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ABSTRACT 

Tracer gas concentrations generated from a hand-held source are measured in 

the breathing zone of a mannequin, and for an elliptical cylinder positioned in a wind 

tunnel. Effects on breathing zone concentration due to worker position relative to the 

direction of airflow and a workpiece are examined. Flow visualization by the smoke 

wire technique is performed. Worker position was found to be statistically significant 

in breathing zone concentration. Positioning the worker with the air flow from the side 

results in a drop of roughly two to three orders of magnitude compared to positioning 

the worker with the airflow from the back. Interaction was noted between worker 

position and airflow rate. Tracer gas concentrations were lower in the breathing zone 

of the mannequin than for the cylinder. The placement of an object downstream of the 

worker when airflow is from the back resulted in a roughly two-fold increase in 

breathing zone tracer gas concentration when compared to predicted values with a 

worker only. Positioning a worker sideways to the airflow appears to result in a 

substantial decrease in contaminant exposure. Applications and limitations of the 

results are discussed. 
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INTRODUCTION 

Local exhaust ventilation (LEV) is commonly used to reduce worker exposure 

to airborne contaminants to acceptable levels. LEV design has historically been based 

on achieving a proper capture velocity, using empirical equations based on hood 

airflow and distance between the source and the exhaust.(l) 

When work generates contaminant over a large area, it is often necessary to 

enclose the entire operation to effectively capture the contaminant and prevent it from 

escaping into the general work environment. Large exhaust enclosures, such as walk­

in spray booths, require a worker to be completely within the enclosure. Design of 

exhaust booths is based on airflow through the hood according to booth size, or 

ultimately to air speed through the booth. Recommended air speed varies depending 

on the type of contaminant and work being done. 

Unfortunately, design parameters which effectively contain contaminant within 

the booth cannot predict how that system win protect the worker within the booth 

from exposure to the contaminant. Air currents which arise within the system disturb 

the hood-induced airflow and degrade the effectiveness of contaminant control. The 

most widely recognized sources of air motion are thermal effects and motion of 

machinery, materials, and worker within the hood. 

Both the worker and the work piece within the booth become obstacles in the 

airstream and the free flow field within the booth is disturbed. It has been shown that 

the presence of an object (e.g. a person) in the flow field can create boundary layer 

separation, resulting in counterrotating eddies (vortices) downstream of the object.(2) 

Researchers(3-6) note that as vortices form downstream of a bluff body in a free 

flow stream, the air mass within these vortex regions moves as a rigid body and is shed 

downstream. One autho~4) states that in a room where contaminant is emitted into a 

vortex region, the average concentration within the vortex region may be ten times as 

high as in the air extracted by room ventilation. 

This reverse flow region which develops immediately downstream of an object 

can carry contaminant from the point of release (downstream of the worker) back 

upstream and into the breathing zone. Thus, vortex formation is an important factor in 

worker exposure since it greatly interferes with the free field flow in the booth. By 

drawing contaminant back toward the breathing zone, vortex formation can undermine 

the intent of the local exhaust - which is to reduce worker exposure. 

Studies performed to address these issues have revealed a better understanding 

of the problem, but have not been as successful in finding easy solutions. One study(S) 

identifies factors affecting an individual's exposure from a hand-held source within a 
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walk in spray booth. These factors include; 1) the mass flow of the pollutant, 2) the 

source configuration and momentum, 3) the hood air flow, 4) the position of the 

worker and source with respect to the hood, 5) activity level of the worker, 6) air 

supply configuration, and 7) thermal factors. 

By holding factors 1, 2, 5, 6, and 7 constant, it is possible to observe the 

effects of worker position and hood air flow rate on the concentration of contaminant 

in the breathing zone of the worker. These two factors may be the easiest to control 

and may have the most significant effect on breathing zone concentration. 

In a walk-in spray booth, the worker is normally positioned upstream with the 

source (spray gun) between the worker and the object (i.e. box). In this orientation, 

the worker's body becomes an obstruction in the flow field resulting in reverse flow 

and turbulent mixing immediately downstream of the worker. If the source of 

contamination is located within this zone, it can be drawn back toward the worker and 

into the breathing zone.(7) 

Normally, as a vortex forms around a single obstruction, it grows, then 

separates from the surface of the obstruction and moves downstream. (10) However, if 

an additional obstruction is placed downstream of the contaminant source (i.e. a box) 

the vortex shedding is disturbed since air movement downstream is blocked. 

