Subgrid scale turbulent kinetic energy) 
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Figure 0-15 Concentration (kg/m3
) levels at different sampling locations with different turbulence 

models; Eulerian scalar transport 

The results from this study show that significant differences in predicted concentration 
levels are observed when different turbulence models are utilized. The coefficient of 
variation for species concentrations predicted with four different turbulence models 
ranged between 30-40%. That is why one of the objectives of this study is to recommend 
a suitable turbulence model for worker exposure studies. 

Effect of ventilation intensity, free stream turbulence, and heat flux from the body 

· The simulations have been performed using the Fluent CFD software package (Fluent, 
Inc., Lebanon, NH). The geometrical configuration of the flow domain is shown in 
Figure 3.16, consisting of the wind tunnel (4.6m width x 2.6m height x 7m length), and a 
manikin (1 '.69m height). The manikin body faces downstream of the isothermal flow. The 
fluid medium is air. 

A source pan (~=0.23 m) as shown in Figure 3.17 is used to release the mixture of 
nitrogen and ethanol vapor from 90 small holes (5 mm) in the experimental study. The 
source pan is 1.04m above the ground at the manikin's waist height and 0.25m 
downstream of the manikin's torso. The mass flow rates of nitrogen and ethanol vapor 
are l .98e-5 kg/sand 9.34e-7 kg/s, respectively. The mass average velocity of the released 
mixture is 0.0026 mis in the vertical direction. The nitrogen is treated as air in the 
numerical study since this approximation greatly simplifies the calculation without loss 
of accuracy (By numerical experimentation it has been verified that the concentration at 
the breathing zone is not affected by the presence of the nitrogen). Source terms 
including mass, momentum in the vertical direction, as well as turbulence quantities such 
ask ands are added to the corresponding equations in the source pan region (the red 
region in Figure 3.16). 

Constant velocity inlet and pressure outlet boundary conditions were used. The inlet 
velocity was varied in the range 0.051-0.762 m/sec (10-150 fpm) with a turbulence 
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intensity of I 0%, values representative of typical working environments (Baldwin and 
Maynard, 1998). The characteristic turbulent length scale was chosen to be 0.01 m, 
which represents the turbulence generating honeycomb size at the inlet of the tunnel. At 
solid surfaces the usual non-slip and impermeability conditions are applied. The standard 
wall function is used for the calculation with turbulence models. 

A rounded body, which is used in experiments and is thinner than the one used in the 
body shape study, is utilized in the simulations. Tetrahedral grids are generated. There 
are a total of 1,575,222 tetrahedral cells. The smallest tetrahedral grid size on the manikin 
surface is around 0.005 m. The mesh around the body is much thicker than in other 
regions. From the extensive grid study (Li, et al. 2005), it is expected that the grid 
convergence index (GCI) for the concentration at the breathing zone is less than 5% since 
the grid used in this study is much finer than grid #3 in the study for the body shape 
effect. 

The heat generation rate of the heated body in the experiments was approximately 90W. 
It is released from the upper-body surface (excluding the arms) by both convection and 
radiation. Whereas the heat released by the radiation was unknown, it is assumed that all 
the generated heat is released from the body by convection through the upper-body in the 
first run of the simulations with the heated body. This boundary condition is also called 
'Bl' in the later discussion. The second run is done after the experiments which provide 
temperature difference as listed in Table 3.3 between the upper-body and the inlet 
airflow. The averaged temperature is specified on the upper-body and the head for the 
thermal boundary condition in the second run. This is the 'B2' boundary condition 
referred to in the discussion that follows. 

The Reynolds number (as listed in Table 3.3), which represents the ratio of the inertial 
force and the viscous force, is calculated by Re = UD Iv , where the U is the inlet velocity 
and D is the equivalent dimensions of either the head or the shoulder. The Grashof 
number is about 8x I 08

, which measures the ratio of the buoyancy force to the viscous 

force and is computed from Gr= gf3!itL
3 

, where g is gravity, ~ is the thermal expansion 
V 

coefficient, !i T is the temperature difference, and v is the kinematic viscosity. 

The SIMPLE scheme was used to handle the pressure-velocity coupling. QUICK Scheme 
was applied for the convection terms in the momentum and scalar transport equations. 
The second order upwinding scheme was used for the convection terms in the k and s 
equations. Central differencing was utilized for the diffusion terms in all equations. 
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Figure 0-16 Schematic view of the computational domain (short domain) 
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Figure 0-17 Top view of the source pan 
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Figure 0-18 The computational mesh in the center plane 

Table 0.3 Reynolds number at different ventilation intensity 

U(inlet) (fpm) 10 20 40 60 80 100 120 
U(inlet) (m/s) 0.05 0.10 0.20 0.30 0.41 0.51 0.61 
Re (based on head size) 686 1373 2746 4119 5492 6865 8238 
Re (based on shoulder size) 2073 4147 8294 12441 16588 20735 24882 
Averaqed temperature difference(K) 9 9 10 10 10 9 9 

Sensitivity of RNG turbulence model to the low Reynolds number modification 

Before the effect of Re is analyzed, some issues should be addressed on the unsteadiness 
of the flow. It can be seen from Figure 3.19 that the concentration at the breathing zone 
(represented by a point 1 cm downstream of the mouth) predicted with low_ Re RNG 
varies significantly with iteration (pseudo time marching). Without appropriate 
averaging, the instantaneous concentrations calculated with low_ Re RNG should not be 
compared with the experimental data, since the measurements in the experiments were 
obtained on a relatively long time (15 minutes) sampling, and hence represent ensemble 
averaged values. To obtain reasonable mean concentrations, at least 1000 iterations are 
necessary for low_Re RNG, but 500 iterations would be enough for RNG model. 
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Simulations with low Re RNG demand more computational cost than that with RNG. 
The mean data shown in Figure 3.20 are averaged values of 1000 iterations for low_Re 
RNG and laminar flow, and 500 iterations for RNG. A detailed LES simulation could 
provide the typical frequencies of the flow, which could clarify if 15-minute sampling 
time is sufficient for the contaminant sampling. 

Figure 3.20 presents the comparison of the numerical and experimental results of the 
concentration at the breathing zone with RNG, low-Re RNG and laminar flow for the 
unheated case. The numerical results with both low_ Re RNG and RNG agree well with 
each other. At low Reynolds number (V(inlet)< 30 fpm (0.15 mis)), low_Re RNG and 
RNG result in 20-30% difference for the exposure levels in the breathing zone. The 
results predicted with RNG turbulence model are closer to experimental data, although 
the calculations with low-Reynolds number modification also agree satisfactorily with 
the experimental results. The concentrations in the breathing zone simulated with the 
laminar flow are the largest among the three choices. Since the RNG turbulence model 
requires less computational effort and achieves relatively better agreement with 
experiment than the low-Re version, it is chosen to serve as the turbulence model for the 
subsequent evaluation of the effect of the free stream turbulence and the heat release 
from the body. 

