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(about a 20-m diam circle around the sprinkler riser) with only 0.10% of the
applied wastewater aercvsolized. Indigenous total aerobic bacteria in the
wastewater and resultant aerosols were sampled and analyzed.- Aerosol particle
size-discriminating samplers and high-volume electrostatic cipitator
samplers were positioned at upwind and at near (21-50 m) aAd far (200 m)
downwind sampling staticns. Fluorescent dye studies were also performed to
characterize the aerosol cloud without the effects g£ biological decay. During
all of the aerosol tests continuous on-site metegrflogical measurements were
made and wastewater chemical parameters monitopéd. The microbiological
aerosol sampling immediately downwind of the-Bpray field showed significant
aercsol levels above background. Bacter aerosol concentrations 200 m
downwind were about 92% less than those, 4t ihe 21-30 m sampling point. The
bacterial aerosol levels were approxisfately the same as the background
concentration when the mean height the spray arcs was exceeded (about 3.05
m)y. The median size of aerosol patrticles containing viable bacteria 30 m
downwind was 2.6 um. Seventy-five percent of these particles fell within

the range of pulmonary depoiézion, less than 5 ym. The median size of
bacterial aerosol particles Aipwind was significantly larger, being 4.3 um.

It is probable that these garticles contributed somewhat to the larger median
particle size of 3.0 um gbserved at 200 m. Dye aerosols retained 2 to 3-fold
greater levels in relat®on to scurce strength than bacterial aerosols, thus
indicating some biologi decay (die-off) in bacterial aerosols through the
aerosolization process. The prevalence of certain bacterial populations was
altered through aerosolization but the aerosol populations included relatively
greater numbers of gram~positive bacteria.
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PREFACE

This report was prepared by Dr. Howard Bausum, U.S. Army Medical
Biocengineering Research and Development Laboratory (USAMBRDL), Roy
Bates, Dr. Harlan McKir, Patricia Schumscher and Bruce Brockett, all of
the Research D*vision, U.S. Army Cold Regions Research and Engineering
Laboratory and by Dr. Stephen Schaub, USAMBRDL. The CHREL portion of
the study was conducted as pari of the Land Treatment of Wastewater
Research Program under the direction ¢f Dr. Harlan L. McKim, Program
Manager. The overall prcject was a jointly funded effort establ.shed
between CRREL and USAMBRDL. Other agencies participating in the study
were the Envirommental Effects Laboratory at the Waterways Experiment
Station, the Huntington District Corps of Engineers. the University of
Minnesota, the Ohio Park Service, the Chio State Uaiversity, and the
University of Texas at San Antonio. This study was funded under Civil
Works Project CWIS 31280, Evaluation of Existing Facilities for Waste-
water Land Treatment, Robert fmerson of the Atmospheric Sciences
Laboratory (ASL) Maynard, Mass., Meteorological Team, helped to install
the meteorological instruments following guidelines specified in the
agreement. Specialist Robert Romano alsc of ASL remained on site to
assume operation of meteorological instrumentation and to make specific
measurements during testing.

The manuscript of this report was technically teviewed by J. Bouzoun
and G. Abele of CRREL and by R- Miller and J. Glemnon of USAMBRL.

Waterways Experiment Station provided the mobile chemistry laboratory
and vaiuable assistance of Richard A. Shafer and Susic Mathews, who were
on site throughout the project. Joseph Gates, of the Universify of
Minnesota, provided invalusble laburatory support throughout tne project,
and Kathy Green assisted in running the biological analyses.

Basil Green, Resident Engineer for the Deer Creek Lake Projact, and
his staff. and David Lambert of the Huntington District Corps of Engineers
provided ﬁajor logistic and field support. E.Y. Larson, U.S. Army
Medical Research Institute of Infecticus Dissases, and Dr. C.A. Spendlove,
Dugway Proving Ground, made avallable ¢he high-volume air simplers.

Jerry Highfill, USAMBRDL, helped with statisticel aspects of rhe work
and John Glennon and Mitchell Small, USAMBRDL, provided helpful d%scussions,
particularly in the planning stage. Leonard Stanley of CRREL assisced ir

modifying the plume dispersion equationg.

The contents of this report are not to be ased for advertising or
promotional purvoses. Citaticn of brand names does not constituuedan
official endorsement or approval of the use of such commercial producuis.
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BACTERIAL AEROSOLS FROM A FIELD SOURCE
DURING MULTIPLE-SFRIMKLIR IRRIGATION:
DEER CREEK 1.aXE STATE PARK, OHIO

H. Bausum, R. Bates, H. WcKim, P. Schumacher,
B. Brockett and 8. Schaub

INTRODUCTION

This study was conducted te obtain quentitctive data on the strength,
dispersion, particle size and decay of bacterial aerosols resulting
dowvnwind from a spray irrigation land treatment zystem. Al the time of
this study the bvffer zone was 800 m for this system. This value seemed
very conservative and thus the study was initfated to determine the
distribution of aerosols downwind from the lznd treatment system and
whether spray irrigation methods are any more h:asardons to human health
than conventional methods due fo this distyibutfivn.

Land treatment of wastewater by spray irrigation is an important
alternative to advanced wastewater treatment. Frcn a putlic health
standpoint, this practice raises the question of the potential dispersal
of pathogenic bacteria, viruses and other organisms, =specially through
downwind travel of infectious aerosols. Some aspects of this problem
have been addressed in several studies (Reploh and Handlouser 1957,
Bringmznn and Trolldenier 1960, California Water Poliuviion Control Board
1957) in which data were cbtained on the travel of coliform bacteria
from spray operations using undisinfected raw or settled sewage. In an
earlier two-phase study conducted by USAMBRDL at Ft. Hauchuca, Arizona
(Bausum et al. 1976, Bausum et al, 1978, Sorber et al. 1976, Bausum et
al. in prep.) field dats on aerosol ilevels and aerosol dispersal for
total aerobic bacteria, coliforms, Klebsiella and artificislly seeded f2
coliphage were presented. A predictive model of plume tra.el ozsed on
Turner's (1970) modification of the diffusion equation of Pasquiil
(1961) was used in the analysis Also, tests using known concertrations
of fluorescent dye were conducted so that comparisons of the ai. - bial
aerosols with dye aerosols (which lack a biological decay factory .:uld
be made.

The primary vpurpose of this project was to weasure sirborne dar-
terial concentratlions resulting irca the spray irrigation of wast zwater
at Deer Creek State Park, Ohio. Monitoring of aerosol distributior
downwind from the spray area was a major aspect of the researnh and
development effort at this site, Measurements of atmospheric biological
and meteorological conditions and of wastewater parameters during the
study period, 1 July through 15 August 1976, were condicted on site.
There data are currently being analyzed utilizing a computer model wii:h
predicts the aerosol jarticle densities dowpwind under warious atmos-
pheric conditions. This study will contribute to development of revisad
health criteria guidelines for the possible establishment of buffer
zones between spray sites and populated areas.




The Deer Creek Lake study differs greatly from earlier experiments
due to the nature of the spray source. At Deer Creek Lake, 96 spray
heads were used, whereas in other studies only a singlz spray head was
used. Wastewater characteristics and climatological factors were also
quite different from those examined by USAMBRDL at the Ft. Hauchuca
site. The collection of meteorological information during the Deer
Creek Lake study was greatly improved by incorporating more sophisticated
equipment into the test array. This provided more accurate input for
mathematical predictive models of aerosol decay.

The pattern of aerosol sampler deployment of the present study in-
corporated knowledge developad in earlier studies. Most sampling
equipment was placed at two close-range distances dowvnwind from the
spray field (usually 30 and 50 m) and aligned on 3-m cent=2rs at each
distance. This was done to provide multiple observations at these
critical points, thereby providing better assessment of sampler-to-
sampler variability ind better deiinition of the early part of the curve
of aerosol strength vs downwind distance in terms of dieoff or dispersion.
This close-in aerosol level can be related to known source strength, and
this relation can be observed in both the presence and absence of biological
dieoff. Projections of aerosol behavior and concentrations downwind can
be studied through the use of both mathematical modeling and actual
samples collected at greater distances.

OBJECTIVES

The primary objective of the study was to expand the available data
baze on the distribution ot aerosolized wastewater microorganisms from
which design criteria can be developed for the Land Treatment of Wastewater
Program. Specifically, the Dear Creek lake site was evaluated to obtain
aerosol data at a small recreational site, where relatively weak wastewaters
received minimal treatment but extended storage before spraying onto
land.