Streamlines around the second obstruction must be followed, and may provide 

additional opportunity for the contaminant to enter the breathing zone as it is re­

entrained into the backflowing eddy due to boundary layer separation effects from the 

worker's body. 

It is possible to observe the interactions of air flow around a worker or object 

and the contaminant movement to the worker's breathing zone. Earlier studies 

addressed simpler models in an attempt to develop better computational 

representations of contamination transport. Authors(5) examined the phenomenon of 

boundary layer separation on local exhaust design, as well as factors affecting design 

of non-enclosed LEV on control ofa hand held source.(6) Later, airflow patterns were 

examined around a worker in a uniform free stream and worker exposure from a hand 

held source was modeled with empirical equations.(8,9) It has also been noted that 

when an object of finite height is present in a free flow steam, there is a significant 

downwash effect from the free end, where air flows down over the top of the 

obj ect. ( 11 ) 

Airflow from the side as opposed to from the back has also been investigated. 

Authors(6) note that with non-enclosed LEV, positioning the worker 90° to the 

direction of airflow results in a statistically significant decrease in breathing zone 
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concentration compared to the typical orientation with the source between the body 

and the exhaust system. 

The purpose of this research is to investigate the effect of worker position, 

relative to object, on the breathing zone concentration of a contaminant generated 

from a hand-held source. Significant reduction in breathing zone level of contaminant 

is expected when a worker is positioned with airflow to the side and increased airflow 

should reduce the breathing zone concentration as well. 

THEORY 

As described earlier, when fluid flows past a blunt object, a boundary layer 

forms on the surface of the objectJS) The boundary layer is the region that extends 

from the surface, where the velocity is zero, to a point some distance from the surface 

where the velocity is 99% of the free stream value.(12) Air flowing around an obstacle 

accelerates on the upstream side of the object and decelerates on the downstream side. 

This results in reverse flow on the downstream side due to the presence of an adverse 

pressure gradient. A vortex forms on the downstream side which can carry 

contaminant upstream into the breathing zone. If no other obstructions are present, 

the vortex grows in size, separates from the object and moves downstream. The 

frequency of vortex shedding is a function of air velocity and object size (or Reynolds 

number). 

A simple conceptual model was offered based on treating the worker as a two 

dimensional cylinder with vortex shedding as the principle contaminant removal 

mechanism.(5) A recirculation zone is assumed to exist downstream of the worker and 

a point source of contamination is released into the zone. For this model the average 

steady-state concentration (Cst) within the zone is 

C-~ st - Qv (1) 

where Qs = the flow of contaminant into zone and Qv is the air-contaminant-mixture 

flow out of the zone. Here, the formation zone is assumed to be a cylinder of equal 

height (H) and width (D) as a worker. The volume cleared by each vortex shedding 

event is assumed to be one-half the formation region, thus the vortex volume (V) is 
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V =-n2H 

8 

The frequency with which vortices are shed is 

f = 0.21U 
D 

5 

(2) 

(3) 

where 1 is the frequency of vortex shedding, U is the velocity of the fluid stream and 

0.21 is the Strouhal number which remains relatively constant for Reynolds numbers 

from 400 to about 200,000.(13) 

Since the frequency in Equation 3 considers only one side of the cylinder, the 

total frequency will be twice this value or 2f. This leads to a simple approximation for 

the average concentration. 

c - Qs.- 19Qs 
st - Qv - 1tUHD (4) 

This original mass balance model was later revised based on data collected 

during a study examining the 3-dimensional effects of a mannequin substituted for the 

cylinder.(8) Visual observation showed that smoke below the hip level moved 

downward into a lower reverse flow region and thus escaped entrainment into the 

vortex crossing into the breathing zone. Also, a vortex shedding frequency 

corresponding to an average Strouhal number of 0.19 was observed between the chest 

and hip level (approximately 0.3H). Accordingly, the vortex volume (V) was adjusted 

to 

and the frequency adjusted to 

V = 0.7 [ ~ D2J (0.3H) 

1=0.19U 
D 

(5) 

(6) 

The modified approximation for the spatially and temporally averaged concentration is 

C - 50Qs (7) 
st - ltURD 

Experimental data, showed Equation 7 overestimates the observed average 

concentration. Statistical analysis of the data led to empirical formulas for the spatially 
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and temporally averaged concentration, Cst (concentration in the reverse flow region), 

and for the concentration observed in the breathing zone, Cbz. (8) 

C - lO.96Qs 
5t - UHD 

C - 8.62Qs 
bz - UHD 

(8) 

(9) 

Equation 9 is used in this work for comparison of average breathing zone 

concentrations for the same worker position, but including an additional obstruction to 

the free field flow in the booth (e.g. a box). 