RNG 
1cm ReRNG 

g 200 
+l 

£ 150 
C: 
Cl) 

g 100 
0 
CJ 50 

2CXX) 3000 
iterations 

Figure 0-19 Concentration at the breathing zone vs. iterations at an inlet velocity of 30 fpm (0.15 
m/s) 

Both experiments and simulations (Figure 3.20) show that, with the unheated body, the 
concentrations at the breathing zone decrease as the ventilation intensifies, which agrees 
with the experimental results by George et al (1990). The exposure levels decline quickly 
especially when the inlet velocity is less than 50 fpm (0.25 mis). The concentrations at 
the breathing zone change less in the Re range of 50 -150 fpm (0.25-0.75 mis). Overall, 
the predictions with the RNG turbulence model agree very well with the experimental 
data. The only exception is in the low Reynolds number region, e.g., V(inlet)=lO fpm, 
where the simulated concentration is much higher than the measurements. 
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The effect of the free stream turbulence on the worker exposure is presented in Figure 
3 .21. It is seen that the overall trend for the concentration at the breathing zone goes 
down as the free stream turbulence intensifies, despite of the marginal change as 
turbulence intensity varies from 10% to 40%. At V(inlet)=lO fpm (0.05 mis), the 
exposure level descends from 107 ppm to 55 ppm as the turbulence intensity increase 
from 40% to 60%. In the experiments, higher turbulence intensity has been observed at 
the low Reynolds number (Welling, et al. 2000; Guffey, 2004), which may be the reason 
for the discrepancy between the simulations and the experiments shown in Figure 3.20. 
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Figure 0-20 Comparison of the numerical and experimental results of the 
concentration at the breathing zone; free stream turbulence level is 10%. 
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Figure 0-21 The effects of the ventilation intensity and the free stream turbulence on the 
concentration at the breathing zone (with RNG turbulence model) 

Nevertheless, with the heated body, the trend was very different, as is shown in Figure 
3.22. The concentration at the breathing zone first increases as the ventilation intensity 
increases. The exposure levels reach a peak at a ventilation velocity of around 40-60 fpm. 
Then it drops as the velocity increases further. Again, the predictions with the 
temperature boundary conditions agree well with the measurements. The calculations 
with full heat convection (B 1) results in lower predicted exposure levels than the one 
measured in the experiments. This suggests that the worker would benefit from less 
radiation if the heat he generates remains constant. However, it is not convenient to 
control the radiation in practice. Furthermore, the heat flux by sweating/evaporative 
cooling is not considered in the current experiments and simulations. The evaporative 
cooling is not negligible when the worker is at a heavy duty. More importantly it affects 
the comfort level of the worker. Comprehensive consideration on both the exposure and 
the comfort level index would be desired for today's working environment. 

It is interesting to note that the exposure levels from numerical simulations for the 
heated body show a zigzag (i.e. a wavy) pattern from V(inlet)=30 fpm (0.15 mis) to 
V(inlet)=50 fpm (0.25 mis) when the temperature boundary condition (B2) is specified. 
Although the experimental data is too coarse in this region to verify this, the relatively 
larger variation at V(inlet) = 47 fpm (0. 24 mis) may indicate that the slope of the curve 
should be larger than the one formed by connecting the experimental data by a straight 
line. The reason for the zigzag pattern could be due to the alternating dominance of the 
buoyancy force and the inertial force. Even wider zigzag region is found in the 
simulations with heat flux specified (B 1 ). 

Comparing Figure 3.20 and Figure 3.22, it can be stated that the exposure levels with the 
heated body are higher than the ones with the unheated body in the V(inlet) range of 30-
100 fpm. Nevertheless, at low Reynolds number (V(inlet)=IO), the exposure levels with 
the heated body are lower. Keeping this in mind and more discussion will be provided 
later when detailed flow field information is presented. 

The convection and the radiation heat release rates are plotted against the ventilation 
intensity in Figure 3.23. The convection heat release is computed by integrating the heat 
convection on the whole upper-body, and the radiation is calculated by subtracting the 
convection from the total heat generation rate. It is seen that, as the ventilation 
intensifies, the heat release via convection is also intensified. It is interesting that a rough 
calculation yields 59 W for the radiation heat transfer, based on an emissivity of 0.96 for 
the manikin (Brauer et al. 2002). This further confirms the current simulations. 
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Figure 0-22 The effect of the ventilation intensity and the body heat on the concentration at the 
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The concentrations at the chest level are shown in Figure 3.24 and Figure 3.25. The 
computations capture the same trend as the experiments. By contrast, there is a 70-80% 
difference between the simulation results and the experimental data for the heated body 
in the V(inlet) range of 10-50 fpm. It seems that the free stream turbulence intensity 
influences the concentration with the unheated body, but it remains to be clarified 
whether the turbulence intensity has the same effect for the cases with the heated body. 
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Figure 0-24 The effect of the ventilation intensity on the concentration at the chest 
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Figure 0-25 The effect of the ventilation intensity and the body heat on the concentration at the 
chest level 

The turbulent kinetic energy contours and pathlines in the middle plane at different · 
Reynolds number are presented in Figure 3.26. It is shown in Figure 3.26(a) that there are 
two recirculation zones in the immediate downstream of the unheated body at V(inlet) = 
10 fpm, whereas, with the heated body, there is no recirculation region found in Figure 
3.26(b). The heat flux from the body significantly affects the flow field and the turbulent 
kinetic energy in the downstream of the body. With the heated body, the characteristic 
buoyant velocity is around 0.2 mis. At V(inlet) = 10 fpm (0.05 mis), the upwards 
convection induced by the buoyancy is dominant so that there is no recirculation region 
formed at the breathing zone. The heat flux also increases the turbulence level around the 
body. All these effects consequently result in significantly different concentration 
distributions (as shown in Figure 3.27(a) and (b)). The exposure level in the breathing 
zone with heated body is much lower than the one with unheated body. 

As the inlet velocity increases to 60 fpm (0.3 mis) (Figure 3.26(c)), the flow structure 
predicted with the unheated body is similar as the pattern at V(inlet) = 10 fpm, whereas, 
the turbulent kinetic energy in the recirculation regions increases significantly, which 
leads to more diffusion, hence lower concentration in the breathing zone than at V(inlet) 
= 10 fpm (Figure 3.27(a)). The natural convection induced by the body heat at V(inlet) = 
60 fpm (Figure 3.26(d)) brings the contaminant directly to the breathing zone, and at 
approximately the forehead height; then it is stopped by the ventilation airflow and 
changes its direction. This procedure retards the convection of the ethanol vapor out of 
the breathing zone, which results in a much higher exposure level than the one at 
V(inlet)=IO fpm (Figure 3.27(d) and 3.27(b)). 
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Note that the only difference between Figure 3.26(d) and (e) is the thermal boundary 
condition. With full convection (Figure 3.26(e)), the turbulent kinetic energy is larger 
than the one with partial convection (Figure 3.26(d)), which explains that the exposure 
level with full convection at V(inlet)=60 fpm is greater the one with partial convection at 
the same ventilation intensity (comparing Figure 3.27(d) and 3.27(e)). 

As the ventilation intensifies further, i.e., V(inlet) = I 00 fpm, the ventilation convection 
becomes dominant, and it induces a big recirculation region, which confines the ethanol 
vapor in the lower body region as shown in Figure 3.26(£). 