A secondary objectivz was to determine the meteorological parameters
affecting or influencing the downwind stability of aerosols resulting
from the spray application of wastewater. This report will assist in
determining the extent of buffer zomes required for human protection.

g
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DESCRIPTION OF STUDY

Site Description and Treatment of Wastewater

The Deer Creek Lake land wastewzter treatm.nt project war designed
and constructed by the U.S. Army Corpe of Engineers, Huntington District,
as a part of the Corps' research and development effort in land treatwent
of wastewater. The site is located in the Scioto River Basin cf central
Ohic about 35 miles southwest of Columbus and 5 miles south of the town
of Mt., Sterling, and includes portions cf Pickaway, Fayette and Madison
Counties (see Fig. 1). The project site treats wastewater from a camp-
ground at Deer Creek Lake State Park. The spray fields and aerosol
sampling site are in an open area, on a fairly level plateau. Mean
elevation of the area is 265 m above sea level. The soil is composed of
a clay-silt mixture that has high water retention capacity.

Raw wastewater 1is pumped from the campground to a stabilization
lagoon (lagoon 1, Fig. 2) which has a mean depth of 1.7 m (5 ft). The
mean residence time in the stabilization lagoon is approximately 90
days. The effluent from the pr.mary stabilization pond passes through a
chlorine contact chamber (1 hour contact time, 2 ppm total residual
chlorine) into a holding basin having a mean residence time of 4-6 days.
The effluent is then pumped to the spray field through a 25-cm (10-in.)
main where it is applied to four test areas by spray irrigation.

At Deer Creek Lake, effluent is applied to a 4.9-hectare (l2-acre)
test site. A complete drainage coilection system returns treated water
to a local creek. In this study only two 1.2-hectare (3-acre) test
areas were used because the test design model could cenveniently accommo-—
dace only 100 spray nozzles or sample points. The last three rows of
nozzles in the spray field plots 1 and 2 (Fig. 2) were removed giving an
approximately square 2.45-hectare (6-acre) area of wastewater application
and aerosol input. Each area is served by four lateral wastewater
distribution pipes, each bearing 15 Rainbird spray heads. The distance
between laterals is 18.3 m and between spray heads on each lateral 12.2
m. Sprinkler heads are 0.6 m above ground level with a nozzle size of
0.40-cm (5/32 in.) interpal diameter. Pressure measured at the spray
nozzles is 4.1-4.2 kg/cm“(56-59 psi) which remained constant across the
spray field during testing. The flow is about 18.9 liters (5 gal.) per
nozzle/min for a total of 1910 liters/min (480 gal./min). The area
wetted by spray from a single head averages 13 m (42.5 ft) 1in radius,
while, at maximum, the spray arc reaches a height of 2.7 m (9 ft) above

ground level.
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Figure 1.

Site and vicinity maps, Deer Creek Lake State Park, Ohio.
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Site Preparation

USAMBRDL provided nearly all equipment and supplies for laboratory
analyses including dcquisition of both Andersen and Litton aerosol
samplers. A mobile laboratory supplied by the Waterways Experiment
Station had facilities to provide distilled water, gas, ultraviolet
light, an autoclave and a controlled temperature environment. All
laboratory analyses were conducted in the rwobile laboratory r at Chio
State University. CRREL provided 9-m (30~ft) and 20-m (65~£ft) high
portable towers. The 9-m tower was used for elevated aercsol sampling
(Fig. 3) and the 20~m tower for meteorological instrumentation.

A 112-V AC electrical powerline was extended to the sampling field,
and a local electrician installed a dropline and two extension cords.
The dropline was 207 m (680 ft) long, comprising three strands of 0 gage
insulated wire with a #12 copper wire supplying the ground. At 30-m
(100-£ft) intervals along the dropline, double all-weather outlets were
installed. The two extension cords were assembled in a "T" configuration,
30 and 60 m long. A #12 three-wire insulated copper cable was used for
this purpose. Five all-weather outlet boxes were placed at intervals of
3 m to correspond with the position «f the sampler stands at the 20 and
40-m downwind locations. Less than 5% veduction in current was measured
along the dropline extension cord. Two gasoline engine~powered generators
were rented to supply power to the upwind and at times to the 200-i
sampler locaticns.

The spray fields are located over 300 m from the secondary holding
pond (Fig. 2). To establish the time necessary to flush all the lines
of residual water, a 5-min pulse of fluorescent dye was injected into
the water line at the pump astation, and grab samples were taken in the
spray area at the nearest and most distant nozzles. The dye concentracion
in the samples was measured fluorimetrically ‘o determine the time re-~
quired for the dye pulse to course ttrough the distribution system.
Twenty-five minutes was established as an adequate length of time te
flush the lines, ensuring that during a sampling period only fresh
secondary wastewater from the holding pond was being applied to the
spray area.

Climate

The climate of the area is that of a Midwestern temperate zone,
continental type, Tropical air masses from the Gulf of Mexico often
reach central Ohio during the summer. Consequently, summers are warm
and humid with afternocon thunderstorms occurring frequently. Central
Ohio does not normally have a "'dry" or 'wet" season, with precipitation
being quite unifcorm tbroughout the year. The 30-year normal total
precipitation from 1 July through 14 August (the study pericd) equals
160 mm (6.3 in.). During the six-week study period, 140 mm (5.6 in.) of
razin occurred at the tower site and 152 mm (5.98 in.) at the lagoon site
(Table Al}. Both were slightly below the normal amounts expected in

centrza]l Ohioc,
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Figure 3. Samplers on 10-m tower

Average air temperatures fer July and August {U.S. Department of
Commerce 1975) are 23.1° and 22.2°C respectively. The area's normal
average daily maximum temperatures are approximately 29°C, with the
minimum averaging 16°C during the July to August time frame. During
this study, air temperatures at the site averaged 2.2°C and 2.8°C colder
than normal, respectively (Table Al).

Prevailing wind directions (Fig. 4) for the Deer Creek area are
south-southwesterly 3uring July, shifting toc southwesterly by mid-
August. Average long-term mean wind velocicy for the two.months is 2.7
m s (6.1 mph) with gusts occasinnally reaching 17.9 m s ~(40 mph).
These gusts usually occur during thundershowers or are associated with
frontal activity. Wind direct'ons were predominantly south-southwesg}y
during the test period with a nean velocity of approximately 2.2 = 8
(5 mph).

Meteorologzical Instrumentation and Measurements

CRREL, with assistance from the Atmospheric Sciences Laboratory
(ASL) White Sands, New Mexico, provided meteorological instrumentation
which included a 20-m (65-ft) tower, with lightning protection, and
recording instrumentation for the following parameters: wind speed and
direction, air temvperature, relative humidity (RH), evaporatiom, precipita-
tion, solar radiation and atmospheric pressure. Visual observations
were made of sky conditions on a reguler schedule and more frequently
during sampling pericds.

The meteorological instrumentation installation was coxleted on 2
July at th-.e locations cn site. These sites were located respectively

between the two lagoons, at the tower and near the observation building

-

(Fig. 2). The meteorological instruments instelled at each site are
listed in Table 1.




Table 1,

Meteorological imacrumentation.

Lczoon site (approximately 305 m from 3pray area)

Evaporztion (class A pan)
Precipitation gage
Maximuz and minimum thermomzters

Hygrothermograph (continuous recording of temperaturs and relaticve
humidity)

Tower Station {approximately 200 m from spray area, se: Fig. S)

ey

Clazs A pan (water temp, maximum and minimum daily)
Precipitation gage (recording weighing tyue)
Instrument shelter ({maximum and minimum thermometers, hygrothermograph)

Anemometer at Z-m elevation (wiad speel and direction recorders in
observation building)

Anenmometer, at 20-m height on tower (wind speed and direction
recorders in observation building)

Hygre thermogisph 13-m height {(antached to tower)

Chservation bhuilding {appcoximately 1GC m from spray area, sze Fig. 6)

Rair gagz (digital readout in the inatrument sheltrer)}
Maxzimum and minimun. thermometers, hygrothermograph

Anemometer at 2-m height {wind rpeei and direztion recorders in
observation building)

Hicrobarcgraph (recorder 1. observation butlding)

Sclar instruments {(verricel short wave incoming and refiected

shertwave, both Epply instrrnents, one inverted For reflective
radiatien. Ranre of spectcun: ultraviole. through infrarec,

recorder _:-tslled in the obuervation duilding)

—— v &S

Rain gage (installed in the spray area recorder in the ingtrument
shelter)
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In addition to the sbove insrrumentation, & preciplration or spray
collectinon network was randomliy placed in the spray fields tec determine
untfoomicy of the spray aystem. Locations of the 12 plastic 15-cm-diam,
30-cm~deey samplers ars plotted in Figure 2 {A-L). A recording rain
gage with a digital output was alsc installed in plot 1 to record both
pracipitatior and spray volume., Wster volume measurements were taken in
piots 1 and 2 ufter each sample rum. Measurements were terminated in
plots 3 and 4 after 12 Julv., 41l water application data taken in the
spray field ares arve prasentad in Table A4,

Daily evaporation was observed at the tower station and the lagoon
site. These total evaporatior values are presented in the Table A1.
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Atmospheric Stability Analysi-

Ground-level concentrations of wastewater constituents that are
>xperienced during aeroscl sp: iyirg are a function of atmospheric
stability., Stability classifications simply indicate the change of air
temperature with increasing height.

