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ABSTRACT

The effect of wind speed upon aerosol penetration into an :dealized enclosure was studied The
1dealized enclosure was a painted plywood box that was 1 2X1 2 X1 meters 1n volume Two
fans supplied 1 7 m® /mun of filtered air to this enclosure at a static pressure of 2 8 mm of water
The enclosure had a 7 5 em diameter vent port which was 1solated from the air flow around the
enclosure To simulate holes 1n real enclosures, three 1 6-cm diameter holes were dnilled on the
froni and back sides of the enclosure This stmulated enclosure was placed 1n a tunnel-like
structure The ar flow from an ultra-light air craft was directed at the front of the enclosure The
air speeds were varied between 14 and 36 km/hr as measured by rotating vane anemaometer

Static pressure 1n the enclosure was measured with an electromc manometer Two ophical
particle counters measured the particle number concentration of particles between the 0 35 to

05 pm inside and outside of the enclosure  Aerosol penetration into the enclesure was computed
as the ratio of the aerosol concentration inside the enclosure to the concentration outside of the
enclosure The enclosure static pressures measured mcrease from 2 8 to 3 4 mm of water
(P=00001} Aerosol penetration 1nto the enclosure increased hinearly with air velocity above

20 kim/hr  Thearetically estimated penetrations were correlated with observed penetration nto
the simulaied enclosure  When simple linear regression was used to model the observed
penetration as a function of the eshmated penetration, the value of the slope was 0 69+£0 12 and
the P value for the regression model was less than 0 0001 These results indicate that enclosure
statsc pressure needs to be higher than the wind’s velocity pressure 1n order to munimize aerosol
penetration 1nto these enclosures
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INTRODUCTION

The National Inststute for Occupational Safety and Health (NIOSH), a federal agency located 1n
the Centers for Disease Control and Prevention under the Department of Health and Human
Services, was established by the Occupational Safety and Health Act of 1970 This legislation
mandated NIOSH to conduct research and education programs separate from the standard setung
and enforcement functions conducted by the Occupational Safety and Health Admumstration
{(OSHA) 1n the Department of Labor An important area of NIOSH research deals wath methods
for controlling occupational exposure to potential biological, chemical, and physical hazards

The Engineering Control Technology Branch (ECTB) of the Division of Physical Sciences and
Engmgenng (DPSE) has been given the lead within NIOSH to study the engineenng aspects
relevant to the control of hazards n the workplace Since 1976, ECTB has assessed control
technelogy found within selected mdustries or used for common industrial processes ECTB has
also designed new control systems where current industry control technology was msuflicient
The obective of these studies has been to document and evaluate effective control techmgues

(e g, 1solation or the use of local ventilation) that munmize nsk of potential health hazards and
to create an awareness of the usefulness and availability of effective hazard control measures

One area identified for ECTB control studies 1s air contaminant penetration into environmental
enclosures Prior research conducted by ECTB has focused upon envirenmental enclosures has
been used to protect workers from pesticide spray must NIOSH researchers conducted a field
evaluation of tractor enclosures used for pesticide application by using optical particle counters

to measure exposure reduction as a function of particle size ™ To conduct the tests, the tractors
cquipped wath environmental enclosures were simply dnven over unpaved surfaces and the
ambuent acrosol and dust generated by the tractor were used to challenge the enclosure In
addition, such enclosures can be used to protect heavy equipment operators from crystalline sihca
exposures dunng surface mining and other earth moving operations ’

As a result of the apphications to surface mimng, researchers from the NIOSH Pittsburgh
Research Laboratory (PRL) collaborated 1n thas study The PRL 1s responsible for conducting
research on means of controlling safety and health hazards m the mumng environment During
surface mumng operations, many workers are positioned m cabs for earth moving equipment,
rock dnlling equipment, and rock trucks Excessive crystalline silica exposures are reported
among surface rmimng workers * (Ed could you help out with a reference ) Appropriate cabin
filration and pressunzation appears to have the potential for controlling worker exposure to
respirable crystalline silica

These enclosures are generally constructed from impervious matenals so that workers are
protected from dermal and respiratory exposures A fan 1s used to suck awr through filters which
efficiently remove air contaminants and to pressunze the enclosure Downstream of the fan, the
air flows past an air-condifroning evaporator coil which can be used to temper the air  In these
enclosures, a second fan can be used to recirculate air through a second set of filters and the air



conditioner evaporator coill  The air flows out of the enclosure through leaks or a vent port which
15 tntended to allow air to leave the enclosure at a location which 15 shuelded from the effects of
the wind These enclosures will have leakage There 15 a need for electrical and mecharucat
connections between these enclosures and the rest of the equipment These vent ports are
generally somewhat 1solated from the direct mmpact of the ambient wind