It should be noted that the heat is released from the upper-body surface in this study to 
match the experimental condition. If the heat is released from the whole body, the 
Grashof number is expected to increase mainly due to the increasing of the length scale, 
hence, the peak in Figure 3.22 will move toward higher ventilation intensity. To the 
opposite side, if the heat is released from only the head (supposing that the rest of the 
body is covered by insulated work clothing), the Grashof number will decrease and the 
peak will move toward a lower ventilation intensity. 

It should also be noted that the B2 boundary condition was imposed by the assumption of 
a uniform temperature distribution on the body. In the experiments with a heated manikin 
without clothing, the temperature measured on the head is 2°C different from the one on 
the abdomen. The temperature distribution on a real human body could be significantly 
non-uniform, due to clothing. This may contribute to the uncertainty of the predictions 
and may be considered in further study. 
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a) Unheated body and V(inlet)=lO fpm b) Heated body and V(inlet)=IO fpm (B2) 

c) Unheated body and V(inlet)=60 fpm d) Heated body and V(inlet)=60 fpm(B2) 

e) Heated body and V(inlet)=60 fpm (Bl) f) Heated body and V(inlet)=IOO fpm(B2) 

Figure 0-26 Turbulent kinetic energy contours and pathlines in the middle plane at different 
ventilation intensity with unheated and heated bodies 
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a) Unheated body and V(inlet)=IO fpm b) Heated body and V(inlet)=IO fpm (B2) 

c) Unheated body and V(inlet)=60 fpm d) Heated body and V(inlet)=60 fpm(B2) 

e) Heated body and V(inlet)=60 fpm (Bl) f) Heated body and V(iniet)=IOO fpm(B2) 

Figure 0-27 Concentration contours and pathlines in the middle plane at different ventilation 
intensity with unheated and heated bodies 
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Figure 3.28 shows the effect of the free stream turbulence on flow around the unheated 
body. A turbulent intensity of 60% is used at inlet for this study. Comparing Figure 
3.28(a) with Figure 3.26(a), larger turbulent kinetic energy is observed in the 
recirculation regions with Tu = 60%, which results in a more smeared concentration field 
as shown in Figure 3.28(b) than the one with Tu= 10% (Figure 3.27(a)). 

a) k contours and pathlines b) Concentration contours 

Figure 0-28 The effect of the free stream turbulence with the unheated body at V(inlet) = 10 fpm 
and Tu= 60% 

Flow unsteadiness 

A closer examination of the flow unsteadiness study was aimed to understand the flow 
dynamics in the formation and the development of the wake flow in the downstream of 
human body as well as the relation to the contaminant transport. A LES run was 
conducted since the LES approach is conceptually more suitable in such situations as it 
resolves the large-scale unsteady motions and requires modeling of only the small-scale 
turbulent motion which is less influenced by the boundary conditions. 

The same grid as shown in Figure 3.18 is utilized. The inlet velocity for this case is 20 
fpm. A time step of 0.5 s was used, which is about 10 times larger than the Kolmogorov 
time scale and is sufficient for the LES simulation in this case according to Frisch (1995). 
The Smagorinsky sub grid scale model is used for the prediction of small scale 
turbulence. A zero initial velocity field is specified at t = 0 s. The inlet turbulence is 
assumed isotropic arid with an intensity of 10%. Simulation results in the first two flow­
through times are discarded to allow the flow formation and developing. The maximum 
y+ of the first cells on the body is around 4. 

Instantaneous pathlines and the concentration contours in the middle plane at t = 600s are 
shown in Figure 3.29. It is seen that flow separates on the forehead and forms an eddy in 
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the downstream of the head, and another eddy is developed in the chest region. It seems 
that not much ethanol is transported from the lower eddy to the upper one. At the same 
moment, if observed from a horizontal plane (z = 1.5 lm) cutting through the breathing 
zone (Figure 3.30), the instantaneous flow seems to be asymmetric and highly three­
dimensional. Figure 3.31 shows the flow on a horizontal plane across the waist (z = 
1.16m). Again, the flow is asymmetric and three-dimensional. Eddies are not only formed 
at the shear layer along the arms, but triggered by the leaking jet flow between the arms 
and the body. Considering the interaction of the jet flow and the wake, the flow pattern in 
this case is certainly more complicated than simple flows such as the flow over a circular 
cylinder. The flow structure in the middle plane at t = 620 s (Figure 3.32) is totally 
different from the one at 20 s earlier (Fi re 3.29). 

• ••~11-111111111111111:111111111111111111111 Hl-1 • 
0 0.00012 0.00014 0.00016 0.00018 0.0002 

Figure 0-29 Instantaneous Pathlines and concentration contours in the middle plane at t = 600 s 
(concentration :kg/kgair) 
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Figure 0-30 Instantaneous Pathlines and concentration contours in the horizontal plane z = 1.51 
mat t=600 s (concentration :kg/kgair) 

Figure 0-31 Instantaneous Pathlines and concentration contours in the horizontal plane z = 1.16 
m at t=600 s (concentration :kg/kgair) 
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Figure 0-32 Instantaneous Pathlines and concentration contours in the middle plane at t = 620 s 
(concentration :kg/kgair) 

The time evolution of the concentration at the breathing zone and the central chest are 
shown in Figure 3.33 and Figure 3.34, respectively. The mean and the standard deviation 
of the concentration at the breathing zone are 115 kg/kgair (72 ppm) and lOlkg/kgair 
(64ppm), respectively. Comparing to the concentration predicted with the RNG and low­
Reynolds-number RNG models, it is seen that the averaged concentration in the 
breathing zone calculated with LES lies in the mid range. More importantly, the LES 
results reveal that the concentration variation is so large that the instantaneous value 
cannot be used to estimate the averaged exposure level. 

The power spectrum of the concentration in the breathing zone is calculated via Fourier 
transformation (Figure 3 .3 5). The Strouhal number is defined by St = JD I U . The typical 
frequency corresponding to a Strouhal number of St= 0.047 is 0.0235 s-1

• The period is 
approximately 43 s, which means the experimental sampling time (15 minutes) is 
sufficient for this case. 

It should be noted that it takes a couple of weeks to finish the LES simulation for just 15 
minutes ofreal time. LES costs 20 times more than the steady RANS simulation with 
RNG model in this case. 
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Figure 0-33 Concentration at the breathing zone changing with time (unheated body; LES) 
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Figure 0-34 Concentration at the central chest changing with time (unheated body; LES) 

p. 173 

" /\ , , 
I ' 
I I 
I ' 

-' 1. 

1000 



I ROI OH07587 P.I. Steven E. Guffey. PhD. CIH 

0.06~~-~-~~-~-~-~----.-- --.---, 

~ O.o5 St=0.047 
0 

C: I '" C: 

,g 0.04 1' 

.£l I 

~ 1'i 
8 o.o3i / .I 

! 11111/ : .s I 1, I 
[ 0.02 ,1, 111 i I 
"' ii I I ) 
:;; ; 11. I~ 1·1 /I I 

;,; ' I \1 \· I 'Ii 
g_ o.01 I 11/ I f\/~'i/ ib\\ .,. ( . 