For the maximum collection of released aerosols from spray heads 3
to 5 m above the ground surface at Deer Creek Lake, it was necessary to
cdevelop a method that would pcedict samplar placement in the field.

Meteorological parameters other than the :semperature gradient that
have an effect on surface released aerosols are wind, precipitation,
humidity, solar radiation and cloud cover. Aerosol sampling runs at
Deer Creck Lake were attempted under the most stable atmospheric con-
ditions and were not initiated during Biriods of precipitation, shifting

-

wind directions, or speeds above 7 m s (15 mph).

For example, a saw.ling run vas attempted under unstable conditions,
just prior to a severe thunderstrrm on the afternoon of 21 July but the
run was aborted after 3 minutes because of heavy rain and shifting
winds. Precipitation at the rain gage was measured at 10.2 mm (0.40
in.) during the storm. In the test field an average of 13.2 mm (0.52
in.) was recorded, showing the variability between gages only a short
distance apart.

Actmospheric stability was determ.ned for each test run according to
basic procedures used in making plume dispersion estimates as suggested
Ly Turner (1970) and Pasquill (1961). Using these reports, equations
tor predicting plume dispersion concentrations of air pollutants were
developed, These gave a first approximation for the placement of the
towver and downwind aerosol samplers (see Results: Meieorclogy). However,
in the present case the spray height did not exceed 3 to 5 m, whereas
Tarner deveioped his curves for sources hundreds »f meters in height.

Considering the spray field as more closely related to a line
source than a point source, the applicable equation taken from Turner
(1970) is

2
Q 1 H
( = — ‘ PR G
x(x;0,0,0) = ——— exp [-5 () | (1)
y z z
. . -3
where: X = concentration (g m 7)

. e .. , -1
the uniform emission rate of particlec (g s ™)

L2
"

u = the average wind speed (m s-l)

11




tiie height of plume centerline (m); in this case
the mecan spray height was estimated to equal 3.05 m

(10 fv)

g, 0, = standard deviations of plume concentrations in

s the horizontal and vertical directions, respectively
(m}

X = the distance from the source (km). .

It is necessary to find {or H=23.05m (10 £t) when x = 0.1; 0.2,
and 0.2 km, ard u = 2 to 6 m s . (The appropriate o's are obtained from
Turner 1970, Table 3-1, modified below, and Fig. 3.2 and 3.3). Values
for o and G, have been selected below according to the expected wind
speed’, -

Class A is the most unstable condition, and class D is the most
stable condition considered here and would be assumed to occur at night

regardless of wind spead (see Table 2).

Table 2. Key to stability categories.

Incoming Solar Radiation

Wi.d speed at 2 m Clear Partly cloudy Cvercast
(= s71) (strong} (moderate) (slight)
2 A A-B B
3 A-B B c
4 B B-C c
5 B-C C-D D
6 C 2] D

When two applicabke stability types occur in Tabie 2 above, the
resulting means are used. The equation was normalized to give the
particulate concentration per emission rate, i.e.:

2 2]
1 , H 1 ,3.05
exp | -5 () exp |~ 3 ( p ) j (2)
2
=z — = .
Q TG O u 70 0 u
y 2z y z

Concentration rates are given in Table 3 for x/Q in terms of ug m 3 g s .
These values werc then plotted in Figures 7 - 9 for field use giving

an estimation of optimal placement of samplers for maximum collection
efficiency.
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Table 3. Predicted particulate concentation (ug m—3g-13*1),

distance of campler downwind from spray area, and
intensity of sclar radieztior .

Distance - 0.1 kn Distance - 0.2 km Distance - Q.3 km

(strong) (moderate) (slight) (strong) (moderate)({slight) (strong)(moderate)(slight)

2 410 530 730 110 150 216G 50 70 100
3 360 490 1020 100 140 310 40 70 150
14 370 510 760 110 150 23¢C 50 60 110
5 410 890 1360 120 290 460 50 140 230
6 510 1130 1130 150 380 380 70 19C 190

By comparing the above predicted concentraticns with temperature gradients,
solar gradients, solar radiation data, wind epeed, and cloud cover, a stabllity
class determination has been made for each of the 25 test rums,

Field Procedures and Sampler Positioning

The field setup comprised six interacting statioms: laboratory,
meteorological, and four field sampling positions. The four sampling
sites were one upwind (background aerosol) and three downwind positions:
1) near (21 or 30 m), 2) intermediate (41 or 50 m), and 3) 200 m. Downwind
distances were measured from the nearest (downwind) sprinklers. To
ensure efficient operating procedures, the operator at each station was
assigned individual responsibilities. The decision to initiate and/or
abort a run, collection of composite effluent samples and coordination
with the laboratory were assigned to the operator of the near station.

All samplers at the near and intermediate stations were activated
simul taneously by switches in the observation building. Using radio
communication, the operators manning the upwind and 200 m statlons
initiated and terminated their samplers within seconds of the recorded
cimes. Radio monitoring and communications by the laboratory personnel
allowed efficient preparation and operationm, especially when weather
conditions permitted more than one run per day.

Aerosol sampling was conductad when the wind velocity was less than
6.7 m 3'1(15 mph) and wind direction was southwest to south. When a
stabje wind direction persisted, a 30-minute average of wind direction
was recorded. With a Brunton Compass, a line was ghot perpendicularly
to the average wind direction bisecting the spray for sampler positioning

(Fig, 10).
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During each run real time wind parameters were communicated every
two mimutes to the operator at the near site by the meteorological
specialist. The meteorological specialist also initiated each run by
switching on the power to the dropline, timed the run for 20 minutes and
terminated it. For consistent testing, any sampling run was aborted if
the wind direction shifted more than 90° before 15 minutes of sampling
time had elapsed.

The first or near row of aerosol samplers was positioned 21 or 30 m
from the most downwind row of sprinkler leads, with actual placement
being governed by topographic features. The second or intermediate row
of samplers was always located 20 m downwind of the first row. All
samplers were aligned perpendicularly to the prevailing wind direction,
elevated on l.7-m~high stands and set 3 m apart. Each of these rows
contained a total of five samplers: a Litton sampler (Fig. 11) placed
in the center of each row, flanked at the 3-m intervals by either four
Andersen (microbiological runs) or four all-glass impinger (AGI, dye
run) samplers. Two Andersen or AGI samplers were stationed upwind and
two at the 200-m or the elevated downwind site. To attain a vertical
aerosol profile during runs 7-14, two small samplers were raised to 4.6
and 9-m elevations on a tower located at one exnd of the 50-m downwind
sampler row. In runs 1-6 and 15-25 :w., small samplers were located 200
m downwind (Table 4). The upwind swi.pler station, used to provide
ba:kground information, consisted ol two small samplers and a Litton
sampler. A typical sampler array is illustrated in Figure 10. Occasion-
ally terrain features prevented positioning a row of samplers at the
grescribed distances from the spray heads. When this occurred, they
were uniformly moved farther away, always maintaining 3-m centers.

sodel M (electrostatic precipitator).

Litton High-Volume Sampler

Figure 11.
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Airborne bacteria were collected by both Andersen viable-type
stacked-sieve samplers loaded with Standard Methods agar (Baltimore
Biological Laboratories) in disposable plastic petri dishes, and high-
volume electrostatic precipitator samplers (Litton Model M) through
which 100 ml of 1/2-strength Plate Count Broth (Difco) was coentinuously
recirculated at 10-12 ml/min. Airflow through Andersen samplers was
regulated at 28.3 liters/min by critical orifice. Litton samplers were
operated at 1000 liters/min and at an electrostatic potential of 13 vo
14 kv,

The Litton samplers were labeled A through D (A was used for the
first two runs only). The Andersen and AGI samplers were labeled 1-12
as were the piston, diaphragm-type air vacuum pumps used to draw air
through the samplers. Throughout the study each sampling unit, comprising
the sampler, tubing, pump and critical orifice, was kept together to
provide comparison of data quality. The positions of the sampling units
were rotated each sample day (Table 4) as prescribed by a random distribu-~
tion chart.

Before the Litton samplers were transferred to the field they were
checked for mechanical problems, and the rotating disk was cleaned with
either Alconox and sterile distilled water or 9.1% Clorox, pH 6-6.5,

The Clorox solution was then pumped threugh the entire liquid system.

To neutralize the Clorox, 1% sterile sodiwm thiosulfate was pumped

through the system, and finally the sampler was flushed with 50 ml of
sterile distilled water. The sample collection plate was occasionally
wiped with Alconox and rinsed with sterile water to remove the film that
built up from the plate count broth. When more thzn one run was conducted
per day, the sterilization process was done in the f{ield between runs.