Finally, a study was conducted(9) with a full-size walk in spray booth, varying: 

I) the momentum of the source; 2) the presence of an obstacle in front of the worker 

(e.g. a flat plate); 3) the movement of the worker to simulate painting motion; and 4) 

the distance between the worker and the outlet of the spray gun (tracer gas was used 

in the spray gun, instead of paint). The results showed the most significant impact on 

breathing zone concentration was the outlet velocity of the spray gun pointed 

downstream. 

The same study observed that with higher source flows, lower free stream 

velocity resulted in slightly lower breathing zone concentrations than did higher free 

stream velocities in the booth. But when the source flow was negligible, the lower 

free stream velocity resulted in slightly higher breathing zone concentrations than did 

higher free stream velocities. In addition, the breathing zone concentration was 

generally reduced by one-half when the flat plate was placed in front of the worker 

(downstream). This study also found Equation 9 to agree well with experimental data 

collected in the full-size spray booth under the conditions which matched the 

underlying assumptions governing the equation. 
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The experiment was carried out in a low speed, open circuit wind tunnel 1.52 

m square and 2.44 m deep (5 ft X 5 ft X 8 ft) with velocity range of 0.127-1.40 mls 

(25-275 fpm). The entrance of the wind tunnel is equipped with a flared flange and 

the rear wall consists of a pegboard with .064 cm (.024 in.) holes to create a 

perforated plenum to provide better air distribution across the tunnel (See Figure 1). 

Air velocities determined though calibration data from previous experiments 

were verified with a calibrated hot-wire anemometer. Observation windows on one 

side and top of the wind tunnel were used for flow visualization. 

Configuration A (see Figure 2) will represent a worker in the traditional 

position (air flow from behind the worker with the source between the worker and the 

work). Configuration B will orient the worker 90° to the direction of the air flow 

(sideways to the airflow and to the side of the object with the source between the 

worker and the work). 

Additionally, the 3-dimensional effects of the worker and object were 

evaluated. Configurations A and B will substitute a floor-to-ceiling elliptical cylinder 

l.52 m (5 ft) tall to represent the worker and a floor-to-ceiling box to represent the 

work. This had the affect of creating a 2-dimensional model of air flow for 

comparison to a 3-dimensional model using the mannequin. 

For the wind-tunnel tests, a commercial anthropometric mannequin, 1.04 m tall 

(41 in.) tall and 20 cm (8 in.) wide at the chest was placed at the centerline of the 

tunnel. A wooden box, 0.41 m (16 in.) square and 1.12 m (44 in.) tall was placed 

roughly arm's length away 25 cm (10 in.) downstream to represented the work. 

A neutrally buoyant mixture consisting of 10.0% sulfur hexafluoride, 45.8% 

helium and 44.2% air was used as a tracer gas. The mixture was released through a 

1/4 in. diameter ceramic sphere at a rate of 220-230 cc/min. (0.0008 cfm of pure SF6, 

0.0036 cfm of air and 0.0037 cfm helium) as measured with an in-line DuPont rnini­

Buck calibrator. Pores in the sphere allow the gas to diffuse in all directions. 

The source of the contaminant was placed between the mannequin and the box 

at chest level in the mannequin's hands at a height of 79 em (31 in.) and a distance 

from the box of 15 cm (6 in.) to simulate normal work orientation. With the cylinder, 

the ceramic sphere was positioned halfway between the cylinder and the object, at the 

same level as the sampling point (79 em.). 

An electron capture detector (ECD) was used to measure SF6 tracer gas. A 

sampling tube was connected from the mannequin's mouth through the back of the 
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head and connected to the sampling port to the detector nozzle. Air was continuously 

drawn through the mannequin's mouth throughout the sampling period. 

