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1.SUMMARY 

On 1 April 1973, a research program was initiated to determine the 
risk of adverse effects to vegetation posed by saline aerosols of cooling 
tower origin In the Indian, Point, New York area.. In striving for this 
goal,. the general objecttv *es of the program were: to expose plants to a 
saline aerosol or mist whose-composition and characterist .ics would be 
similar to that emanating fromthe proposed cooling tower; determine 
which Indigenous, botanical speciles would be most susceptible to damage 
from the saline aerosol; identify those envi-ronmental conditions which 
could affect the susceptibility of the plants or the toxicity of the 
saline aerosol, and determine the threshold saline deposition rate to 
produce observable injury to the most susceptible species.  

During its 17-month life this program has modified a greenhouse 
and constructed chambers for the exposure of plants to saline aerosols 
under controlled environmental conditions; developed and tested several 
methods for the generation, distribution, and monitoring of saline 
aerosols and mists in the exposure chambers; screened and evaluated the 
relative susceptibility of twelve species of deciduous and coniferous 
woody species to saline aerosols; investigated the effect of certain 
environmental conditions and characteristics of the aerosol with respect 
to the aerosol's toxicity; and estimated median effective doses and 
thresholds for the adverse effects of short-term exposures to saline 
aerosol on susceptible woody and herbaceous species.  

Woody species show a varied tolerance to saline aerosol. The most 
susceptible species were white ash and Canadian hemlock. Hemlock has a 
greater potential susceptibility for adverse effects because its mature 
foliage Is most susceptible, defoliates as a result of inju ry, and is 
exposed throughout the year.  

The experiments were conducted for an aerosol distribution with 
95% of the particles between 50 pim and 150 uim in diameter, the size 
distribution expected In cooling tower drift.. The toxicity of the 
aerosol, however, was found to vary with particle size distribution.  
For example, an appreciable increase in the fraction of particles 
between 150 pim and 250 pim could double the toxicity.  

Relative humidity during or after exposure was found to significantly 
influence toxicity. Maximum toxicity occurred at about 85% relative 
humidity, but toxicity decreased by half for 50% relative humidity.  

For the expected particle size distribution, at the critical 
relative humidity of 85%, these experiments showed that a saline 
deposition rate of 0.01 jig Cl-min'.cm-2 (the lowest dosage used) 
4 to 6 hours produces a risk of adverse effects on the most susceptible 
vegetation.  

A number of significant questions still remain to be answered 
concerning the effects of certain parameters of exposure and climatic 
variables on the toxicity of the saline aerosol and accumulation of
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salt by foliage. The effects of long term, rec *urrent exposures and 
dew or rain were not tested and deserve further attention, especially 
with respect to the toxicity of saline aerosol on hemlock.
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2. BACKGROUND INFORMATION 

2.1. Review of Saline Aerosol Effects 

The effect of chlorine, as an air pollutant in experimental 
fumigations of plants, has been Investigated only with respect to 
Cl2 and HCl (1, 2). However, owing to the oxidizing power of the 
former and the acidic property of the latter, the effects of these 
compounds cannot be used to estimate the effects of a neutral saline 
salt. Information on the toxicity of saline aerosols to vegetation 
has not come from the experimental exposure of plants to fumes or 
mists but has been derived from several different kinds of 
sources: studies of the seashore vegetation where natural saline 
aerosols were present (3), studies of plants along highways where 
deicing salts were used (4); investigations of the effect of Irriga
tion with saline waters (5);where overhead sprinklers were used (6); 
and measurements of foliar concentrations of Na4 or CF- where foliar 
Injury was produced by salt in some part of the plant's environment 
(7, 8).  

Because such information is Indirect, it must be subject to 
some qualifications. The direct effect of airborne salt cannot 
be separated from that of salt in the soil solution when salt Is 
present in irrigation waters, the roadside environment, or maritime 
atmosphere. The effects of airborne salt are confounded with the 
effects of certain environmental conditions, such as wind, humidity, 
or temperature at the seas 'hore,or water stress and vehicular emissions 
at the roadside. The plants upon which observations are made may be 
specially selected, unrepresentative species owing to natural selection 
for tolerance to the interactive effects of salt and environment or 
selection for agronomic importance by the investigator. The character
istics of the saline aerosol may not be known with respect to concen
tration, dose rate, size distribution, or che mical composition.  

Some quantitative estimates are available that could apply to 
the effects of saline aerosols on vegetation. For example, on the 
bases of measurements of concentration and deposition of marine 
aerosols and surveys of vegetation at various sites, it was concluded 
In the Forked River Study (9) that short-term (several hours) expo
sures to about 100 pg salt x m-3 would produce foliar injury while 
those below 60 Vig x m-3 would not, and that a long-term mean above 
10 p'g x m-3 might have an effect. In subsequent work with controlled 
fumigations with saline aerosols (10) Moser has reported that for 
beans (a sensitive species), saline aerosol concentrations of 100 
i'g salt x m-3 produced injury in 12 hours whereas concentrations of 
10 iPg salt x m-3 for an exposure period of 48 hours had no effect.  
He also reported that visible effects were not usually evident more 
than 600 m from the surf , which corresponded to a deposition rate of 
less than 4 uig sea salt x m_2 x sec- 1. The kinds of phenomena that
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Moser found in connection with saline aerosol effects were: 
the foliar accumulation of sodium and, chloride was directly propor
tional to the length of the exposure period; injury-to bean foliage.  
could be correlated with foliar accumulation; an increase in the 
relative humidity resulted in an increase In the rate of uptake by, 
foliage; and, occasional, high-level exposures might be more significant 
than continual, low-level ones.  

2.2. Rationale of Experimentation 

The over-all objective of this research program at its inception 
was to determine which species of plants were most susceptible to 
cooling tower drift at Indian Point, New York, and to determine 
their threshol* ds for injury from short-term exposures to saline 
mists. For the achievement of this objective, it was necessary 
to define some of its component features beforehand and derive 
the others experimentally.  

The saline aerosol was to have the particle size distribution, 
chemical composition, and degree of hydration that would be predicted 
by Consolidated Edison to occur in the area. Originally, meteorological 
dispersion predictions were to be used to define what would be considered 
as short-term exposures, that is, those periods that would bracket the 
probable maximum duration of a single fumigation that could be predicted 
for Indian Point.  

The plant species of interest were to be both Indigenous and 
those likely to be cultivated in the area. A number of species would 
be screened for tolerance to the aerosol and those that were least 
tolerant and representative of each of the following kinds of plants -
woody and herbaceous, perennial and annual., deciduous and conifer -
would be used in further experimentation. The kind of effect to be 
investigated was the occurrence of foliar lesions because they are 
relatively easy and inexpensive to determine, aesthetically objectionable, 
and symptomatic of injury. Thus they are a useful index of possible 
adverse economic or ecological effects.  

The conditions that determine the susceptibility of plants to 
air pollutants fall into two general classes: biological and environ
mental. One dominant biological factor would be stage of development 
of the leaf or plant. Environmental factors that could operate and 
also be controlled experimentally would be temperature, relative humidity, 
light, and free water on the foliage. Susceptibility would be expressed 
in terms of having a higher proportion (or probability) of individuals 
showing an effect of a certain magnitude after receiving a certain dose 
under certain conditions.
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An Iterative approach appeared the best for the determination 
of conditions of greatest susceptibility with respect to environment, 
species, effect, and stage of development: a. model plant would be 
used to establish a condition of maximum susceptibility, woody species 
of interest would be compared with the model Under this condition, and 
new conditions would again be determined with the model plant.' It was 
expected that the results of this research could be used as estimates 
of the lowest probable thresholds for adverse effects, but would not 
provide estimates of thresholds for all environmental conditions, and 
this plan of research would be a rapid and efficient means of determining 
the time-dependent threshold concentration of saline aerosol at a point 
of maximum environmental impact defined by species, environment, and 
effect.
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3. EXPERIMENTAL PROCEDURES 

3.1. Facilities for Aerosol Exposures 

3.1.1. General considerations 

A greenhouse', which encloses an .area of about 1000 ft2, was 
remodeled and equipped to serve the following functions. First, 
to provide physical protection against wind, precipitation and 
other environmental stresses for the exposure chambers, their 
support systems, and air-monitoring equipment. Second, to buffer 
*the environmental control systems of the exposure chambers against 
rapidly changing or extreme, ambient environmental conditions.  
Third, to serve as an adequately controlled environment for the 
temporary maintenance of plants before or' after their exposure to 
aerosols.  

Aerosol exposure chambers were constructed to serve the 
following functions. First, to maintain a controlled or constant 
environment during the period in which plants were to be exposed 
to saline aerosols. Second, to facilitate the distribution of 
the aerosol in such a way that plants could be exposed to uniform 
and reproducible dosages of saline aerosols.  

3.1.2'. Description of greenhouse 

a. Structure. The greenhouse is a standard metal.-frame, 
glass-covered Institute structure 'with a length of 50 ft. (east-west) 
and a width of'20 ft. (north-south). Standard greenhouse benches are 
provided along all sides except the west.  

b. Air handling system. Air is drawn through a capped-duct 
in the roof of the greenhouse 3by a 2-ypeed fan (Bohn 112 LB),; wh ijch 
is nominally rated at 6000 ft3 x mmn at high speed and 3200 ft' x 
min-] at low speed. Two sets of filters, a bank of filters for the 
removal of particulate (30% efficiency on D.0.P. test) then an 
act'ivated charcoal filter (Cambridge STM-30-30, Side 'Carb) for the 
removal' of ambient photochemical'oxidants, are located in the entrance 
duct upstream from the fan. The pressure drop across both sets of 
filters is usually 0.5 inch of water (low speed) and 1.0 inch of 
water (high speed) as measured by a Magnahelic gauge installed on 
the duct. The particulate filters are changed when the pressure 
drop exceeds 4 inches of water (high speed), and activated charcoal 
elements are renewed when oxidant concentrations inside the green
house exceed 30 per cent of the ambient.  

Air from the fan enters a split-duct equ'ipped with a 
face-by-pass damper at the downstream end. A steam coil is located 
in the smaller portion of the split duct. The position of the 
bypass damper is regulated by a pneumatically-controlled positioner, 
while the steam coil is supplied through a pneumatically-controlled 
va lye.
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The air from the split-duct passes through a rectangular 
trunk into the greenhouse under the south bench. Three high 
pressure fog nozzles (Bete PTl5) are located in this trunk and 
receive deionized water at 400 lb x in-2 from a high pressure pump.  
The flow of water to each nozzle is controlled by a pneumatically 
activated valve. The deionized water supplied to the pump comes 
from the normal Institute supply and is maintained at a constant 
level in a storage tank in the greenhouse.  

c. Environmental control systems. The environmental control 
system was designed to maintain the temperature and relative 
humidity of greenhouse air only at values equal to or greater than 
ambient through pneumatic-electrical controls. Protection against 
contamination of filtered greenhouse air by ambient is provided by 
maintaining the greenhouse at a slight positive pressure. A 
recording thermohumidigraph (Rustrak) is maintained on the north 
bench of the greenhouse to monitor temperature and relative humidity 
continuously.  

Humidity control is achieved by the following mechanism.  
A humidity sensor in the greenhouse supplies a pneumatic signal to 
three separate pneumatic control switches. As the relative humidity 
of the air drops, a decrease in the pneumatic signal activates the 
high-pressure deionized water pump and opens the solenoid valve 
supplying one fog nozzle. A further decrease in the pneumatic 
signal opens the second nozzle, and then the third nozzle. An 
increase in the signal sequentially shuts off deionized water to 
each nozzle and shuts off the pump as the valve supplying the last 
nozzle is closed.  

Temperature control is achieved by the following system.  
A thermostat, located next to the humidity sensor, modulates a 
pneumatic signal to the following: a pneumatic-control valve on 
steam lines to heating coils located on the walls of the greenhouse 
under the benches; a pneumatic-control valve regulating steam to 
the coil in the heating duct for incoming air; the positioner 
controlling the face-by-pass damper; and, the relay controlling the 
speed of the fan. The system responds to a decrease in greenhouse 
temperature by: switching from high to low speed on the incurrent 
fan; directing air through the duct containing the heating coil; 
opening the valve of the duct steam coil and then the valves to the 
perimeter steam coils. The system is adjusted, with respect to 
operation on the pneumatic signal, according to the expected ambient 
seasonal temperatures and so that the fan motor operates at low 
speed for the maximum amount of time. To prevent freezing of the 
steam coil, a thermostatically controlled switch will shut off the 
fan motor if the duct temperature of air is 35-40* F downstream 
from the heating coil. In the summer, the roof of the greenhouse 
is given a light coat of whitewash to reduce solar hea ting.
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Air for the greenhouse. and: exposure chamber pneumatic 
controls- is supplied by the Institute compressed air line (90-105 
lbs x in ) through a Honeywell Air Station that supplies clean, 
dry air at 15 lbs x in2 

3.1.3. Description of exposure chambers 

a. Structure and location. Three chambers are located in the 
center of the greenhouse and placed side by side, about 4' apart, 
In a row running east to west. Each chamber consi'.sts of an enclosure 
of about 470 fti formed by a footing .6'-6" long, 9'-6" wide, and P'-8" 
high, upon which is a framework of wood and aluminum channel covered 
with 5-mil Mylar sheeting. In cross section, the plastic covered 
portion of the chamber is shaped like a quonset hut, with walls 21-6" 
high topped by a semicircular arch 41-9" in radius. A metal grill 
floor is supported by the footing inside the chamber. Doors are set 
in the north and south faces of the chamber. The exposure chambers 
are illustrated..in Figure I , page 9.  

Turntables were installed in each chamber to equalize 
the aerosol dosage and environmental conditions over the plants 
used in an exposure. Each turntable is 4' in diameter and is 
located about 6" above the metal grill floor of the chamber.-,The 
tables rotate with an angular speed of 0.18 1- 0.26 rad x sec' 
depending upon the chamber. A-turntable and its position in a 
chamber are shown in Figure 2 , page 10.  

b. Air'handling systems. Eac h chamber is supplied with air 
by a fan'rated at:900 ft- x min-I (Buffalo Forge Baby Vent.). Air 
enters the fan from the greenhouse through a 4 ft2 filter assembly 
that consists of an oiled fiber glass pad roughing filter then a 
p leated paper filter, '95% efficient D.0.P. test,,both from American 
Air Filter. -The pressure drop through-these filters is usually 
0.2 - 0.3 inch of water as monitored by a Magnahelic gauge Installed 
in the duct.. Both sets of filters are replaced when the pressure 

"drop across the filters reaches 0.8 *to 1.0 inch of water. The 
filtered air passes through a steam coil,,a chilled water coil, and 
then a dry steam humidifier bar (Armstrong Manufacturing Co.).  
Steam is supplied to the coil and humidifier bar from the Institute's 
low pressure boiler. Chilled water is supplied by a 15-ton capacity, 
Freon 12 chilled water compressor with its cooling tower modified 
for year-round use.  

The air stream enters the chamber through an 8-inch 
circular plastic plenum which runs the length of the chamber beneath 
the peak of the roof (ilIlustrated in Figure 3 , page 11I) . Nozzles 
direct air from the plenum downward and laterally along the north 
and south walls of the chamber.  

Air is withdrawn from the chamber through a 10-inch 
perforated circular metal duct by a 900 ft3 x min-1 rated fan
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Fig. 1 . Sal ine, aerosol exposure chambers with Sunbrel la l ight f ixtures.
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Fig. 2. Chamber turntable.
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Fig. 3. Circular plastic plenum.I
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(Buffalo Forge Baby Vent.). Air from this fan then passes into 
a common exhaust duct, and then passes through a roughing filter 
followed by a 95% efficient D.O.P. test filter and is discharged 
through the side of the greenhouse. A damper between exhaust fan' 
and the common exhaust duct Is set to balance the pressure among 
the three chambers and to produce a slight negative pressure within 
the exposure chamber.  

c. Environmental control systems. The temperature.and relative 
humidity in each chamber are regulated by two Partlow (model.RFCA) 
recording pneumatic temperature programmers, one for dry bUlb and 
one for wet bulb temperatures (shown in Figure 4, pagel13). The 
set point for each controller can be fixed or programmed over a 
24-hour cycle by a plastic cam. Both sensors are ultrasensitive 
coiled capillaries. The dry bulb is located in the exhaust duct 
upstream to the fan and the wet bulb sensor is housed in the chamber 
itself.  

The pneumatic signal from the dry bulb controller operates 
proportionally on pneumatic control valves on the steam coil and 
on the chilled water coil. The operating range and characteristics 
-of the system are such that near the set point neither steam nor : 
chilled water valve is completely closed. The pneumatic signal fromr 
the wet bulb controller operates proportionally on a pneumatic control 
valve on the steam humidifier bar.  

Owing to the design of -the air handling and environmental 
control system and the placement of the sensors, free water 
often forms in the air supply plenum of the chamber. Th 'is water, 
is blown off at ports and does not strike foliage of plants in the 
chamber.  

d. 'Supplementary lighting. Two Sunbreila (Environmental Growth 
Chambers) light fixtures are suspended in each chamber along the arch 
of the roof, one on each side. Each fixture (shown in Figure 3, page H1) 
contains one Multivapor (General Electric) and one Lucalox (Gpneral 
Electric) lamp. Each lamp housing is provided with a jacket for 
cooling water and a solenoid valve opens whenever the lamp is 
switched on. The irradiances ranged from 286 to 539, 228 to 576, 
and 160 to 410 iiw x cm-2 in the 400 to 500, 600 to 700, and 700 to 
800 nm bands, respectively, as measured with a Plant Growth Photo
meter, Model IL 150 (international Light, Inc.) in a plane 12 inches 
above the turntable.  

There are three kinds of controls that can be used to 
regulate the supplementary Illumination. Primary control is 
exercised by a time clock which regulates a 24-hour on-off cycle.  
During the "on" period a photoelectric relay or manual switch will 
control the lights, and lights are normally on when the ambient 
light intensity drops to 1000-1500 ft-candles. The lights of all 
three chambers are controlled by the same timer, photoelectric 
relay, and manual switch but individual chambers can be switched 
on or off to respond to the master control.
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Fig. 4. Partlow recording pneumatic temperature programmers.
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e. Calibration and testing of environmental controls. A 
precision thermistor temperature indicator (Yellow Springs Instruments) 
was placed in the same air stream as the thermal sensors of each 
chamber. The temperature indicator on the controller-recorder was 
then set according to the thermistor reading. After the set point 
was fixed and the controller was operating, the thermistor was then 
placed at various points in the chamber to monitor temperature under 
dynamic conditions. A calibrated lithium chloride humidity sensor 
(Hygrodynamics) was placed at various positions in the chamber and 
the relative humidity was compared with that estimated from recorded 
wet and dry bulb values during the same periods.  

3.2. Techniques for Chloride Anal ysis and Aerosol Monitoring 

3.2.1. General considerations 

The over-all objectives of methods to monitor aerosols In 
the exposure chambers were the need to monitor the performance 
of the aerosol generation and distribution systems in the exposure 
chambers; characterize the aerosol present in the chamber; and, 
determine the dosage to which the test plants were actually sub-, 
jected. But the choice of the methods actually employed was 
directed not only by these objectives but also by the following 
limitations: kind of method used depended upon the kind of 
aerosol generated; the actual methods used were limited to apparatus 
at hand or originally budgeted and purchased; and, no independent 
means were available to calibrate or test the performance of these 
method S.  

3.2.2. Chemical analysis for chloride 

Chloride was selected for analytical determinations because 
it was most abundant in the aerosol and the aerosol composition 
was constant. A Buchler chioridometer, Model 4-2500 was used for 
all analytical determinations of chloride. The specifications were: 
accuracy +0O.5%; reproducibility +0O.1%; and resolution 0.1 meq x 1-1.  

3.2.3. Determination of atmospheric aerosol concentrations 

Determinations of atmospheric aerosol concentrations were 
carried out routinely when an aerosol with a median diameter 
of less than 2011m was being generated in the exposure chamber.  

A membrane filter holder (Environmental Research Corp., Model 
710) was located in a quadrant of the chamber (routinely in the SE) 
with the holder inlet towards the center of the turntable, 24 inches 
above its surface, and 6 inches away from Its perimeter. The filter 
holder and its placement in a chamber are shown in Figure 5 , page 15 
Air was drawn through the filter assembly by a Gast or ITT Pneumotive 
pump. A Sprague gas meter was placed in the line between the pump 
and filter to record the total volume of air sampled and a Magnahelic 
draft gauge on the inlet of the meter was used to monitor the flow
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Fig. 5. Membrane filter hold'er.
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rate and pressure drop through the filter. The Sprague meter was 
calibrated with a Precision Scientific wet test meter. Air was 
drawn through the filter at a rate of 4 ft3 x min-I for a period 
of 45 minutes to one hour. The pressure drop was recorded at the 
beginning and end of the sampling period and amounted to 140 - 180 
cm. of water across the filter holder. All volumes were adjusted 
to one atmosphere and 200 C.  

The sample was collected In the filter holder on a Millipore 
filter membrane (AAWPO9025, O.8iim porosity). The membrane from 
the filter was cut Into 1 cm strips, which were placed in a test 
tube with 10 ml Buchler reagent, mixed with a Vortex Jr. rotary 
stirrer, and the solution saved for titration.  

3.2.4. Determinations of particle deposition rates 

a. Parafilm deposition plates. When the aerosol generated 
had a median size of about 100 p~m atmospheric saline concentrations 
as such could not be monitored by the methods used for a smaller 
sized aerosol. Thus deposition plates were employed as aerosol 
collectors and used to estimate the dosage received by the plants.  

A sheet of Parafilm was stretched across the open surface 
of the lower half of a 10-cm. diameter plastic petri dish and secured 
to the sides of the dish by a rubber.'band, giving a collection surface 
of 63.6 cm2. The plate was mounted on the turntable with the Parafilm 
collecting surface upwards and normal to the vertical. The deposition 
plate and its placement in the chamber are shown in Figure 6 , page 17.  
The center of the collecting surface was about 2 inches from the 
periphery of the turntable at the height of the bean leaves (about 
13 inches)." Two plates,A lcated 1800 apart, were used In each 
exposure. At the end of the exposure period, the plate was removed 
and placed inside a 150 mm glass petri dish.  

For the analysis'.of chloride, the Parafilm was removed by 
slicing through the film with a scalpel along the Inner side of the 
petri dish. The film was then eluted with 5 ml of Buchler chloridometer 
reagent for subsequent analysis..  

b. Modifie 'd filter assembly. A membrane filter holder (shown 
in Figure 7, page 18) was modified for determination of concentrations 
of aerosol produced by the hydraulic nozzle. The inlet half of the 
assembly was replaced by a collar of PVC pipe, machined so that the 
inside diameter of the collar and the length of the collar were equal 
to the diameter of the membrane (78 mm). The assembly was mounted 
on a revolving turntable with the opening facing upward and air 
samples were taken for 10 minutes at a rate of 40 1 x min-].
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Fig. 6. Paraflim deposition plate.
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Fig. 7. -Modified membrane filter holder.
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3.2.5.. Estimation of particle size distributions 

a. Lundgren rotating drum impactor. A Lundgren rotating drum 
impactor (Environmental Research Corp., Model 4220 A) followed by a 

membrane filter holder (Environmental Research Corp., Model 710) wasI 
located In the chamber with the Impactor inlet towards the center of 
the turntable, 24 Inches above its surface, and 6 inches away from 
its perimeter (as shown in Figure 8 , page 20). Air was drawn through 
the impactor assembly by a Gast or ITT Pneumotive pump at a rate ofI 
4 ft3 x min-I for a period of 45 minutes to one hour. The pressure 
drop amounted to 140 - 180,cm. of water across the impactor and the 
same across the filter holder. All volumes were adjusted to oneI 
atmosphere and 200 C.  