After each sterilization procedure, a zero time sample was taken
just prior to a run by pumping sterile half-strength plate count breth
through the sampler, and collecting 5 ml in a sterile test tube. Care
was taken to handle the inlet and outlet tubing aseptically. Thie zero
sample was stored in a covered ice bath until delivery to the laboratcry.
At this time the Andersen samplers {sterile, lcaded and capped) were
transported to the field., The Andersen sampless were placed atop the
atands and matched by number to the previously posicioned pumps. _At the
beginning of each run day the Andersen samplers were steam-sterilized in
the autoclave. If two or more runs occurred in one day the samplers
were cleaned with 70% Isopropancl between runs. This procedure was
discontinued after the first 8 rums because time did not allog for sterili-
zation of the Andersen samplers batween runsé. Therefore, during subsequent
runs aseptic precautions were taken in handliing the exposed platas and

insertion of sterlle plates for the sacond Yumn.

+he Andersen samplers wers connected to the flow

od from sample intakes on both

and the Litton power switches were turned
n, the prescribed air fiow rate,

4 1iauia {low rate on the Litton sampiaTs were

Before each run,
pumps, 21l caps and covers were r'emov
Andersen and Litton samplers
oni. When the main power was switched
high voltage setting an Lit
adjusted, and all Apdeysen vacuus pumps were checked.




Flsrens

Before initiating a run a radio check was made with each station,
and the generators at the upwind and the 200-m stations were started.
The timing control was turned over to the meteorological specialist who
activated the 21~ and 41-m samplers. The upwind and 200-m stations were
instructed simultaneously viz radlo to initiate testing. During the
microbiological runs the operator at the 20-m station would collect a
750 ml1 composite sample of the effiuent, taking 150 ml every 4 minutes.
At the end of the run the inlet tubing of the Litton samplers was
aseptically removed from the collection fluid and the power turned back
on, 2llowing the liquid to be pumped into the sample bottle until all
residual plate count broth was removed from the sampler. The exposed
broth was capped and placed in a covered ice bath. Samples were immedi-
ately transferred to the laboratory for analysis.

LABORATORY PROCEDURES

Microbiology

The 12 Andersen samplers were of the stacked-sieve, vizble type,
each sampler having six sieves. Therefore, a toral of 72 sterile, dry
Andersen plates were required for each run. terile, disposable 100-x
15-mm plastic petri plates (Falcon 1029) containing 4°.0 ml of sterile
SMA (Standard Methods agar, a peptone yeast extract-glucose medium, APHA
1971) were used. The volume of agar in these plates allowed about 2.5~
mm clearance between the agar surface and the base of each sieve; this
clearance permitted impaction of the bacteria in the aerosol sample onto
the agar surface., The Andersen plates were first stored at room temperature
for 1-2 days after preparation and examined for growth of bacterial
contaminants and then stored at 4°C. Just prior to use, the plates were
placed at room temperature storage to dry the agar surfaces. The Andersen
plates were inverted and immediately placed in a dry 35°C incubator for
48 hours upon retrieval from the field.

Estimation of Standard Plate Couant and Aerosol Particle Sizes

Estimation of numbers of colony-forming particles impacting on each
Andersen sampler plate was accomplished by counting positive positions
and applying a positive-hole correction as described by Andersen (1958).

From each Andersen sample, a median particle dlameter was derived
using the relation shown in Figure 12 (Dimmick and Akers 196%2). The
median diameter is the diameter corresponding to the number of stages,
counting from the top, that cumulatively bear 50% of the sample. Similarly
upper and lower quartile diameters were estimated by using the number of
stages curulatively bearing 257 and 75% of the sample, respectively.

An estimate was made of the percentage of each sample falling
within the range 1.0 to 5.0 ym, as this has bzen shown to be the range
of efficient deposition in human pulmonary alveoll. Using the curve
shown in Figure 12, the fiaction of a sample within this range is
identified by excluding the two uppermost stages and stage 6 (Fig. 13}:

19




AL R

2 Y E RGeS A e e
Tt I i e e S 'L"”?WE

- PR &

. Z

High volume air sampling utilized 1/2-strength Plate Count Broth,
which was pumped over the sample collection disks of the Litton samplers.
The collection fluid also served as a bacteriological holding medium,
and the bottle containing the exposed medium was placed in ice and
shielded from light following completion of each run. The composite
wastewater sampies collected from the spray head during runs weie also
stored in ice; each grab sample was added to the large composite flask
that was kept in the ice bath. SMA was wsed in duplicate plates for all
standard plate count determinations performed on the Litton and composite

grab samples. The spread plate method was used except for 1.0-ml and

M R S e T e

& 10-ml volumes, for which povr plates were prepared. Incubation was at
& 35°C for 48 hours.
9
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Figure 12. Relation of particie diameter
to cumulative number of stages
from top of Andersen sampler.

Estimation of Other Bactevria

Though the standard plate count was chosen as the microbioclogical
parameter to receive greatest emphasis, measurements of other bacterial
pavameters and coliphage were alsc performed. Total and fecal coliform
and fecal streptococcus levels in composited wastewater samples were
estimated by the Millipore membrane filter method by using m-Endo(Difco
Lzboratories) and m-FC(Baltimore Biological Laboratories) broths and m-
Enterococcus agar, respectively, wutilizing Standard Methods (APHA 1971).
The total coliforms were incubated at 35°C for 22-24 hours, fecal strep-
tococecue for 48 hoursg, and fecal celiforms in a 44 .5°C water bath for
22-24 hours. When several rung occwrred in one dey, membrane filter
samples were iced sc that s1l runs could be agsayed together. Data on
fecal coliform and fecal streptccoccus in efiluent to be sprayed were
also obtained from the Department of Agronoey, Ohic State University.
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Fifty-six bacterial isolates obtained from wzatewater grab samples
and 44 from aerosol samples were plcked as random colonies on plates of
S¥A and purified for identification. The azrosol-derived isolates were
taken from Andersep samplers at near {20-30 m) and intermediate (40-590
m) distances downwind in each of three runs. Grab sample wastewater
isolates were taken frowm the same three runs. All colonles appearing on
a givesn platez or 2 quadrant ~f a piate were included in the samples to
preclude bias based on colony morphology. In addition, approximately
equal representation was afforded the various stages of each Andersen
sampler.

A number of biochemicsl apno growth response tests allowed classi-
ficaticn into a number of somewhat arbitrary response groups. The
schema followed Ls shown in Figure 14.

ffu two separate ccocdsions, 6-liter samples were collected at the
gpray avrzie, packed in ice and sent to the Center for Applied Research
and Tochnolugy at the University of Texas at San Antonio for bacterial
and viral sssessment. Bacterial colonies growing on a general purpose
medium were chosen, tested and ldentified. Enteroviruses were sought by
concentyation followed by borh 3-day and 5-day incubation on Hela cell
culivres. Th2 concentration method is capable of detecting virus at a
level of approximately 1.0 PFU/2 (plaque-forming units/liter).

Gram Stain
+ I -
0-F Glucose
CLeous rod Oxt1daté.e fermantative l non-saccharolytic
) ’ ! 1
axidase oxtdase + oridase
i l
- - + - citrate -
]
l—__‘ ;'—L_—-l
Gran-p0s Qrao«pos,  Pseudomonas/ Acinetodacter/ Asrongnas/ E£a.2ro- Alkaligenes/ Moraxela- Acinetobacter-
(& 144} rods Flayo- Pseudomonas-  Yidrio- bacteriuceae Pseudormonss- 1ike 1ike
bacterium- Tike ke like

ke

F.gure 14, Schema for the assignment of bacterial isolates into arbitrary
groupings.
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A random sample of 57 presumptive coliforms from nozzle grab samples,

identified by the membrane filter method on m-Endo broth, were tested

for gas production in lauryl tryptose lactose broth by the Durham tube
method. They were scored as confirmed or unconiirmed coliforms on this
basig, together with their appearance on Eosin Methylene Blue agar. All
isolates were further tested on the r/b multi-test system (Diagnostics
Research Inc.) for identification as to probable genus or species. This
system is adapted primarily for identification of members of the family
Enterobacteriaceae.

Estimation of Coliphage

Both Litton and composite spray samples were randomly assayed for
indigenous coliphages, using five different strains of Escl ‘richia coli:
K-13, 25922, C-3000, B and 162. Tryptone Yeast Extract (T{x) and Phage
Assay Broth agar (PAB) pour plates containing 20 ml/plate were overlaid
with 2.5 ml of soft TYE or PAB agar respectively containing both 1.0 ml
of sample and 4 drops of one of the above organisms in logarithmic
growth phase broth culture. These plates were then incubated at 35°C
for about 8 hours and inspected for coliphage plaques. Influent sewage
samples frcem the trailer dump station at the campground as well as from
the primary stabilization pond were run as positive controls to be sure
that the coliphage assay system was working properly.