Based upon the ECTB evaluation of teactor-mounted enclosures, the American Society of
Agricultural Engineers (ASAE) has developed ASAE 8525, which 1 a consensus standard This
consensus standard specifies requirements for environmental enclosures that are used for
controlling applicator exposure to pesticide spray mist *¢ Cabs, which are certified under this
standard, may be used nstead of respirators 1o meet the requirements of Worker Protection
Standard 7 Three important specifications 1n this consensus describe the performance of these
enclosures for particulate air contarminant

1 The static pressure in the enclosure must be at least 6 mm of water,

2 The penetration (ratio of concentration inside the enclosure to ouiside the enclosure)

shall be less than 0 02 for particles larger than 3 pm, and,
3 The filtration efficiency shall be at [east 99 percent for particles larger than 3 um

Aerosol penetration 1into the enclosure 15 evaluated by using optical particle counters to measure
the concentration of particles in the 2-4 pm range inside and outside of the equipment The
testing 15 conducted by dnving the vehicle mounted enclosure over an unpaved surface at

3-5 km/hr  This equipment can be tested and evaluated under relatively calm air conditions
without regard to wind speed In order to prevent the dnft of pesticides, spray pesticide
application 13 conducted when wind speeds are less than 16 km/hr ! In order to prevent wind
from 1ncreasing air infiltration into an enclosure, the ASAE standard specifies that an enclosure
must have a static pressure of 6 mm of water Based upon a strasghtforward application of
Bernoull:’s equation, air flow 1nto the enclosure will occur when the velocity pressure of the
wind exceeds the static pressure of the enclosure The relationship between air velocity (V,,.)
i1 km/hr and velocity pressure(VP} in mm of water 1s

VKM/HR = 145JVP (1)

At a wind speed of 35 knv/hr, the velocity pressure 1s 6 mm of water Because of regulatory
restrictions, spraying can not be done when wind speeds exceed 16 kmv/hr  Duning spraying,
applicator speeds wll be under 5 kmv/hr  This suggests that 2 static pressure of 3 mm of water
should be sufficient to prevent air infiltration 1nto the enclosure from the ambient wind
Consequently, researchers from the NIOSH Engineering Control Technology Branch and the
Clean Air Filter Company collaborated to evaluate the effect wind veloeity upon aerosol
penetration into a simulated enclosure  The simulated enclosure, shown in Figures 2 and 3, was
sumply a box wiath circular holes used to ssmulate leakage



THEORETICAL CONSIDERATIONS

Aur flow through holes 1n an enclosure can be modeled as ar flow through an onfice A
mechamcal energy balance, sometimes called Bernoullt’s equation, can be used to state the
relationship between air flowing through the onfice, the air velocity i the onfice’

2 2 : @
0.5pv { + P - (0.5pv2+ p,) = 0.5hpv,
Where
v = air veloeity subscripts | - outside the enclosure, 2-1nside the enclosure, o-1n the orifice
throat (m/sec),
p = static pressure subscnipts 1-outside the enclosure, 2 - 1nside the enclosure
(kg/m/sec?),

h = energy loss factor for the onfice (dimensionless), and,
p = density of air (kpg/m°)

The terms involving “Q 5 pv*" are the velocity pressures outside and inside the enclosure The
pressure terms (p, and p,) are the static pressures outside and inside the enclosure The velocity
pressure mside the enclosure 15 assumed to be neghgbly small (essentially 0) and the static

pressure outside of the enclosure 1s taken to be zero The term *0.5hp vi ™ accounts for the

energy loss attnbuted to flow through the onfice The value of h was taken to be 2 68 1n order to
be consistent with the published coefficient of discharge for a sharp edged onfice ' This larger
than the value of 1 98 published elsewhere ' The higher value of h was used because holes
dnlled in the enclosure probably involve more fnction than an 1deal onfice Solving for the air
velocity in the onfice (v, ), an equation resembling the equation for the flow of an iIncompressible
fluid through a sharp edged onfice 15 obtained'?