I [11N 11 i 1
1 

11,,\J vih\1.· 1; 
1Li 1 j I I f\ 1, \ j111·./o " J . .-

j 
1 1 1 V' WVVV V\flv·.f1.}'11}rv\,., ., . ·i.,, .. ,.,. !•;.r., . .._ • _ 

0 '---'-----'-------'--- '----'-----'--"-'-"--'-~~~=== 
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 

St 

Figure 0-35 The power spectrum of concentration at the breathing zone 

Summary 

In this study, critical factors including body shape, ventilation intensity, free stream 
turbulence, body heat, and flow unsteadiness were scrutinized with respect to their effect 
on the air flow and gaseous pollutant transport in a wind tunnel when the body faces 
towards downstream of the flow and pollutant is released from a hand hold source pan. 
Part of the results were compared to experimental data (Guffey, 2005), which shows 
good agreement. An extensive grid convergence study was performed to determine the 
numerical uncertainty induced by finite numerical grid size. The overall discretization 
uncertainty is in the range of 5-10%. 

The influence of the shape of the human body used on worker exposure to contaminants 
was studied. It was observed to have a major impact on the flow-field and, consequently, 
on the concentration field. In fact, this study showed that the predictions with a rounded 
body, which is one of the closest approximation of a human body used in simulations in 
the literature (to the best of the author's knowledge), resulted in much lower predicted 
concentration levels. This suggests during modeling, oversimplified body shapes should 
not be preferred for worker exposure assessment. Specific details of rounded body may 
have a significant influence on the exposure and should be considered in certain 
circumstances. This presents a great challenge to CFD modelers as every worker may 
exhibit a significant variation on body shape depending on what clothes are worn and 
factors related to many other body size and shape. 

It has to be noted that the heat flux from the body has a significant impact on predicted 
flow-field and concentration levels, so that it can not be simply neglected especially 
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when the convection induced by the buoyancy dominates. The effect of the ventilation 
intensity on the exposure levels with an unheated body exhibits a simple expected 
pattern, i.e., as ventilation intensifies, exposure declines. However, for a heated body, the 
ventilation intensity region for maximum exposure levels moves to approximately 30-50 
fpm (0.15 - 0.25 mis) from 10 fpm (0.05 mis) for an unheated body. As the free stream 
turbulence increases, the exposure levels decrease. 

The Eulerian scalar transport model and the Lagrangian trajectory tracking method were 
compared in their ability to predict the concentrations around a human shaped body 
exposed to gaseous contaminants within the length of an arm's reach. It was seen that the 
Eulerian method exhibited a more diffusive nature than the Lagrangian method. 
However, the concentration predictions obtained with the Lagrangian method may 
converge with the Eulerian prediction if an adequate number of trajectories are tracked. 
Nevertheless, the results obtained from both predictions suggest that the concentrations 
measured at the lapel could be very different than the concentrations measured near the 
mouth (generally, significantly higher). The present study indicates that the latter will be 
significantly lower under the specific condition of the present simulations, particularly in 
the absence of heat flux from the body. However, this conclusion should not be 
generalized to the cases with uniform concentration distribution, which may resulte from 
by a non-local source or even from the motion of the worker. 

On another note, it was demonstrated that the numerical mesh size and its distribution 
have significant effects on the quality of predictions. It is recommended that in exposure 
studies grid convergence of CFD simulations should be assessed in order to reduce and 
quantify the degree of discretization errors. 

Conclusions and recommendations (CFO Simulation) 

Conclusions 

In this study, critical issues including body shape, ventilation intensity, free stream 
turbulence, body heat, and flow unsteadiness were scrutinized for their effect on the air 
flow and the gaseous pollutant transport in a wind tunnel when the body faces 
downstream of the flow and pollutant is released from a hand held source pan. Part of the 
results were compared to experimental data (Guffey, 2005), which has shown good 
agreement. 

The body shape was observed to have a major impact on the flow-field and the 
concentration field. In fact, this study showed that the predictions with a rounded body, 
which is one of the closest approximation of a human body ( to the best of our 
knowledge) used in simulations in the exposure assessment literature, results in much 
lower concentration levels. Simplified body shapes, such as a block and a sharp body, 
which either block the flow between legs or between the arm and the body, or change the 
separation profiles, could result in significantly higher exposure levels. This suggests that 
during modeling oversimplified body shapes should not be used in worker exposure 
assessment. Specific details, such as the hairstyle, the size and shape of the hat work, the 
angle of forehead, and the work clothing, may have a significant influence on the 
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exposure and should be considered in certain circumstance. This presents a great 
challenge to CPD modelers as every worker may exhibit a significant variation on body 
shape depending on what clothes are worn and factors related to body size and shape. 

The effect of the ventilation intensity on the exposure levels with an unheated manikin 
exhibits a simple pattern, i.e., as ventilation intensifies, exposure declines. However, for a 
heated manikin, the exposure level reaches its maximum at ventilation intensity in the 
range of30-60 fpm (0.15-0.30 mis), where presumably the buoyant force balances the 
inertial force. At a low ventilation intensity, i.e. 10-20 fpm (0.05-0.1 mis), the buoyancy 
is dominant. A plume forms and blocks the transport of contaminants from the source pan 
to the breathing zone, which, in tum, the exposure levels are relatively low. This suggests 
that the heat flux from the body has a significant impact on the concentration levels and 
should be considered especially when the convection induced by the buoyancy 
dominates. 

The heat transfer by radiation from the body is an important way for heat release. 
Neglecting it may lead to underpredicted exposure levels. It should be noted that the heat 
flux by sweating/evaporative cooling is not considered in the current experiments and 
simulations. The evaporative cooling can not only affect the exposure by changing the 
heat transfer boundary condition, it is also directly related to the comfort level of the 
worker. Consideration of both the exposure and the comfort level index is desired for 
today's working environment. 

In this study, it was assumed that the heat is released from the upper-body surface to 
match the experimental conditions. The Grashof number should be the key parameter to 
understand and estimate the effect of the heat release by the whole body surface or partial 
body (such as head). Another assumption was that the heat transfer was imposed by 
either a uniform temperature distribution or a uniform heat transfer distribution. The 
temperature distribution on a real human body could be significantly non-uniform due to 
the clothes worn. This also challenges CPD modelers as the clothes worn by the worker 
may vary significantly. 

The effect of the free stream turbulence on the worker exposure was studied since 
turbulence intensity may vary to a great extent due to different work environment. The 
results showed that the concentration at the breathing zone reduces as the free stream 
turbulence intensifies. This could be used in the design of ventilation systems or local 
ventilation devices to further reduce the exposure levels. 

The Eulerian scalar transport model and the Lagrangian trajectory tracking method were 
compared in their ability to predict the concentrations around a human shaped body 
exposed to gaseous contaminants within the length of an arm's reach. It was seen that the 
Eulerian method exhibited a more diffusive nature than the Lagrangian method. 
However, the concentration predictions obtained with the Lagrangian method may 
converge with the Eulerian prediction if an adequate number of trajectories are tracked. 
These models are not limited to predict the concentration of gaseous contaminants, they 
could also be applied to simulate the transport of aerosol particles. 
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Nevertheless, the results obtained from both Eulerian and Lagragian predictions suggest 
that the concentrations measured at the lapel could be very different than the 
concentrations measured near the mouth (generally, significantly higher). The present 
study indicates that the latter will be significantly lower under the specific conditions 
pertaining to the current simulations, particularly in the absence of heat flux from the 
body. However, this conclusion should not be generalized to the cases with uniform 
concentration distribution, which may be caused by a non-local source or even by the 
motion of the worker. 