Fluorescein Dye Runs

Disodium fluorescein (Fisher uranine) solution, 5% in distilled
water, was injected at the irrigation system pump pit into the spray
line leading to the field (Fig. 2). A constant injection rate of 100
ml/min was maintained through use of a peristeltic pump. Alr sampling
for recovery of fluorescein aerosol was delayed for an interval of time
as determined by prior experimentation, as previously described. This
delay allowed the dye to reach the most distant spray heads and to
optimize dye aerosol distribution throughout the field. During dye

runs, Andersen samplers were replaced by AG1's.



Prior to usage, 35 ml of distilled deilonized water was dispensed
into thoroughly cleaned AGI's. This volume was shaken, and 5 ml was
transferred to a similarly treated test tube as a pre-exposure blank.
These blanks were measured on the Perkin-Elmer Model 204 Flucrescenca
Spectrophotometer to ensure that none of the water in the AGI's fluor-
esced. An identical blank check was performed on the Littor sample
botties containing 100 ml of distilled deionized water. The actual dys
2erosol sampling procedures were identical to those for the microbio—‘
logical runs, as described in the previous section. During fluorescein
tracer rung, grab samples were taken at the spray nozzle at 2- to 3-
minute intervals. These were not zcoled to permit a check on possible
fluctuatione in fluorescein lovel during the injection period. Following
the run all samples were assayed fluorometrically against known scAium
fluorescein standards. All the assays were performed by one indiviaual
thro ghout the study to ensure maximum consistency and repetition of

proc lure. Four dye runs were performed: runs 6, 9, 18 and 23 (Table
4y,

Chemical, Physical and Viastewater Parameters

Wastewater samples taken at the intake of the second lagoon (Fig. 2),
were tested by persomnel of Waterways Fxperiment Station, Corps of
Engineers, Vicksburg, Missisgippi, for the following parametsrs (samples
were taken simultanecusly with aercscl test runs):

1) hardness

2) chemical oxygen demand (COD)

3) total organic carbon (TOC)

4) total chlorine and

5) free chlorine.

The procedures in Standard Methods (APHA 1971) were followed in
performance of all tests. COD samples were preserved by addition of
H250 and refrigeration, hardness samples by refrigeration, and TOC
sampies by addition of HC1l and freezing. TFree and total chlorine deter-~
minations were performed using the ortho-tolidine (Hach) method.

Additional physical and chemical wastcwater parameters were measured
at the Department of Agronomy, Ohio State University. These are given

in the Tables A5-A7, and include pH, biochemical oxygen demand,
hardness, phosphorus, nitrogen, chloride and total and dissolved solids.



Quality Assurance

Variabliity in aeresol collection efficiency among air samplers or
sampler-pump combinations was determined by laboratory tests. Four to
six Andersen Samplers or AGI samplers were placed side-by-side in a 980-
liter plexiglass chamber. AGI samplers were tested using dye aeroscls
generated from a 0.5% sodium fluorescein solution. The gamplers contained
30 ml of distilled water, and operation time wac 8 to 10 minutes.
Andersen samplers, which were operated for 20 minutes, contained SHMA and
were tested using aerosols generated from secondarily treated =ewage
(bio-disk) obtained from the USAMBRDL pilot sewage treatment plant.
Alternatively, an aerosol generated from a mixture of E. coli strain 162
and Serratia marcescens suspended in dilute phosphate--buffered saline
(500 ppm total solids) was used. These organisms were maintained on
nutrient agar (Difco) slants and were taken from fresh 16-hour 35°C
shake cultures in plate count broth. These samplers were operated for
20 minutes. 1In both cases, aerosols were generated from an aqueous
solution or suspension by a spinning-disk aerosol generator (Environmental
Research Corporation Model 8330).

At the test site, laboratory analytical procedures were at times
performed simultancously by both an experienced and an inexperienced
person using the same samples. This was done particularly in early
phases of the study. Special emphasis was placed on the ccunting and
interpretation of bacterial colonies on pour plates and streak plates
used in coliform assessment, enumeration of positive nositions on
Andersen sampler plates, coliphage plating and plaque identification,
and fluorescent dye determinations. Sufficient replicate testing and
counting were performed to assure adequacy and uniformity of all testing
procedures and results.

RESULTS

Meteorology

The climatic conditions at the Deer Creek Lake site during the test
period averaged nearly normal from 1 July - 17 August. Alr temperatures
averaged 2.1°C below normal and prevailing wina directions from the
south-southwest had an average velocity of 2 m s~! (5 mph). The prevailing
direction 1s important for installation of aerosol collectors, as they
were installed directly downwind of the spray heads for maximum collection
during test runms.

Daily meteorological measurements for the period 1 July -14 August
1976 are summarized in Table Al. The detailed measurements taken during
each aerosol sampling period are presented in Tables A2 and A3 in Appendix
A. Minute-by-minute wind speed and direction were systematicaily
recorded during test runs to determine variability, if any, during
sampling. These minute-by-minute winds are not presented in this report;
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however, they are available from CRREL on request. The wind data pre-
sented in Table A3 represent the average for a run time of approximately
20 minutes.

Figures 7-9 and Table 3 give predicted concentration values of
aerosols at 100, 200, and 300 m downwind of the spray field. Using
Tabie 3 it was decided prior to any testing to place the meteorological
tower and main meteorological site 200 m downwind from the spray field.
This determination was made by comparing the predicted values obtained
at 100 m to those at 200 m. These data show an average predicted 677%
aerosol concentration loss between 100 and 200 m. However, most samples
were taken within the first 50 m downwind from the spray nozzles (Fig.
10) for maximum zerosol collection.

By using Table 3 and considering temperature gradients up to the
15-m level on the tower, a stability class determination was made for
each of the 25 test runs. Stability determinations (A-D) are included
in Table A2. The meteorological data in the Tables Al-A3, when analyzed,
show that in most cases the test runs were made under stable atmospheric
conditions (i.e. wind speeds < 6 m s'l, partly cloudy skies, slight or
nonexistent temperature gradients for the first 15 m aloft, no rain, and
average incoming solar radiation and evaporation). Near the tower
station the total evaporation for the six-week period was 292 mm (11.1
in.) and at the lagoon site 277 mm (19.9 in.). Evaporation can be
considered an indicator of stability, as a high evaporation day is
normally a day with few clouds, moderate wind velocities, and high
incoming solar radiation. Incoming solar radiation averaged approxi-
mately 500 langleys/day for the test period (Table Al). The above
values for evaporation and incoming solar radiation are close to those
expected for Ohio in the summer season. Test runs 3, 6, 21, and 24 were

attempted under less stable conditions and show lower aerosol concentration

at the samplers.

Further analysis of prediction (or development of a model for
determination) of aerosol concentrations vs the field measured strength of
aerosols at various distances downwind under knowa atmospheric stability
will not be presented in this report. This work has been performed
under contract by H.E. Cramer Inc., Salt Lake City, Utah (Dumbauld et al.,

1978).
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Wastewater Characterization

Chemical and Physical

Measurements of physical and chemical wastewater parameters made at
the Department of Agronomy, Ohio State University, are presented in
Tables A5 and A6; summary values are given in Table A7. These measure-
ments were made on =amples from the point at which water leaves the
second lagoon for the spray field.

Total residual chlerine levels in water used for spraying (measured
daily) ranged from 0.1 to 0.4 mg/l. No free chlorine was detected. The

; water was mcderate in hardness, 163-198 mg/l, and alkaline, pH 7.0-8.7.

3

- Microbiological

A

5 Standard bacterial plate counts and levels of indicator bacteria,

4 measured in sprinkler head grab samples taken during gach tun, ape shown
B in Table 5. Standard plate counts varied from 5.8x10” to 6.6x10 /ml

e with median of 2.9x10 /ml. Total coliforms exceeded fecal coliforms by
b more than two orders of magnitude.

ﬁ, Table 5. Bacteriological determinations on wastewater

in nozzle grab samples.

e

A

desasiy

Colony forming units/ml source Ratio
Run Total Total Fecal Fecal
aerobic coliforms coliforms streptococcus FC/FS
i 5.3x1oZ
2 1.7x10,
; 3 3.6x10,
A 4 2.9x10
H 5 4 25 0.5
& 7 3.4x10, 180 0.4 0.4 1.0
3 8 3.5x10, 295 0.3 0.04 7.5
10 S.8x10; 270 0.2 0.10 2.0
11 9.0x10; 670 1.0 4.1 0.24
12 1.5x10, 160 1.1 3.9 0.28
: 13 9.0x10; 180 0.6 4.0 0.15
3 14 3.5x10, 190 1.0 2.3 0.43
; 15 3.5x10, 140 0.6 1.4 0.43
3 16 1.8x10, 49 0.5 0.05 10.0
3 17 1.7x10, 29 e.7 <0.05 -
§ 19 8.0x10;
3 20 3.1x10,
21 2.8x10, <0.05 <0.05 -
22 2.1x10, 35 <0.05
24 6.6x10,
25 2.9x10

¢ 4
Median 2.¢0x10 180 0.05 0.25 0.43
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Data on fecal coliform and fecal streptococcus obtained from Ohio
State Unjversity are included in Table A5. These estimates are nit
bas~d on the same samples as ours; thus thev are not comparable on an
individual basis. Considered as a group, the fecal coiiform estimates,
however, are irn good agreement. The streptococcas counts, though quite
variable, tended to be somewhat higher in the Ohio State results.