The sample was collected on the drums of the impactor on 
a Teflon film, which-had been coated with Dow-Corning silicone 
grease (dissolved ~n hexane and applied with a brush). The salt 
collected on each 'Impact 'or drum was eluted with 5 ml of Buchler 

chloridometer reagent and reserved for titration.  

b. Magnesium oxide-coated slides. A magnesium oxide-coated 
glass slide was used for' the estimation of particle size distributionI 
of aerosol produced by the hydraulic' nozzle.  

The slide was prepared by passing a clean 3 x 1-inch glass 
microscope slide through a fume produced by the ignition on a metalI 
screen of about six magnesium turnings (Grignard reagent grade) until 
a I Ight coa ting of, ox ide was -seen. The sI Ides were pl1aced 12 i nches 
above the tur'ntabl~e With the. coated surface facing upwards for aboutI 
one minute, .then placed in a'slide box and returned to the laboratory.  
The diameter of impaction craters on the slides was estimated with 
a microscope equipped with a, previously calibrated ocular micrometer.I 
The stage of the microscope was moved so that five fields of the 
slide were observed and all craters in each field were measured. A 
representative illustration of the impaction craters is given in 

Figure 9, page 21.  

c. Immersion oil-slide. Several drops of Type B immersion oil 

(1.250 cs', Dn25*C =. 1.5150) were pla ced in the well of a 3 by 1-inchI 

"hanging drop"' slide. The slide was placed 12 inches above the 
turntable in the exposure chamber for a period of several seconds.  
It was then removed from the chamber and immediately placed on the 
stage of a microscope. Particles were observed by transmitted light 
and' sizes .estimated as with the magnesium oxide-coated slide.
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Fig. 8. Lundgren rotating drum impactor.
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Fig. 9. Aerosol impaction craters on magnesium oxide-coated slide.
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3.3.1 Methods for the Ge neration of Saline Aerosols and Mists 

3.3.1. General objectives 

Several methods for aerosol generation were investigated with 
respect to their capacity to meet the following objectives. First, 
to produce an aerosol in the exposure chamber that would result in 
concentrations of 500-2000 uig ClP x m-3 with the air exchange used 
in the chamber. Second, to produce an aerosol with the particle size 
distribution, 'Chemical composition, and degree of hydration expected 
from a cooling tower. Third, to distribute the aerosol In a uniform 
and reproducible manner in the exposure chamber. The following systems 
appeared to come closest to these objectives.  

3.3.2. Pneumatic nozzle' systems 

a. Nozzle selection and operation. An atomizing pneumatic 
nozzle (Sonicor Development Corp., Model 035H) was mounted in the 
center of the exposure chamber (as. shown in Figure 10, page 23), 
with the jet directed vertically upward into a stream of air from the 
plenum. The nozzle was usually located about 30 cm. below the plenum 
and adjusted in height and orientation until the pattern of the 
spray was uniform in radial dispersion and the trajectory of the 
spray reached its apex about 5 cm below the plenum. Saline solution 
at a rate of 20 ml x min-] and compressed air at 40 lb x in-2 were 
supplied to the nozzle during its operation.  

A~ Sprayco pneumatic nozzle (Model 686C/N133 assembly) was 
40 cm from the periphery of the turntable and 120 cm above it 
(a's showni1n 'Figure 11, page 24). The nozzle was mounted by a 
swivel clamp'on a stand at the side of the chamber so that the 
vertical and horizontal distance of the nozzle from the turntable 
and angle of the spray could be varied. In general, the spray left 
the nozzle in a horizontal plane and produced a broad, flat pattern 
covering the area of the turntable.  

b. Supply and control of saline solution and air. Saline 
solution was delilvered to the pneumatic nozzles from a reservoir 
by a teflon ma netic drive gear pump with a pressure relief bypass 
at 25 lb x in-2. From the pump the solution passed through a 
solenoid valve and then a Dwyer rotameter and control valve to the 
nozzle. The deposition rate was controlled by the flow rate of the 
aerosol solution and the per cent of time the solenoid valve remained 
open (regulated by a sequential time clock). The deposition rate 
could not reliably assume a continuous range of values but had to 
be increased or decreased in Increments of 0.10 pg ClF*min-1 cm-2 
between 0.10 and 0.60 Pig CF-mln-l-cm-2, owing to the range of the 
flow meter, the operation of the time clock,-and to avoid synchrony 
with the rotation of the turntable. Deposition rates of 0.08 p'g 
C1.-min-l-cm-2 or lower were obtained reliably when saline solution
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Fig. 10. Sonicor pneumatic nozzle.
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Fig. 11. Sprayco pneumatic nozzle.
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was supplied continuously to the nozzle by a roller (infusion) 
pump (Holter model RD174 or Model 905). A continuous range ofI 
values was obtained by varying the speed of the pump or the size 
of the pump tube.  

Compressed airwas supplied. continuously to the pneumatic 
nozzle from Institute lines through a pressure regulator (obtained 
from Sonicor), a porous bronze prefilter, and then a Hankinson 

Aerolescar filter.  

3.3.3. Hydraulic nozzle systemg 

A hydraulic nozzle (Sprayco Model 1803) was mounted in the 
center of the chamber immediately below the plenum with the jet 
directed vertically downward (as shown in Figure 12, page26).  
A 20 cm. diameter plastic funnel was placed 18 cm. below the 
spray. Saline solution was provided to the nozzle at a pressure 
of 80 lb x in-2 during operation. Saline solutionwas supplied 
to the hydraulic nozzle from a stainless steel pressure filter ' 
vessel, 20-liter capacity (Millipore Corp.). The vessel was 
pressurized to 80 lb x m-2 by compressed air from the Institute 

system and flow of solution to the nozzlevas controlled by aI 
timer-activated solenoid valve.  

3.3.4. Preparation of saline solutions5 

The saline solution has the following composit'ion (expressed 

in mM concentrations): 

Na 148.6 Cl 168.2 
Mg 15.0 S04  9.33 

Ca 4.13 HCO3  2.69I 
K 3.06 Si03 0.058 
Fe 0.0043 N030.5 
Mn 0 .0007 CIO 0.0073 

Saline solution is prepared as needed by the following procedure.  
A quantity of Na 'Cl and aliquots o! stock solutions of' MnC12*4H20, 
Ca(N0 3 )2-4H20, NaHCO3, K2S04, Na2SO4, 'MgCl2-6H20, CaCl 2, and NaClOI 
are mixed into 18 liters of deionized water. Then quantities of 
FeC13-6H2O and Na2Si03-9H20 are weighed and added to the 'solution, 
and water is added to give a final volume of 20 liters. All chemicals, 

except the NaClO (Clorox) are AR grade Mallinckrodt reagents. Each 
solution is assigned a lot number and analyzed for total chloride 
content to ensure uniformity between solutions.3
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Fig. 12. Sprayco hydraulic nozzle.
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3.4. Procedures for Plant Material1 

3.4.1. Selection and sources of botanical species3 

a. Criteria for selection. All woody species were chosen 
because they were described as saline-aerosol sensitive In the Chalk 
Point, Brandon Shores, or Forked River studies and because they areI 
species Indigenous to the 'Indian Point area as noted in a study done 
for Consolidated Edison by Dames and Moore ("Vegetation Survey of 
the Indian Point Environs," March, 1973).3 

The bush bean was chosen for experimentation because of 
its extreme sensitivity to a saline aerosol and because of the ease 
and economy with which it could be produced. Though the bush beanI 
is not a species indigenous to Indian Point, it was used as a 
very sensitive indicator for botanical damage from the aerosol. The 
use of the bean reduced the number of more costly woody plants that3 
had to be purchased. It was used in preliminary tests to 
determine the nature of the aerosol-induced effects and thereby 
narrow the ranges of testing..3 

b. Sources and species of plants.* Seeds of bush bean (Phaseolus.  
vulgaris L. var Pinto) were obtained from D & D Bean Company, Greeley, 

Colorado.  

The fol low Ing nursery stock was obtained from: 

Warren County Nurseries, McMinnville, Tennessee: 

Forsythia (Forsythia 'intermedia var. spectabilis 
[KoehneJ Spaeth), 18-24" 

Golden rain tree (Koelreuteria paniulata Laxm.), 18-24"1 
Red maple (Acer rubrum L.), 24-36"1 

Silk-tree (Albizzla Tu'librissin rosea Durazzini), 18-24"1 
White ash (Fraxinus americana L.), 24-36" 
Witch-hazel (H-amamelis virginiana L.), 12-18" 

Musser Forests, Indiana, Pennsylvania: 

Black locust (Robinia pseudoacacia L.), 12-18" 
Canadian Hemlock (Tsuga canadensis [L.1 Carr.) 
Chestnut oak (Quercus prinus L.), 12-18" 
Red pine (Pinus -resinosa Ait.), 3 yr. transplants 

White flowering dogwood ,(Cornus florida L.), 24-36", 
Saratoga Tree Nursery, Saratoga Springs, New York:3 

Eastern White pine (Pinus strobus L.), 2- and 3-year 
seedlings.
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3.4.2. Culture and maintenance 

a. Beans. Five seeds of pinto bean were planted in Jiffy 
Mix plus (a-synthetic soil made for Jiffy Products of America by 
[Zonolite Corp.] W. R. Grace & Co.) in 4-inch peat pots. The pots 
were placed in a greenhouse receiving carbon-filtered air and 
supplemental Illumination to maintain a 16-hour photoperiod (as 
shown In Figure 13, page 29). When the plants attained a certain 
stage of development, characterized by fully expanded unifol late 
leaves and trifol late leaflets about 1 cm. long (about 15 days 
after planting), they were used for experimentation.  

b. Nu -rsery stock. The plants were received in mid-May 1973, 
as bare-root transplants, and immediately planted in composted 
soil In 4-, 7-, or 8-inch plastic pots (depending upon the size 
of the plant). The plants were maintained in outdoor frames 
throughout the summer and received regular watering and weeding.  
During the first week of September, about 40 pots of each 
deciduous species were transferred to a greenhouse and were then 
maintained in carbon-filtered air and received supplemental 
illumination to maintain a 16-hour photoperiod and a minimum 
temperature of 700 F. By the beginning of October, new shoots 
were well developed and exposures to saline aerosol commenced.  

Experiments in 1974 with deciduous woody species started 
with at least 10 Individuals of each species that had been brought 
into a heated greenhouse (650 F) for forcing on 30 January 1974.  
These trees had been planted in pots during the early spring of 
1973 and were left outside to complete their normal growth cycle 
(i.e., leafing out, leaf abscission, bud formation and cold 
treatment). About a Imonth after the trees were put in the heated 
greenhouse, they began to leaf out. Thereafter, trees were 
selected for treatment from those kept in cold frames when the 
trees had reached a developmental stage that included older, mature 
leaves, leaves of an intermediate age, and young, expanding leaves.  
(The maintenance of woody species in the greenhouse is illustrated 
in Figure 14, page 30.) 

The times of the year chosen for exposure were based on the 
growth pattern and development of leaves. For the determinate species, 
such as chestnut oak and golden rain tree, where there is no new 
terminal growth after expansion of the initial flush of leaves, 
exposures occurred before shoot elongation and leaf expansion had 
been completed. For the other, indeterminate species, exposure 
occurred any time during active growth. Some species were pruned 
in order to force new growth so that observations could be made on 
the young, terminal leaves as well as fully expanded and partially 
expanded leaves.
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Fig. 13. Pinto beans growing in carbon filtered air with supplemental 
1lighting.
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Fig. 14. Woody species being forced in a heated greenhouse.
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The conifers used In these experiments were at least 
2 years old and had been potted in the spring of 1973. These 
trees were left to overwinter outside and were not forced as were 
the deciduous trees. Pines were selected for exposure when the 
expanding needles were at least 2.0 cm long but not more than 3.0 
cm. and after the needles had completed elongation. Ten pines wereI 
used per treatment for both repetitive and single dose exposures.  
Single dose treatments were 6 hours in length for just one day.  
Repetitive treatments continued for 6 hours a day for four consecutive 
days. Evaluation of the trees was done 48 hours after the termination 
of the exposure.  

3.4.3. Protocol for treatment of plants 

In the morning, one or more pots of each woody species were 
taken from the greenhouse, placed on the turntable in the exposure 
chamber, and allowed one to three hours acclimation to the environ
ment of the chamber before exposure was started. At the end of the 
exposure period, the plants were returned to the control chamber and 
maintained there for :24 to 48 hours before evaluation. Control and 
treatment chambers were-maintained at the same temperature, relative 
humidity, and supplemental illumination. Bean plants also received 
a 24-hour acclimation period. The plants were then thinned to twoI 
plants per pot (a tota'l of 9 to 12 pots being used per exposure), 
transferred to a. chamber, receiving a saline mist, and evaluated 24 

hours after the end of the exposure period.  

3.4.4. Evaluation of botanical effects 

In the evaluation of responses of woody species of plants, theI 
basic experimental un'it was the plant.- The response was classified 
as positive If any foliar lesion was found that could be attributed 
to exposure, and negative if no foliar lesions were found.- Photo-I 
graphic records were also made of the types of lesions produced on 
the foliage. Prior to placement in the exposure chamber each tree 
was given a permanent identification label so that it could be3 
observed at a later date to determine any residual effects of saline 
aerosol. Individual leaves and/or leaflets and branches were also 
labeled to denote position on the plant (terminal bud, side branches, 
etc.) as well 'as to note any previous injury (insect or physical).I 
Additional labels were placed on portions of the plants after exposure 
to follow any developing Injury.5 

In the evaluation of bean response, the primary experimental 
unit was the unifoliate or first trifoliate leaf. A leaf was 
classified as positive if any salt-induced lesion was visible andI 
negative If no lesions were apparent. A secondary evaluation 
system was also used, based on the estimated percentage of follar 
surface affected.3
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3.4.5. Sampling for determinations of chloride in foliage 

After the beans had been evaluated for injury, one unifoliate leaf was 
randomly selected from each of four randomly chosen pots. Each 
leaf was ground In a Duall glass homogenizer with 20 ml of 0.2N 
HNO3. A 100 or 500 VIi (depending upon the expected chloride content) 
aliquot was used for analyses; two aliquots were used for each 
homogenate.
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4. RESULTS OF EXPERIMENTATION 

4.1 Accuracy and Precision of Analytical Methods 

4.1.1. Chloride determinations by chloridometer3 

Three automatic chloride analyzers were tested and the Buchler 

Digital Chloridometer was selected as the best for our purposes..  

The Buchler and the Corning instruments were both adequate but the 
former had a slightly greater sensitivity. Both instruments also 

proved suitable for determinations of chloride in plant tissue. The 

other cations and anions in the saline solution used to generateI 
the aerosol did not interfere with this analytical system for chloride.  

The Buchler Chioridometer proved to be a rugged, precise, accurate 

and sensitive analytical tool. The reproducibility in routine analyses 

of collected particulate matter or plant tissue probably reflected an 

error in sampling or variability in the preparation of samples rather 

than the performance of the instrument. For this reason, measures ofI 

analytical performance are discussed in the sections dealing with 
aerosol monitoring and responses of plants.  

4.1.2. Analyses of plant tissue for chloride 

a. Recovery of chloride. Dried gladiolus leaf tissue was 

weighed, ground and extracted in known amounts .of two different media: 
(1) O.OIN nitric acid (HNO3) and 10% acetic acid, or (2) 0.05N sulfuric 

acid (H2Th4) for 10 minutes followed by O.lN sodium hydroxide (NaOH) 

for 10 minutes. Sui table aliquots of the extracts were analyzed forI 
chloride with a chloridometer. Known amounts of chloride were then 

added to the sample and it was analyzed again. Recovery of known 

amounts of added chloride was good, suggesting that the presence of 

plant tissue introduced no significant interferences in the chemical 

analysis for chloride. These experimental results are given in 

Table 1, page 34.1 

b. Precision and reliabijlty. An analysis of variance was 

performed on the results of 2 exposures of pinto beans to saline 

aerosols where duplicate analyses were performed on each leaf and * 

four leaves were analyzed from each exposure. With an over-all mean 

of 1.80 pg CP per g fresh weight of foliar tissue, the estimate of 

the variance component due to analytical variation was 0.070 jig Cl

per g fresh weight and the estimate of the variance component due to 

sampling (between leaf) variation was 0.30 P9g CF- per g fresh weight 

41 (Table 11I, page 34) . 1 
4.3. Adequacy of aerosol collectors 

It was assumed that if the Lundgren drum impactor, membrane 

collector, or coated slide were used as recommended, their efficiencies5 

and calibrations would conform to those published. No apparatus was
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Table 1. Recovery of chloride added to aqueous extract of gladiol us leaf tissue 
tissue that was obtained by different procedures 

Dry weight Estimated.Cl- Amiount of Cl- (vi eq.) 
Kind of extraction tissue in'tissue Added Recovered 

procedure (g) (v eq.) 

Nitric-acetic acid 0.24.4 80.0 10.0 9.8 
0.250 82.0 2.0 2.1 

Sulfuric acid-sodium 0.257 88.0 2.0 1.9 
hydroxide 0.249 84.0 4.0 3.8 

10.0* 9.9*

*Readditlon of Cl- to extract.
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present at the Institute for the generation of monodisperse saline 
aerosols of known degree of hydration nor for their collection where 
impaction velocity or temperature and humidity could be strictly con
trolled. Thus it was also assumed that variability in aerosol genera

tion and distribution was much greater than that introduced by these 
sampling or collection methods, and variations in the results of air 
monitoring reflected, the performance of the generating and distribution 
systems rather than that of the monitor although the possibility thatI 
the two could be confounded was never ignored.  

4.2. Performiance of Aerosol Generation and Distribution SystemsI 

Several systems were used for aerosol generation. Each produced 
an aerosol with different characteristics, but there were basically two 
kinds of aerosols produced: fine, dry suspended aerosol with most particles 
between 0.3 and 3.0 uim, and a sal ine mist with particles greater than 50 pmr.  
Different methods of monitoring and collection were used for each kind of 
aerosol.  

4.2.1. Suspended saline particles3 

The Lundgren impactor assembly was used to obtain estimates of 
concentration (mass of chloride per volume of air) and of particl'e 
size distribution to determine differences in concentration and particle3 
size that could be present from point to point within the chamber or 
from one time to the next in the same chamber.' 

On two days, during the tests with deciduous species, the 
Lundgren impactor assembly was placed in different quadrants and a 
sample was taken for about I hour in a chamber that was maintained 
under normal operating conditions, but devoid of plants. The resultsI 
presented in Table 2, page 36, indicate that, with the Sonicor pneumatic 
nozzle, the concentration and size distribution were relatively constant 

from time to time and place to place in the chamber. The results alsoI 
indicated that the majority of the saline particles produced by this 
system had sizes in the range of 3 to 0.3 Pim (drums 2 to 4 of the impactor).  

Although the concentration of saline aerosol found in theI 
chamber would be 2000 vig CF- x m-3 when the chamber was devoid of 
plants, measurements taken during, the exposure period with plants 
showed a reduction of about 20%~ in aerosol concentration (i.e., aI 
value of 1500-1700 vig CF- x m-3 ). This reduction in the apparent 
aerosol concentration was probably due to the removal of particles by 

plant foliage from air circulating in the chamber.I
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Particle size distribution and concentration of aerosol which was 
by a Sontcor pneumatic nozzle, as measured by the Lundgren Impactor 
at different locations In an exposure chamber on two different days

Quadrant Fraction of chloride collected by 
Day of Lundgren Impactor drum number Final To 'tal chloride 

chamber filter concentration 
2 3 4 (g xm-3) 

INE 0.007 0.338 0.440 0.216 0.037 1525 
NW 0.019 0.375 0.427 0.179 0.081 1710 
SE 0.011 0.326 0.413 0.250 0.044 1597 
SW 0.14 0.393 0o.403 0.189 0.030 1809 

2 NE 0.011 0.374 0.38 6 0.204 0.025 1589 
NW 0.011 0.409 0.343 0.189 0.048 1559 
SE 0.020 0.409 0.354 0.179 0.038 1784 
SW 0.018 0.398 0.383 0.179 0.022 1772 

Mean 0.014 0.378 0.394 0.198 0.041 

Sadevardo. 0.005 0.031 0.034 0.025 0.019
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4.2.2. Saline mist5 

a. Uniformity of deposition rate. Examination of the results 
obtained by parafilm deposition plates indicates that this method 

affords reasonable enough estimates of the deposition rate or vertical 
flux of aerosol into the space occupied by foliage and variations in 
the performance of the aerosol generating system. Analysis of the data 
obtained in exposures where the hydraulic nozzle was used qave vari-I 
ance components of 1.46 jig Cl- x cm-2 for duplicate analyses of the same 
plate, and 2.75 jag CF- x cmf 2 for duplicate 2plates in the same exposure 
with an over-all mean of 26.18 p.g CF- x cm- . The variability bore no 
apparent relation to total deposition but the measurements were probably 
as variable as the nozzle performance during the exposures.  

The directional pattern of salt deposition from a mist generatedI 
by the hydraulic nozzle was determined by placing three deposition plates 
at the same height above the turntable. The collection surface of one 

plate faced upwards and 'was normal to the vertical, that of the second 
faced in the direction of rotation and normal to a tangent of the 
turntable, and that of the third faced outwards from the center of the 
turntable and normal to the radius. After an exposure period of one or 
two hours during which the turntable rotated the plates were analyzed 
for total chloride. The results (Table 3, page 38) show that the deposition 
on the surfaces of the plates facing in the direction of rotation and away 
from the center of the turntable were respectively 10% and 1.8% of theI 
deposition on the upward-facing plate.  

b. Control of.particle size distributions. Magnesium oxide-coated5 
slides were used to monitor particle distribution for the hydraulic 
nozzle generator with respect to transient changes in the generator 
and evenness of distribution within the chamber. As shown by Table 4, page 39 
there was relatively little difference in particle size distribution from 
place to place on the turntable. Several analyses of slides placed on 
the turntable for one minute, are presented in Table 5, page 39, and show 
that some variation occurred from time to time in particle size distribution I 
and about 50% of the particles were in the range of 90-180 1am.  