The results from this study show that significant differences in predicted concentration 
levels are observed when different turbulence models are utilized. The coefficient of 
variation for species concentrations predicted with four different turbulence models 
ranged between 30-40%. That is why one of the objectives of this study was to 
recommend a suitable turbulence model for worker exposure studies. 

On another note, it was demonstrated that the numerical mesh size and its distribution 
have significant effects on the quality of predictions. It is recommended that in exposure 
studies grid convergence of CFD simulations should be assessed in order to reduce and 
quantify the degree of discretization errors. 

Recommendations 

Further numerical simulations can be done that include the breathing phenomena and the 
motion of the worker. An inlet boundary at mouth with a user defined velocity function 
can be used to present the breathing phenomena. The motion of the worker is more 
difficult to simulation since it will require the capability of handling the moving 
boundary for a complex geometry. 

Radiation was not directly modeled and evaporative cooling was not considered in this 
study. Radiation and evaporation models may be incorporated to predict the temperature 
distribution in the wake of the human body. Introducing these models would enable us to 
calculate the comfort level which would be another desirable issue for the work places. 
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Three-dimensional computational fluid dynamics simula­
tions are used to investigate the distribution and level of con­
taminant concentrations in the true breathing zone ( at the nose 
and molllh) when toxic airborne contaminants are released 
within an arm's length in front of the worker who has his back 
to the airflow. The effects of different body shapes on fluid flow 
and concentration patterns around the body in a wind tunnel 
were evaluated and clarified that a sharp body or a block may 
not be a good surrogate for the human form in consideration 
of occupational and environmental health studies. The com­
parison of the concentration.field calculated with the Eulerian 
and Lagrangian methods revealed that the Eulerian method 
has a more diffusive nature than the Lagrangian method. The 
concentrations at different locations were also compared to 
determine the optimum sampling location. It was found that 
the concentration at the breathing zone may be significantly 
different from the one at the chest area. The influence of the 
heat flux from the body was studied at two different Reynolds 
numbers. Predictions indicate that the heat flux may have a 
significant impact on exposure especially when the convection 
induced by buoyancy dominates the flow. 

Keywords body shape, numerical simulation, scalar transport, 
worker exposure 
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INTRODUCTION 

P redicting human exposure to toxic airborne contaminants 
in the workplace is important. Occupational hygiene en­

gineers, confronted with the design of ventilation systems to 
minimize human exposures to contaminants, need experimen­
tal data and modeling tools to assist in optimizing such controls. 
Computational fluid dynamics (CFO) has become a powerful 

tool that enables a detailed investigation of a particular factor 
isolated from other factors and a reliable estimation of various 
trends,< 11 although knowledge in fluid mechanics is necessary 
in applying CFO. 

Wind tunnels are widely used to study human exposures 
to airborne contaminants because they allow investigators to 
control airflow conditions. The factors that could affect the 
worker exposure in the wind tunnel include: the contaminant 
generation rate and its position and momentum, the orientation 
of the worker, the locations and size of facilities in the room, the 
inlet velocity, the turbulence intensity, the body temperature, 
and the body shape and breathing and motion of the worker. 
Understanding the effects of these factors on the flow field and 
the personal exposure will be extremely important to exposure 
control. 

A subject that has not yet been studied thoroughly is the 
body shape that determines the local flow field and the re~ 
suiting contaminant distribution. Simple body shapes such as 
rectangular body, cylinder body, and the combination of simple 
geometries have been widely used, despite lack of positive 
proof that they are capable of representing the real human 
body well. Bj¢rn and Nielsen<21 investigated the effects of body 
shapes using three different models, all of which were made 
of rectangular geometries and are insufficient to simulate a 
real human body accurately. In this study, a rounded body was 
generated to represent a real human body as closely as possible 
so that we could get more accurate information about the flow 
field behind the human body, especially the separation of the 
flow around the head, which is significant in evaluating the 
worker exposure.<3> 

When predicting the concentration of contaminants, both 
Eulerian and Lagrangian methods have been used in the liter­
ature. Flynn and Si1Is<4

i used the Lagrangian particle tracking 
method to predict human exposure to aerosols generated during 
compressed air spray painting in cross-flow ventilated booths . 
They found that the predicted dimensionless breathing-zone 
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NOMENCLATURE 
C mean concentration 
c,, c2, c,,. empirical constants in the standard k-c turbu­

lence model 
Co particle drag coefficient 
Cp specific heat coefficient for constant pressure 

process 
Op diameter of the particle 
Fd drag function 
Fx diffusive force 
Gk production rate of turbulent kinetic energy 
Gh generation rate of turbulent kinetic energy due 

to buoyancy 
g; component of the gravitational vector in the 

ith direction . · 
h enthalpy 
k turbulent kinetic energy 
P dynamic pressure 
PrL laminar Prandtl number 
PrT turbulent Prandtl number 
Re Reynolds number 

time 
u; mean velocity component in direction x; 
Up velocity of the particle 
x; Cartesian coordinate in tensor notation 
Sc1_ laminar Schmidt number 
ScT turbulent Schmidt number 
S,. . heat generation source term 
S,t, scalar generation source term 
T temperature 
T,cr reference temperature 
a, - a, empirical constants for calculating the drag 

coefficient 
/3 thermal expansion ratio 
p density 
Po density at reference temperature 
PP density of the particle 
K thermal conductivity 
<Tk , a, empirical constants in the standard k-c turbu-

lence model 
µ dynamic viscosity 
v kinematic viscosity 
vi turbulent eddy viscosity 
c turbulent dissipation energy 

concentrations were in agreement with the measured values. 
Longest et al.'51 applied Reynolds Averaged Navier-Stokes 
(RANS) simulation in conjunction with the Eulerian scalar 
transport equation to investigate the distribution of carbon 
monoxide in a human inhalation test chamber. For the 
Eulerian method, empirical Schmidt numbers are used to calcu­
late the diffusion of the contaminants in the bulk flow, whereas 
the Lagrangian method does not need as many empirical con­
stants and would constitute a better alternative to predict turbu­
lent diffusion. in fact , if the particles are small enough and fol-

low the flow closely, the need for empirical constants vanishes. 
However, for the Lagrangian method, the computational cost 
and the storage requirement increase when a large number of 
parcel trajectories are tracked. In the current study, the predic­
tions from the Lagrangian and Eulerian methods are compared 
in order to provide some guide as to which one is better when 
determining human exposure to gaseous contaminants. 

The buoyancy effect due to.the heat flux from the body has 
been considered recently in numerical studies. For instance, 
Hyun and Kleinstreuer(ll showed that the flow field in a test 
chamber could be changed significantly when using a heated 
body instead of an unheated one at a relatively low inlet veloc­
ity. In this article, the heat effect at different Reynolds numbers 
is preliminarily assessed. 

Experimental studies with manikins strongly support the 
supposition that lapel sampling does not well represent inhaled 
concentrations.<6' In this study, the concentrations at different 
locations are compared to determine the optimum sampling 
location and to determine errors from using _samples taken at 
the lapel as the surrogates for inhaled concentrations. 