Resulis »f further testing of a sample of 57 presumptive coliforms
derived from nozzle grab samples are presented in Table 6. Though most
were tentatively identified as E. coli, only about 50% were confirmed as
coliforms.

Scoring of sprinkler-head grab samples by the center for Applied
Research and Technology, University of Texas at San Antonio, showed 77%

Table 6. Results of confirmed coliform test, and most probable
identification by r/b multi-test system, for 57 presump-
tive coliform isolates from nozzle grab samples.

Number passing confirmed coliform test in lauryl tryptose lactose broth

E. coli 23
Klebsiella 3
Enterobacter/Sertatia 2

28

Not passing Confirmed Coliform Test

E. coli 21
Klebsiella 3
Enterobacter/Serratia 1

Proteus rettgeri or
Providencia 1

Non-Enteric

N
Bl

28




oxidase-positvive, 20% Enterobacteriaceae and 3.2% Klebsiella among
randomly picked colonies. The same samples yielded no enteric viruses
at the level of sensitivity #+ {ned, 1.0 PFU/liter.

Indigenous coliphage ei.. zrations using five E. coli test strains,

ranged from 0 to 7400 PFU/ml in water entering the first lagoon but only
0 to 10 PFU/ml in the second lagoon.

Aerosol Determinations

Bacterial

Estimates of the background density (upwind) of airborne bacteria-
bearing particles are shown in Table 7. Each figure is the mean of two
estimates derived from the two Andersen samplers positioned upwind of
the spray field.

Downwind bacterial aerosol concentrations at distances < 50 m were
significantly above the mean value of 110.8 total bacteria/ms (Tatle 7).
This was not always the case at the 200-m distance or in elevated samplers.
At the 20- to 30-m distance, total cerobic bacteria~bearing particles as
measured by Andersen samplers varied from 46 to 1582/m3 above back-
ground. The mean value for all runs at this sam)ling distance was
’485/m3 above background. At the 41- to 50-m distance, bacterial counts
ranged from 0 to 1429/m3 above background with a mean for all rumns of
417/m3 (85% of 21-30 m mean). For the 14 runs with samples from the
200-mn distance, the highest value observed was 223/m3 above upwind. A
statistical increase above corresponding upwind values could not be
shown for this group of runs. The mean net observation for all samples
at this distance was 37/m3 (7.6% of 21-30 m mean). The slightly higher
mean values for Anderson samplers are not significant statistically.

In a number of aerosol runs, the standard plate count/m3 was estimated
by both Andersen and Litton samplers. These estimates are shown 1in
Table 8. The aerosol collection values are quite comparable for the two
types of samplers.

A notable feature of the Andersen sampler data is the great varia-
bility (2-3 fold) observed between "replicate" samplers located in the
same row and operated simultaneously (Table 9). The overall staniard
deviation within rows of samplers in the same run is 178, yieldiag a
coefficient of variation (standard deviation mean) of 0.37. In contrast,
the same type of samplers operated simultaneously iu the laboratory
aerosol chamber yielded coefficients of variation from 0.057 to 0.25
(median = 0.12). These laboratory data include both small samples
(< 500 colonies distributed on 6 plates) and samples characterized by

overcrowding of agar plates.
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Table 8. Comparison of Andersen and Litton sample estimates
(standard plate ccunt/m3)

20-30 m 40-50 m
Run (Andersen, mean) {Litton) (Andersen, mean) (Litton
1 424 ) 457
2 498 330
3 403 319
g 286 155
8 393 405
10 980 309
16 822 1144
22 18156 874
24 456 364 311 397
mean 589 458 528 493

Samples taken at 4.6 and 9 m above ground level are compared with
the means of observations found at all other sampler sites in Table 8.
This table shows that there was a consistent reduction in aerosol strength
with elevation, with bacterial levels at the 9 m height bejng only
3lightly above background counts. Concerrent upwind samples at similar
elevations were not taken, thus preciuding firm conclusioms.

Mean net aernsol observations have been normalizzd with respect to
source strength ln Table 10. iIn Figures 15-17, normalized aerosol
strengths from Tuble 10 have been plotted against -istance downwind from
the nearest sprinkler heads., Similarly, in Figures 18-22 the same
values ace plotted against aerosol age or exposure time to normalize
differences in wind speed. Ail runs yielding nonzero net aerosol values
at 200 m are included. The slcpes of bacterial aerosol reduction with
time or distance are similar for most bacterial runs (i.e. runs other
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Figure 15. Relation of bacterial aerosol strength to distance downwind
from nearest sprinkler heads for runs 1-4. Aerosol strength
normalized to source concentration.
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Table 10. Aerosol levels normalized with respect to congentration
at the source (net CFP viable particles per m” air X 1000)/
viable bacteria per ml wastewater).

Elevated
Run First Row Second Row 200 m 4.6 m 9 m
No. (Andersen)(Litton) (Andersen) {Litton) (Andersen) (Andersen) (Andersen)

1 9.08 8.00 8.23 0.87

o 2 21.1 29.3 19.4 8.7

Fo 3 11.2 8.87 12.3 1.3

3 4 4 9.86  5.34 3.76 0.21
2 k> 5 -— - 0.0
Ey i 7 36.1 3.1 9.7 0.85
E: . 8 11.1 11.2 11.5 3.2 0.0
o 10 16.9 5.33 13.2 2.7 0.4
E 3 11 26.9 25.7 10.0 8.2
B 2 12 10.5 12.7 6.2 0.0
0 13 16.3 18.1 4.7 0.0
e . 14 4.83 4.03 1.7 0.0
H s 15 2.97 1.60 0.26
. 3 16 45.7  63.6 42.4 9.4
E . 4 17 33.2 23.4 0.0
5 k= 19 49.4 41.4 24.8
e 20 10.8 12.8 0.0
T 21 12.0 4.46 0.43
- 22 57.2 48 .4 41.6 6.8
- g 24 6.94 5.54 4.71 6.01 0.79
3 T —— ——25—— 10,3 5.41 0.0
79N
g . 3 Mean  20.1  17.77 17.8 17.4 3.8 5.5 1.4
. Median 11.6 5.54 12.8 11.5 0.61 3.2 0.0

Geometric
mean 15.1 9.8 12.3 13.7 4.6
41




than 6 and 18), despite wide variation in aerosol levels from run to
run. Similarly, ir Figures 21 and 22, where normalized aerosol con-
centrations at 50 m downwind are plotted against sampler elevation above
ground level, the effect of elevation on bacterial aerosol strength is
fairly constant for most bacterial runms.

Estimates of median particle diameters and the percentage of par-
ticles with diameters less than 5 um are presented in Table 11. In
addition, upper and lower quartile values for each distance or elevation
at which Andersen samplers were deployed are presented. For ease of
comparison, the data in Table 11 have been divided in%o two groups:
those in which the optional location samples were placed 200 m downwind
and those in which they were placed at 4.6 and 9-m elevations.

Table 11. Median and quartile particle diameters and percentage of
particles (<5 ym) in diameter.

Quartiles <5 ym
Lower Middle Upper (%)
Run 1-5, 15-25
First Row 1.58 2.46 4,12 81.7
Second Row 1.55 2.44 4.15 79.9
—288-n =66 5701 5750 7026
Upwind 2,03 4.15 7.32 52.1
Run 7-14
First Row 1.82 2.82 4.40 78.5
Second Row 1.88 2.87 4,74 77.2
4,6 m 1.92 3.00 5.10 71.8
9.0 m 1.70 3.03 5.30 69.8
Upwind 1.97 4.59 7.5C 53.1
42
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Approximately 70 to 827 of bacteria-bearing particles were below 5 pm in
R diameter. This is an approximation of the percentage of particles in

b K the respirable (alveolar deposicion) range, i.e. 1.0 to 5 um (Brown et

L 3 al. 1950). Bacteria-~bearing particles below i um were generally at con-
- ceatrations of 1.5 to 7% as determined from location on the lowest stage

1 3 in the Andersen sampler. The data clearly indicate that the background
bacterial aerosol was larger in particle siz. than the aerosol arising
from applied wastewater. Samples from locations of low wastewater

acrosol concentration, i.e. 200 m and the elevated samplers, yielded
intermediate particle size values between those obtained from close
downwind stations and upwind controls. Normally the background aerosol

is a preater fraction of the total aerosol in regions of lower wastewater
aerosol density. However, some shift of aerosol particle size character-
istics in the direction of background is expected aven in samples with a
large contribution from aeroscrlized wastewater. In Table 12 the ratio of
net aerosel concentration to upwind aerosol concentration at each distance
or elevation is compared to the corresponding difference in median
particle diameter. At close distances downwind (i.e. at first and

seeond row stations) net aerosol levels are 3 to 6-fold greater than
background levels, and median particle diameters are approximately 1.7

pym below background particle diameters. Nevertheless, in regio 1 of low
net aerosol density (i.e. at 200 m downwind and at 9-m elevation) departures
from background median particle diameters are nearly as great (1.14 um,
g 1.56 um) as for the front and secend row samples where the background
. aerosol is a small fraction of total asrosol. The final column of Table

) 12 gives corresponding figures for the percentage of particles below 5

ur in diameter. Again, departures rrom upwind values are dispropor-
tionately greater in aresas of low net aerosol density (16.7-18.7 percentage
points, see Table 11 for upwind and downwind percentage), when compared

to values for higher density aerosols (24.1-29.6 percentage points).
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Thus downwigd aerosols that are close to background values in numbers of
particles/m~ nevertheless display particle size properties of the
wastewater-derlved aerosol. This indicates that these aerosols are
largely of wastewater origir.