Experiments were carried out in free stream air velocities of 100, 150 and 250 

fpm The Reynolds numbers associated with these velocities are 6837, 10256 and 

17092, respectively, based on a mannequin width of 20 cm (8 in.). The system was 

allowed to equilibrate for approximately 5 min. before data were gathered. 

Two blocks of three to six trials were conducted for each configuration at each 

of three airflows (100, 150, 250 fpm). Each trial consisted of approximately 100 data 

points collected by noting the ECD display at 5 second intervals. For each 

configuration and airflow, the trials were combined into one data set of 300-600 

points. For each configuration, the experiment was repeated once on a separate day to 

assure reproducibility of results. 

Flow Visualization 

Smoke generation techniques introduced(14,15) and later refined,(7) were used 

to visualize airflow around the worker and object. Several strands of 0.01 inch NiCr 

wire were twisted together and strung across the sampling region passing through the 

point of contaminant release Gust above the hands of the mannequin; 5 inches from the 

sampling point of the cylinder). The wire was held taught by springs at each end of 

the wire. A variable DC power source was connected to each end of the wire to 

provide current to the wire which heated the smoke-generating oil. Paraffin oil was 

spread onto the wire with a paintbrush and when a current of 25 volts was passed 

through the wire, a dense, white smoke was produced for periods of 20-40 seconds in 

the horizontal plane of airflow Some lofting of the smoke was observed, but this was 

less pronounced at higher air flows. Photographs were obtained through the windows 

in the side and top of the wind tunnel. 
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Probability plots of the raw data showed no linear preference for a log 

transformation. The data were analyzed assuming a normal distribution and observed 

data were transformed into true SF6 concentrations using calibration curves for the 

ECD. Average values for each data set were determined from the frequency 

distribution. This resulted in 24 data sets; one for each configuration (2), airflow (3), 

dimension (2), and block (2). Table 1 shows the experimental data divided into 

blocks. Table 1 format was used for statistical analysis. 

Table 2 combines the means of the two blocks to obtain one overall mean for 

each condition. This was done by taking the mean of Block 1 times the number of 

data points in Block 1 plus the mean of Block 2 times the number of data points in 

Block 2 all divided by the total number of data points. The overall mean is the 

observed value in comparisons to calculated values. 

Configuration A (airflow from the back) showed dramatically higher breathing 

zone concentrations than Configuration B (airflow from the side). Table 2 shows that 

orienting the mannequin sideways to the airstream (as opposed to airflow from the 

back) resulted a reduction of breathing zone concentration of 187-fold at 100 fpm 

freestream velocity, 994-fold at 150 fpm, and 137-fold at 250 fpm for the mannequin. 

Reductions of 384-fold at 100 fpm , 580-fold at 150 fpm, and 436-fold at 250 fpm 

freest ream velocity were measured for the cylinder. The difference is illustrated in 

Figure 3. 

Figures 4 and 5 illustrate the mean breathing zone concentration of SF 6 for the 

mannequin and the cylinder for Configurations A and B at the different flow rates. In 

Configuration A, the ratio of mannequin breathing zone concentration to cylinder 

breathing zone concentration for 100, 150 and 250 fpm freefield airflow is 0.85, 0.56, 

and 0.38, respectively. This shows a consistent decrease in breathing zone 

concentration for the mannequin versus the cylinder. This may be accounted for by 

the increased distance between the source and the mouth of the mannequin, allowing 

for additional mixing with room air in the backflow region and additional time to shed 

the contaminant. For the cylinder, the sampling point is located on the downstream 

surface of the cylinder at the same height as the contaminant release point. An earlier 

study shows that the reverse flow region is narrower at the neck of the mannequin 

than at chest level and varies with the width of the mannequin.(7) This change in 

reverse flow region may also account for the lower concentration observed at the 

mouth than at chest level. 
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In Configuration B, the ratio of SF6 concentration at the breathing zone of the 

mannequin to the sampling point of the cylinder for 100, 150 and 250 fpm freefield 

airflow is 1.74, 0.32, and 1.19, respectively. The trend is inconsistent with findings for 

Configuration A., but since the calculated average concentrations are near the limit of 

detection for the experiment (0.1 ppm), it is questionable if these values are 

comparable. Nonetheless, the breathing zone concentrations were found to average 

< 1 ppm for all data sets in Configuration B. 