(3)

v, = 0612(05p% - p,)/ p

In the preceding formula, “ 0.5pv] ” 1s Iterally the wand’s velocrty pressure and p, 1s the static

pressure in the enclosure The infiltration air flow 1s the product of v, and the area through
whuch the fluid flows For air to enter the enclosure, the winds velocity pressure must be greater
than the enclosure’s static pressure ' When the static pressure 15 greater than the velocity
pressure, atr can not flow into the enclosure regardless of the open area through which the fimd
flows



EXPERIMENTAL PROCEDURES

In order to evaluate whether this critena is appropnate, the effect of wind upon aerosol
penétranon nto a stmulated enclosure was studied experimentally The wind was supplied by
using an ultralight air craft  The wind speed was vaned by changing the engine rpm and the
distance from the front of the simulated In order to control the wind direchion, the air flow from
the ultra hight arr craft was directed through a tunnel which was open on both sides The
dimensions of the tunnel are shown in Figure 2 The simulated enclosure was set mnside of this
funne|

The simulated cab 1s shown 1n Figures 2 and 3 This box had three | 6 cm drameter holes on the
front and rear walls of the box The box was positioned so that one side faced the wind  As
shown in Figures 2 and 3, the box was 1 2 x 1 2 x 1 meters 1n volume Two fans (model 3540,
Jabsco, Costa Mesa, CA) was used to pressunze the nside of this box  The air flowed through a
filter, through the fan, a second filter just downstream of the fan, a three inch diameter piper and
mto the box The filters (GL?10, Clean Air Falter) had a face area of 40cm x 22 cm and
contained media that was 99 percent efficient against 0 3 pm particles The air could flow out of
the box through the 1 6 cm diameter holes or through another 7 5 ¢m {3 inch) diameter pipe
which discharged the air at a location which was shielded from the wind outside of the tunnel
The air flow mnto the enclosure was 1 7 m’/min  Thas flow rate was measured using a s1x pont
pitot tube traverse Under calm conditions, the static pressure in the enclosure was 2 8 mm of
water static pressure Velooity pressures and static pressures were measured with an electronic
manometer (model MP20SE, Nevtromcs, Herts, UK) A velometer (Velocicale, TSI Inc ) was
used to monitor the center hne velocity 1n the pipe through which supplied air to the enclosure
This measurement indicated that the flow rates had a coefficient of vanation of 3 percent

The aerosol penetration into the simulated enclosures was obtained by measuring the ambient
aerosol concentrations inside and out of the enclosure  Two optieal particle counters (Gnmm
PDM, model 1106, Ainring Germany) were used to measure aerosol concentration nside and
outside the simulated cab One was placed 1n the simulated cab and one was placed outside of
the simulated cab between the walls of the simulated cab and the walls of the enclosures These
mstruments were used with their omnt directional sampling nlets The Griumm PDM counts
individual particles and sizes each particle, based upon the amount of hight scatted, into one of
eight channels In this work, particles 1n the smallest channel, 0 3510 0 5 pm  Aerosol
penetration mto the cab was the ratio of the concentration mside the enclesure to the
concentration outside of the enclosure

AR FLOW MEASUREMENTS

A portable weather station (Wind Momtor model ER 100, Young, Traverse City, MI) was used
to measure air speed and direction  The sensing elements were located about 0 5 meters above

the box During the expeniments, wind direction kept withun 5° a line tnsecting the long axis of
the tunnel A rotating vane anemorneter (Model HTA4200, Pacer Industries, Chippewa Falls,
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WI) was used to measure wind speed near the holes 1n the enclosure  This location 18 shown in
Figure 2 These speeds were manually recorded every 15 seconds

Data collection involved four sets of experimental runs  The location of the OPCs was swiiched
durng each set of expenmental runs Durning each set of experimental runs, aerosol penetration
was measured at four nominal wind speeds (¢, 36,5 8 and 11 m/sec (0, 8, 13, 25 mph) The
position and the engine speed of the ultralight air craft were adjusted to roughly obtain the
desired nonminal wind speed  Before data collection began, five minutes were allowed for
particle concentrations to reach steady state

RESULTS AND STATISTICAL ANALYSIS

For each expernimental run, the raw data 15 tabulated in Appendix 1 The data are presented
graphically in Figures 4 and 5 This study was designed as a controlled expenment with
replications at dufferent air velociies However, air velocities were not very controllable because
data collection was taken outdoors As a result, regression analysis, using the SAS General
Lmear Models Procedure,” was performed The expenmental data was fit to a hnear model

y=mx+b+¢ r (4)

where
y = dependent variable
x = independent vanable
m = slope
b = intercept
& = the residual, the difference between the observed and modeled value of y