Assigmment of randomly chosen bacterial isolates, taken from SMA
plates, to biochemical response groupings was accomplished according to
the schema shown in Figure 14. The results (Table 13) suggest that the
bacteriological spectrum after aerosolization may be different from that
observed in the wastewater. Subcultures indicated an increase in the
Pseudomonas/Alkaligenes-like and gram-positive groups and a decrease in

the Aeromonas-like group.
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Dye Runs

Sodium fluorescein was used as a tracer dye in four runs. Dye
levels at the spray nozzle were fairly constant for each run, with a
mean of 4.3x103 ng = 1 ug. Wide variability was observed in aerosol
samples between individual sampiers, with AGI samples showing greater
variability than Litton samplers. A summary of the data, showing source
strength and mean aerosol level observed at each distance, is presented
in ‘fable 14. Dye aerosol levels at the first and second row stations
Were generally I~ the range of 100-200 ng/m3, with expected decreases
occurring both dowuwvind and with sampler elevation.

Table 14. Source and aerosol levels of dye tracer, mean
values for indicated sampler distances.

Dye level Mean aerosol level
at nozzle . ng/m
Elevated
Run (ng/ml) First Row Second Row 200m 4.6m 9 m Upwind

AGI Litton AGI Litton AGI AGI AGI  AGI

3

6 3.15%10 56 168 392 191 88 - - o

9 3.36x10° 198 210 233 19 - 65 83 0

18 6.1x10° 79 276 121 - 42 - - 0
23 4.6x10° 100 162 31 181 O - - 0
mean 4.3%10° 108 204 196 189 43 65 38 0

In Table 15, fluorescein aeroscl levels have beeg normalized to
source strength. The hybrid parameter used (ng dye/m” air)/(ng dye/ml
effluent) ailcws comparison with the correspunding ratio for micro-
biological aerosols (net coiony-forming particles/m™ air)/(colony-
forming particles/ml effluent) used in Table 1G. The results for the
two aerosols (dye and bacteria) are not strictly comparable, since the
two were not measured in (he same runs. Nevertheless an inspection
of the geometric means of the ratios for first aid second row samples
reveals 2- to 3-fold greater values for the fluorescein aerosols, i.e.

23.4 to 51.7 for dye (Table 15) vs 9.8 to 15.1 for bacteria (Table i0).
The difference may be attributed to bilological decay (dieoff) of bac-
terial aerosols.
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Table 15. Mean fluorescein aerosol levels normalized with respect to
concentration at the source.

Mean aerosol level j(ng/m3 air x 1000)/(ng/ml effluent)]

s

Elevated

Run First Row Second Row 200 m 4.6m 9 m

AGI  Litton AGI Litton AGL AGL AGL
6 17.8 53.3 124 60.6 27.9 - -
9 59.3 62.9 69.8 58.1 - 19.5 26.3
13 13.0 45.2  20.8 - 6.9 - -
23 21.7  35.2 6.7 39.3 0 - -
mean 28.0 49.2 55.3 52.7 17.4 19.5 26.3
geom. mean 23.4 48,1 33.1 51.7 13.9 19.5 26.3

Fluorescein runs 6, 9 and 18 are illustrated in Figures 17, 20 and
21, in which normalized aerosol concentrations are plotted against
dowvnwind distance or aerosol exposure time. 1In all cases, the fluorescein
runs are among those showing the lowest rates of aerosol decline compared
to bacterial runs. Again, the more rapid decay in bacterial aerosols
—— wmay be due to dieoff.

Sampler performance Evaluation

Tabl2 16 presents estimates of bacterial aerosol levels obtained
from Andersen samplers located side by slde and operated simultaneously
In a laboratory aerosol chamber, Only 6 of the 12 samples tested could
be operated in a single run. In general, the results within a single
aerosol run fell well within + 20%. Agreement between samplers was
comparable for both effluent wastewater and a2 mixture of the two enteric
bacteria in dilute phosphate-buffered saline. The coefficient of variation
ranged from 0.057 to 0.253.
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Simultaneous estimates of fluorescein aerosols by AGI samplers are
presented in Table 17. Samplers were also located side by side in the
aerosol chamber. Varfability was generally limited to + 8%. Coefficlents
of variation ranged from 0.2 to 0.31.

DISCUSSION

The wastewater treated in the Deer Creek Lake project is a micro-
biologically weak one, and its physical and chemical characteristics are
within normal range. The wastewater applied to the soil at the Deer
Creek Lake site has been subjected to chlorination followed by a nominal
4~6 day residence in a second stabilization pond. This procedure may be
associated with a considerable reduction in indicator organisms, and
presumably in at leasc some pathogens, followed by regrowth of many
other bacteria. This finds support in the low fecal coliform to fecal
streptococcus ratio, which is not otherwise characteristic of domestic
sewage. The very low coliphage levels [10 pfu/ml] observed in the
second pond are a further reflection of this, precluding the use of
indigenous coliphage as an aerosol marker.

The aerosol field data, averaged for all samplezs and all run.,
define best the bacterial or dye aerosol level at close points, i.e. 21
to 50 m downwind from the nearest (downwind) sprinklers, probably due to
means being less variable than individual observations. Aerozol estimates
at 200 m add an additional point on the curve of aerosol strength vs
distance. Inspection of the 200-m data shows great variability from run
to run, with substantial increases abcve upwind values 1n only about
half of the runs (Table 7). The overall mean for ngt aerosol measurements,

i.e. observed less upwind, at this distance ig 3//m” (= ~ 8% of mean net
sereselat21 m) . —Yet—beecause ef diffioules dn prodlering—in advence ————

the optimal location for a 200-m station, the lattei 1s far more susceptible
to edge effects than close-in stations. Thus, the above estimate of 8%
of 21- to 30-m aercsol strength is likelv to be low.

In Figures 15-17 and 18-21, in which normalized aerosol levels are
plotted against distance and exposuve time, respectively, there is
reasonable agreement from run to run in the slopes of aero:.;ol decline
with distance. Aeroscl densities at l.7-m elevation fell :bout one order of
magnitude between the close sampling transects and the 200-m stations. This
is in ceontrast to fairly wide divergence in actual aerosci densities from run
to run, even when normalized to source strength.
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A steep decline in bacterial aerosol density was observed upon
elevation of samplers to 4.6 m or 9 m above the ground (Table 7, Figs.
21-22). These sampler elevatlons were well in excess of the 2.7-m
maximem height attained by the spray arc. However, the sprinkler-to-
sampler tower distance, 50 to 184 m for the several sprinkler rows, was
thought to be sufficient to accommodate some upward diffusion in response
to turbulence factors or atmospheric instability. The results indicate
that the spray field way exert a cooling and therefore an atmospheric
stabilizing eff ct, thus reducing upward movement of air masses. It is
apparent that nerosol levels at the 9-m elevated station scarcely exceed
those measured upwind. However, the ambient or pre-existing aerosol at
che elevated station is not known and could be less than that at the
upwind (ground level) station. A possible mechanism is a washout effect
occasioned by passage of the ailr through a spray field.

There is some agreement between runs relative to the slope of
bacterial aerosol density decline with elevation (Fig. 21-22), although
runs 9, 11 and 12 show a somewhat smaller effect. Greater variability
in the effect of elevation might well be anticipated from cne day to
another, especially when wide variation in atmospheric stability is
involved. 1In this study, however, Pasquill stability classes b, C and D
were most commonly encountered (see Table A2).