Variations in air pressure changed the size distribution of3 
mist particles produced by the pneumatic nozzle, as is summarized in 
Table 6, page 40. When this pneumatic nozzle was operated at 11 lb x in-2 

(psi) it gave about the same gross distribution of particle sizes as the 
hydraulic nozzle previously used, and when operated at 13 psi, it gave aI 
gross distribution that was closer to what was desired (95% in the range 
50 - 150 pam, as shown in Table 7, page 40.3
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Table 3. Effect of orientation of the deposition plates on the amount of 
chloride deposited from a saline mist during an exposure period 

Amount of chloride deposited (jig) on surface of plate directed 
In direction** Away from center** 

Exposure Upwards* of turntable of turntable 
# rotation 

101 4,620.9 507.6 (11.0) 161.7 (3.5) 
102 4,927.6 384.6 ( 7.8) 86.4 (1.8) 
103 7,976.3 691.3 ( 8.7) 85.3 (1.1) 
104 5,237.1 697.6 (13.3) 93.5 (1.8) 
105 6,004.7 735.0 (12.2) 97.4 (1.6) 
106 5,930.0 406.7 ( 6.9) 73.1 (1.2) 

Mean (10.0) (1.8) 

*kStandard orientation of deposition plate.  
** Figures in parentheses are percentage of chloride on upward-facing 

deposition plate.
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Table 4i. Effect of position in exposure chamber on apparent particle size 
distribution of the aerosol produced by the hydraulic nozzle as5 

estimated by the magnesium oxide-coated slide 

Turntable Fraction of particl .es with impaction otarticlbes 

on position craters (in urn) of counted 

6061 90 136 181 211 271 
< 60 -75 -135 -180 -210 -270 -:Q.30~ 

North 0.102 0.119 0.305 0.279 0.060 0.068 -- 0.068 59I 
South 0.085 0.113 0.305 0.248 0.050 0.103 0.024 0.071 141 
East 0.058 0.039 0.330 0.214 0.039 0.194 0.038 0.087 103 

West 0.111 0.046 0.361 0.287 0.065 0.083 -- 0.046 108 

Table 5. Apparent particle size distribution of the aerosol produced by the3 
hydraulic nozzle as estimated by the magnesium oxide-coated slide on 

different days and at different times during the same day 

Total number 

Day Fraction of particles with impaction of particlesI 
craters (in pjm) of counted 

61 90 136 181 211 271 >0 
___0 -7 -3 -8I1-2 -n >0 

10.040 0.070 0.270 0.240 0.110 0.115 0.105 0.050 95 
2 0.244 -- 0.281 0.151 0.043 0.072 0.029 0.180 139 
3 0.213 0.071 0.327 0.177 0.023 0.066 0.052 0.071 113I 
3 0.119 0.085 0.271 0.153 0.085 0.131 0.055 0.102 118 
3 0.092 0.093 0.324 0.231 0.042 0.129 0.033 0.056 108 

4* 0.098 0.053 0.230 0.217 0.109 0.174 0.046 0.072 152I 
4* 0.024 0.023 0.219 0.320 0.086 0.180 0.063 0.086 128

Screen removed from nozzle for routine exposures.
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Table 6. Effect of air pressure on the apparent particle size distribution of 
a saline mist generated by the Sprayco pneumatic nozzle (as estimated by 

magnesium oxide."coated slides*) 

Air SPRAYCO PNEUMATIC NOZZLE (686c/N133) 
pressure Fraction of particle size with impaction craters (in u~m) of 
lb x In-2 

<25 25-49 50-99 100-150 151-200 250 >250 

10 0.003 -- 0.061 0.335 0.316 0.161 0.123 
12 0.005 0.002 0.282 0.615 0.022 0.032 0.04.2 
13 0.008 0.011 0.272 0.672 0.006 0.014. 0.017 
14. 0.04.1 0.026 0.326 0.559 0.026 0.004 0.019 
15 0.036 0.074. 0.353 0.4.63 0.035 0.028 0.012 

*Readings taken 30 cm above turntable.  

Table 7. Comparison of the particle size distributions of saline mist produced 
by the pneumatic and hydraulic nozzle (as estimated by the 

magnesium oxide-coated slide) 

Fraction of particles with Total number 
.Nozzle used impaction craters (in pim) of of particles 

<50 50-150 150-250 >250 counted 

Sprayco, hydraulic 0.029 0.56. 0.275 0.132 280 
Sprayco pneumatic at 11 psi 0.002 0.5.1 0.250 0.207 51.0 
Sprayco pneumatic at 13 Psi 0.019 0.94. 0.019 0.017 360



Final report to Con Edison 
31 -Aul ust 1974 
Page 1I 

4.3. Evaluation of Aerosol Exposure Facilities.I 

4.3.1. Reliability of environmental control systems 

a. Greenhouse. The environmental c ontrol systems of the g reenhouseI 
performed very well when the daily ambient temperatures and relative 
humidities were below those set for the greenhouse. For example, d'uring 
the month of November, dry and wet bulb temperatures of the greenhouseI 
showed a drift of less than 30 C over a period of several days while 
cycling at a rate of 7 cycles per hour with an amplitude of 1* C about 
the mean. Once ambient temperatures and humidities -rose above the set 
point, the greenhouse maintained ambient conditions and could not be 
used as a controlled-environment holding area for test plants. Although no 
photochemical oxidant episode of great magnitude occurred while the 
greenhouse was operational, measurements taken in the greenhouse showed 
a significant reduction of ambient oxidant levels within the greenhouse.  
See Table 8, page 42.3 

b. Exposre chambers. The environmental control system of the 
exposure chambers performed as well as was desired. In normal operation 
the wet or dry bulb temperature showed a periodicity of five cycles perI 
hour with an amplitude no greater than 0.50 C, at set points of 27.50 C 
and 85% relative humidity (R.H.). During periods of peak solar radiation 
the mean hourly temperature would increase usually no more than 1.50 C.  
Because the wet bulb sensor received air mixing in the chamber and theI 
dry bulb sensor was located in the exhaust duct, the apparent, r 'ecorded 
environmental conditions also reflected the effects of the-operation 
of the aerosol or mist generator and the presence of plants in the.I 

4.3 .2. Adequacy of facilities for aerosol exposure5 

The exposure chamber and its air handling system fell short of the 
objective where suitability for aerosol exposure and distribution were 
concerned. The turntable provided a necessary remedy insofar as evenness3 
of dosage for all plants during a single exposure was concerned. However, 
the chambers had two flaws. First, there were an excessive number of 
surfaces, ledges, or edges within the chamber upon which particles.  
accumulated and later re-entrained or fell onto the plants' foliage., 
Second, air flow within the chamber was turbulent with spaces of 
stagnation and therefore there was no sure way to estimate time of 
flight, direction of impaction, or flux of the particles relative 
to the plant foliage.  

4.3.3. Effect of facility characteristics on the interpretation of re sults

The aerosol exposure facilities were entirely adequate for the 
controlled maintenance of plants at given temperatures and relative
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Table 8. Comparison of oxidant concentration In the ambient atmosphere and 
and in the greenhouse as measured by the Mast ozone meter 

Mean concentration of oxidant in ppb (v/v) 
Ambient Gireenhouse Date Time (EST) atmosphere air 

31 July 1974 1100-1200 74 12 
1500-1600, 62 11 
1900-2000 45 9 
2300-2400 35 6 

1 August 1974 0300-0400 17 4 
0700-0800 23 8
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humidities. However, owing to the flow of air through the chamber, 
the effect of saline aerosols could not be interpreted in terms other 
than mass concentration for suspended particulates or rate of deposition 
for saline mists with the aerosol generating and monitoring systems that 
were employed.3 

4.4. Responses of Plants to Saline Aerosols and Mists3 

4.4.1. General 

Several series of exposures, which differed in objective, in kind of 
aerosol and plant, and in length of exposure, were carried out. One wasI 
designed to screen deciduous species of shrubs and trees for susceptibility 
and the effects of various parameters on the injurious effects of a smaller, 
dryer saline aerosol in exposure periods generally ranging from 12 to 25I 
hours. The objective of another was to determine the median effective dose, 
under relatively constant and defined conditions, of a larger, wetter aerosol 
on a cultivated variety of bean in exposure periods ranging from 30 minutes 
to 2 hours. The objective of another series was to estimate the relative 
susceptibility of deciduous and coniferous species of plants to a saline 
mist. The results of all these exposures are grouped together to illustrate 
the kinds of responses induced by saline aerosols and the effects of various I 

4.4.2. Expression of foliar symptoms Induced by saline aerosolsI 

Symptom expression,, although common to several species, varied from 
species to species and from time to time on the same species. The kindsI of injury found on'the various species were as follows: 

a. Bush bean. The severity of Injury was variable in those exposures 
to saline aerosol that produced symptoms. Injury consisted primarily of 
tissue collapse followed by necrosis of those areas. Marginal wilting 
occurred in the leaves of plants exposed to lesser doses. In exposures 
that eventually produced the heaviest 'injury, symptoms developed immediately I 
after and sometimes during the exposure. They were manifest as a general 
tissue collapse over some parts of the leaf and developed into necrotic 
lesions the following day. When symptoms did appear at low dosages, they 
were not immediately apparent but werelmanifest about 20 hours after the 
exposure. At 0.3 P.g CI-min-1 .cm-2 for 30 min., some leaves would show 
lesions consisting of waterlogged areas of tissue that were transient and 

did not develop into necrotic lesions.  

b. White ash. This species represented the most sensitive of the 
deciduous woody plants evaluated. Levels as low as 0.01 pg Cl-min-1 -cm-2 I 
for 4 hours were injurious to four out of twelve individuals. The youngest, 
expanding leaves were the most sensitive and often were dead by the end of 
the exposure period, Injury was less in the middle-aged leaves and the older 3
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leaves were the most tolerant. Foliar symptoms consisted entirely of marginal 
and intercostal tissue collapse with the injury beginning at the tip 
and extending toward the base of the leaflet (Fig. 15, page 45). In 
all but the most severely injured leaves, the veins remained green.  
Although the terminal leaves were destroyed, the terminal bud remained 
Intact and soon set out a new flush of leaves.  

When exposed to the suspended (0.3 - 3 pm) saline particles 
at concentrations above 1400 pg Cl-x m-3, Injury on ash appeared 
approximately 20 hours after the termination of the exposure. The 
range of injury on leaves of the same plant was rather broad, with 
markings covering 5%~ to 85% of the follar surface (Fig. 16, page 46).  
Incipient injury (necrotic areas) occurred at the tip and then continued 
along the margin and inward toward the midvein. The necrosis was entirely 
intercostal when more than the margin was injured.  

c. White flowering dogwood. This was one of the more susceptible 
species tested. Injury was observed at a deposition rate of 0.01 pg 
C1-mln-l for 4 hours. Symptom expression on the leaf was limited to 
tip necrosis ("'2.0 mm) at the lowest doses (Fig. 17, page 47) but spread 
down along the margins as the dose Increased. The youngest, expanding 
leaves were the most susceptible foliage.  

Injury on dogwood appeared approximately 20 hours after the 
termination of the exposures longer than 16 hours at concentrations 
of suspended saline particles (0.3 - 3.0 pm) above 1500 pg Cl x in3.  
Several degrees of severity were manifest on leaves from the same plant.  
Only the tip showed any necrosis in the least severely injured leaf.  
More severe injury was exhibited as marginal necrosis extendinq 2/3 the 
length of the margin, approximately 1-cm wide (Fig. 18, page 46S). On 
the most severely injured leaves, necrotic areas appeared on the surface 
of the leaf in addition to the marginal necrosis.  

d. Silk tree. The young, expanding leaves were the most sensitive 
to saline aerosol, and injury was first observed at a deposition rate 
of 0.40 pg Cl--min-1*cm-2 for 4 hours. Generally, the more severely 
injured leaves were toward the top of the tree. The upper leaves could 
be completely necrotic whereas the lower leaves exhibited various degrees 
of injury. The leaf of the silk tree is bicompound and is made up of 
several primary leaflets which contain many pinnules. Injury on the 
leaves was more severe on the distally located leaflets, with distally 
positioned pinnules exhibiting the more pronounced effects of the 
aerosol (Fig. 19, page 49). Injury consisted of total tissue collapse 
of the pinnules, beginning at the tip and extending toward the base.  
The severity of injury was directly proportional to the amount of salt 
deposited in the exposure chamber.  

e. Chestnut oak. Deposition rates of salt below 0.40 pg Cl-minl].cnr2 
for 4 hours did ntcause any immediately observable injury. With levels
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Fig. 15. Marginal and intercostal tissue collapse on white ash.



Final report to Con Edison 
31 August 1974 
Page 46

Fig. 16. White ash exhibiting various degrees of injury to saline 
aerosol.



Final report to Con Edison 
31 August 1974 
Page 47

Fig. 17. Tip necrosis on white flowering dogwood.
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Fig. 18. Marginal necrosis on a white flowering dogwood leaf.
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Fig. 19. Injury on distal pinnules of silk tree.
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at or above this value, two forms of injury were noted. One form of 
injury appeared as necrotic areas restricted to the tip of the leaf and 
to the margins immediately adjacent to the tip of some of the lobes on 
the leaf. The other form of Injury began as chiorotic, collapsed tissue 
midway between the margin and the midvein and in the intercostal areas 
from the tip to the base of the leaf with an equal amount of unaffected 
tissue between each injured area. These regions began to extend laterally 
toward the midvein and margins and eventually became necrotic (Fig. 20, 
page 51). In severe injury, where most of the leaves in a given area 
had 75% necrosis, the terminal bud would break and a new flush of leaves 
would ensue.  

f. Black locust. As in chestnut oak injury was not observed 
until levels reached 0.4.0 pig Cl--minl].cm- for 4. hours. When symptoms 
were present, they were of two kinds. The more sensitive, younger 
leaflets responded by an inward curl along the margin with the tissue 
eventually turning necrotic, and, in some cases, fell off. The middle
agedl and older leaves developed a chlorotlc stipple that was distributed 
along the surface of the leaflet. The more distal the leaflet, the more 
injury it sustained (Fig. 21, page 52).  

g. Forythia. Symptoms occurred at or above a deposition rate of 
0.4.0 vg CT ni ffnn- cm-2 for 4. hours and consisted of total tissue collapse 
that generally began at the tip and extended along the margins toward the 
base of the leaf (Fig. 22, page 53). Circular necrotic areas %0.O5 *cm in 
diameter appeared occasional ly,and necrotic bands about '0.5 cm wide often 
extended from margin to margin across the center of t he leaf. Both old 
and young leaves exhibited the same degrees of injury, apparently neither 
more nor less sensitive than the other. However, a distinct difference 
in susceptibility between young and mature foliage was apparent in exposures 
later In the season on shoots that appeared two to three weeks after 
pruning '. At the lower effective doses, injury occurred almost exclusively 
on the newly emerged leaves whei~eas the older leaves were relatively.  
uninjured. Only In exposures that caused total collapse of all the new 
leaves were any of the older leaves injured (the extent of this injury 
was less than 0.5 cm necrosis at the tip of the leaf).  

h. Red maple. Symptom expression did not occur below a deposition 
rate of 0.50 Pg C1*-min 1 cm-2 for 1. hours. The severity of injury 
increased as the dose increased. At lower dose rates of saline aerosol, 
injury was restricted to the tip of the leaf and the margins immediately 
adjacent to the tip. Where injury occurred, it consisted of total tissue 
collapse around the veins as well as the intercostal areas. At higher 
dose rates, injured areas involved the tip of the leaf and a larger area 
of the margins that extended nearly to the midvein. In addition to this 
mode another kind of injury consisted of an occasional circular necrotic 
area on the surface of the leaf. This lesion was generally found toward 
the base of the leaf and was approximately 1 cm in diameter. Along the
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Fig. 20. Range of saline injury to chestnut oak.
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Fig. 21. Response of black locust to saline aerosol.
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Fig. 22. Saline aerosol injury on forsythia.
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periphery of the necrotic area there was a chiorotic halo about 1 mm wide 
encircled by a thin red band. This last form of Injury was not found 
in any of the other deciduous trees (Fig. 23, page 55).  

An additional kind of response occurred when two adjacent leaves 
overlapped: necrosis of the tip of the upper leaf was accompanied by a 
circular necrotic lesion on the lamina of the lower leaf as is illustrated 
in Figure 24, page 56. This overlapping probably created a localized area 
of high humidity, which hydrated any salt crystals so that more rapid foliar 
absorption could take place. The necrotic tissue in affected areas took 
on the banded appearance described above. This condition was found at all 
dose levels that affected maples. The expanding young leaves were the most ' 

susceptible; the lower the position of the leaf on the tree, the less severe 
the injury. But it cannot be concluded that the lower leaves were less 
susceptible than those fully expanded leaves toward the apical meristem 
because of the sheltering effect of the upper fully expanded leaves.  

i. Golden rain tree. This was another relatively resistant species 
and injury did not occur below a deposition rate of 0.80 ipg CP--min- 1~cm-2 

for 4 hours. Injury was almost entirely associated with the overlapping 
of adjacent leaves described above for maple although some injury occurred 
on the tips and along the margins of some leaflets. The injury appeared 
initially as collapsed tissue and eventually became necrotic.  

j. Witch-hazel. This was the most res I stant species tested. Even 
with levels as high as 1.10 u'g Cl--mi n-cm' , no injury due to the aerosol 
appeared on any of the leaves at the time evaluation took place (24 hours 
after exposure). However, a circular lesion '0.5 cm in diameter did appear 
on one leaf of one tree (Fig. 25, page 57). This was attributed to a 
large drop produced by the aerosol nozzle and not to a direct effect of the 
aerosol. Injury did appear one week later as the margin of the leaf took 
on a red color. The continued presence of salt from the exposure, which 
had crystallized and remained on the leaf, probably accounted for the 
injury which was observed a week after exposure.  

k. Canadian hemlock. This was the most susceptible species to 
saline aersol mist of all those tested on the basis of the severity of 
the injury and the doses required to produce it. Injury consisted of 
necrosis, which began at the tip of the needle and progressed toward 
its base (Fig. 26, page 58). 'A deposition rate of 0.01 Ug Cl-min1 Icm 2 

for 6 hours was sufficient to cause injury on all individuals exposed to 
this dose after a period of 7 days and symptoms appeared only on the older 
needles at this dose. The severity of injury was greater initially at 
higher doses, but eventually became the same at all doses. Severity of 
injury was not associated with position of the needles on the tree and 
generally resulted in the loss of the older needles. Those older needles 
which were partially injured remained on the tree for a longer period of 
time than the needles which were totally necrotic. The young, expanding 
needles were uninjured except for a few individuals at an exposure of 
0.6ijg Clmlnl.cm-2 for 6 hours.
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Fig. 23. Saline aerosol injury on red maple.
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Fig. 24. Localized lesion on red maple due to overlapping of leaves.
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Fig. 25. Injury on witch hazel probably caused by a large drop of 
aerosol.
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Fig. 26. Older needles of Canadian hemlock exhibiting injury due to 
saline aerosol. Note absence of injury on current year's needles.
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1. Eastern white pine. Saline-induced injury occurred on eastern 
white pine at a deposition rate of 0.2 ipg C1 .minIT-cnf 2 for 6 hours and 
consisted of necrosis which began at the tip of the needle and progressed 
toward its base. The injury at this dose was limited to the older, previous 
year's needles; the young, expanding needles were uninjured (Fig. 27b, page 60).  
At this dose about half of the older needles showed necrosis ranging from 
10-50% of the total needle length. At levels above 0.20 iig, the extent of 
injury increased on the older needles so that nearly all showed necrosis 
amounting to at least 50% of the needle length and more than half of the 
older needles were completely necrotic. Defoliation of the older, totally 
necrotic needles, usually occurred within a week after the exposure. Needles 
that were in some way sheltered from the aerosol by adjacent needles or by 
their inward position on the tree were either uninjured or just mildly so.  
Of the sixty 2 ines which were exposed to deposition rates of 0.4 to 0.8 pg 
Cl--min-1*cm-1, six individuals showed moderate injury on the young 
expanding needles in addition to injury on the older needles (Fig. 27a, page 60).  

4.4.3. Factors involved in the response of bush bean 

a. Dose rate and duration of exposure. The results of exposure 
of pinto beans to 100-150 Pim saline mist (produced by the hydraulic nozzle) 
at a deposition rate of 0.35 iig Cl--min-1*cnf 2 and a nominal concentration 
of 900 Uig C1- x m-3 and relative humidity of 85% are presented in Table 9, 
page 61. Probit analysis of the data on log dose (time) gave an estimated 
median effective dose (ED50) of 56 minutes. It should be added that the 
amount of injury produced by dosages injuring around 50% of the leaves was 
about 5-10% of the foliar surface.  

b. Relative humidity. Twenty.-four pots of bush beans were given 
a 24-hour acclimation period at 85% relative humidity (RH), thinned 
to two plants per pot and exposed to saline aerosol for two hours. At 
the end of the exposure period, twelve pots were put in a control chamber 
set at 27.50 C and 85% RH. The remaining twelve pots were put in a control 
chamber set also at 27.5' C but at 50% RH. Plants were observed 24 hours 
after the exposure period for symptom expression. In a complementary series 
of experiments, bush beans were exposed to saline aerosol mist under 
conditions identical with those described above with one exception: the 
acclimation and exposure were carried out in a chamber at 50% RH.  
Post-treatment of the beans was the same as In the previous set of 
experiments (i.e., 12 pots were kept at 50% RH, 12 pots at 85% RH).  

Although the kind of injury that developed by the plants 
exposed at 50% RH was the same as for those exposed at 85% RH, the rate 
of development of symptoms was different. On the day following exposure 
at 85% RH, all symptoms were fully developed but at 50% RH two to three 
days were required for the full development of symptoms.  

Relative humidity during the post-exposure period as well as 
during the exposure period significantly affected the incidence of 
injury produced by a saline aerosol on bean foliage, as is indicated by 
the data presented in Table 10, page 61 and in Figure 28, page 63. For 
the production of an equal incidence of injury, twice the dosage (deposition.  
rate) is required in an exposure at 50% RH as of 85% with the same post-
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A B

Fig. 27 A.  

Fig. 27 B.

Eastern white pine with injury on both current and 
previous year's needles.  