Observed breathing zone concentrations for Configuration A were compared 

to those values predicted by Equations 4 (Cst), 7 (Csd and 9 (Cbz) and are shown in 

Table 3. Figure 6 shows the relationship between these equations and observed 

values. Recall that equations 4 and 7 are approximations for concentrations of 

spatially and temporally averaged values for the entire reverse flow region and 

Equation 9 an approximation for the average breathing zone concentration. All three 

equations refer to a single cylinder in a free flow field and do not take into account the 

additional object (i.e. a box). The observed values for Configuration A are higher, on 

average, than any of the equations. Observed values for the cylinder were higher than 

those for the mannequin. Observed values were closest to values predicted by 

Equation 7. 

Comparison of observed values to those predicted by Equation 9 revealed 

ratios of 2.5, 2.4. and 1.4 to 1 for observed to predicted breathing zone concentration. 

This may be interpreted as roughly a 2: 1 greater breathing zone concentration for 

Configuration A as opposed to a mannequin in free stream with no additional object. 

These observations appear to contradict work by Kim(9) who showed that breathing 

zone concentrations actually dropped by a factor of 2-3 when a plate was placed 

downstream of the worker. However, the "negligible" momentum of the contaminant 

source in his experiment (0.015 cfm) was at least 18.5 times greater than in this study 

(O.OOOSlcfm), since the volume was 18.5 times greater and directed downstream. The 

momentum of the source may playa role in Kim's experiment to lower breathing zone 

concentration. Another possibility is that the flow streams around flat plates differ 

from those around a solid box and could provide different opportunities for the 

contaminant to avoid being drawn into the reverse flow region. 
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Statistical Analysis 

The data are presented in Table 4 in the format suitable for statistical analysis 

by ANOVA. Tables 5 and 6 separate the data for the cylinder and mannequin and 

show the results of an initial ANOV A used to evaluate the individual significance of 

each factor. Blocking (date of data collection) is not found to be significant at the 

p = 0.05 level for either the cylinder (p = 0.730) or the mannequin (p = 0.645). A 

two-way Model I ANOVA is then presented using sulfur hexafluoride concentration as 

the dependent variable, with flowrate and position as independent variables. 

Table 7 shows the results of the two-way ANOVA for the cylinder data. Flow 

rate is not found to be a significant factor for SF6 concentration (p = 0.067), though it 

suggests a relationship at a slightly higher level of significance. Position is found to be 

significant (p < 0.0005). Interaction between flowrate and position (p = 0.069) is not 

found to be significant, though interaction is suggested at a higher level of significance. 

Table 8 gives the results of the two-way analysis of variance for the mannequin 

data. Flow rate is a significant factor in breathing zone concentration (p = 0.002). 

Position is also found to be significant (p < 0.0005). The interaction between flowrate 

and position is significant at the p = 0.002 level. 

Interaction between airflow and position for the mannequin and suggested 

interaction with the cylinder appears to occur in Configuration A, where higher airflow 

results in reduced breathing zone concentration. This affect was inconsistent in 

Configuration B. 

Flow Visualization 

The results of the flow visualization are shown in the photographs (Figures 

7 -11) and clearly show the airflow patterns around the mannequin and cylinder in each 

configuration. Figure 7 uses a vertical smoke-wire 6 inches downstream of the 

mannequin to produce smoke from the plane of the contaminant release point. The 

smoke from eye level on down is drawn back toward the mannequin. From eye to 

chin level, the backwash effect is less pronounced, but below chin level, almost all of 

the smoke is drawn back to the mannequin's body. The distinct separation of the 

airflow into an upper region rotating clockwise and a lower region rotation counter­

clockwise was not evident as in an earlier study.(7) The area from the top of the head 

to the nose may be affected by the downwash effect over the top of the mannequin's 

head. 

Figure 8 shows Configuration A for the mannequin with an air flow of 150 

fpm. The reverse flow region is again evident, but appears wider than shown in 
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photos of the earlier study.(7) The reverse flow region is again not as well defined as 

when the object (e.g. box) is not present. At higher airflows the degree of reverse 

flow seemed to be less, and the eddy patterns were less visible. The width of the 

reverse flow region is greater than the width of the mannequin, but not as wide as the 

box. 