The great variability observed between individual Andersen or AGI-
30 samplers situated on 3-m centers at identical downwind distances in
the field study stands in sharp contrast to the rather good agreement
between samplers obtained with laboratory aerosols. Aerosol plume edge
effects would not Le anticipated to contribute to this discrepancy in
view of the proxmiity of close sampler rows to the much larger spray
field (Fig. 10). 1In almost all runs no major wind shifts ocrurred that
caused aerosol plume edge effects to become a significant factor. A
possible explanation for much of the sampler variability might be found
in the influence of particular spray head(s) located closest to, and
immediately upwind from, the sampler rows. The degree of between-
sampler and within-row variability predicted by the use of plume dispersion
equations might depend in part on the nature of the model used for the
spray source. Thus, a source model consisting of 956 point s>urces
separated by finite distances might predict more variability than a
homogeneous field source model.
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T ~ total bacterial aerosol concentrations (standard plate count)
encounte. 2d at the Deer Creek land waste treatment site were approximately
the same as those observed at Ft. Huachuca, Arizona, in the orevious
USAM3RDL studies (Bausum et al. 1970, Bausum et al. in prep.). However,

in tue present study standard plate counts at the nozzle prior to.aerosolization

averaged significantly lower values, 3x10"/ml as compared to 4%16”/ml.
Compensating factors in this study may have been the presence of a field
of many sprinklers, rather than one, and the generally higher relative
humidity levels experienced.

Aerosols observed at Deer Creek presented a smaller median particle
size and a higher percentage of particles falling withir the "respirable"
range, 1 to 5 um, than observed at Ft. Huachuca. No explanation is
evident, though the lower nozzle pressures and higher wastewater turbidity
levels that were obtained at Deer Creek Lake should be considered. In
Table 18 mean levels of total aerobic bacteria, indicater organisms and
Klebsiella are compared to corresponding mean levels observed in unchlor-
inated and chlorinated effluent at Ft. Huachuca’. Differences in indicator
organisms and Klebsiella are greater than those for standard plate
count.

Table 18. Levels o” total aerobic bacteria, indicator nsrganisms and
Klebsiellc. sprinkler head grab samples at Deer Creek and
Ft. Huachuca, Arizona’.

Bacterial Deer Ft. Hauchuca
parameter Creek Unchlorinated Chlorinated
Std. P1l. Count 29,090 370,000 140
Coliforms,

presumptive 180 3,700 .02
Coliform,

conf irmed 88 3,100
Fecal coliforms 0.55 210
Fecal streptococcus 0.25 1.7
Klebsiella 20 1,900
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Knowledge of the level of any organism in the effluent prior to
spraying allows establishment of an upper limit on the resulting aerosol
density in the region of sampler deployment, i.e. 21-50 m or 200 m
downwind. Thus, if one assumes aerousol survival for Klebsiella equal to

that for standard plate count, the rzatio (CFU/m3 air X 1000)/(CFU/ml
effluent, 2 12 can be taken (Table 10). A prediction of 0.25 viable
Klobaiella/m3 results. If zero dievf 1s assumed, as for sodium fluo-
rescein asrosols (Table 135), the above ratio has a value of ~ 39,
thereby predicting 0.8 viable Klebsiella/m3.

Further evaluation c¢f the data from the ucer Creek study will be
made after predictive mathematical wmodeling efforts are perrormed. Such
features os cerosoli:ation efficiency from the field source, aeroso’
plume dispersion ani pradictions of lows~distance bacterial aercsol
migration will be drtermined. This infermition wiil be contained within
a separate report., 97 this reasen significsnt discussions ci meteoro-
logical data and cerreiscions with prodicied plume dispersion have been
omitted.

CONCLUSIONS

Bacterial aerosol levels 2(- cto 30-m downwind ranged from 150 to
1200 colony-forming particles/m~. Generally there was a linear decrease
in bacterial aerosol levels with distance or aeroscl age and a residual
level at 200 m of approximately 8% of the 30 m concentraticns.

The bacterial aeroscl plume 50 m downwind from the field remained
near ground elevation with values at the 4.6 and 9-m heights averaging
30% and 5%, respectively. This indicates that there was little vertical
aerosol dispersion.

Good reproducibility of sampler-to-sampler collection efficiency
was observed in laboratory studies. Therefore, the two- to three-fold
variability among replicate field samples taken simultaneously at both
30-m and 50-m downwind points indicates either poor aerosol mixing or
excessive aerosol concribution from sprinklers nearest the samplers.

Field and laboratory estimates of aerosocl levels made by high
volume electrostatic precipitator samplers were in good agreement with
those made using Andersen or AGI-30 samplers, except where aerosol
levels were below the sensitivity of lower volume samplers.
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At 20 to 50 m downwind from the spray field, aerosols of seeded
fluorescein dye were 2-3 times greater in bacterial concentratior. than
bacterial aerosols in relation to source strength. With all other
factors being equal, these differences are estimates of biological decay

fi~_fi“ (dieoff). Bacterial dieoff at the momert of aerosol formation and
:tml:g during the first few seconds of exposure was, however, less than one
S order of magnitude.

Approximately 757 of the bacteria bearing aerosol particles at 30 m
downwind were within the range of pulmonary deposition (1-5 ym). The
- median particle diameter was 2.6 um.

. Because of the long residence time of the wastewater (~ 12 days) in
) . the stabilization pond and chlorination, the total coliform lavels in
= A the effluent were less than 1% of the standard plate count. Measurements
ST g of total coliform levels were two orders of magnitude higher than those
3 ’ for fecal coliforms or fecal streptococcus levels and one order of
X k magnitude higher than Xlebsiella This may reflect regrowth of coliform
7 organisms. A comparison ot bacterial populations in wastewater and in
A aerosol samples revealed some changes in predominance of certain bacterial
: 5 groups. Coliforms were a small part, less than 1.0 Z of the aerosol
S populations, while at the same time the concentration of other bacterial
5 groups were above background levels. These results suggest that coliforms
- k! may not be suitable indicaters of the presence of pathogens in aerosolized
ks wastewater.

In this study, the 800-m buffer zone between the land application
spray field and the state park at Deer Creek Lake was more than adequate.
The data indicate that, when considering aerosols distributed by meteovo-
logical events at the site studied, little if any hazardous aerosol will
reach the populated area downwind if spraying of treated wastewater is
3 restricted to periods with windspeeds of less than o m s”l and stable
conditions (class C or D).
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Table A-6. Chemical and physical vastewater parameters
Concentrations in mg/liter of Total Solids (TS),
Total Volatile Solids (TVS), Suspended Solids {SS},
Volatile Suspended Solids (VSS), Total Soluble
Solids (TSS), and Total Volatile Soluble Solids
(Tvss) in wastewater collected from point 3 (effluent
used as spray irrigation).

. Date TS VS ss ~ VsS TSS TVSS
6/4/76 472 125 95.00 20.00 377.00 105.00
6/9/16 490 115 73.00 18.00 "1417.00 97.00
6/12/76 641 122 235.00 50.00 406.00 72.00
6/15/76 985 210 318.00 53.00 €67.00 157.00
T/14/76 872 137 160.00 45,00 712.00 $2.00
T/14/76 510 130 115.00 40.00 395.00 90.00
T/14/76  Sh3 125 25.00 5.00 518.00 120.00
T/15/76 515 160 130.00 50.00 385.00 110.00
7/29/76 370 65 221.43 e 148.57 = emmeee
7/29/76 550 75 171.43 - 328.57 = emm——-
7/29/76 515 90 264.29  ~eeme 250.71 = —me————
7/30/76 155 60 1.3 e 383.57 —=——m-
7/30/76 1435 Lo TL.43 e 363.5T =m—mm-
8/5/76 569 100 228.57 45.71 340.43 54,29
8/5/76 652 99 292.85 52.85 359.15 46.15
8/5/76 526 81 150.00 32.00 376.00 49.00
8/11/76 503 139 102.67 46,67 97.37 92.33
8/11/76 416 147 106.67 25.33 309.33 121.67
8/12/76 555 145 148.00 22.67 407.00 122.33
8/12/76 541 139 185.33 38.67 355.67 100.33
8/12/76 643 161 238.67 L6.67 Lok 33 114.33

Above samples were collected during period of aerosol studies and
assayed at the Department of Agronomy, Ohio State University, Columbus,
Ohio.
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Table A-7. iChemical and physical wastewater narameters.

Average concentrations of different constituents in mg/liter in wastewater
collected from Point 3 (effluent used as spray irrigation).

Constituents No. Samples mg/liter .
pH 24 £.290 )
BOD 19 5.650

Total Phosphoro.s 24 ) 0.239

Chlorides 21 80.290

N, *-N 25 0.030

NOQ-N 25 0.005

N03~N 25 0.187

Total NHitrogen 25 2.1513

Organic Nitrogen 25 2.303

Hardness (EDTA) 20 181.770

Fecrl Coliforms 20 44 /100 ml

Fecal Streptococers 19 341/100 ml

Total Sclids 21 559.900

Total Volatile Solids 21 117.380

Suspended Solids 21 162.0060

Volatile Suspended Solide 16 37.020

Total Soluble Solids 21 381.020

Total Volatile Soluble Solids 16 96.370

Above samples were coullected during period of aerosol studies and
agsayed st the Agronomy Department, Ohic Stete University, Columbus, Ohio.