Eastern white pine with injury only on previous year's 
needl1es.
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Table 9. Effect of length of exposure on the proportion of unifoliate leaves of 
bush bean injured by saline aerosol generated by Sprayco hydraulic 

nozzle at a deposition rate of 0.35 P9g Cl--min 1 cm-2 and a 
nominal concentration of 900 pig C1- x m-3 at 85%~ 

relative humidity and 27.50 C 

Fraction of leaves 
Exposure time Total number 

(min) Injured Uninjured of leaves 

120 0.99 0.01 96 
95 0.93- 0.07 96 
60 0.28 0.72 240 
45 0.28 0.72 144 
30 0.08 0.92 144

Table 10. Effect of changes in the relative humidity during the exposure and 
post-exposure/periods on the susceptibility of bean plant foliage to 

injury by saline aerosols for a 2-hour exposure 

Relative Percentage of unifol late 
humidity, leaves injured with the 

during the Deposition rate relative humidity of the 
exposure (14g C1.-min-l.cm-2) post-exposure period at 
period 85% 0 

8%0.436 56 36 
0.540 72 4 

50%~ 1.050 75 48 
1.435 88 69
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exposure treatment. S imil1a rlIy, twi ce -the dosage i s -requ ired for -equa I3 
incidence of injury when the post-exposure environment is maintained at 
50% RH as compared to post-exposure period at 85% RH with equal conditions 

of exposure. If a linear relationship between probit and log dose is 
assumed, and only two dosages are used,-the extrapolated ED50'5s for a 
two hour exposure at 85% and 50% RH are, respectively, 0 .4 and 0.7 jig 

CF--min-1 cn- 2 for an 85% RH post-exposure and 0.6 and 1.1 jig CF--min-l 

cm-2 for a 50% RH post-exposure period.  

c. Particle size distribution. The apparent toxicity of the 

aerosol generated by the pneumatic nozzle and used to obtain the results 
of Table 10, page 61, is about half of that described for earlier experi
ments with the hydraulic nozzle and summarized in Table 9, page 61 (re
spectively, 0.4 jig Cl--min-lcm-2 for two hours and 0.35 for 56 minutes 
at 85% RH during and after exposure). The aerosol generation methods used 
previously gave a more toxic aerosol with a greater fraction of mass in 
particles with an apparent size greater than 150 jim (Table 7, page 40).  
This difference was also apparent when the toxicity of aerosols. produced 
at 13 and 11 psi by the pneumatic nozzle were also compared.  

d. Foliar accumulation of chloride. The accumulation of chloride 
by 'the unifol iate leaves of bush bean from saline mist produced by the 
hydraulic nozzle was compared with the amount of chloride accumulated on 
deposition plates. Analysis of the data yielded the regression equation 

Y = 1.47 + 0.013X where Y is mg chloride per gram fresh weight of follar 
tissue and X is mg chloride x cm-2 found on the deposition plate as 
illustrated in Figure 29, page 65. Although this regression was signifi

cant, the association between chloride in the foliar tissue and chloride * 
deposited was not very close as indicated by a correlation coefficient 
of 0.444 and the analysis of variance given in Table 11, page 64.  

e. Soil contamination by saline particles. The maximum deposition 
found in a single exposure during the bean experiments was equal to 170 
Vig CF- x cm-2 . The surface area of soil exposed in the pots is approxi

mately 80 cm2. Thus, it is estimated that 13.6 mg CF- could have been 
added to the pot during this exposure. The concentration of chloride in 
Yonkers tap water is 500 P9g x ml- 1, and an equivalent amount of chloride 

would be added by less than 30 ml of the tap water routinely used in water-I 
Ing the plants. The effects of aerosol on the soil were considered 
negligible and foliar injury was attributed solely to the aerosol 

deposited from the atmosphere *on the foliar surface.  

4.4.4. Responses of deciduous woody species 

a. General. Responses of deciduous woody species and' the factors 
affecting them were derived mainly from work with saline mist, but also 
from some results with the smaller suspended particulate. The more exten

sive experimentation with the mist gave better dose-response informationt 
and more documentation on symptom expression. Experimentation with the 
latter aerosol indicated the greater toxic effect of the aerosol at a 
higher relative humidity. Both aerosols produced the same order of species 

susceptibility with the greatest susceptibility shown by the younger foliage.
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DEPOSITION RATE (pAG CIXCM- 2xMIN') 

Figure 28. Effect of different relative humidities during the exposure 
and post-exposure periods on the relationship between deposition rate of saline 
mist and incidence of injury on unifoliate leaves of bush bean. Symbols: 0 85% 
RH during and after exposure; * 50% RH during and after exposure; 4 85%~ RH during 
exposure and 50% RH afterwards; 4D 50% RH during exposure and 85%~ afterwards.



Table 11. Analysis of variance of the results of chemical ar 
foliage for chloride after exposures to saline mist pr 

hydraulic nozzle 

Sources of variation Sums of Degrees 
squares freedc 

Regression on total deposition 9.718202 

Residual (between exposures) 39.617450 25 

Between leaves (from same exposure) 14.988431 81 

Between analyses (of same leaf) 0.524119 108 

Total 64.848201 215
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talyses of bush bean 
oduced by the 

of Mean square mg 
9.718202 

1.5846983 
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Figure 29. Relationship between foliar accumulation of chloride by unifoliate 
leaves of bush bean and chloride deposited from a saline mist generated by the 
hydraulic nozzle. Equation for regression line is Y = 1.47 t 0-013X.
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b. Saline mist. The results of exposures of nine deciduous woody 
species for four hours to a saline mist produced by a Sprayco pneumatic 
nozzle (50 to 150 pm) are summarized in Table 12, page 67 . The probableI 
order of these species with respect to increasing tolerance to the saline 
aerosol is: white ash, white flowering dogwood, silk tree, forsythia, 
black locust, chestnut oak, red maple, golden rain tree, and witch hazel.  
But the position of some species (silk tree, black locust, golden rain 
tree, and witch hazel) is not so firm as others owing to their relatively 
low replication in these experiments.. White ash and white flowering 
dogwood were the most susceptible species with four out of twelveI 
individuals, of the former species, responding at 0.01 pg C1*-min-1*cm-2.  
At the other end of the scale, one out of four individuals of witch hazel 
responded to 1.1 pg C1*-min-l*cm-2. Median effective doses for the other 
species probably lie between 0.2 and 0.8 pg Cl min-l-cm-2.  

In addition to the species of plants, other factors affected response 
to saline aerosol. For all nine species, the youngest expanding foliageI 
was the most susceptible. Foliage of the same developmental stage 
appeared to be more susceptible at the beginning of the growing season 

(whether natural or forced) than that which occurred later in the summer.  

c. Suspended particulates. The results of one series of exoeriments 
with the sal ine aerosol of 0.3 to 3.0 pm are summarized in Fig. 30, page 68.  
Each point represents exposure of one plant of each species for the period 
of time indicated on the horizontal axis to the concentration of aerosol 
monitored in the chamber during the exposure period. Circles denote 
exposures at 70%~ RH and triangles denote exposures at 85%~ RH. At concen
trations of saline aerosol from 800 to 1700 pg CF- x m-5and lengths of 
exposure from six to twenty-five hours, no symptoms were induced on the 
foliage of black locust, chestnut oak, forsythia, golden rain tree, red 3 
maple, silk tree, or witch hazel. None of the exposures to saline aerosol 
at 70% RH, at 800-1700 pg CF- x m-3 and for six to twenty hours, produced 
Injury on the foliage of white ash or dogwood. However, at 85% RH injury 
was induced on the foliage of ash and dogwood at aerosol concentrations of 
1500-1700 pg CF- x m-3 in exposure periods greater than sixteen hours. The 
results of further experiments with ash and dogwood are tabulated in Table 
1 3, page 69,. These results indicate that the two species were comparableS 
in susceptibility to this kind of aerosol and that for a concentration of 
1500-1700 pg tCF x m-3 a median effective dose (time) would be around 

sixteen hours with, perhaps, a threshold below fourteen hours. * 
Only one test was run with bush be an under the same conditions as 

those used for the deciduous woody species. Exposure to about 1500 pig 
Cl- x m-3 for 95 minutes produced injury on 25% of the unifol late leaves.  
Thus, bush bean foliage appeared to be more susceptible than that of ash 
or dogwood to this kind of saline aerosol (0.3 - 3.0 Pm).
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Table 12. Incidence of symptoms* induced by saline aerosol on nine species of 
deciduous woody plants exposed for four hours at 85%~ RH

SpeiesDeposition rate (pg CP--min-'cm-2) 
0.01 0.02 0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.8 1.1 

White ash 4 2 9 2 1 1 2 1 .1 
17 TU T T T 2 1 T 

White flowering 1 2 10 20 9 .1 1 *2 2 
dogwood Y 1W 27 -1 T 

Silk tree 0 0 1 1 1 1 2 
T T T Ty T T 

Forsyth ia 5 52 1 
10 5 T 

Black locust 0 0 1 2 1 
-1 l 1 ~ T - T 

Chestnut oak 1 5 9 3 

9 T 

Red maple 0 1 2 .1 3 1 3 
T - T T 3 

Golden rain 0 0 3 2 
tree T 3 

Witch hazel 0 * 0 1

to each dose.*The denominator is the total number of plants exposed 
The numerator is the number of plants that showed symptoms.



Final report to Con Edison 
31 August 1974.  
page 68

2000 

E 

,16000o 

E 0 
U 

.12000 

4

0 

41 o 
C 

0 0 
4-) 

800 
______ _ _ 6 12 18 24,

30
Length of exposure period (hours) 

Figure 30. Concentrations of saline aerosol and durations of exposure used in experiments with seven deciduous woody species (forsythia, golden-rain tree, mimosa, red maple, white ash, white oak, and witch hazel) at 27.50 C. Each 
point represents an experiment with one individual of each species. Circles 
denote exposures at 70% relative humidity, triangles at 85% relative humidity.
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Table 13. Effect of length of exposure to 1500-1700 Pg C1- x m-3 of saline 
aerosol (3 -0.3 pm) at 85%~ RH on the number of plants showing 

any observable fol jar lesions 

Duration of Number of plants of 
exposure. White flowering dogwood White ash 
(hr. :min.) With Without With Without 

injury injury injury injury 

25:24. 0 1 0 
20:10 5 0 5 0 
18:00 5 0 5 0 
17:00 0 5 5 0 
16:00 4 6 10 0 
14:00 0 4' 0 4
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4.4.5. Responses of coniferous species 

a. Eastrn whiteine. The results of exposures of eastern white 
pine to a saline mist produced by the Sprayco pneumatic nozzle (50 -150 im) 
for a six-hour exposure period given once or repeated on two or four 
successive days are summarized in Table 14, page 71. For a single sixhour exposure the median effective dose would be a deposition rate of 
0.2 pg Cl--min-lcf 2. This estimate is based on the response of one
year-old needles; no injury was produced on fully expanded needles at 
deposition rates less than or equal to 0.5 pg C1*-min-l.cm-2 . Of the 
ten trees exposed to 0.60 pg only two showed any salt injury on the young, 
expanding needles. Less than 5% of these needles were affected in any 
way and where necrosis did occur, it extended no further than 0.5 cm of I the needle length. At the highest single dose (0.8 pg CP- min-l.cf 2 ), 
symptoms on the expanding needles were present on 3 of 10 trees. This time 
the extent of injury occurred on about 10% of the expanding r.eedles, buta 
the necrosis was never more than 0.5 cm from the tip of the needle.  

It should be noted that when chloridewas added to the soil in 
quantities sufficient to cause injury to this same species when the 
needles are expanding injury occurred first and was most severe on-*the young, 
expanding needles.  

In exposures to saline mist for six hours on each of four 
consecutive days, injury did not occur on the older needles at a deposition 
rate of 0.10 pg CP--min-1 *cm- 2 . At a dose-0.2 pg CP--min-l-cnf 2 Injury occurred on all ten trees and eight of them had necrosis on about 25% 
of their older needles for about 25% of the needle length. At a deposition 
rate of 0.4 pg Cl -min-lcn 2 , all trees were injured and injury was present 
on 75% of the older needles for about 50% (2.5 cm) of the needle length; 
on two of ten trees, injury was present on the expanding needles, affected 
10% of these needles, and amounted to less than 0.5 cm of the total needle 
length. At a deposition rate of 0.6 pg CP--min-'cm-2, nearly all theI 
older needles were completely necrotic and injury to the expanding needles 
had the same Incidence and severity as at 0.4 pg Cl_*minl.cnf2.  

b. Canadian hemlock. All plants exposed for six hours to saline 
mist (50 - 150 pm) to deposition rates equal to or greater than 0.01 pg 
C1*-min 1 * cm-2 produced injury and eventual defoliation to the previous 
year's needles. &However, in one set of trees exposed to 0.03 pg Cl--minI cm-2 
eight out of twenty did not show injury. These trees were sprinkled with 
water two days after the exposure, whereas all other hemlocks did not 
receive overhead irrigation until ten days after the exposure. The results 
of these exposures are summarized in Table 15, page 71.
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Table 14. Incidence of symptoms* induced by saline aerosol on eastern white 
pine exposed for 6 hours at 85% RH 

Number of Deposition rate (jig Cl--min-l-cnf 2) 
successive.  

days 0.1 0.2 0.4 0.-5 0.6 0.8 

1 0/10 22/47 21/30 19/20 10/10 10/10 

2 0/10 

4 0/10 10/10 In/In 

*The denominator is the total number of plants exposed to each dose.  
The numerator is the number of plants that showed symptoms.  

Table 15. Incidence of symptoms* induced by saline aerosol on C anadian hemlock 
exposed for 6 hours at 85% RH 

Deposition rate (jig Cl-min1 l.cf 2) 
0.01 0.02 0.03 0.04 0.1 0.2 04 0.5 0.6 

4/4 8/8 12/2o** 12/12 4/4 8/8 8/8 -4/4 8/8 

*The denominator is t 'he total number of plants exposed- to each dose.  
The numerator is the number of plants that showed symptoms.  

** Eight trees subjected to overhead irrigation, within 2 days after exposure.
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5. CONCLUSIONS 

5.1 Evaluation of Experimental Results 

An exposure to saline aerosol of 50-150 urn particle size tha tI 
results in a deposition rate less than 0.01 jig Cl-*m1n 1 *l'cm-2 over a 
period of 4 to 6 hours is the present answer, based on experimental 
results, to the question: What is the maximum short-term exposure 

to saI Ine aerosol of cool ing tower,-ori1g in that will,. not produce, adverse 
effects on the most susceptible *plant species at the Ind'ian Point, New 
York area unde'r conditions that are most conducive to injury? .Adverse 
effects Were foliar necrosis and eventual loss-of the affected -foliage.  
The. most susceptible plant species were Canadian hemlock and white 

-ash. The environmental conditions most conducive to injur-y-~were 85%~ 
RH and the absence of rain during and after exposure to saline aerosol.  

5.1.1. Characteristics of the aerosol 

Particle size and degree of hydration may affect the toxicity ofI 
the aerosol. The results upon which the conclusion is based were 
obtained with the saline mist characterized by 95% of particles of 

apparent diameter between 50-150 jim. A saline mist with 40% of theI 
particles greater than 150 pim was about twice a's toxic at equivallent 
exposures. Although no direct comparison was made, a dry saline aerosol 
wi .th particle size between 0.3 and 3.0 im was much less toxIc than tihe 

saline mists. Hazards posed by saline aerosol from a cool ing tower may 
be'expected to vary .from point, to poi Int in the surrounding 'area with 
changes In the particle size distribution of the dri-ft. Therefore, the 

hazard posed by the aerosol will vary over the area and should be mapped 
on the basis of the predicted size and degree of hydration of the particles.  

There are certain qualifications that should also be made with3 
respect to this characteristic of the-drift, if the distribution of 
particle size is not unimodal. The greatest hazard and the greatest 
consideration should be given to the upper end of the particle size 
distribution spectrum. -

5.1.2. Characteristics of the response -3 

The basic response measured was the occurrenceon an-individual' plant of 
foliar injury that could be discern 'ed by an observer. Errors in 
measurement could occur because-most of'the deciduous -plants showed

symptoms that mimicked saline aerosol-injury before they were exposed.  
Consequently a plant could be classified as injured by saline aerosol 
When it-was not (false positive) or as uninjured when it was (false 
negative). Because the response was measured on a nominal scaleI 
(classification), w'hat was determined was the distributon o f thre sholds 
or tolerances of individua-, plants.. Consequentl1y,. the characteristic£



Final report Con Edison 
31 August 1974 
Page 73 

of this distribution, the median effective dose (ED50) and the 
dispersion of tolerances about it, were viewed as more descriptive 
of the population and of greater value in predicting risks than what 
could be called the threshold.  

The symptoms on the foliage conformed to what has been described 
as typical salt-induced injury which results-from the penetration of salt 
into the leaf and its translocatlon and eventual accumulation to toxic, 
concentrations in the apical or marginal tissues of the leaf.  

The severity of injury, although not used as a measure of 
response, gave about 5 to l0% necrosis of the, foliar tissue on broad~
leaf plants around the ED50. This amount of necrosis is regarded, by 
some as the threshold for detrimental effects on growth. Because some 
of the woody species used, in these experiments (such as hemlock) are 
grown as ornamentals, the deterioration in the appearance of *an Individual 
tree may be more pertinent than the productivityof a stand..

5.1.3. Parameters of exposure

The relationship of dose to response is-uncertain in the short 
term exposures of these experiments. The untested assumptionin these 
experiments was that log dose (either as deposition rate or as length 
of exposure) had a linear relationship to the probit of response -(inci
dence of individual plants with foliar lesions).. The resul' ts with beans 
were in apparent agreement with this assumption, and time was not suffi-..  
cient to determine its validity with respect to woody species.  

Another untested assumption was that whatever function decribes 
the relationship of dose to response is symmetrical with respect *to depo-, 
sition rate and length of exposure. If this assumption is true, exposures 
that pose *a risk of injury to botanical species could be expressed with 
respect to total salt deposited as is done in Table 15, page 74..  

5.1.4. Effects of environment 

The-effects of two environmental factors on the toxicity of saline 
aerosol were determined: relative humidity by systematic experimentation 
and precipitation i1nadvertently in the form of overhead irrigation. A 
change in the relative humdity from 50 or 70% to 85%, during the exposure 
period, doubled the toxicity of saline aerosol. An increase in relative 
humidity from 50%~ to 85% in the post-exposure period also doubled the 
toxicity. This effect of relative humidity is probably related to the 
deliquescence of sodium chloride around.75% RH and due to increased 
penetration of salt deposited on the foliage. Precipitation within two 
days after exposure decreased the expression of saline induced symptoms 
that normally required ten days for their development on hemlock. Elution 
of salt deposits from the foliage before sufficient internal accumulation 
occurred probably accounts for this effect.



Percentage of Plants Injured
Total

deposition Hemlock White 
(Vg Cl-cm-2 ) ash

Dogwood Silk- For- Chestnut 
tree sythia oak

Black Whi te 
locust pine

Red Golden 
mapl e rain 

t ree

576 

288

264 

216 

192 

180 

144 

120 

96 

72 

48 

36 

24.0 

14.4 

12.0 

10.8 

7.2

Table 15. Relationship between total salt deposition and the 
incidence of injury on woody species of plants.  

P 
The numbers given in each triad are of the form p, where: 

P is the percentage of response (injury) = N' + (N' + N'.') when 
N' =number of plants injured by dose < value given 

N' ' =number of plants uninjured by dose a value given 

.Pl and Pu are lower and upper limits, respectively, for P such 
that the probability (Pl<P<Pu) = 0.95, and are based on the 
table A.3 and methods (pp. 23-24)in Hol lander & Wolfe, Non
parametric Statistical Methods, John Wiley, New York 1973.

m m - - - - - m m m

Wi tch
hazel

100 
96-100 

100 
96-100 

100 100 100 100 100 100 25 
85-100 93-100 54-100 82-100 72-100 48-100 1-81 

100 100 
95-100 95-100 

100 100 100 100 100 100 100 0 
85-100 92-100 40-100 75-100 40-100 63-100 29-100 0-60 

1009 
94-100 92-100 
100 100 100 100 100 100 100 100 0 0 

94-100 84-100 92-100 29-100 74-100 82-100 29-100 89-100 0-98 0-52 
100 100 59 100 

16-100 78-100 48-70 40-100 
100 100 100 100 86 100 50 

84-100 92-100 3-100 69-100 42-99 3-100 12-88 
100 29 14 

93-100 19-39 1-58 
100 98 0 50 10 0 0 

82-100 88-100 0-84 19-81 1-45 0-98 0-37 
100 -0 

91-100 0-6 
100 87 0 0 0 0 

81-100 72-96 0-71 0-84 0-84 0-46_
100 

90-100 
68 54 

45-86 33-75 
100 

86- 100 
100 

74-100 
3 2 15 

15-57 3-38 
100 

40-100 
16 4 

5-34 0-20

3.6 

2.4

-v, -n 

-4-t 

0 
~.rt 
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It should be added that the relativethumidity of the micro
climate atround the leaves is influenced by transpiration and that this 
kind of effect was also present.  

The effects of dew, rain, temperature, wind velocity, and light 
intensity could not be Investigated.  

5.1.5. Biological determinants of susceptibility 

There were three biological factors that determined susceptibility: 
species, stage of development, and phenotype. The-species of plant 
appeared. to have the greatest effect. The stage of development Affected 
susceptibility but the nature of this effect-depended upon the kind of 
plant. In deciduous woody species, the youngest leaves were most sus
ceptible, but In conifers,.the year-old needles were most susceptible.  
On the basis of 'the effects of species and stage of development Canadian 
hemlock constitutes the botanical population at greatest risk. Pheno
typic variation within a species was also present but less broad:wlthin a 
10 to *20-fold 'range of dose the response went from 0 to 100%. For example, 
the median effective doses for hem 'lock and witch hazel,,although undeter
mined, would be more than 100-fold different (deposit-ion rat 'es less than 
0.01 and greater than 1.0 iig Cl1*min 1*Icm-2, respectively).  

Hemlock proved to be the most susceptible of the species ,tested 
in experimental exposures. Also the foliage of conifers Is present 
throughout the year and the older foliage Js also the most susceptible tissue 
to the effects of airborne salt. Thus, there Is the possibility for 
prolonged exposure in salt accumulation In the tissue that are most 
susceptible to Injury.  

5.2 Problems for Future Research_ 

A number of factors, conditions and ass-umptions, deserve further 
attention with respect to the effects of saline aerosol on vegetation.  
One obvious problem would be the determination of a median effective 
dose for Canadian hemlock. Certain qualifications to the over-all 
conclusion should be made.  

Additionally, not all ornamental species of conifers were subject 
to experimentation. Therefore, additional species that may be present 
In the area should be investigated to determine their relative suscepti
bility to hemlocks.  

Seedlings of young trees, as were used in these experiments, may 
not be representative of the population actually present in the area 
with respect to the tolerance of that population to saline aerosol.  
Therefore, the possibility of genetic, developmental, and phenotypic 
differences between the tested population and the natural should also 
be investigated. Another area for future research concerns the effect
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of temperature, light Intensity, wind velocity, and especially 
precipitation and dew on the susceptibility and response-of plaints to 
saline aerosol. The effects on growth of ecological function were 
not examined in these experiments and these effects In themselves and 

as they determine the scale of tolerance for various species should 

More information Is needed upon the relationship between. dose 
and response particularly with respect to the effects of duration and 
repetitiveness of exposure. The prediction of adverse effects would 
be simplified if It could be shown that the total deposition of salt, 
whether from a single exposure or from a series of exposures over aI 
longer period of time,is'asuffi-clent estimate of the hazards posed by 
saline aerosols.  

Some of the mechanisms of action that can be postu lated to account 
for the effects of different factors on the phytotoxicity of saline 
aerosols should receive further attention. Extrapolation from experi
mental exposures to field situations could be aided by quantitative I 
models of the following processes: collection and retention of 
atmospheric salt by the foliar surface; the-transfer of salt between 
the exterior' and interior of the leaf, and between the cells andI 
intercellular solution of the foliar tissue; the flow of transpiration 
within the leaf; and the accumulation of salt in the foliar tissue to 
toxic 'Concentrations.3
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FORWARD 

CONSOLIDATED EDISON COMPANY OF NEW YORK, INC. is studying the 

environmental impact which would occur from installation of cooling towers 

for the company's Indian Point nuclear power plants. Con Edison has pre

viously studied the effects on aquatic' biota of plant chemical discharges 

from the present once-through cooling system. Cont ained herein is the final 

report for the bioassay program conducted by TEXAS INSTRUMENTS INCORPORATED 

of the effects on striped bass and white perch of-two-cycle cooling tower 

blowdown and plant chemical discharges from Indian Point Units #1 and #2.  