Figure 9 shows the cylinder at a flow of 150 fpm in Configuration A. The 

reverse flow pattern is regular and its width is wider than the cylinder, but not as wide 

as the box. The flow pattern for Figure 7, in comparison, is not as regular, showing 

the 3-dimensional effects of the variation in mannequin width from chest to mouth. 

The downwash effect may also interfere with structured eddy formation with the 

mannequin. 

Figure 10 shows the mannequin in Configuration B at a flow of 150 fpm. The 

air flow lines are distinct and can be seen to flow around the mannequin and box. Not 

visible in the photograph are the backflow eddies downstream of the mannequin and 

box, though it is evident that the reverse flow does not travel back to the sampling 

point or breathing zone. Also, the streamlines past the contaminant source do not 

seem to be disturbed, and flow from the hand region to the breathing zone is not 

evident. 

Figure 11 shows the cylinder in Configuration B with an airflow of 150 fpm. 

The streamlines are clearly defined and little disturbance is present before the 

downstream side of the cylinder. 

The roughly two to three orders of magnitude difference in concentration of 

SF 6 between the two configurations is attributed to reverse flow region formation. As 

illustrated in Figures 7 and 8 , the reverse flow region for Configuration A includes the 

contamination release point. This draws the contaminant back toward the mannequin 

and cylinder. For Configuration B, the reverse flow region still forms, but it is 

downstream of the worker and work and does not encompass the contaminant release 

point. Figures 9 and 10 show the smooth streamlines around the mannequin, cylinder 

and box. The streamlines are straighter at higher airflow rates, with the lower airflow 

rates allowing some wavering of the airstream. 
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CONCLUSIONS 

Flow visualization techniques and experimental results show worker position 

relative to air flow plays a significant role in breathing zone concentrations from a 

hand-held contaminant within a simulated spray booth operation. 

Experimental data show a two to three orders of magnitude difference in 

concentration between the two positions. This difference is attributed to the formation 

processes of reverse flow regions immediately downstream of the worker and source. 

When an object is present, representing a workpiece, it may interfere in the 

contamination removal methods such as vortex formation and shedding. Distinct 

reverse flow eddies visible when just the worker and source are present in the 

freestream do not form as readily when an object is placed downstream. The 

disturbance caused by an object is less pronounced when the airflow is from the side. 

It must be remembered that this experiment represents idealized conditions for 

the configurations studied. In a real paint booth operation many of the factors held 

constant in the experiment would vary. Worker motion and source momentum are 

probably the largest contributors to the limitations of this work. As a worker moves, 

new reverse flow regions are constantly forming and shedding. This may create eddies 

which draw contaminant into the worker's breathing zone even while standing 

perpendicular to airflow. 

Another factor found to greatly influence the reentrainment of contaminant into 

the breathing zone is momentum of the source. In the case of a spray painting 

operation, the paint and solvent are delivered under pressure. The momentum of the 

droplets may not follow airflow streams, the impaction of the paint droplets may cause 

reflection or splattering of the paint, and the air delivered to carry the paint forms new 

air steams which may overpower the free field. 

This study may be more applicable to operations in which little no momentum 

is imparted onto the source; such as a welding operation or brush painting, where the 

solvent in the paint evaporates from the surface of the workpiece. 

In addition, workpieces are usually not flat, regular shapes. Different objects 

will create different streamline flows, which may influence breathing zone 

concentration. 

Further study is recommended to examine the effects of object size/shape and 

source momentum on the breathing zone concentrations. 
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Figure 3. Comparison or Mannequin and Cylinder, Configuration A 
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Figure 4. Comparison of Mannequin and Cylinder, Configuration B 
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Figure 6. Comparison of Observed Results vs. Calculated 
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Table 1. SF6 Concentration (ppm), 2 Blocks 

Freestream Airflow ([pm) 
100 150 250 100 150 250 
93.0 50.0 19.0 107.0 96.0 71.0 

Confif?uration A 70.0 57.6 17.5 89.0 95.5 30.6 
Configuration B 0.779 0.052 0.189 0.320 0.193 0.082 

0.100 0.055 0.097 0.190 0.148 0.126 
Mannequin Cylinder 

Table 2. Combined Mean SF6 Concentration (ppm) 