These regression analysis terms and their values are histed in Table I Table [ also lists the

following statistics
R? - the fraction of the variabality 1n the dependent vanable explaned by the regression
medel

$. - the standard error of estimate  This 15 the square root of the vanance about the
regression line

Prob>F - the probability of obtaining the observed regression line by chance

Prob<W - low probabilities indicate that the residuals from the regression analysis did not
come for a normal distribution Thas 15 the probability for the Shapiro-Wilke statistic
obtained from the SAS Umivariate Procedure ™



In Figure 4, static pressure 1s plotted as a function of arr velocsties measured with the rotanng
vane anemometer As noted in Table 1, air velocity signuficantly increased the static pressure i
the enclosure

In Figure 3, observed penetration 1s plotted as a function of air velocity as measured by the
rotating vane anemometer The average velocibies have coefficients of vanation of

10-20 percent The mean and standard deviation for the aerosol penetration inte the enclosure
under calm air conditions was (t 00iand 0 007, respectively  Under calm conditions, a¢rosol
penetration mto the enclosure 1s probabiy due to leakage and aerosol generation in the air
handhing system These combmed sources of experimental error are termed background
penetration  An upper 99 percent confidence hmit on this background penetrations 1s the sum of
the mean and three standard deviations Thus an upper limit on thus background penetration 1s
0003 For air velocity larger than 20 km/hr, the measured penetration exceeded 0 003 and it was
modeled as a linear function of air speed Regression analysis showed that air velocity had a
sigmificant affect upon penetration into the enclosure In Figure 5, penetration appears to
increase linearly with air velocity above 20-21 km/hr  Based upon an enclosure static pressure of
2 8 mm of water, one would have expected air velocities above 24 km/hr to cause increased
penetration into the cab Because air velocities were vanable, some individual velocity
measurement exceeded the expected threshold velocity and penetrat:on may have occurred
during a fraction of the sampling penod

To address the variabulity in the velocity measurements and the fact mnstantaneous velotity
measurements were not consisiently above the threshold for air flow through the holes, the
volume of air flowing 1nto the enclosure due to wand pressure was estimated from the product of
the velocities esimated using equation 2 and the area of the three holes  Two estimates of air
flow into the enclosure were obtatned by using the static pressure obtained under calm air
condions and by using the static pressure recorded dunng the expertmental run  The expected
penetration 1s the ratio of the estimated air flow through the three holes and the air flow supplied
by the fan

Figure 6 shows the relationship between the observed penetration and the penetration estimated
based upon the static pressure measured under calm aiwr conditions  Thus stahc pressure was

2 8 min of water The penetration estimated from a static pressure of 2 8 mm of water
consistently overestimates the observed penetration In Figure 6, the slope of the regression line
shown 15 0 5340 15 and the intercept was 0 00240 005 (95 percent confidence interval) With
one exception, the observed penetraticns were all less than the expected penetration In thus case,
the difference between the observed penetration and expected penctrations was less than the
standard error of eshmate (a standard deviation for the regression equation} and this probably
reflecis random expenmental vanability The residuals from this regression analysts did not
appear to be normally distnbuied (Prob < W=0001)} This could mdicate some lack of fit of the
regression model to the expennmental data



Figure 7 shows the relationship betweon the observed penetration and the penetration estimated
based upon the actual static pressure in the enclosure during data collection In Figure 7, the
slope of the regression line 15 0 69+0 12 indicating that the observed penetration s being
stgmficantly over estmated Of all the regression models for the observed penetration, this
model had the highest R and the smallest s, The residuals from the regression analysis appeared
10 be normally distnbuted (Prob< W =01) Asexpected from equation 3, air flow though the
enclosure vanies with both air velocity and enclosure static pressure