Winter and summer seasonal tests were conducted January 23 to March 20, and 

June 10 to September 1, 1974 respectively.
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A. INTRODUCTION 

Steam electric-generating stations use large volumes of water 

for cooling. Steam, used to operate the turbines, is cooled by water-in 

condensers at the turbine exha'ust. The cooling'water can then be returned to 

the aquatic ecosystem. Cooling towers are often used to comply with state and 

federal statutes which regulate aquatic near field thermal discharge leve ls.  

'Evaporative cooling towers utilize the energy of evaporation to reduce the 

temperature of the effluent'cooling water. When an evaporative cooling tower 

is situated on an estuary the cooling process concentrates the dissolved 

solids thereby increasing the conductivity (salinity) of the effluent. The 

scientific literature contains little information on the possible effects of 

the interaction of increased salinity of cooling tower blowdown and plant 

chemical discharges. This- is partly due to the difficulties involved'in 

procedures for bioassay of combinations of a large number of chemicals.  

Garton (1972) investigated the toxicity of combinations'of 

power plant chemical discharges. The blowdown contained none of the ions 

concentrated by evaporation and his bioassay procedures were questionable 

because he introduced an additional stress factor by changing all but one 

inch of water in each aquarium daily. Lauer (1972) testified to the Atomic 

Energy Commission (AEC)-on results of bioassays on components of plant 

chemical discharge from Consolidated Edison Company's Indian Point Unit's No.  

1 and 2. Lauer's bioassays were 48 hour static tests and he re ported that 

results were very conservative and maximum plant discharge was ex pected to 

be far below environmentally safe standards. Hoar and Randal (1969) 

described tChe extensive res'earch with stenohaline (narrow salinity range)
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and euryhaline (wide salinity range) fish on salinity tolerance and shock3 

associated with changes of ambient salinity. They outlined the physiological 

changes which occur in variousfish species nresponse toexposureto 

increasing and decreasing salinity. These changes included the alterations, 

in the rate of ionic excretion and water permeability. When a euryhaline-I 

fish is moved to higher salinity it begins to lose water through the kidney.I 

To counteract this water loss the fish begins to "drink" water-and increase 

excretion of divalent ions at the kidney. During this stress period the3 

water permeability of the kidney tubules is reduced, eliminating water loss.  

The purpose of this study was to determine the acute (short..  

term) and chronic (long term) effects of cooling tower blowdown and. chemical3 

discharges from the Consolidated Edison Indian Point nuclea r generating 

plants on young-of-the-year or yearling striped bass (Morone saxatilis) and3 

white perch (Morone americana). Lethal and safe concentrations of these 

discharges were also'determined in accordance with the U. S. EnvironmentalI 

Protection Agency standards. Standard bioassay procedures were used to3 

quantify the acute and c hronic lethality of cooling tower blowdown and power 

plant discharges during a winter temperature regime (4.0'C to 6.5'C) from3 

January 23 to March 20, 1974 and a summer temperature regime (230C to 260C) 

from June 10 to September 1, 1974. Qualitative observations were also made 

during 28-day standard bioassays for chronic sublethal alterations in.3 

general condition, swimming, feeding and aggressive behavior, and 

orienta tion.3 
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B. STUDY PROGRAMW 

1. Test Solutions 

Cooling tower blowdown and power plant discharge are unique 

to each site and vary with water quality, cooling cycles and various in 

plant processes; therefore, no typical effluent exists. For this bioassay a 

chemical slurry, simulating cooling tower blowdown from Indian Point Unit No.  

2 and intermittent and continuous chemical discharge from Units No. 1 and 

2 was mixed to the discharge concentration predicted by Consolidated Edison.  

This chemical combination was selected to simulate the effluent which will 

be entering the Hudson River at the discharge canal. Table 1 lists the 

quantities of chemicals added to water from the Verplanck quarry to achieve 

the maximum projected ion concentrations of blowdown from two cycle cooling 

tower operation.. Table 2 lists the projected maximum concentrations of ions 

and power plant chemical discharges. Test concentrations listed in Table 2 

are hence forward considered as a unit, ,with the test concentration label 

1L.OX.  

The water source for these bioassays was the Verplanck quarry.  

Tidal salinity variation at the Verplanck, New York laboratory site makes 

Hudson River water inappropriate as a source-of dilutent or solvent for the 

slurry. Following a chemical analysis of the quarry water the major consti-t

uent salts were added to quarry water to reflect winter maximum Hudson River 

concentrations as shown in Table 3. Table 3 also gives maximum summer salt 

ion concentrations used for artificial river Water during summer tests. This 

artificial river water was used as dilutent for all bioassay tests. The 

s lurry was mixedwith untreated quarry water for the stock solution.
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Table 1. Projected maximum of salts (per thousand grams of solution).  
used to simulate cooling tower blowdown. Concentrations 
based on 2-cycle evaporative cooling tower operation.

'I 
I 
I

*Acute test #2 and one winter and surmmer 
chronic test included chlorine.  

Table 2. Projected maximum concentration of power plant chemicals 
and naturally occurring ions included In a I OX slurry.

services group

Chemical C Concentration pt) 

NaCi T7456 

MgC12  1.428 
Na2SO4  1.316 

CaC12  0.454 
KC1 0.229 

NaHC03  0.108 
NaSiO 3 0.035

ChemicalConcentration parts 

Crhemical a e .pe r Imillio n ~ m 

Orthphoshate1.5 
Hydrazine 0.1 
Cyclohexylamine 0.1 
Lithium Hydroxide 0.01 
Boron 9.0 
Potassium Chromate 0.05 as Cr+6 

Sodium Hydroxide 0.03 
Surfactant 1.0, 
Chlorine* 0.1 
C1- 5988 
Na + 3400 
S042 890 
Mg +2 364 
Ca+2  164 

K+ 120 
HCO3  78 
S i (as Na2SiO 3) 8

f-I 0



Concentration (ppm) 

Ion Winter Summer 

C1_ 621 2841 
Na+-2  344 1645 
S04 312 445 
Mg+2  74.6 194 
Ca+ 2  96.4 107.5 
K+4 15 71 
HC0 3- 77.2 80 
Si 2.5 4.9 

Table 3. Summer and winter maximum natural concentrations of salt 
ions occurring in Hudson River water at Indian Point.  
These concentrations were used as a formula for the 
synthetic Hudson River water used as a dilutent for all 
bioassay tests.  

2. Fish 

A 13 hour light:ll hour dark photoperiod was maintained and 

fish were treated for one hour each week during the holding period with 

180 ppm forrnalin. Prior to testing, thc fish were held .in the laboratory 

for at least 7 days and were fed frozen brine shrimp and Purina trout chow..  

During chronic tests fish were fed with frozen brine shrimp at 3% of body 

weight per day. Fish were not fed during acute tests. Fecal material and 

uneaten food were removed one hour after feeding. Fish were treated in a 3% 

sodium chloride solution during transfer handling to induce increased mucus 

secretion as a precaution against stress-aggravated fungal infection. -Fungal 

infected fish were'not used to initiate tests.  

Assays were performed on native Hudson River young-of-the

year or yearling striped bass and white perch in accordance with procedures 

outlined by Sprague (1969) and APHA (1971). Winter tests were performed on 

young-of-the-year fish 40 - 100 millimeters (m) standard length (7cim 

average) and 3 - 9 grams in weight (5.3 grams average). Winter test fish 

were held, prior to experiments, in partially filtered Hudson River water.
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3. Dosing Apparatus and Concentrations 

Bioassay exposures were made in a continuous-flow serial 

diluting system (Figure 1) as described by Mount and Brungs (1967). This 

system delivers 650 ml aliquots of diluted slurry at preset concentrations 

to five 30-gallon aquaria every four minutes. The cycle period was reduced 

for summer tests to 2.5 minutes to prevent. depletion of low summer ambient 

dissolved oxygen. The system also delivers 650 ml aliquots of artificial 

river water to one control aquarium in the same time intervals. For the 

winter chronic and all summer tests the diluters were modified to deliver 

6 concentrations and one control. Sodium hypochlorite (chlorine source) 

solution was introduced via a Mariotte bottle for the winter chronic test 

with chlorine. All aquaria were held in an ambient temperature controlled 

water bath.  

Two acute and two chronic experiments were performed on each 

species under winter conditions. No replicate tests were made. One acute 

and two chronic tests with replicates were performed under summer conditions.  

Acute tests were of 96 hour duration. Winter acute #1 test~1 

slurry concentrations of l.8X, 1.4X, l.OX, 0.6X and 0.2X with natural and 

artificial river water controls. Winter acute #2 tested slurry concentrations 

of 3.6X, 2.8X, 2.0X, 1.2X a nd 0.4X and controls. Chlorine was also included 

in the test #2 slurry to, determine any additional synergistic effects.  

All four 28-day chronic tests had concentrations of 4.OX, 

3.6X, 2.8X, 2.OX, 1.2X, 0.4X and an artificial river water control. One 

chronic test for each temperature regime included chlorine.
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* Figure 1. Schemiatic diagram of diluting apparatus used in Cooling Tower Bioassay S Study. A.' Mount-Brungs serial diluter. B. Test aquaria. C. Ambient 
* temperature water trough.
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Slurry concentrations greater than 4X are not possible as 

they result in a supersaturated solution with a precipitate composed of 

Ca S04, magnesium salts and sodium salt. Analysis of data from this concen

tration range (>4X) would result in an erroneous LC 50 determination.  

4. Test Procedures 

Aquaria were observed hourly for test fish mortality. Mor

tality was identified by cessation of opercular movement and failure to 

respond to mechanical stimulation. Fish were measured and weighed at death 

or at the conclusion of each test. Temperature, dissolved oxygen and con

ductivity (salinity) were recorded daily for each test aquarium and in the 

specific aquarium at the time of any mortality. In addition, chemical 

analyses were performed on water samples taken at the beginning and end of 

each test to estimate the actual concentrations delivered by the diluters 

and variability in these concentrations.  

Ten fish of each species were placed in test aquaria and 

permitted to acclimate 12 hours in artificial river water. Twenty young-of

the-year striped bass were used in each concentration for the summer chronic 

test with chlorine. Sufficient fish were obtained to run only the summer 

chronic experiments in replicate. Due to a lack of fish on June 10 summer 

acute tests were carried out with only 5 fish per concentration to evaluate 

operation of diluter modifications and obtain gross estimates for choosing 

the chronic test concentration range. Acute LC 50 data were drawn from the 

first 96 hours of the chronic tests.  

5. Data Analysis 

Analyses were aimed at determination of an acute and
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incipient median lethal concentration (LC 50) for summer and winter seasons.  

The acute LC 50 is defined as the concentration of a toxicant lethal to the 

average organism (50% of the test organisms) and is prefixed by a specific 

time period as a function of exposure. The incipient LC 50 is less rigidly 

defined as the concentration at which acute toxicity to the average fish 

ceases (Sprague, 1969).  

Individual mortality data were analyzed by log-probit trans

formation analysis as described by Litchfield (1949), Litchfield and 

Wilcoxon (1949), Sprague (1969) and Finney (1971). Individual mortality 

data are plotted as cumulative percent Mortality vs time on logarithm

probability paper. A chi square (X2) test is used to determine goodness of 

fit for a line fitted by eye to data at each concentration. Litchfield 

(1949) showed this visual fit to be generally very close to the best 

statistical fit. Significance of variation in slope (rate) and 50% effect 

time between replicates are then calculated to test comparability of 

replicates. The LC 50 may'be determined with its 95% confidence limits 

(±1.96 standard deviations) from a graph of total percent mortality vs 

concentration at specified time. The LC 50 may also be determined from 50% 

mortality curve on graph of concentration vs time. The incipient LC 50 can 

be set as the point on this curve where the asymptote becomes "parallel" to 

the time axis.  

6. Government Standards 

To obtain consistent, objective polution control standards 

the United States Environmental Protection Agency has established application 

factors as estimates of the incipient LC 50. For nonpersistent effluents, 

similar to the slurry used in these'experiments, 10% of the 96-hour LC 50 is
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recommended as the application factor. The ratio of a projected discharge 

concentration to the incipient lethal concentration must not exceed 1.0. The 

sum of the ratios for each constituent of an effluent must not exceed 1.0, 

where the effects of several toxicants in an effluent are additive.  

C. RESULTS 

1. Chemical and Physical Data 

The ranges for daily temperature, dissolved oxygen, and 

salinity readings are shown in Tables 4, 5, 6, 7, 8 and 9. With the excep

tion of one set of striped bass replicates in the summer chronic test with

out chlorine, temperature and dissolved oxygen did not vary significantly 

among test concentrations and controls. On day nine of the unchlorinated 

summer chronic test an unexplained, rapid depletion of dissolved oxygen in 

all tanks of one striped bass replicate series caused a mass kill in four 

concentrations (3.6X, 2.8X, 2.OX and 1.2X). Dissolved oxygen concentrations 

for the unchlorinated summer chronic test were significantly lower in tanks 

with yearling striped bass than in corresponding tanks with yearling white 

perch.  

Tables 10, 11 , 12, 13, 14 and 15 show average concentrations 

for blowdown ions and internittant and continuous plant chemical discharges 

from chemical analyses for each test. Chemical analyses indicate a greater 

concentration variation in summer than in Winter tests.  

2. Winter Tests 

No acute LC 50 could be determined for the winter 96-hour 

assays. Acute test #1 resulted in no mortality and acute test #2 (Table 16) 

resulted in only 40% white perch mortality in 3.6X, the highest concentra-
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Conc. (X) Temip. (OC) 0. 0. (ppm) Salinity (0/00) 

1.8 5.0-6.5 11l .8-13.6 19.0-21.0 
1.4 4.5-6.0 11 .8-13.6 15.0-17.0 
1.0 4.5-6.0 11.8-13.6 11.0-13.0 
0.6 5.0-7.0 11 .8-13.6 4.7- 6.0 
0.4 4.5-5.5 11.8-13.6 2.5- 3.0 

River Control 4.5-7.0 11 .8-13.6 0.5 

Artificial 
River Control 5.0-7.0 11.8-13.6 2.0 

Table 4. Range of temperature, dis solved oxygen (0.0.) and salinity 
for winter acute test #1 (without chlorine).  

Conc. (X) Temp.(OC)- D. 0. '(ppm) Salinity (0/o0) 

3.6 4.5-5.0 11 .8-13.6 33.0-34.0.  
.2.8 4.5-5.0 11.8-13.6 25.3-27.5 
2.0 4.5-5.0 11.8-13.6 18.2-20.0 
1.2 .4.5-5.0 11.8-13.6, 11.2-12.5 
0.4 4.5-5.0 11.8-13.6 5.0- 5.5 

River Control 4.0 11.8-13.6 0.3, 

Artificial 
River Control 4.5-5.0 11.8-13.6 1.5- 5.0 

Table 5. Range of temperature, dissolved oxygen (D.O.) and salinity 
for winter Acute Test #2 (with chlorine).  

Conc. MX Temp.(OC) D. 0. (ppm) Salinity (0/00) 

4.0 18.6-21.1 7.2-8.6 38.0-45+ 
3.6 18.6-21.1 7.2-8.4 34.2-40.9 
2.8 18.4-21.1 6.9-8.4 27.1-32.7 
2.0 18.6-21.1 6.6-8.*4 19.0-24.1 
1.2 18.5-21.1 6.8-8.5 11.1-17.6 
0.4 18.6-21.1 6.8-8.6 4.5- 8.2 

Artificial 
River Control 18.6-21.1 7.2-8.9 1.7- 3.3

Table 6. Range of temperature, dissolved oxygen 
Ifor summer acute test.

(0.0.) and salinity
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Table 7. Range of temperature, dissolved oxygen (0.0.) and salinity 
for the two winter 28-day chronic tests. Ranges were the 
same with and without chlorine.  

Conc. (X) Temp. ('C) _____D.0. (ppm) Salinity o/oo, 

SB "A"l SB "B" WP 

4.0 18.5-25.0 3.5-7.1 3.5-7.4 6.6-7.8 42.7-45 + 
3.6 18.5-25.0 1.5-7.2 2.7-7.4 4.6-8.4 39.6-44.1 
2.8 18.5-25.0 0.7-7.2 2.6-7.0 5.0-7.4 33.8-37.3 
2.0 18.5-25.0 1.0-7.0 3.2-7.1 4.8-7.6 25.2-28.2 
1.2 18.5-25.0 1,.2-7.9 2.7-7.0 5.2-7.4 16.2-20.9 
0.4 18.5-25.0 2.2-7.7 3.3-7.1 4.6-7.8 7.5-10.9 

Artificial 
River Cont. 18.5-25-.0 1.8-7.6 3.8-7.7 5.3-8.0 4.1- 8.1 

Tabl-e 8. Range of temperature, dissolved oxygen (D.0.) and salinity 
for suimmer chronic test without chlorine. D.0.listed for 
striped bass replicates (SB "A" and SB "B") and white-perch 
(WP).  

Conc. (X) Temp. (0C) D.0. (om Salinity(O/oo) 

__________ ___________SB WP ________ 

4.0 23.5-26.0 5.3-8.2 6.2-7.8 45+ 
3.6 23.5-26.0 6.0-8-0 4.2-8.2 35.5-45+ 
2.8 23.5-26.0 6.4-7.6 2.8-8.0 32.8-40.9 
2.0 23.5-26.0 6.3-8.2 3.0-7.8 26.4-32.0 
1.2 23.5-26.0 6.8-8.2 3.2-8.0 17.7-23.5 
0.4 23.5-26.0 6.8-8.2 3.8-8.3 10.0-13.6 

Arti ficial 
River Control 23.5-26.0 6.8.8.2 4.0-7.6 5.5- 8.2

Table 9. Ranges of temperature, dissolved 
for the summer chronic test with 
for white perch (WP) and striped

oxygen (D.0.) and salinity 
chlorine. 0.0. is given 
bass (SB).
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Conc. Mx Temp .(OC) 0. 0. (ppm)I Salinity (0/00) 

4.0 4.5-6.0 11.8-14.0 41.0-44.0 
3.6 4.5-6.0 11.8-14.0 34.0-37.0 
2.8 4.5-6.0 11.8-14.0 28.0-29.0 
2.0 4.5-6.0 11.8-14.o 19.0-21.0 
1.2 4.5-6.0 11.8-14.0 11.5-13.0 
0.4 4.5-6.0 11.8-14.0 4.5- 6.0 

Artificial 
River Control 4.5-6.0 11 .8-14.0 1.5- 1.8



Concentration MX Analyzed Concentration (ppm) 

Exetd cul Ca+2  C1_ Mg+2  K+ 0g Na+ Total 
Expeted Actul S4-'Ions 

0.4 0.5 . 141 3550 146 53 750 1166 5807 
1.2 1.22 294 8360 347 136 1205 3048 13390 
2.0 1.95 401 13470 504 233 1775 4936 21319 
2.8 2.73 609 17625 852 249 2350 S015 29800 
3.6 4.0 69 28350 1049 450 3000 10160 43688 
4.0 4.2 809 29010 1135 1501 33b8s 11810 46653 

Predictpd Concentration 
1. ____ 164 5983 346 120 890 _3400 ,10991 

Table 10. Salt ion concentrations in blowdown fraction of slurry 
used in the cooling tower bioassay. Figures are the average 
of analyzed concentrations from beginning and end of the 
two 28-day winter chronic tests. Table lists expected 
concentrations and thc actual concentration of total salt 
ions as a function of X. Actual X values are derived by 
dividing the ppm from the last column by the total salt 
ppm for l.OX.  

Concentration (X) Analyzed Concentration (ppm) 

-Expected Actual Ca+~ CV- Mg ~ K~ SO -2 Na+ Total 

0.4 0.6 30 5383 144 88 820 322 6787 
1.2 1.1 46 10078 157 157 1222 485 12146 
2.0 2.4 61 13544 158 217 1756 10712 26448.  
2.8 3.8 74 23966 160 261 2281 14584 41327 
3.6 4.3 85 26588 161 347 2800 16630 46611 
4.0 5.2 91 34969 162 404 3515 17433 56574 

Control 0.4 49 3575 124 146 1344 23 46 

Predicted Concentration 
1.0 104 5983 3F4 120 890 3440 10921 

Table 12-~ Salt ion concentrations in blowdown fraction of slurry used in 
cooling tower bioassay. Figures are the average of analyzed 
concentrations from beginriino and end of unchlorinated 28-day 
surniner chronic test. Actual and expected concentrations listed 
as, in table 10.  

Concentration Mx Analyzed Concentration (ppm) 

Expected Actual Ca+ 2  Cl- mig +2 K SO,-' a + Total 

0.4 0.83 81 5373 286 79 747 2513 9079 
1.2 1.41 120 8562 504 129 1233 4900 15449 
2.0 2.02 148 12381 7199 186 1617 6540 22121 
2.8 2.68 224 16144 999 246 2484 9166 29262 
3.6 3.64 249 22850 1273 293 2934 12137 39737 
4.0 4.05 270 25667 1385 338 3377 13221 44259 

Control ____ 31 . 4619 1 98 1 51 1394 11639 6832 

Predicted Concentration 
1.0 164 5983 364 120 890 3400 102

Table 14. Salt ion concentration in blowdown fraction of slurry used in 
cooling tower bioassay. Fig'ures are the average of analyzed 
concentrations from beginning and end of the chlorinated summer 
28-day chronic tests. Actual and expected concentrations listed 
as in tabie 10.
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Expected Ortho- Cyclohexyl
Conc. phosphate Hydrazine amine Cr Boron Lithium Surfact.!nt 

PPM x Pr'M x PPM X ppm x ppm x ppm X ppm x 

A4X 0.107 0.07 < 1 - .01 - 0.008 0.16 192 21 0.102 10.2 0.02 0.002 
1.2X 0.216 0.2 .1 - 0.01, 0.1 0.012 0.25 324 36 0.216 21.6 0.035 0.00.4 
2.OX 0.392 0.38 .1 - 0.01 0.1 0.012 0.25 567 63 0.392 39.2 0.095 C.0l0 
2.8X 0.487 0.54 < 1 - 0.02 0.2 0.014 0.28 715 79 0.487 48.7 0.133 0.013 
3.6X 0.602 0.7 <.1 - 0.03 0.3 0.014 0.28 983 109 0.602 60.2 0.083 0.008 
4.OX 0.644 0.79 < I1 - 0.03 0.3 0.011 0.22 1086 121 0.644 64.4 0.115 0.012 

Table 11. Intermittantand continuous power plant discharge chemical concentrations from analyses for both 28-day 
winter chronic bioassays. Values are average of beginning and end samples. Chlorine was not present in 
detectable concentrations. Concentrations are given in ppm dnd multiples of X. No significant 
difference occurred between the two tests.  