Freestream Aiiflow ([pm) 
100 I 150 250 100 150 250 

Configuration A 83.2 53.7 18.2 98.0 95.7 48.0 
Configuration B 0.444 0.054 0.132 0.255 0.165 0.110 

Mannequin Cylinder 



Table 3. Observed and Calculated Breathing Zone Concentrations (ppm SF6), for 
Configuration A 

Observed (ppm) Equation 9 Equation 7 Equation 4 
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Velocity Mann. Cyl. Cbz=(8.62 Qs)IUHD Cst= (50 Qs)IPI*UHD Cst = (19 Qs)IPI*UHD 
([pm) Kim, revised Kim, original George,el al 

100 83.2 98.0 33.4 61.6 23.4 
150 53.7 95.7 22.2 41.1 15.6 
250 18.2 48.0 13.3 24.6 9.4 



Table 4. Raw Data as Arranged for ANOV A 

Conc.: mean concentration of sulfur hexafluoride 
Flow Rate: 1 = 100 fpm; 2 = 150 fpm; 3 = 250 fpm 
Position: 1 = Configuration A; 2 = Configuration B 
Block: 1 & 2 collected on different days 
Dimension: 1 = Cylinder; 2 = Mannequin 

Cone. (ppm) Flow Rate Position Block Dimension 
107 1 1 1 1 
89 1 1 2 1 
96 2 1 2 1 

95.5 2 1 1 1 
71 3 1 2 1 

30.6 3 I 1 1 
0.32 1 2 1 1 
0.19 1 2 2 1 

0.193 2 2 2 1 
0.148 2 2 1 1 
0.082 3 2 2 1 
0.126 3 2 1 1 

93 1 1 1 2 
70 1 1 2 2 
50 2 1 2 2 

57.6 2 1 1 2 
19 3 1 2 ,., -

17.5 3 1 1 2 
0.779 1 2 1 ,., 

"-

0.1 1 2 2 2 
0.052 2 2 2 2 
0.055 2 2 1 2 
0.189 3 2 2 2 
0.097 3 2 1 2 

24 
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Table 5. Analysis of Cylinder Data for SF6 Concentration 

Source Sum-of-squares DF Mean-square F-ratio P 

FLOWRATE 1424.684 2 712.400 2.126 0.190 
POSmON 19848.668 1 19848.668 59.226 0.000 
BLOCK 43.210 1 43.210 0.018 0.895 
Error 2345.950 7 335.140 

Table 6. Analysis of Mannequin Data for SF6 Concentration 

Source Sum-oj-squares DF Mean-square F-ratio P 

FLOWRATE 2028.143 2 1014.071 3.206 0.103 
POSmON 7794.225 1 7794.225 24.638 0.002 
BLOCK 73.456 1 73.456 0.232 0.645 
Error 2214.408 7 316.344 

Table 7. Two-way Analysis of Variance, Cylinder 
Dep var: CONC N: 12 Multiple R: .979 Squared multiple R: .959 

Source Sum-of:sCJ.uares DF M ean-sCJ.uare F-ratio P 

FLOWRATE 1424.684 2 712.342 4.369 0.067 
POSmON 19848.668 1 19948.668 121.744 0.000 
FLOWRATE* 
POSmON 1410.942 2 705.471 4.327 0.069 
Error 978.215 6 163.036 

Table 8. Two-way Analysis of Variance, Mannequin 

Dep var: CONC N: 12 Multiple R: .988 Squared multiple R: .976 
Source Sum-of-sCJ.uares DF Mean-sCJ.uare F-ratio P 

FLOWRATE 2028.143 2 1014.071 20.643 0.002 
POSmON 7794.225 1 7794.225 158.667 0.000 
FLOWRATE* 
POSmON 1993.124 2 996.562 20.287 0.002 
Error 294.74 6 49.123 
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Figure 7. Configuration A, Mannequin, Side View 
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--------- -----~- -------------

Figure 8. Configuration A, Mannequin, Top View 
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Figure 9. Configuration A, Cylinder, Top View 
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Figure 10. Configuration B, Mannequin, Top View 
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Figure 11. Configuration B, Cylinder, Top View 
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Figure 13. Calibration Curve for 6/2/93, 6/4/93, ilL" Sinter 
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