METHODS 

Computational Details 
In this study, a three-dimensional wind-tunnel simulation 

was performed with the FLUENT CFO software package 
(FLUENT, Inc., Lebanon, N.H.). The geometrical configu­
ration of the flow domain is showll' in Figure I, consisting 
of the wind tunnel (4.6 m width x 2.6 m height x 11 m 
length), and a non breathing human body ( 1.8 m height). The 
human body faces downstream of the flow. Constant veloc­
ity inlet and pressure outlet boundary conditions were used. 
The inlet velocity was taken as 0:3 m/sec with a turbulence 
intensity of 0.3% to study the effect of the body shapes and 
the transport methods, values representative of typical working 
environments.<71 To investigate the thermal impact of the body, 
an inlet velocity of 0. 1 m/sec was also used. The characteristic 

Release plane 
1.2 m above the ground 
0.5 m downstream from the body 

FIGURE 1. Schematic view of the wind tunnel model and loca­
tion of contaminant release plane 
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FIGURE 2. The geometry of the wind tunnel and the human body 
(all dimensions in m) 

turbulent length scale was chosen to be 0.0 I m, which repre­
sented the turbulence generating grid size at the inlet of the 
tunnel. The dimensions of the wind tunnel and the sharp body 
configuration are illustrated in Figure 2. The source box is 0.3 
m (length) x 0.3 m (width) x 0.05 m (height) in size. and the 
box center is 1.2 m from the ground and 0.5 m from the body. 
In addition, block and rounded body models were created as 
shown in Figure 3 to investigate the effect of the shape of the 
human body on concentration levels near the breathing zone. 
It should be noted here that the breathing zone mentioned in 
the paper is represented by one point that is 1.65 m from the 
ground and 0.0 I m from the body (i.e., a point directly in front 
of the nose at a horizontal distance of 0.0 I m). 

Different grid distributions, also known as meshes, were 
constructed as listed in Table I in order to quantify the dis­
cretization error using Richardson Extrapolation with grid con­
vergence index (GCI).18•91 Richardson Extrapolation uses cal­
culations on multiple sets of grids to calculate the extrapolated 

FIGURE 4. An example of a computational mesh used in the 
simulations (mesh #2 for the sharp body, 115,824 hexahedral cells ; 
the empty area represents the center of the sharp body) 

value of a dependent variable to zero grid size. GCI uses 
the extrapolated value to determine the numerical uncertainty 
caused by limited grid size, also known in the literature as the 
discretization error. For each body, the whole domain was di- · 
vided into several subdomains each with different grid sizes so 
that the mesh in the region around the body could be much finer 
than that in other regions (Figure 4). It should be emphasized 
that the grids are refined proportionally for each subdomain to 
maintain similar grids as suggested by Celik and Karatekin.' IOl 

The only exception was mesh #3 (the sharp body). for which 
we refined only the region around the body based on mesh 
#2. We did this to illustrate whether we could achieve better 
convergence with fewer cells using nonuniform grids. 

The heat transfer boundary condition for the human body 
surface was taken as a convective heat flux of 25 W/in",19> 

which was based on a 2000-calorie diet and corresponded 
to a moderate activity level of a standing person. The fluid 
medium was air and the contaminant was acetone vapor. The 
turbulence model of choice was the two-equation standard k-e 
model,O 1> which is one of the most commonly used turbulence 
models in practical engineering flow calculations. The k-e 
model is based on the eddy-viscosity approximation. which 
expresses the Reynolds stress in terms of the mean velocity. 

(a) block (b) sharp body (c) rounded body 

FIGURE 3. Different body shapes used in the present study 

Journal of Occupational and Environmental Hygiene June 2005 325 



TABLE I. Different Meshes Used for the Grid Convergence Study 

Mesh# 

2 

3 

4 

5 

Block Body 

125. 103 node 
I 16,712 hexahedral cells 
229,874 nodes 
217,212 hexahedral cells 

11 Some cells are hexnhedral cells and the other are tetrahedral cells . 

The shortcomings of the eddy-viscosity approximation have 
been documented in the literature,0 2

> and numerous more so­
phisticated models such as the Reynolds stress model have 
been developed to overcome the defects of eddy-viscosity ap­
proximation. The choice of model for a specific application 
should be made carefully, depending on considerations such 
as the physics encompassed in the flow, the established practice 
for a specific class of problem. the level of accuracy required, 
the available computational resources, and the amount of time 
available for the simulation. In the present study with complex 
geometry, the standard k-e model is used because of its robust­
ness, economy. and reasonable accuracy for a wide range of 
turbulent flows. 

Governing Equations 
The mathematical formulation of the governing equations 

and the turbulence models used are the time-averaged Navier­
Stokes equations with the standard two-equation k-e turbu­
lence model. 

a 
-a (u;) = o (1) 

X; 

u·-=---+- (v+v,) -+-ilu; I iJP il [ (ilu; .iluj)] 
J <IXj p ilx; . axj UXj ilx; 

- /j(T - T,cr)gj (2) 

The Bousssinesq model113 ' is employed for the calculation 
of the buoyancy force. This model treats density as a constant 
value in all solved equations, except for the buoyancy term in 
the momentum equation. 

The eddy viscosity, 111, is given by 
k2 

(3) 

The turbulent kinetic energy, k, and its rate of dissipation, 
e, are·obtained from the following transport equations: 

ilk a [( 11,) elk J u; -. - = - v + - - + Gk + Gb - e 
,lx; clx; ak ilx; 

(4) 

(5) 

Sharp Body 

30,621 nodes 
27,396 hexahedral cells 
124,326 nodes 
115,824 hexahedral cells 
188,583 nodes 
169,430 hexahedral cells 
347,595 nodes 
330,598 hexahedral cells 
1,077,176 nodes 
1,041,318 hexahedral cells 

Rounded Body 

92, l 66 nodes 
339,350 mixed cellsA 
136,302 nodes 
470,234 mixed cells 
208,600 nodes 
659,110 mixed cells 

Gk is the production rate of turbulent kinetic energy and Gb is 
the generation rate of k due to buoyancy 

(6) 

(7) 

where PrT is the turbulent Prandtl number for energy · and is 
0.85. It should be noted here that the buoyancy effects on e is 
neglected. The constants used in the standard k-e model are: 

C1 = 1.44, C2 = 1.92, Cµ = 0.09, O"k = 1.0, and 

a,= 1.3 

For the temperature distribution calculations, the energy 
equation can be written as: · 

iJT a [( II v, ) aT] Uj-=- -+- - +ST 
a~ a~ P~ P~ a~ 

(8) 

where PrL is the laminar Prandtl number which is defined by 
PrL = Cr11./K and ST is the source term. 

These three-dimensional equations are solved using a segre­
gated grid approach with pressure projection. The well-known 
QUICK schemel 141 is used for all the convective terms, and 
a central differencing scheme is used for the diffusion terms. 
Two types of boundary conditions are applied to the system 
under study, namely, the wall boundary conditions and the 
entry-exit conditions. All of the solid walls in this investigation 
are at rest; therefore. both the mean and fluctuating velocities 
of the fluid at these boundaries are identically zero for the 
turbulent flow, as there is no slip and no mass transport at 
the walls . In addition, wall functions are used to model the 
near wall region with an empirical logarithmic velocity pro­
file in terms of the distance from the wall. The inlet bound­
ary condition is set as a specified velocity inlet, whereas the 
exit (outlet) boundary condition is set as a specified pressure 
outlet. 