Expected Ortho- Cyclohexyl
Conc. phosphate Hydrazine amine Cr+6  Boron Lithum Surfactant 

PP xL PP x Dom x PPM x PM x 

0.4 0.195 0.13 < 0. 005 < <0. 10 - 0.008 0.16 282 31 0.137 13.7 0.03 0.C3 
1.2 0.36 0.24 -- 0.008 0.17 522 58 0.281 28.1 0.059 0.059 
2.0 0.53 0.35 -- 0.008 0.16 728 80 0-392 39.2 0.008 0.CI8 
2.8 0.85 0.58 ~ ~.. - ~ - 0.011 0.22 940 140 0.521 52.1 0.112 0.1 12 
3.6 0.85 0.57 t. E - 0.012 0.23 1162 129 0.626 62.6 0.35 0.35 
4.0 2.12 1.41 o (- - 0.014 0.27 1428 159 0.701 70.1 0.306 0.3 6 

Control 0.056 0.08 Co- 0.004 0.09 200 22 0.075 7.5 0.047 0.C47 

Table 13. Intermittant and continuous power plant discharge chemical concentrations from analyses for the 
unchiorinated summer 28-day chronic tests. Values are average from beginning and end samples.  
Concentrations are given in ppm and as multiples of X. No significant difference occurred between 
the two chronic tests.  

Expected Ortho- Cyclohexyl- * 
Conc. phosphate Hydrazine amine Cr+ Boron Lithum Surfactant 

PM x Mxppm x P~ x PPMf x PPM1 X 005 x 

0.4 0.115 0.08 0.002 0.02, <0. 10 - 0.004 0.088 341 37 0.147 14.7 0.04 0.04 
1.2 0.241 0.161. 0.005 0.05 - 0.011 0.216 596 66 0.303 30.3 0.06 0.06 
2.0 0.422 0.30 0.007 0.07 - 0.018 0.358 752 85 0.44 44.0 0.07 0.07 
2.8 0.529 0.38 0.01 0.01 - 0.026 0.522 919 102 0.596 59.6 0.11 0.11 
3.6 0.682 0.49 0.01 0.1 12 E- - 0.029 0.59 1258 140 0.722 72.2 0.19 0.19 
4.0 0.673 0.48 0.01 0.1 CO -' - 0.043 0.868 1464 162 0.804 80.4 0.44 0.44 

Control 0.056 0.04 0.002 0.02 0 - 0.004 0.088 200 22 0.075 7.5 0.05 0.05 

Table 15. Intermittant and continuous power plant discharge chemical concentrations from analyses for the 
chlorinated surmmer 28-day chronic tests. Values are averages of beginning and end samples. Chlorine 
was not present in detectable concentrations. Concentrations are given in ppm and as multiples of X.  
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Concentration (X) 

Time (Hours) 3.6 2.8 2.0 1.2 0.4 Control

32.0 - - 10 - -
50.0 10 - - -
52.0 20 - - - -
56.0 - 10 - - -
60.0 30 - - - -
69.0 40 - - - -

196 Hour Totals 40 1 0 0 0 0 

Table 16. Cumulative percent mortality by concentration for 
white perch during winter acute test #2 which included 
chlorine.
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FIGURE 2. Graph of individual white perch mortality for 96-hour acute test 
#2 with chlorine. Time is .on log axis and mortality is on 
probit axis. Test was run January 28 to February 1, 1974.
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tion (Figures 2). An LC 50 cannot be validly extrapolated beyond the most 

extreme data point. Slurry concentr ations greater than the maximum used 

(4X) are not possible due to precipitation.  

The data obtained from the 28-day winter chronic tests are 

insufficient to give more than ranges for the acute and 28-day LC 50's 

(Table 29). Tables 17, 18, 19 and 20 show the results of the 28-day chronic 

tests. Figures 3, 4, 5 and 6 show cumulative percent mortality vs time on 

log-probit paper, uti lizing individual mortality data for the winter chronic 

tests. When graphing percent mortality vs concentration 0% and 100% 

mortality are not statistically significant points for line fitting. With 

probit analysis median points are more heavily weighted while the extremes 

(0% & 100% mortality) become insignificant. The zero point cannot be 

exactly determined for analysis. In addition, more than two significant 

experimental points are required to establish statistical confidence for a 

point on a line fitted to the data.  

3. Summer Tests 

The summer acute--test was performed to examine operation of 

modifications to the diluting system and to define the concentration range 

for the summer chronic tests. No change of concentration from winter 

concentrations was necessary. Data for the acute test could not be 

analyzed due to the small number of organisms available.  

Tables 21 through 28 give results of summier chronic tests.  

One replicate for each species in the summer chronic test with chlorine had 

to be discarded. Eighty percent control mortality for one white perch 

services group



f 0

Concentration WX 

Time (Hours) 4.0 3.6 2.8 2.0 1.2 0.4 Control 

68.0 10 - - - - -

78.0 20 - - - - -

119.0 30 - - - -

144.0 40 - - - - -

156.0 50 - - - - -

169.0 70 - - - - -

176.0 80 - - - -

206.0 30 - - - -

212.0 100 50 - - - -

213.0 - 80 - - - -

214.0 - 90 - - - -

222.0 - 100 - - -

426.0 - - -10 

672.0 - 20 

672 Hour Totals 100 100 0 0 0 20 0 

Table 17. Cumulative percent mortality by concentration for striped 
bass during 28-day winter chronic test; concentrations with 
chlorine.

98

95 

90 

80 

70 

60 

s0 

40 

30 

20

10

5

2-

Ij CJ .ab CA Or, -J 0 
0 a. 0 0D 0CD0

00 0D C 000C,0 
0D 0 D 0 00000C

-7.0 

-6.0 

-5.5 

5.0 
0 
W

-4.5 

4.0 

-3.5 

3.0

TIME (HOURS) 
FIGURE 3. Graph of individual striped bass mortality for 28-day chrcnic 

test with chlorine. Time is on the log axis and percent 
mortalityis on probit axis. Test was run February 20 to 
March 20, 1974.
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Concentration (K) 

Time (HOLrs) 4.0 13.6 2.8 2.0 1.2 0.4 Control 

68.0 20 - - - - -

91.0 30 - - - -

95.0 40 - - - -

111.0 50 - - - - -

136.0 60 - - - -

146.0 - 10 - - - -

158.0 70 20 - - -

159.0 80 - - - -

163.0 90 - - - - -

187.0 100 - - - -

426.0 - 30 - - -

474.0 - 40 

67 or Totals T - 100 1 40 0 0 0 0 0 

Table 18. Cumulative percent mortality by concentration for striped 
bats during 28-day winter chronic test; concentratinns 
without chlorine.
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FIGURE 4. Graph of individua7 striped bass mortality for 28-day chroni c 

test without chlorine. Time is on the log axis and' percent 
mortalityis on probit axis. Test was run February 20 to 
March 20, 1974.
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Concentration (X) 

Time (Hours) 4.0 3.6 2.8 12.0 1.2 0.4 Control 

30.0 20 - - - - -

40.0 40 20 - - - -

46.0 80 - - - -

48.0 100 - - - -

70.0 - 40 - - - -

79.0 - 60 20 - - -

127.0 - 80 - - - -

263.0 - - 40 - - -

380.0 - 1 100 - I - , - I - - 1 

1672 Hour To-tals 100 1100 1 40 J 0 1 0 1 0 0 

Table 19. Cumulative percent mortality by concentration for white 
perch during 28-day winter chronic test; concentrations 
with chlorine.  
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TIME (HOURS) 
FIGURE 5. Graph of individual white perch mortality for the 28-day chronic 

test with chlorine. Time is on log axis and percent mortality is 
on probit axis. Test was run February 20 to March 20, 1974.

19 services group

-6.5 

-6.0 

-5.5 

-5.0 M 
0 
C.  

-4.5 

-4.0 

-3.5 

r-3.0

01 D

f--j 0



Concentration (X) 

Time (Hours) 4.0 3.6 2.8 2.0 1.2 0.4 Control 

33.0 20 - - - - -

39.0 40 - - - - -

42.0 60 20 - - - -

47.0 s0 - - - - -

52.0 100 - 20 - - -

67.0 - 40 - - -

75.0 - 60 - - -

90.0 - - 60 - -

133.0 - 80 - - -

314.0 - 100 - - - -

-672 Hour Totals 100 1100 60f 0 0 0 0 

Table 20. Cumulative percent mortality by concentration for white 
perch during 28-day winter chronic test; concentrations 
without chlorine.  
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FIGURE 6. Graph of individual mortality data for white perch 28-day chronic 

test without chlorine. Time is on log axis and percent mortality 
is on probit axis. Test was run February 20 to March 20. 1974.
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Concentration MX 

Time Hus 4.0 3.6 2.8 2.0 1.2 0.4 Control 

14.0 10 - - - - - 10 

15.0 30 - - - -

17.5 40 - - - -

21.5 - - - - - -

42.5 - - - - - - 20 

46.5- - - - - -

57.5 50 - - - -

84.0 - - - - -

91.0 - - 10 - - -

216.0 - 90 100 100 60 -

221.0 - -- - 70 -

424.0 100 - - -

5 7 0 .0 1 0__ _ 

672 Hour Totals 100 90 loo 100 70 10 2 

Table-21. Cumulative percent mortality for striped bass replicate 
"A"1 during 28-day summer chronic test; concentration did 
not include chlorine.  

replicate and 100% striped bass mortality in four concentrations caused 

by a sudden D. 0. decrease necessitated this decision. The twenty-five 

percent control mortality for striped bass in one replicate of the 

chlorinated summner chronic reduces that replicate to questionable value.  

Data from this replicate were corrected-(Sprague, 1969) for graphical pre

sentations. Figures 7 through 13 are log-probit graphs of individual 

mortality data as cumulative percent mortality vs time. Analytical methods 

(Litchfield, 1949) indicate good reproducability between chlorinated white 

perch test replicates, reflected in the parall-el slopes (Figures 12 and 13) 

and similarity in the 50% effect time (ET 50). Figures 14 and 17 show 

graphical1 solution and intermediate calculations for summer tests on striped 

bass without chlorine and white perch with chlorine respectively. The 

Litchfield, Wilcoxon (1949) method for evaluation of effect-dose experiments
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Concentration (X)

Table 22. Cumulative percent mortality for striped bass replicate 
"B" during 28-day surmmer chronic test; concentrations 
did not include chlorine.
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FIGURE 7. Graph of individual mortality data for striped bass replicate "B" 

28-day suimmer chronic test without chlorine. Time is on log axis 
and percent mortality is on probit axis. Test was run June 24 to 
July 22, 1974.
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FIGURE 8. Graph of individual mortality data for white perch replicate "A" 

during 28 -day summer chronic test without chlorine. Time is on 
log axis and percent mortality is on probit axis. Test was run 
June 24 to July 22. 1974.

services group

Concentration (X) 

Time (Hours) 4.0 3.6 2.8 2.0 1.2 0.4 Con'trol 

14.0 - 10 - - - -
25.5 - - - - - 10 
39.0 - 30 - - -

42.0 50 50 - - -

44.0 60 - - - -

45.0 80- - - -
52.0 100 - - - -
57.5 - 60 - - - -

145.0 - 70 - - -
295.0 - - 10 - -
317.0 - - - - - 20 
3 18.0- - - -
329.0 - - - - - 10 30 
343.0 - - - - - - 40 
348.0 - - - - - - 50 
350.0 - - - 20 -
366.0 - - - - - - 60 
401.0 - - - - - 70 
410.0 - - - - - 20 
449.0 - - 10 40 - - 8 
643.0 - - - - - 30 

672 Hour Totals 100 70 10 40 10 30 80 

Table 23. Cumulative percent mortality for white perch replicate 
"A" during 28-day surrner chronic test; concentrations 
did not include chlorine.
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TIME (HOURS) 
FIGURE 9. Graph of individual mortality data for white perch replicate "B" 

during 28-day summeer chronic test without chlorine. Time is on 
log axis and percent mortality is on probit axis. Test was run 
June 24 to July 22, 1974.
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Concentration WX 

Time (Hours) 4.0 3.6 2.8- 2.0 1.? 0.4 Control 

14.0 - - - 10 -

2 1.0 30 - - - -

21.5 40 - - - -

25.5 50 - - - -

29.5 80 - - -

39.0 100 - - - -

90.5 - 10 - - -

162.0 - - - 20 -

135.0 - - - - - 10 

296.0 - - - - 21 
304.0 - - - - - 30 
314.0 - - - - 40 

320.0 - - - -50 

329.0 - - - - 60 

337.0 - 0 -

339.0 - - - - 20 -

362.0 - 30 - -

365.0 - - - - 30 -

382.0 - - - - 70 
406.0 - - - 40 -

492.0 - - - 50 

495.0 - - - 60 -

532.0 - I 10 

672 Hour Totals 100 10 0 30 1 60 _70± 10 

Table 24. Cumulative percent mortality for white perch replicate "B" 
during 28-day chronic test; concentrations did not include 
chlorine.



0 

Concentration (X) 

4.0 3.6 2.8 2.0 1.2 0.4 Control 

51.0 5 - - - -

52.0 10 - - - - -

75.0 15 - - - - -

219.0 - 5 -

225.0 - - - 10 -

267.0 - - - - 15 -

268.0 - - 5 
271.0 - - 20 -

289.0 - - - - 25 -

301.0 - - - - 30 

302.0 - - - - 35 
323.0 - -- 40 -

335.0 - - - 45 -

386.0 - - - 5 -

388.0 - - - - - - 10 
421.0 - - - - - 5 

433.0 - - - - - - 15 
462.0 - - - - - - 20 
468.0 - - - - 50 -

474.0 20 - - - - -

476.0 - - 5 - - - 25 
516.0 - - - 55 -

577.0 - - - - - 10 
603.0 60 -- 6 

672 Hour Total', 20 1 0 5 1 5 1 60 10 2

Table 25. Cumulative 
"A" during 
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percent mortality for striped bass replicate 
summner chronic; concentrations included chlorine.  
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FIGURE 10. Graph of individual mortality data for striped bass 

replicate "A" during 28-day sunmmer chronic test with 
chlorine. Time is on log axis and percent mortality 
Is on probit axis. Test was run August I to August 
29, 1974.
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Concentration (X)

Table 26. Cumulative percent mortality for striped bass replicate 
"B" during summner chronic; concentrations included chlorine.
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FIGURE 11. Graph of individual mortality data for striped bass replicate "B" 

during 28-day suammer chronic test with chlorine. Time is on log 
axis and percent mortality is on probit axis. Test was run August 
1. to August 29, 1974.
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Table 27. Cumulative percent mortality for white perch replicate 
"A" during suimmer chronic; concentrations included 
chlorine.  
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FIGURE 12. Graph of individual mortality data for white perch 

replicate "A" during 28-day summer chronic test with 
chlorine. Time is on log axis and percent mortality 
is on probit axis. Test was run August .1 to 
August 29, 1974.
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s-j 

Concentration (X)

Time (Hours) 4.0 3.6 2.8 2.0 1.2 -0.4 Control 

6.0 10 - - - - -

6.5 20 - - - - -

7.0 30 - - - - -

8.0 40 - - - - -

9.0 50 - - - -

11.5 60 - - - -

13.0 70 - - - -

13.5 80 - - - - -

14.5 90 - - - -

15.0 100 - - - - -

24.5 - 10 - - -

34.0 - 20 - - -

198.0 -10 

1672 Hour Totals 100 20 10. 0 0 0 0 

Table 28. Cumulative percent mort ality for white perch replicate 
"B" during surmmer chronic; concentrations included 
chlorine.  
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FIGURE 13. Graph of individual mortality data for white perch replicate 

"B" during 28-day sunmmer chronic test with chlorine. Time is 
on log axis. Test was run August I to August 29. 1974.
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CONCENTRATION (X 
Figure 14. Graph of total mortality vs concentration on log prshlt paer Data is from striped buss replicate "B".of the sowrer chronic 

test wi thout, chlorine (June 24 to Jjly 22, 1974). 3raoh also Shows intermediate statistics for slope (5). standa-d deviation factor for the LC 50 If IC 50) and the LC 50 with 9i. confidence 
1limits.  
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FIGURE 15. Graph of total mortal ity vs concen tration on log-probit paoer.  

Data is from white perch Wplicate "A" and "B' of the sx'n'a 
Chronic test with chlorine (August I t,) August 29. 19741. Graph 
also shows Intermediate statistics for slope IS). standard 
deviation factor for the LC 50 (f IC 50) and tne LC 50 with 95-Z 
confidence 1linits..
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FIGURE 16. Graph of total mortality vs concentration on log-prnbit paper. Data 

Is froms striped bass replicote "A" and "B" of the summner chronic test 
with chlorine (August 1 to Augast 29. 1974).  
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FIGURE 17. Graph of total mortality vs concentration on log-probit paper. Data 
Is fron white perch replicate "B" of the summer chronic test without 
chlorine (June 24 to July 22. 1974).  
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was used to produce 28-day LC 50's and confidence limits. The LC 50's 

for summer test are given in Table 29. Figure 15 is a log-probit graph 

,of concentration vs total mortality for the chlorinated striped bass 

replicates indicating parallel lines and an unusual mortality maximum, 

1.2X, which may reflect a point where a parasite is stimulated by optimum 

salinity and temperature conditions. This is supported by the high 

incidence of fungus and gill parasites observed in test organisms in 

lower concentrations (< 2.OX) during the summer tests. A similar 

situation (Figure 16) occurs for white perch during the chlorinated test.

Appl ication 
96-Hour Incipient Factor: 10% of 

Test LC 50 LC 50 96-Hour LC50 

Striped Bass 

Winter 
with C12, LC50 >4X 2.8X <LC5O <3.6X AF >0.4X 
without CzLC50 >4X 3.8X <LC50 <3.6X AF >0.4X 

Sumer 
with C12  LC50 >4X AF 40.4X 
without Cl2  LC5O >4X 3.6X(3.81X-3.4X) AF >0.4X 

White Perch 

Winter 
with C12  2.8X <LC50 <3.6X 2.8X < LC50 <3.6X 0.28X <AF <0.36X 
without C12  2.8i < LC50 k 3. 6X 2-.8X < LC50 < 3.6X 0-28X <AF <0.36X 

Summer 
with Cl2  3.6XC3.87X-3.35X) 3.6X(3.87X-3.35X) AF + 3.6X 
without Cl2  3.6X <LC5O <4.OX 0.36X <AF <0.4X 

Table 29. Concentration range of 96-hour IC 50 and incipient IC 50 of 
cooling tower blowdown and power plant chemical discharge for 
striped bass and white perch ( ppropriate 95% confidence limits 
are shown in parenthesis). Concentrations are multiples of 
L.OX -- predicted maximum concentration of effluent discharged 
from Indian Point Unit No. 1 and 2 with an evaporative cooling 
tower.
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The parallel curves in figures 15 and 16 demonstrate the good agreement 

between replicates of summer tests.  

4. Behavioral Effects 

Behavioral changes related to- acute toxicity in both species 

included hypersensitivity to investigator movement in the laboratory, loss 

of equilibrium, and-inability to regulate swimming attitude.  

The only chronic behavioral changes observed during the 

28-day assays involved feeding. Feeding behavior patterns were similar for 

winter and summer and were not effected by the presence of chlorine.  

Striped bass would not eat for one or two days after field capture. The 

fast period for white perch generally lasted three to four days after 

capture otherwise, both species fed voraciously for the duration of the 

laboratory holding period. Striped bass fed normally throughout the 

test period except those in 4.OX and 3.6X which fasted and resumed normal 

feeding after 4 and 3 days respectively. No white perch fed until the fifth 

day of the test. At that time almost all 4.OX fish were dead and only 

fish in less than 3.6X fed. Perch in 3.6X began to eat after 8 days.
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D. DISCUSSION 

The results of chemical analyses indicate that actual con

centrations closely approach the expected concentrations. With 140 slurry 

batches mixed for each chronic test and concentrations for two of these 

tested no conclusive estimation of concentration variability can be made.  

LC 50 determinations were therefore based on expected X concentration values.  

The results of the bioassays indicate that white perch are 

more sensitive than,-striped bass to cooling tower blowdown combined with 

power plant chemical discharges. The 96-hour acute LC 50 is greater than 

4.OX for striped bass and between 2.8k and 3.6X for white perch in the 

winter (Table 29) and between 3.6X and 4.OX for white perch in the summer.  

The difference in toxicity may reflect the fact that striped bass are 

exposed to higher ocean salinities for a portion of their life, while 

white perch live only in brackish and fresh water, and are not normally 

exposed to salinities as high as 30 - 35 0/00. Striped bass are probably 

better able to maintain internal' ionic balance in higher salinities than 

white perch. The summer acute LC 50 increases probably reflect the ad

aptation of white perch to higher ambient salinities and higher level of 

metabolic activity at the warmer temperature. This being the case the LC 50 

is as much a function of the salinity change and initial metabolic activity 

as the final value of the salinity. Conte's (1969) thorough review of 

differences in ionic metabolism of species with life cycles in different 

salinity regimes support this contention.  

For the striped bass, the acute LC 50 would be above (>40 o/oo) 

the highest concentrations of salt to which the species is normally exposed
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(~36 oloo). However, the incipient LC 50's similar for both species (Table 

14), are in the range of the salinity for ocean water (35 o/oo).  

The results indicated that striped bass, with specific 

adaptations to the salinity range of their habitat are less sensitive than 

white perch to the initial osmotic shock from elevated ambient salinity.  

Striped bass are also capable of instantaneous ionic regulatory adjustments 

over a wider range of salinity but during extended exposure striped bass and 

white perch have similar tolerance levels.  

The sharp decrease in the winter rate of mortality below 3.6X 

and after 200 hours (Figures 3 through 6) may be the result of ionic 

metabolism "catching up" or adapting to the new osmotic variance. That is, 

when exposed to increased ionic concentrations, the rate of ionic metabolism, 

divalent electrolyte excretion by the kidney, and internal water maintenance 

must increase to prevent dehydration resulting from increased plasma osmo

larity. These functions cease after the adjustment has been made. If the 

necessary shift required is significant, weaker and more sensitive individ

uals may die before adjusting. Summer tests show a sharp decrease in 

mortality below 4.OX. However, unlike winter tests .variable mortality rates 

and magnitudes (Figures 15 and 16) occur at lower concentrations. This 

variability suggests a complex interaction between temperature, salinity 

and incidence of fungus and parasites. There is a marked reduction in 

fungus and parasite density and activity at low temperatures. Specific 

optimal salinity regimes for various parasites may then become a factor in 

fish mortality.  

These assays are unique in the large number of chemicals (17) 

being assayed together. The chemical slurry be ing tested reflects the true
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discharge in the effluent canal and near river. Failure of the intermittent 

and continuous power plant chemical discharges to affect as great a percent.  

mortality or rate of mortality as might be expected at these test concentra

tions (Consolidated Edison, 1973) is probably due in part to the large 

buffering capacity of the blowdown portion of slurry. An antagonistic 

interaction appears to exist between the blowdown, the environment, and 

plant chemical discharges. In these tests chlorine did not appear to effect 

the LC 50, possibly because it is rapidly dissipated by the chlorine demand 

of the water and loss to the air due to the turbulence. Hydrazine, an 

oxygen scavenger, is undoubtably reduced immediately in the presence of the 

high natural dissolved oxygen in these tests. The activity of the detergent 

as a surfacant is reduced by the calcium carbonate hardness. Metals, e.g.  

chromium, can form ligands with organics and thus are physiologically in

accessable. Chemical analysis showed these chemicals to be lower than 

expected in all concentrations (Tables 10 -15). These concentrations are 

below safe levels. estimated by Lauer (1972).  