DISCUSSION

The data presented 1n Figure 6 and 7 indicates that there was aerosol penetration into the
enclosures at average air velocities which are smaller than expected threshold for aerasol
penetration mto this enclosure  However, values of penetration estimated from equation 3
appeared to consistently overestimate the observed penetration into the enclosure  However,
these estimated penetrations were predictive of the observed penetrations (P<0 0001) The
difference between the observed and expected penetration could be due to an maccurately known
value of the term “h” which was mentioned n equation 2 The holes 1n the enclosure were
modeled as a sharp edged onfice flow metes Onfice flow meters assume a very smooth hole
that are much smoother than the holes produced by drilling through plywood Also, the
discharge coefficients (which are proportional to I ) are experimentally reported to decrease as
the onifice Reynolds number decreases below 2000 ° In this study, as penetration decreases from
7 percent to 1 percent, the onfice Reynolds number decreases from 3500 to 350 This indicates
that the concept that air infiltration 15 prevented as long as the static pressure 13 ngher than the
wind’s velocity pressure is correct  However, 1t 15 probably :mpractical to estimate the amount of
aerasol penetration because the surface area and the value of “h” are probably not predictable m
actual practice

Thus, the results in this study indicate that threshold leakage into a enclosure pressunzed at

2 8 mm of water 15 20-21 km/br  Thus indicates that as along as the combined speed of the wind
and the vehicle remains below 21 kmv/hr, wind pressure will not cause arr infiltration into an
enclosure In comparison, an enclosure static pressure of 6 mm of water seems somewhat
excessive However, there needs to be a margin of safety between the threshold for air
infiltratzon and the static pressure at which the enclosure operates

When considering the use of an environmental enclosure, wind speed 1s an important
consideration In this study, 1t affected the aerosol penetration mto the enclosure and the static
pressure 1n the enclosure 'What may provide acceptable protection under relatively calm
conditions, may not be acceptable when the wind increases  For example, it 15 likely that
enclosure static pressures, which are surtable for agricultural pesthicide application, mmight be too
low for surface mirung operations under windy conditions One can provide protection under
high wind conditions by using a static pressure which 1s ligher than the wind’s velocity pressure
based upon the sum of the vehicle speed and the wind speed  Once the wind’s velocity pressure
exceeds the enclosures static pressure, leakage will occur  Such information needs to be



ncluded i equipment manuals so that users and operators understand the equipment’s
capabilities and hmitations

When evaluating the adequacy of an enclosure’s maintenance and/or integnty, enclosure static
pressure 1S a consideration  Because wind speed can affect enclosure static pressure, this static
pressure needs to be measured under calm conditions  Changes 1n enclosure static pressure can
not be clearly interpreted in the presence of wind An increased static pressure conld mean that
the enclosure has been approprately sealed or 1t could also indicate that there 1 so much leakage
that the wind 1s pressurzzing the enclosure Dunng this study, wind did cause a 10-20 percent
increase 1n the static pressure of the enclosure

A more refined study could be done to evaluate the effect of enclosure static pressure and wind
speed and orientatton upon air contaminant penetration into an environmental enclosure  This
study was performed under relatively uncontrolled circumstances and a reasonably good
agreement between expected and observed penetration was obtained The expected and observed
threshold velocity for penetration 1nto the enclosure were respectively 24 and 20-21 km/hr A
difference of 15-20 percent could simply be the result of error propagation Perhaps, more
precise data could be collected under carefully controlled expernimental condiions However, the
macroscopic mechamcal energy balance (Bemouli's equation) 15 a well-established engineering
principle, and 1t 15 the basic design equation for incompressible liquid and air handling systems
The expenmental findings do not indicate any surpnsing departures from what was expected
Thus, further experimental expenment work would essentially result in the reaffirmation of well-
established engineering principles

CONCLUSION

Wind speed 15 an important consideration when evaluating the applicability of environmental
enclosures The available data shows that there 1s a threshold affect  When the wind’s velocity
pressure exceeds the enclosures static pressure, acrosol penetration inte the enclosure increases
with wind velocity
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Table |
Regression Analysis Statistics

Figure Number for
Data Plot 4 > 6 7
Obsenved
Dependent Vanable Ergggjrir?n? tabe Penetration (for Observed Observed
m of
(¥) water) Velocites Penetration Penetration
=20 kmthr
Estmated from Estimated from
Independg;t Vanable Velocity({ km/hr) Aver?E; ’:zloclty Static Pressure Static Pressure
for Calm Arr Dunng Run
Standard Emor of
Estimate 013 0 008 0 0092 0 Q068
R? 057 (s i 475 0 865
Prob > F 0 C0002 0 oo 0 cam 00001
Slope (m) 00120 005 0 0036£0 0014 0554015 0 69+0 12
Intercept (b 2 840 1 0070 03 000170005 O Q030 004
Degrees of Freedom 21 13 21 21
Prob < W 011 024 0 0c1 01
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Figure 1 Veclocity pressure plotted as a function of wind speed
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