Eulerian Scalar Transport 
If a species (acetone vapor in the present study) is added 

to the system, the mean concentration can be calculated by 
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making use of the followfog transport equation: 

iJC il [ ( v v; ) iJCJ -+- u·C- -+- - =S</> 
ilt ilx; ' ScL ScT ilx; 

(9) 

Here, ScL is the laminar Schmidt number and ScT is the 
turbulent Schmidt number. The mass flow rate of the scalar is 
ri1 = I .Oe-4 kg/s. The volume¥ of the source region is ~0.005 
m3. The source term S,t, is set to 1i1 /¥ kg/(m3 . s). The source 
region is 1.2 m above the ground and 0.5 m downstream of the 
human body. The values of ScL = 1.42 (Mil]sl 15>) and ScT = 
1.30 are selected for the purpose of this study. 

Lagrangian Trajectory Tracking 
Each of the parcels represents a certain amount of acetone 

vapor and closely follows the airflow. These fictitious particles 
are released from the plane shown in Figure I . In order to 
conform to the Eulerian scalar transport method, the flow rate, 
and the diameter of the representative particles are set equal to 
0 .1 g/s. and I µm , respectively. 

Modeling gases with 1-µm particles presents neg­
ligible errors because the particles follow airflows so faith­
fully, as is demonstrated mathematically elsewhere.116> Indeed, 
one of the most important laboratory measurement devices 
for velocity and turbulence, particle image velocimetry, 
uses much larger aerosols (up to 50 µm)' 17l to track the fluid 
motions. 

Also, note that the concentration levels for the Eulerian 
method are calculated at the cell center for that particular cell , 
and the concentration levels using the Lagrangian method are 
calculated by dividing the cumulative trajectory mass by the 
volume of that particular cell they are residing in. In both 
methods one would get a single value for that particular cell. 

All simulations were three-dimensional and only _steady­
state solutions were sought. 

RESULTS AND DISCUSSION 

T he results are presented and discussed in three parts. First, 
the grid dependency is investigated , which is followed by 

the predictions of the impact of the heated body on the flow 
field at different Reynolds numbers. Then, comparisons of the 
flow field and contaminant concentrations using three different 
body shapes and two transport methods are presented as the 
main focus of this study. 

Grid Convergence and Iterative Convergence 
Five different numerical grid distributions. as listed in 

Table I, were used to assess the grid dependency of the re­
sults for the sharp body simulations. The streamwise velocity 
component (velocity component in x direction as shown in 
Figure I) , turbulent kinetic energy (k), and concentration dis­
tributions (with Eulerian method) along four different vertical 
lines on the center plane for all grid distributions are shown in 
Figure 5, where d represents the downstream distance of the 

TABLE II. k and Concentration at the Breathing 
Zone for the Sharp Body 

h/h5 
k (m"/sec") 
Concentration (kg/m3) 

Grid #5 

1.0 
0.001799 
0.00482 

Grid #4 

1.465 
0.001939 
0.00472 

Grid#2 

2.08 
0 .001814 
0 .00448 

vertical line measured from the body. It can be seen that mesh 
#I and mesh #2 are so coarse that the turbulent kinetic energy 
predicted with them in the downstream of the leg are much 
higher than the one with other meshes. With meshes #3, #4, 
and #5, the results are very close in the downstream of the 
upper body, which is believed to be the most imp01tant region 
for the worker exposure. We have mentioned that mesh #3 is 
refined just in the region around the body based on mesh #2 
and it has fewer cells than mesh #4; however, the turbulent 
kinetic energy with mesh #3 is even closer to the result with · 
mesh #5 (the finest grid) at some regions. Since running a case 
with mesh #3 takes less time than with mesh #4. it has been 
used to study the effect of body shapes and transport methods. 

The value of turbulent kinetic energy and concentration for 
the sharp body with mesh #2, #4 and #5 are listed in Table II, 
where h is the averaged grid size calculated as 

j volume h- ' 
-number of cell 

(10) 

and h5 is the finest average grid size. Convective transport 
due to recirculation regions formed in the wake of the body 
and the diffusive nature of the gaseous contaminants causes 
a nonzero concentration field upstream of the source. Using 
Richardson extrapolation on the concentration data that shows 
monotonic convergence, we can get the observed order of the 
numerical schemes that is consis tent with the initial arrange­
ment (QUICK for convection terms and central differencing ­
for diffusion terms). The extrapolated "exact" concentration is 
0.00489 kg/m3• The GCI of concentration at the breathing zone 
for mesh #2 is approximately 11 %. For the turbulent kinetic 
energy data at the breathing zone, nonmonotonic convergence 
is shown since k(#5) < k(#2) < k(#4) , while h5 < h4 < h2. 
The relative error of k for mesh #2 is 8% based on mesh #5 . 

The concentrations at the breathing zone (mouth) using the 
Eulerian method are compared in Figure 6, where h I is the 
coarsest average grid size. Figure 6 shows that the lowest 
exposure is predicted for the simulations with the rounded 
body. The concentrations did not approach an asymptotic value 
as we expected. Instead, the cells composing the source region 
changed with the mesh itself, which affected the grid conver­
gence in terms of concentration as a function of the source 
position and source size.< 18

l Additional setup effort is needed 
to keep the source region exactly the same for each mesh. On 
the other hand, for the purpose of this study, it has been shown 
clearly that the body shape has significant influence on the 
worker exposure. 
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FIGURE 9. Comparison of the flow field with a block and a sharp 
body; velocity vectors and streamlines on the center plane (side 
elevation) 

There is no distinguishable difference between the results 
at a residual criterion of l .Oe-3 and of I .Oe-4, so a residual of 
I .Oe-4 used in this study should achieve a good convergence 
in terms of iteration . The streamwise velocity component at 
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the mouth was also monitored in the calculation to check if 
it approached an asymptotic value when the assigned residual 
is reached. In this way we tried to avoid false convergence by 
using a fixed value ofresidual. 

Effect of Thermal Conditions 
Comparison of the velocity fields with the body, heated 

and "cold" (body temperature is the same as that of the sur­
roundings), shows that the heat flux from the body affects 
the exposure dramatically at relatively low Reynolds numbers 
(Figure 7). For the heated body at Reb = 4100 (Vinlct = 
0. 1 m/sec, where Re1, is calculated based on the width of the 
body), the upwards convection is dominant due to the buoyancy 
and there is no recirculation region formed at the breathing 
zone. Figure 8 shows that there is almost no contaminant in 
the breathing zone for the heated body at V; 11Jct = 0. 1 m/sec 
since the contaminant is 0 .5 m from the body and the thermal 
plume is stronger than the concen.tration diffusion. If the pol­
lution source were placed closer to the body, the difference in 
exposure levels with a heated body and a cold body may be 
smaller. 

At Reb = 12300 (v;11101 = 0 .3 m/sec), a recirculation region 
is still fanned in the heated body simulations, as the air flows 
through the gap between the legs. The buoyant flow will bring 
the contaminant to the breathing zone and merge with the 
convected flow. Figure 8 shows that the concentration has 
an 11 % variation with and without heat flux from the body. 
However, to isolate the thermal effect from other factors, the 
cold body is used in analyzing the influence of the body shapes 
and the contaminant transport models. 