The 10% application factor recommended by the EPA yields a 

safe effluent concentration which is inconsistent with the life history and 

habitat requirements of both species tested. The toxicity curves in the 

winter bioassays are most likely a reflection of adjustment in the species 

tested; not of an inherently toxic biochemical or physiological action.  

Sumer results are complicated further by interactions of temperature, 

standard metabolic levels and parasite loading. For these reasons we feel 

that standard methods of toxicology and criteria for safe discharge levels 

are high and inapprorpirate in this study. Therefore, the 10% acute LC 50
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application factor is not applicable as an approximation of an incipient 

LC 50. The incipient LC 50's listed'in Table 29 are a more reliable guide 

for environmentally safe concentrations.  

E. CONCLUSIONS 

1. Bioassay results indicate that -the projected chemical 

concentrations to be discharged into the Hudson River from 

Indian Point cooling tower (Unit #2) and plant operation 

(Units #1 and #2) are below acute and chronic LC 50 values 

and therefore assumed to be environmentally safe.  

2. Due to the complexity of the cooling tower blowdown and 

power plant chemical discharge combination and the ambiguous 

complex mode of action of this slurry on striped bass and 

white perch, only a concentratiohi range could be determiined 

for the acute LC 50.  

3. The winter and summer 96-hour LC 50's for striped bass were 

greater than 4 times the predicted maximum concentration 

for the Indian Point cooling tower blowdown and plant 

chemical discharge. For the white perch the 96-hour LC 50's 

were between 2.8 and 3.6 times the maximum predicted Indian 

Point blowdown and plant discharge concentrations. For both 

species the incipient LC 50, the concentration at which 

lethal toxicity to the average fish ceases on chronic ex

posure, was also between 2.8Xand 3.6X.  

4. Summer tests yielded incipient LC 50's 3.6 times the pre

dicted maximum for Indian Point cooling tower blowdowns and
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SUMMARY 

There may be a requirement to install cooling towers at 
the Consolidated Edison Company Indian Point plant. A study 
was made of the sound impact of the proposed towers on the 
surrounding communities.  

,,The sound emissions of two types of natural draft and an array 
of mechanical cooling towers were predicted. These sound 
emissions were then compared to the present community noise 
climate to determine the impact.  

The sound emissions from the natural draft towers will exceed 
the Buchanan Zoning Code near Broadway and Bleakley Avenues 
in all but one of the eight octave bands, by 2 to 7 dB.  

At the nearest residential area, Broadway and Bleakley Avenues, 
the natural draft towers will increase the day-night sound 
level by 2.5 decibels. At the same location the mechanical 
tower, as well, will increase the day-night sound level by 
5 decibels.  

The mechanical towers are generally noisier than the 
natural draft towers in the areas to the east of the plant 
site, particularly in residential zones.  

Construction traffic will increase the day-night sound level 
4.5 decibels along Bleakley Avenue during the rock removal 
phase of construction. This is *anticipated to be one year 
for a natural draft tower and six months for mechanical towers.  

There will be no impact from construction noise from on-site 
equipment.
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INTRODUCTION 

At the Indian Point Power Plant of Consolidated Edison CompanyI 
of New York, cooling towers have been proposed for use with 
the plant. Since the cooling towers will have sound emissions, 

Ostergaard Associates, consultants in acoustics, was requested 
to study the impact of the sound emi-ssions from the cooling 
towers, the construction activity, and the trucking associated 
with the construction. To study the impact, it was necessaryI 
to evaluate the existing, or ambient, noise levels in the 
neighborhood of the plant. This information was then used as a 
base to determine what changes in noise level would occur for the 
cooling towers', construction activity, and construction trucking.  
A comparison of the sound emissions with municipal and state 
regulations was also made.3 

The report presents the results of the sound emission impact 
study and is divided into five major sections which are 

titled: 

I. BACKGROUND 

II. NOISE RATING AND REGULATIONS 

III. PRESENT NOISE CLIMATEI 

IV. FUTURE NOISE SOURCES3 

V. SOUND EMISSION IMPACT 

Several appendices are included to more fully explain infor
mation contained in the main part of the report.  

All data relative to the size, operation and construction 
of the proposed cooling towers at Indian Point was providedI 
by Consolidated Edison Company except where explicitly 
noted.
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I. BACKGROUND 

A natural draft-cooling tower is a large structure desi gned 
to facilitate removal of heat from water withouft the use of
energy to drive many large fans.. In order to accomplish the 
heat removal, it is necessary to expose to the air as much water 
surface -as possible.- This is accomplished by allowing the water 
to fall in droplet form from som e height into a large collecting 
pond. The falling water generates a sound emission which can 
impact the surrounding area.: 

There are basically two types of natural draft cooling towers.  
The counterflow tower has the water falling throughout the.  
interior volume of 'the tower, and the air which is used for 
cooling flows in a direction-opposite to the droplet fall. In 
the crossflow tower, the water falls at the perimeter of the 
tower, and the air flows through the water at a right angle to 
the water fall.- The sound generating mechanism in both towers 
is falling water. In the counterflow.tower the sound is generated 
by the water droplets-impacting on the collecting pond,.whereas, 
in the crossflow tower the sound is generated by the water falling 
through a series of splash bars distributed through the entire 
height through which the water falls.  

The sound generating mechanism of neither tower has been 
studied in complete detail. An empirical study, however, was 
made to develop a prediction scheme which would enable the 
noise emissions to be predicted for either type of tower 
(Reference 1).  

There may be a requirement to install a natural draft cooling 
tower at the Indian Point Plant of Consolidated Edison. The 
proposed tower would have a capacity of approximately 600 000 
gallons of water per minute, and a collecting pond with a 
diameter of approximately 460 feet.  

Either of the two types of towers, mentioned 'above, may be used 
at the plant. Hence, prediction schemes and data for both 
towers are presented in this report.  

As an alternative, a series of mechanical cooling towers might 
also be used. These towers would consist of two banks of 
13 cells each with each cell having a fan of 200 hp. The' 
total water capacity of the tower would be 600 000 gallons 
per minute. Mechanical cooling towers have been studied and
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reported in the literature for many years (see Appendix A).  
To conf irm the prediction schemes which have been proposed.  
and to gain additional insight into the sound emission pattern 
of the tower, a power plant with similar cooling towers was 
visited. The results of the study on the mechanical cooling 
towers are presented in Appendix A.  

The major construction activity on the site which will impact 
on the surrounding area, is the removal of rock during, excava
tion. It is anticipated that approximately 348 000 cubic yards 
of rock and fill will be removed for the natural draft towers.  
All of this fill will be removed by- truck from the site, -and 
the trucks will disperse down Bleakley Avenue and other roads 
in the area of the plant. It is anticipated that this rock
removal phase will require over 12 months to complete. The 
rock fill to be removed for the mechanical tower would be.  
approximately 184 000 cubic yards and would require about 
six months to complete.  

The prediction of truck noise levels was based on standard 
references-for truck noise, as well as some check measurements 
which were performed during the course of this work.  

C-3
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II. NOISE RATING AND REGULATIONS 

Noise Rating Method S2 

Over the course of many years, noise rating methods have been 
developed in an attempt to correlate, subjective response of 
people with th e measured sound 3*levels or measured sound levels 
as adjusted by various factors. In order to adequately 
describe 'cool Ing tower impact, -it is desirable to *briefly discuss 
each of the rating methods and how they might apply. In the 
section Present Noise Climate a comparison is shown between the 
various rating methods which are described. below. These are 
only approximate and should be considered comparative only.  

A-Weighted Sound Level 

Within any sound level meter built to American 4 or inter
nationals'6 standards, there is a weighting network which 
de-emphasizes the- low frequency sounds in the sound emissions 
being measured. The A-weighted filter is an approximation to 
the weighting which the normal, human ear performs in ordinary 
listening.  

Sound emissions from various sources can be compared directly 
on their A-weighted sound. levels in -decibels (dB) . Many 
attempts have been made to correlate subjective reaction to the 
A-weighted sound levels and good correlations are obtained where 
similar sounds are measured 3.  

.The A-weighted -sound level is a. very simple measure-to use and 
is. coming more and more in favor when studying the impact of 
sound emissions in the environment.  

Statistical A-Weighted Sound Levels 

Since community sound levels vary from minute to minute in 
areas where there is vehicular traffic nearby, it becomes 
necessary to quantize the A-weighted sound levels. This is 
accomplished by noting the level periodically and treating each 
level as a statistical sample. By taking enough readings over 
a period of time, it is possible to develop a set of data 
which will indicate what percentage of the sample' time period 
the sound level exceeded a given level. The most commonly 
used statistical descriptions of sound are the A-weighted 
sound levels exceeded 90% (L 9 0), 50% (L5 o) and 10% (L1 0 ) of 
the time.

-4-
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Composite Noise Rating 

The composite noise rating originated as a system for evalua
ting community response approximately 20 years ago7 . Since 
that time, it has been modified and is currently being used I 
to evaluate noise around airports8 . The system uses the 
approximate energy-mean maximum perceived noise level for a 
noise event and adjusts this level for the number of eventsI 
which occur during the day and night. The weighting for night 
events is approximately ten times that for the daytime events.  

Since this particular method is based on single noise events, 
such as aircraft flyover, it is not particularly applicable to 
community noise where the noise is created by traffic or a 

steady noise such as might be produced by a cooling tower.  

Noise Exposure Forecast (NEF)9 

To calculate the noise exposure forecast the effective 
perceived noise level of an aircraft during flyover is calcu
lated as it is for the composite noise rating. This value then 
is adjusted for the duration of the flyover (the time between 
the points 10 decibels below the maximum) and for any pureI 
tones present in the sound. The Noise Exposure Forecast is then 
calculated by adding to the energy mean value of the effective 
perceived noise level an adjustment factor for the number of 
events which occur during the day and night. The factor isI 
the same as that for the Composite Noise Rating. A constant 
factor of 88 is subtracted from the computations to get. numbers 

for the NEF ranging from 0 to about 40.  

This method, as with others, was developed mainly for aircraft 
and it is not applicable to community noise from traffic or 
stationary sources.  

Community Noise Equivalent Level (CNEL) 1 0 

The community noise equivalent level is a rating system which 
uses A-weighted sound levels of aircraft flyovers to determine 
a noise exposure. The maximum A-weighted sound level of theI 
aircraft noise is adjusted by a time factor which is based on 
the length of time, in seconds, that the sound level is within 
10 decibels of the maximum sound level. This single event noise ' 
exposure level is then adjusted to obtain the mean energy value.  
This, in turn, is used to compute the community equivalent noise 
level by adjusting for the number of flights which occur during 

daytime hours, evening hours, and nighttime hours. The
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adjustment factors are three for the even ing hours and 10 
for the nighttime hours.  

This method, again, is intended on aircraft noise which is 
trang .ent, in nature and is. not directly applicable to evaluating 
comi ni ty response to ordinary ambient. noise and steady state 
noises such as that produced by the cooling tower.  

Equivalent A-weighted Sound' Level (Leq) 

Another way of rating varying community noise levels is to 
use the equivalent sound level which has the same acoustical 
energy as the varying sound level. An example of an equivalent 
sound level would be obtained by- considering sound levels of 
60 dB and 50 dB each on -for'half a time period. The equivalent 
sound level for this combination would be 57.4 decibels. This 
sound -level could then be used to 'evaluate the community reac
tion to the sound of varying levels.  

While this method appears to have some validity in looking at 
community noise, it does not take into account the differing 
susceptibilities of people to sound during the day and during 
the night. This would be the case with a community.  

.Day-Night Sound Level (Ldn) 2 

The day-night sound level uses the equivalent sound level 
(Leq) with weighting factors for the levels during day and 
night to obtain a single numbered rating. There is no 
weighting of daytime levels and the nighttime levels are 
increased 10 dB when the day-night sound level is calculated.  

The use of day-night sound level has been proposed by-the 
Environmental Protection Agency 2 as the method to be used* in 
rating community noise and other noise exposures.  

As an example, the day-night sound level for a steady sound, 
such as might occur with a cooling tower, is 6.4 decibels higher 
than the sound level that would be measured with a sound level 
meter. Hence, if a sound level of 50 decibels was measured 
of a sound source using a sound level meter, and this continued 
day and night, the equivalent day-night sound level would be 
56.4 decibels.  
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The day-night sound levels are used in this report to 
evaluate the impact of the two natural draft cooling towers, 
the mechanical cooling tower, and the construction noise dueI 
to trucking. This method for describing the impact is used 
because it is relatively simple yet takes into account the 
human reaction by weighing the sound levels at night moreI 
heavily, is not related to aircraft noise in its derivation, 
is much simpler than the statistical-description of noise, and 
applies quite well to the steady, smooth freque,,cy character 

of the cooling tower sound emissions.  

Governmental Regulations 

The sound emissions from the cooling tower must lbe examined 
in relation to the regulations which have been enacted in 
the surrounding -municipalities of Peekskill, Verplanck andI 
Buchanan. In addition, the emissions must be related to the 
regulations proposed by the New York State Department of 
Environmental Conservation.I 

Municipalitiesg 

Peekskill 

No regulations for noise exists for the municipality of3 
Peekskill in either the building or zoning code. There are only 
general statements which concern unreasonable noise. Hence, 
it would be impossible to predict what impact the. tower sound 
emissions will have in relation to the regulatory and enforce-I 
ment bodies of Peekskill.  

VerplanI 
This municipality lies within the T own of Cortlandt and is 
subject to its regulations. As in the case of Peekskill, 
Cortlandt has no specific noise codes and only general references 
to unreasonable noise. Again it is impossible to predict the 
impact of the tower sound emissions in regard to the regula-I 
tions in Verplanck.  

BuchananI 

Zoning Ordinance 

In Chapter 54 of the Zoning Code (1970) of the 'Town of Buchanan'U 
there are specific noise standards and limitation s. These are 
limits set in octave bands which were established.-in American 
National Standard Z24.10-1953 which was replaced in 1966 byI 
American National Standard S1.11-1966 12 as reaffirmed in 1971.  
The octave bands specified in the 1953 standard:,were arbitrarily
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established with no rationale other than there were instruments 
in existence which used the octave bands. In the standards 
issued in 1966, new frequency bands were established based on a 
rational system using 1000 Hz as its basis 1*Since the 
issuance of the new standard, the octave bands which were in 
prior use have been called "old" octave bands, and the newer 
bands have been called the "new" or "Preferred" octave bands.  
Because of the data which'had been accumulated in the "old" 
octave bands, a method was included in the standard"2 for 
conversion of data from one set of frequency bands to the other.  
This procedure was followed in converting the limits in 
Chapter 54 of the Zoning Code of Buchanan from the "old" octave 
bands specified therein to the "new" octave bands. This con
version is necessary because of the unavailability of equipment 
meeting current American National Standards for sound measuring 
equipment which contain filters using the "old" frequency bands.  

A comparison of the octave band.sound pressure levels specified 
in the Buchanan code on the "old" octave band basis and the 
"1new" octave band basis is shown in Table I. It must be borne 
in mind that there is basically no difference in the two sets 
of levels shown; they are simply different methods of display
ing the same information.  

The octave band sound pressure levels in the ordinance are not 
to be exceeded at "the property line of the use creating such 
elements for noise ....... (Part F(3) of Section 54-22, Buchanan 
Zoning Code). Contained in the ordinance are adjustments to 
the octave band sound pressure levels for nighttime sound 
emissions. None of the adjustments allowed can be applied 
to the emissions from the cooling towers, hence the levels shown 
in Table I apply. (See Table II, Part F(3), Section 54-22, 
Buchanan Zoning Ordinance.) 

State 

Proposed Regulations 

The New York State Department of Environmental Conservation 
has proposed a set of regulations to control noise pollution.  
These regulations are intended to be Title 6, Chapter IV, 
Subchapter C of the Official Compilation of Rules and Regula
tions of the State of New York. The permissible noise 
pollution levels are determined by Land Use Designation for 
Noise Control (LUDNC). The LUDNC class is determined by the 
permitted land use in the local zoning ordinance or the 
intended land use in the comprehensive plan. If neither of 
these exist, the Commissioner of the Department of Environmental 
Conservation shall determine the land use designation.  

OZI -8-
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Proposed Land Use Designation for Noise Control 

In the area surrounding the Indian Point plant of Consoli- ' 
dated Edison Company there are three possible LUDNC classes.  
These are Class AA, Class A and Class B. Class AA lands are 
those "where the qualities of serenity, tranquility, and quiet 
are of extraordinary significance....". This could possibly 
be the lands on the west shore of the Hudson River which is a 
Stat:e Park. Class A lands are those which are intended for 
the sleep of human beings. Areas designated as residential by 
local zoning, hotels, camping facilities, apartments, etc.  
are included in this class. This class covers the buildings 
or structures where sleeping usually takes place and three (3) 
feet from the major surfaces of the structures. Class B lands 
are those in which human beings are most likely to communicate 
by speech. This includes the part of the residential land which 
is not occupied with a residence, etc. or within three feet 
of the residence. Also included in this class are areas which 
would be considered commercial for zoning purposes, and recrea
tional areas such as parks, golf courses *and fairgrounds. I 
Figure 25 shows the residential zoned areas of Buchanan, 
Verplanck and Peekskill. Hence this land would have LUDNC 
Class B designation with LUDNC Class A land very close to 
the plant property line because of the present utilization of 
the land in the vicinity of Bleakley Avenue and Broadway, i.e.  
houses nearly at curbside. As far as is known, the present I 
land use is a conforming one with the zoning ordinance.U 

It has not been determined whether the land on the west bank 
of the Hudson River will be classified as Class AA or Class B.I 

Proposed Noise LevelsI 

The regulations state that for Class AA lands there shall be no 
degradation of the existing sound level. This means that the 
L90 existing in the area shall not change when the sound source I 
is added to it. In effect, this says that the sound source 
shall be 10 dB below the existing L90.  

For the other classes of land use the regulations specifyI 
A-weighted sound levels and octave band sound pressure level.  
In Class A lands the levels are specified for both day and 
night which are defined as the hours 7:00 a.m. to 11:00 p.m.  
and 11:00 p.m. to 7:00 a.m., respectively, and a single level 
is specified for both day and night for Class B lands.
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III. PRESENT NOISE CLIMATE 

Measurements 

During the period from 4 to 11 December 1973, sound measure
ments were made external to the plant boundaries at selected 
locations in the surrounding communities and on the west 
shore of the Hudson River. The general location of these 
measurements is shown in Figure 1. Detailed maps of each of 
the measuring locations are shown in Figures 2 through 10.  

At each of the measuring locations the microphone was set up 
at a location which was considered to be representative of the 
area being sampled. A windscreen was placed on the microphone 
at all of the locations. At the eight locations on the east 
side of the Hudson River the A-weighted sound level was recorded 
on virgin magnetic recording tape using a professional grade 
tape recorder for l0-to-15-minute periods. Several time 
periods were sampled in each of the measuring locations.  

The tape recordings were played back through a data reduction 
system which sampled the A-weighted sound level each 0.5 
second. The sampled A-weighted sound levels were classified in 
5 decibel increments by use of a statistical analyzer attached 
to the data analysis system. In this manner, it was possible to 
obtain the percentage of time that the sound level exceeded a 
given pentad level during the measurement period.  

Using conventional designations, the daytime and nighttime 
periods were selected as 7:00 a.m. to 10:00 p.m. (0700 to 
2200 hours) and 10:00 p.m. to 7:00 a.m. (2200 to 0700 hours), 
respectively. Data analysis was performed to obtain data for 
the two -time periods as well as for 24 hours. Table II shows 
the measurement locations and number of data samples obtained 
at each of the locations. (Refer to Figures 2 through 10 
for the specific locations.) 

On the west shore of the Hudson River, in predominantly wooded 
and sparsely residential areas, recording of suitable daytime 
noise was prevented by the noise from local railroad maintenance 
operations and poor weather conditions. The recorded data at 
the west shore locations was materially affected by traffic 
noise from Route 9W and sounds from the power plant at 
Tompkins Cove. The latter sound source primarily affected the 
measurements which were made at Location 3. Most representative 
of the quieter regions on the west shore was Location 1, Jones 
Point.
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All instrumentation used to measure the present noise climate 

is shown in Appendix B.I 

Noise Climate 

The data from each of the measurement locations was processed 
initially to obtain the percentage of time that the level 
exceeded a given value. From this data the Le q was calculated ' 
by using an approximation method from the probability distribu
tion curve of the noise levels. With the Leq for the day and 
night the day-night sound level (Ldn) was computed using the 
methods described in Reference 2. Also using the chart of£ 
equivalents which is contained in Reference 2, it was possible 

to estimate the community noise rating (CNR), noise exposure 
forecasts (NEF) and community noise equivalent levels (CNEL) for 
the test locations. The results of the calculations and compari-U 
sons between the rating methods are shown in Table III.  

It is noted that there is little difference between the day-
time Le q values for the Peekskill-and the Broadway regions of 
Buchanan (62.5 to 64.5 dB). The lowest daytime Leq (47.5 dB) 
was observed south of the plant site at Highland Avenue and 

11th Street. Changes in Lso and L90 for daytime reflect the 
increased activity that occurs during the day, primarily 
vehicular traffic variations.3 

From the measured levels it was possible to plot on a map the 
day-night sound levels for the area. The contours for the 

area were then drawn by interpolation, and extrapolation using 
a knowledge of the area, the noise sources and an understanding 
of contour drawing techniques. The resulting map of the 
current noise climate is shown in Figure 10a.3 

C:CI
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3 IV. FUTURE NOISE SOURCES 

3Cooling Towers 
Three types of cooling tower designs have been examined and 
evaluated as to sound emission and the impact of emitted sound 
on adjacent communities during the periods of construction and 

peration.  S Tower type I is of the crossflow design, hyperbolic in shape, 
and atmospheric in operation without fan induction. The tower 
is rated for 600 000 gpm, has a base diameter of 460 feet, 
an overall height of 490 feet and an air intake height of 
approximately 40 feet.  

I Tower type II, also atmospheric in operation and hyperbolically 
shaped, is of the counterf low design with the same statistics 
as for tower type I.  

I Tower type III is a forced-draft, fan-induced, cooling, tower 
array consisting of two banks of 13 cells each. Each bank is 
520 feet long, has a width of 75 feet, a height of 68 feet, and 

an air intake height of approximately 40 feet.  

The site location for the atmospheric tower of either type is 
on the east bank of the Hudson River with the tower rim 500 feet 
north of the northernmost structure of Nuclear Reactor Unit #2 
at Indian Point.  