Effect of the Body Shape 
Comparison of the flow-field predictions with the block, the 

sharp, and the rounded body indicates that the predicted flow­
field with the block has one large recirculation region, whereas 
the sharp and rounded bodies each induce two smaller recircu­
lation regions (Figure 7c and Figure 9) . The recirculation zone 
around the head could suggest that contaminants trapped in that 
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FIGURE 10. Comparison of normalized concentration at different points 1.0 cm downstream of human body for different body shapes 
(normalized with the highest concentration value) 
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region are more likely to be inhaled. Moreover, the contami­
nants accumulated in the waist region could be transferred to 
the breathing zone from the lower recirculation zone. However, 
the flow around the _sharp and rounded bodies shows different 
separation profiles, which is an important issue. For the sharp 
body, the flow separates at the corner of the head, whereas 
with the rounded body, the air flows along the forehead and 
separates from the body near the eye level. This means that 
such small issues as hairstyle, the size and shape of headgear 
worn , and the angle of the forehead could affect the exposure 
levels. 

Using the Eulerian method for each body shape, the pre­
dicted nondimensionalized concentration levels of the con­
taminant gas at various locations were compared for trend 
analysis (see Figure 10). It is clear that the block body cannot 
be used to represent a worker accurately. With the sharp and 
rounded body, the concentration level at the chest region is 
higher than that at the breathing zone (Cchcs11Cnosc is 13.6 
for the rounded body). This observation qualitatively agrees 
with experimental results16l that concluded the concentrations 
at the chest averaged about 2.9 times the concentrations at 
the nose and the ratio decreased significantly with increasing 
velocities (Cchcsi/Cnosc = 2.4 at Yinkt = 0.24 mis). It should be 
noted that the experimental conditions are different from the 
current study in some aspects. For instance, SF6 was used in the 
experiments and the geometric average of the concentrations at 
three points (left chest. middle chest. and right chest) was taken 
to represent the concentration in the chest area. In addition, 
the manikin shape and the source size in the experiments 
are also different. These differences may contribute to the 
different ratios of Cchcst to C110,c found in the calculations and 
the experiments. However, the same trend observed by both the 
calculations and the experiments suggests that it may not be a 
good practice to measure the concentrations around the chest 
area as surrogates for the inhaled concentrations, as is current 
practice . With the block figure the concentration ratio of chest 
to nose is reversed, which illustrates that the trend could be 
inaccurately predicted with crude representatives of the human 
body. 

Figure 11 presents the predicted concentration distributions 
l cm downstream of the body obtained from the simulations 
using the Eulerian scalar transport method. It is seen that the 
contaminants are accumulated at the top of the block, whereas 
the contaminants for the sharp and rounded body are diffused 
over a much wider region of the body accumulating mostly 
in the chest region. This again shows that using Jess accurate 
shapes for the human body may lead to inaccurate results. 

Effect of the Contaminants Transport Method 
Using the Lagrangian method. the concentration at a plane 

1.0 cm downstream of the body is shown in Figure 12d. Com­
pared with the results of the Eulerian method in Figure 11 b, it 
can be argued that both methods predict the concentration lev­
els on the same order, although the Lagrangian method shows 
much more randomness. which is directly associated with the 
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method itself since a random velocity component is added to 
the mean fluid velocity to simulate -trajectory dispersion due 
to turbulence. It has been seen during the simulations that the 
number of trajectories tracked in the Lagrangian simulations 
is also an important factor affecting the predicted concentra­
tion levels. The more trajectories tracked, the smoother the 
concentration contours become (see Figures I 2c and l 2e), 
since a .better averaging over a volume can be applied to cal­
culate the concentration levels. 

The symmetry plane concentration contours are shown in 
Figures I 2a. I 2b, and I 2c for both the Eulerian method and 
the Lagrangian method. The latter was repeated for different 
numbers of representative particle trajectories. Here again, the 
Eulerian method exhibits a more diffusive concentration field 
than the Lagrangian method . The latter shows a higher degree 
of irregularity because of the applied discrete random walk 
tracking model used in the FLUENT code. Nevertheless, the 
predictions of the two methods are in fairly good agreement 
with each other (Figure 13). 

The local concentrations at different locations 1.0 cm down­
stream of the sharp body are compared for both the Eulerian and 
Lagrangian predictions in Figure I 3. The values are normal­
ized by dividing by the highest concentration value (Cmax = 
0.00484 kg/m3) that was predicted for both simulations. This 
was done since the trend of the concentrations is the main 
concern of this study, not the absolute values of the concen­
trations. The Eulerian method predicts a more uniform con­
centration when compared with the predictions obtained via 
the Lagrangian method. Although it is true that tracking more 
trajectories creates a more uniform concentration field for the 
Lagrangian method, it should be noted that it is computa­
tionally expensive to use a large number of trajectories . It is 
noteworthy to mention that both methods tend to predict higher 

concentrations near the lapel compared with the mouth/nose 
level. 

CONCLUSIONS 

I n this study, the Eulerian scalar transport model and the 
Lagrangian trajectory tracking method were compared in 

their ability to predict the concentrations around a human 
shaped body exposed to gaseous contaminants within the 
length of an arm's reach . It was seen that the Eulerian method 
exhibited a more diffusive nature than the Lagrangian method. 
However, the concentration predictions obtained with the· 
Lagrangian method may converge with the Eulerian prediction 
if an adequate number of trajectories are tracked. Nevertheless, 
the results obtained from both predictions suggest that the 
concentrations measured at the lapel could be very different 
from the concentrations measured near the mouth. The present 
study indicates that the latter will be significantly lower under 
the specific condition of the simulation, particularly in the 
absence of heat flux from the body. However, this conclusion 
should not be generalized in the cases of uniform concentration 
distributions; results may be affected by a nonlocal source or 
even the motion of the worker. 

The influence of the shape of the human body used in the 
simulations was also studied. It was observed to have a major 
impact on the flow-field and. consequently. on the concentra­
tion field. In fact, this study showed that the predictions with a 
rounded body. which (to our knowledge) is one of the closest 
approximation of a human body used in simulations in the 
literature, resulted in much lower concentration levels . This 
suggests that during modeling, oversimplified body shapes 
should not be preferred for accurate predictions in worker ex­
posure assessment. Speci fie details of rounded body may have 
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large influence on the exposure and should be considered in 
certain circumstances. This presents a great challenge to CFD 
modelers, as every worker may exhibit a significant variation 
on body shape depending on what clothes are worn and factors 
related to body size and shape. 

On another note, it was demonstrated that the numerical grid 
size and its distribution have significant effects on the quality 
of predictions. It is recommended that in exposure studies, grid 
convergence of CFD simulations should be assessed in order 
to reduce and quantify the degree of discretization errors. 

Finally. it should be noted that these analyses were per­
formed for a cold body. We found that the heat flux from the 
body may have a significant impact on predicted flow-field and 
concentration levels, so it cannot be ignored, especially when 
the convection induced by the buoyancy dominates. Further 
numerical simulations should be done that include the heat­
flux from the body and, if applicable the breathing phenomena 
and the motion of the worker. 
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