S The mechanical, forced-draft, cooling array consisting of two 
banks is proposed to be located starting 350 feet north of 
Reactor #2 Turbo-Generator Building and extending northerly, I in tandem, along the shore line. The section of the tower 
nearest Reactor #2 is designated the south bank. The remote 
section, termed the north bank, starts 75 feet from the south 

bakand extends 520 feet to a point 1450 feet from Reactor #2.  

Since each tower type has unique noise emission characteristics, 
it is necessary to consider them separately. Accordingly, £ the following sections will reflect this separate evaluation.  
In each case, it is considered that the towers are operating 3 at full heat load.  

Crossflow Atmospheric 

3 The sound emission of a 600 000 gpm tower of crossflow design 
having an air intake height of 40 feet and a base diameter 
of 460 feet was calculated as presented in Appendix C using 3 prediction methods presented in an earlier report'las a function 
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of distance is shown in Figure 11. Concentric pentad sound levels 
at distances away from the proposed tower center, devoid of all 

attenuation effects other than hemispherical divergence, are 
presented numerically in Table IV and as contours in Figure 12.  

Contour adjustments were computed to compensate for the effects 
of air absorption and the barrier effects of the hillside 
escarpment about the tower and the power plant buildings located 
south of the tower. Air absorption data relating attenuation to 
humidity and temperature was developed using published materialI 
from several sources 1 4 ,'15 1 ". The extent of air attenuation as 
a function of humidity, temperature and source distance for the 

general range of temperature and humidity at Indian Point are 
given in Table V. To obtain the values in the table, the 
frequency spectrum of the cooling tower sound emissions was 
calculated for each condition in the table and the A-W~eighted 

sound level calculated to obtain the data in the table.  

The emission contours of Figure 12 were adjusted for air attenua

tion as shown in Figure 13. The ranges of variation for theseB 
contrours vary as indicated by. radial range lines drawn on the 
40 through 60 dB(A) contours.£ 

The sound attenuation effects of the barrier' formed by the hill
side escarpment are shown in Figure 14. With the exception of 
the top tier or louver bank of the tower, the full barrier 
effectiveness of the hillside excavation is realized over a I 
7Q0 arc of the tower rim extending approximately from the 

southeast (SE) to the south-southwest (SSW) as depicted by the 

hatch pattern shading in Figure 14. The dot pattern shadingI 
shows those areas screened from the tower sound by the hillside 
barrier ranging from 0% to 90% effectiveness sloping away from 
the area of greatest barrier effectiveness shown marked by 

hatch pattern shading in Figure 14. No significant terrain 
barrier exists over the east (E) to north (N), and north (N) 
to south-southwest (SSW-) segments of the tower.5 

The reflection of sound off the 450 hillside cut will not 
mate -rially add to the sound emitted in the direction of the 

Hudson River west shore because of the angle of the bank and theI 
resulting dispersion of reflected sound generally upward.  

On the northern side of the containment building of the Indian 
Point #2 reactor unit, the unit #2 turbo-generator building andI 
adjacent service buildings form an effective sound attenuating 
barrier to sound radiating from the south (S) to southwest (SW) 

segment of the projected cooling tower. The buildings making upI 
the unit #1 plant form additional sound attenuating barrier 
shielding south of unit #1. All major structures rise higher 
than an elevation of +138 feet which is 53 feet higher than the 
top of the 40-foot tower air intake. Figure 15 shows the added
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shadow zone of the barrier effect added'by the plant structures.  

For a crossflow tower of the proposed size and capacity, each 
tier of fill contributes approximately 77 dB(A) of the overall 
sound emission at the tower rim since the sound generating mechanism 
in the tower consists of equally distributed splash tiers of 
similar construction each handling the same volume of water.  
(A vertical traverse of a similarly constructed tower, however, 
of the mechanically-induced type, showed no more than 1.5 dB 
variation in sound level from bottom to top of the full air 
intake area. See Appendix A). The elevation of the highest tier 
of the proposed tower would approximate that of the barrier slope 
giving a 75 dB(A) sound level just outboard of the barrier edge 
over the 700 arc shown as the darkest region of Figure 14. At 
the power plant structure line the barrier is of maximum effec
tiveness and a full 24 dB(A) attenuation south of the buildings 
can be expected excluding the influence of winds and inversion.  
For a calm wind condition, Figure 16 shows the effect of the barriers 
on the sound emission pattern for the crossflow tower. The effects 
of wind direction and velocity, and trees on the propagation of' the tower noise emission is presented in Appendix C of Reference 1.  

Expressed in terms of the day-n ight average sound level Ldn, 
which is defined as the 24-hour A-weighted equivalent sound level 
with a 10 decibel penalty applied to nighttime levels, the pentad 
contours of Figure 17 give the crossflow tower sound emission 
adjusted for atmospheric absorption and the influence of hillside 
and power plant barrier effects.  

Counterflow Atmospheric 

Using prediction methods presented in Reference 1 and shown in 
Appendix D, the sound emission of a 600 000 gpm tower of counter
f low design having an air intake height of 40 feet and a base 
diameter of 460 feet was determined and plotted in Figure 18 
as a function of distance from the tower basin rim. Pentad sound 
levels, concentric to the tower center, which are for calm wind 
conditions and devoid of all attenuation effects other than 
hemispherical divergence, are presented numerically in Table IV 
and as contours in Figure 19.  

As in the case of the crossflow towers described above, contour 
adjustments were computed to compensate for the effects of air 
absorption and the barrier effects of the hillside escarpment 
about the tower and the power plant buildings located south of 
the tower. Air absorption data relating attenuation to humidity 
and temperature was developed using published material from 
several sources 14 ,15' 1 6 . The extent of air attenuation as a func
tion of humidity, temperature and source distance is given in
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--Table V. The emission contours of Figure 19 were adjusted for 
air attenuation as shown in Figure 20. The ranges of variation for 
these contours vary as indicated by radial range lines drawn onI 
the 40 through 60 dB(A).contours.  

With the principal sound source of the counterfiow tower centered 
at the basin, at elevation +45 feet, the barrier effect of theI 
hillside cut is significant providing sound attenuations of greater 
than 24 dB for frequencies in the 8 kHz octave band and 20, 17 
and 14 dB for the 4 kHz, 2 kHz and 1 kHz octave bands,I 
respectively, in the direction of the cut. Over the 700 arc 
shown in Figulre 14 for the controlling frequency bands centered 
at 8 kHz, 4 kI-z, 2 kHz and 1 kHz the Fresnel numbers at 500 feetS 
from the tower center are computed as 18.5, 9.5, 4.7 and 2.3, 
respectively, giving attenuations of 19.5, 18, 16 and 12 dB in 
each octave band, respectively. This computes to be a 23 dB(A).  
attenuation. This attenuation figure is as signable over .the I 
7Q0 arc of hillside-where the barrier extends at least 40 feet 
above the tower basin. 5 
As in the case of the crossflow tower, the reflection of counter
fl ow tower sound off the 450 hillside cut will not materially add 
to the sound emitted in the direction of the Hudson River west 
shore because of the angle' of the bank relative to the incidence 

*angle of the sound and the resulting dispersion of the reflected 
component generally upward.  

Plant structures south of 'the counterflow tower,.namely the Unit 
#2 turbo-generator building, the f-2 reactor unit containment build
ing, and others, form an effective sound attenuating barrier to * 
sound emitted from-the counterflow tower in a southerly to 
southwesterly direction. This structure barrier, starting at 
500 feet from the tower basin is estimated to attenuate tower 
emitted sound 20 to 23 dB(A) in the southerly to southwesterly 
direction exclusive of the influence of winds and inversion.  
For a calm wind condition, Figure 21 shows the effect of the 
barriers on the sound emission pattern for the counterflow tower.I 
The effects of wind direction and velocity, and trees on the 
propagation of the tower noise emission is presented in 

Appendix C of Reference 1.  

In terms of the day-night average sound level (Ldfl) the pentad 
contours of Figure 22 shows the counterflow tower sound 
emission adjusted-for atmospheric absorption and the influence 
of the hillside and power plant barrier effects.  

Mechanical Forced-DraftI 

The sound emissions of two forced-draft mechanical cooling towers 
consisting of 13 fan yells each, were calculated with the results 
of the study presented in Appendix A. The 'results of the 
calculations (Appendix E) are shown'in Figure 23. Because of-I
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the length of the source, 520 feet for each tower for a total 
of 1040 feet, the sound emission pattern is broad based and of a 
cardiod shape due to the'minimum radiation of sound from the ends 
of the towers. The emission of sound from the southeast air 
intake of the north tower is attenuated 5 dB(A) by the partial 
barrier effect of the adjacent land terrain for easterly direc
tions normal to the tower axis and up to 450 off the axis at the 
north end. No land or other barrier exists west of either 
tower. For the south tower, the emission of sound is expected, 
to be attenuated 10 dB(A) for easterly directions normal to the 
tower axis and extending to 450 off axis at the south end.  

The Ldn equivalent of Figure 23 is presented in Figure 24.  

Off-Site Construction Traffic 

For the erection of the projected cooling tower of the atmos
pheric type, as described in the Project Description for the 
Closed Cycle-Natural Draft Cooling Tower for Indian Point Unit 
No. 2, an extensive ground preparation phase is required during 
which approximately 348 000 cubic yards of rock and soil must 
be removed. Reuse of the rock as fill at the site is considered 
comparatively negligible. Removal of this material over the 
schedule period using 20 cubic yard trucks can be estimated at 
the rate of 12 trucks per hour for eight-hour workdays. Thus, at 
the site boundary, 96 truck passages per day will occur, 48 
of them under load and 48 of them empty.  

It has been assumed that trucks servicing the plant site will 
use Bleakley Avenue as their access route and dividing in 
volume along Route 9, half of them going in either direction.  

Construction truck traffic leading to and from the plant-site can 
be expected to increase the ambient noise level to approximately 
90 dB(A) 50 feet from each operating truck17. The equivalent 
A-weighted sound level (Leg) of the motor vehicle (truck) events 
can be considered to exhibit triangular time patterns occurring 
intermittently 2* For the truck traffic, an Leg of 72.5 dB* can be expected on Bleakley Avenue (see Appendix F for method 
of calculation). With the division of truck traffic on Route 9, 
an Leq of 70.5 dB will be the truck traffic noise contribution 
to the overall day-night average sound level. This truck noise, 
impact will prevail over the first 12 months of construction.  

Because of the smaller quantity of rock removal required for the 
mechanical cooling tower (184 000 cubic yds) the truck noise impact 
will prevail for only about the first six months of construction 
assuming the same rate of rock removal.  

Concrete required for the construction of cooling towers, 
regardless of type, necessarily involves an irregular delivery 
schedule because of the need to assemble reinforcement frames 
and to re-position forms as the concrete pour proceeds. For the
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atmospheric towers the foundation work is estimated to require 
street traffic (truck) of four to eight 11-cubic yard concrete 
trucks every hour for two six-hour days per week during the 
first six months of construction. For the two-day-per-week 
daytime period the Leq will be 71.5 dB.3 

For the construction of the basin of any of the towers, 
continuous truck delivery of concrete will be required for a 

monolithic pour. Should 11 cubic yard trucks be used, a period 
of 92 hours will be required. During this period, which will 
include daytime as well as nighttime hours, the Leq will be 
75.5 dB and the Ldn for the Bleakley Avenue truck run will be 
81.5 dB.  

Construction of the shell of the atmospheric towers requires the 
delivery of 250 cubic yards of concrete per day to meet a 
five-foot per day erection rate. Using 11 cubic yard trucks., 
23 will be required per day to deliver concrete and 23 will 
return empty. The total truck traffic will be 46 per day.e 
Ninety-two days will be required for the pour and the daily 
Leq for the pour period will be 67.0 dB.  

Truck delivery of all other items required for construction 
will not materially alter the daytime Le9  along the truck 
routes nor will the increased auto traffic to and from the 

plant site carrying construction workers.  

On-Site Construction 

During the period of rock removal and general land preparation, 

the use of conventional on-site machinery can give aggregate 
sound levels of 100 to 105 dB(A) at 50 feet depending upon 
their location on the site and duty cycle17 . Assuming 
103 dB(A) as the worst case noise source on the site during 
construction (rock drills) in the vicinity of the tower center, 
a sound level of about 60 dB(A) can be expected at Broadway 
and Bleakley. This is equivalent to an Leq of .56 dB for the 
daytime period. Other equipment used on the site during rock 
removal will have sound levels about 10 dB lower and hence I 
a correspondingly lower Leq 

Foundation and shell construction, and other on-site mechanical 
activity, is expected to create a sound level at Broadway and 
Bleakley Avenues of 57 dB(A) when all equipment is operating.  
This equates to an Leq of 53 dB for the daytime period.5 

Contours for the construction noise were not plotted because 
the estimated levels near the property boundary were less than 
L1 0 for the present noise climate and would be lower further 
from the plant.  
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V. SOUND EMISSION IMPACT 

Regulations 

Buchanan 

The area of Buchanan closest to the cooling tower location 
is the residential area in the vicinity of Bleakley Avenue 
and Broadway. In the area of the intersection of the two streets 
the estimated sound emission from the tower will be 52 to 
55 dB(A). At a distance of about 800 feet east of Broadway 
along Bleakley, the level will have decreased to 50 dB(A).  

By using the frequency spectrum of the cooling tower emissions 
it is possible to compare the cooling tower emissions With the 
limits which have been set up in the zoning ordinance. It is 
also possible to compute the A-weighted sound level from the 
band levels which are contained in the-ordinance.- These compu
tations have been made and the results are shown in Table VI.  
This table compares the levels of the tower emissions at' 
two locations along the Indian Point Plant property line'.  
Also shown on the table are the A-weighted sound levels and the 
distances from the tower to the locations on the property line.  
Wherever an entry in the table is contained in brackets, the 
sound emissions from the tower are equal to or higher than is 
permitted by the zoning ordinance.  

From an examination of .,the data in Table VI it is evident that 
the sound emissions from the proposed cooling towers, regardless 
of type, do not meet the requirements of the zoning ordinance 
of the Town of Buchanan at the northern and eastern (Broadway) 
property line.  

New York State Department of Environmental Conservation 

If the land on the west bank of the Hudson River is designated 
LUDNC Class AA, there will be a severe impact from the proposed 
cooling tower at the Indian Point plant. It is estimated that 
the A-weighted sound level from the tower will be approximately 
40 dB. Since the nighttime A-weighted Lgo is 36.5 dB, the 
L90 of the tower sound emissions, combined with the present noise 
climate, would result in an L90 of approximately 41.*5 dB(A).  
This would be an increase of 5 dB(A). If the land were 
designated LUDNC Class B, the impact will be the .same as shown 
in Table VII "daytime". (Table VII is discussed further below.) 
On an octave band basis, the anticipated impact 'would be in the 
bands from 1000 to 4000 Hz.  

-18-



OSTERGAARD ASSOCIATES Project No. 111G-laU 

For the other areas surrounding the plant which are designated 
LUDNC -Class- B, the -impact of the -predicted noise emissions from 
the proposed cooling tower are shown in Table VII. Bracketed 
figures indicate where the predicted tower emissions equal or 

exceed the levels proposed.  

From an examination of the table, it is apparent that the 
proposed cooling tower sound emissions cannot meet the proposed 
regulations of the New York State Department of Environmental 
Conservation. The predicted levels can be up to 19 decibels 
higher than the levels in the proposed regulations.  

Noise Climate 

The impact of sound on areas surrounding the Indian Point 
power plant has been evaluated in terms of the day-night sound 

level (Ldn) a descriptor described in detail in Reference 2.  

This Ldn descriptor isluseful as a vehicle to describe the 
effect of the impact of noise as it relates to public distur-I 
bance and the possible stimulation of community reactions.  

M ethod 

For each of the sound 'sources, the'Ldn sound emission contours 
were superimposed on, and combined with, the Ldn contours of 
the present noise climate.' The result is a map with contoursI 
of constant Ldn of the noise climate anticipated. when the sound 
source is in operation. Since 'a. number of regions set off by 
these Ld6n contours do not close because of continuity beyond 
the confines of. the report page, for purposes of comparison it 
is advisable to strike off circle areas about the atmospheric 
tower center. Two areas were studied,.set off by radii of 
1000 and 2000 meters, respectively. Within these areas alla 
sections of the' Hudson River, the Indian Point plant of the 
Consolidated Edison Company, the industrial park north of the 

plant site, and land east of Washington Street and north of 
Franklin Street, Peekskill. For each pentad Ldn region con
tained within the circle area totals were computed and values 
expressed in percentages and in acreage. The residential zones 

of Verplanck, Buchanan and Peekskill are shown in Figure 25.  

Crossflow Tower3 

The Ldn contours of Figure 17 were combined with the ambient 
contours of Figure 10a to form the contour map shown in 
Figure 26. Within 1000 meters of the tower center, 64.5% of8 
the total area defined in Table.VIII will be in the 55-60 Ldn 
range, an increase of 10.3 percenta ge points over present 
levels, and 33% of the residential area in the region will fall 
in the greater than 60 'Ldn range, an increase of 16 percentage.  
points above current levels. Table VIII presents a detailed 
distribution of the Ld regions in percentage for areas about 

the tower center having a 1000 meter radius and for the ring
shaped area between 1000 meters and 2000 meters of the tower 
center. Similarly, in terms of acreage, Table IX presents addi
tional data.

-19-



OSTERGAARD ASSOCIATES Proj'ect No. 111G-la 

Most of theltower noise impact is experienced in the Bleakley 
Avenue region and. northward on th 'e east shore to Franklin Street,, 
Peekskill. East of Westchester.Avenue and Route 9, and on the 
Hudson River west shore, the crossflow tower has no quantifiable 
effect on the area Ldn.  

Counterf low Tower 

Ldn contours of Figure 22 were combined with the ambient 
contours of Figure 10a to form the contour map shown in 
Figure 27. With the counterf low tower in operation, 27.4% of 
the total area defined in Table VIII for a 1000 radius will be 
above 80 dB (day-night sound level) which is a 25.2 percentage 
point increase over conditions without the tower in operation.  
Residential areas within this region will increase from a 
present 17% to 50% having Ldn values greater than 60 dB.  
Acreage distribution is given in Table IX.  

The counterf low tower day-night sound level impact will be most 
significant north of the Bleakley Avenue line on the west shore 
with Ldn levels of 45 to 50 dB at Washington Street. An Ldn 
of 50 dB impact will be felt at the west shore Jones Point 
region.  

Mechanical Towers 

Ldn contours of Figure 24 were combined with the ambient contours 
of Figure 10a to form the new contour map shown in Figure 28.  
A significant increase in area impacted by mechanical tower noise 
emissions can be expected. Table VIII shows this area increase 
for Ldn over 60 dB to be 52.6 percentage points for the 1000 
meter region defined.  

In this same region, 100% of the residential area will be raised 
to an Ldn greater than 60 dB - an increa se of 83 percentage 

*points above present conditions. Other pentad Ldn values in 
percentage of area are given in Table VIII and in acreage in 
Table IX for changes within 2000 meters.  

On-the west shore the addition of mechanical tower noise shifts 
-the 50 dB contour of Ldn approximately 2000 feet to the west, 
deeper into the parklands.  

North of Bleakley Avenue, the 50 dB ambient Ldn region is 
completely eliminated by the mechanical tower noise and the area 
will-have Ldn values ranging from 64 dB at Broadway to 55 dB at 
South Street and Franklin Streets of Peekskill, north of the 
plant property. Along Route '9 the Ldn is expected to rise to 
60 dB.
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The 55 dB ambient Ldn contour east of Route 9 is expected to 
shift eastward to the Washington Street (Peekskill) line'dueI 
to the mechanical tower noise contribution.  

Along the south side of Bleakley Avenue the combined Ldn is5 
expected to increase by 2.5 dB to 64 dB due to the mechanical 
tower noise. This will extend for virtually the full length 
of the avenue. The 64 dB Ldn has been computed to be at 115 
feet from the roadway center. Along Bleakley Avenue, the 60 dB 
Ldn contour shown on Figure 28 is approximately 200 feet from 
the center of the roadway.  

Construction Traffic (Off-Site) 

The truck traffic noise impact from fill removal activity or3 
the delivery of ready-mix concrete is shown collectively in 
Figure 29 for the entire traffic increase involving the passage 
of full and empty trucks and the effects of acceleration noiseI 
at Broadway and Bleakley and Broadway and Route 9.  

Excavation truck noise will impact the residential areas along 
the south side of Bleakley Avenue significantly. Midway between ~ 
Route 9 and Broadway and 115 feet from the center of Bleakley, 
the Ldn is expected to be 62 dB, and will increase to '66 dB 
at the Bleakley intersections at Route 9 and Broadway,S 
respectively, due to truck acceleration and start-stop traffic 
conditions. Since the homes along Bleakley are located less 
than 15 feet from the roadway, the Ldn for the immediate area ' 
of the homes will be over 70 dB where the Ldn is currently 
between 55 and 60 dB.  

This truck noise over a continuous period of one year willI 
affect regions south and north of Bleakley Avenue. The one 
year period is for either natural draft tower type. For the 
mechanical towers requiring less rock removal, the noise impact£ 
will be the same but over a shorter period of time, in the 
order of six months.I 

The split of truck traffic on Route 9, assuming half proceeds 
north and half proceeds south, has an affect on regions border
ing Route 9 causing the 55 dB Ldn contours to move approximately 
200 feet further away from this roadway affecting in addition 
the 50 dB and 45 dB contours, accordingly.  

Concrete trucks required for the pouring of the foundations for5 
the towers, irrespective of type, will have the same impact as 
the excavation trucks, however, only for 12 hours per week for 

the first six months of concrete activity.£ 
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The pouring of th e tower basin -- one in the case of the 
atmospheric tower and two in the case of the two banks of 
the mechanical tower -- will 'require a 24-hour continuous pour 
period to insure a monolithic structure. For a period of 
92 hours, the combined impact at Broadway and Bleakley Avenue 
will have an Ldn Of 82 dB which will prevail 50 feet from the 
avenue centerline for the-full length of Bleakley Avenue.  

Concrete truck activity delivering ready-mix for the slip-form 
casting of the atmospheric cooling tower of either type will 
require a period of 92 days based on the tower erection at the 
rate of five feet per day. At the rate of eight truck passages 
per hour per six-hour day, the Leq will be 67.0 dB and the 
Ldri along the Bleakley Avenue route will be 61.5 dB, essentially 
unchanged from the ambient.  

Figure 29 shows the combined Ldn of expected construction 
traffic and the present Ldn sound level contours. The impact 

7.is given in.Tables VIII and IX for regions within 2000 meters 
of the tower center.  

Construction Activity 

The combination-of on-site sound sources namely air compressors, 
rock drills, bulldozers and dump trucks required for rock 
removal will emit a sound level of 103 dB(A) measured at 
50 feet largely controlled by the 'sound radiated by the rock 
drill-equipment. Blasting, muffled by mats, will not affect 
the Ldn because of the limited sound level and short duration.  
When the rock drills are not in operation, a sound level of 
92 dB(A) can be expected at 50 feet from the work center 
assuming the construction equipment is relatively closely 
grouped. The above sound levels are based upon the use of 
on-site equipment that have no particular quieting features.  
At Broadway and Bleakley Avenue the sound level impact will be 
60 dB(A) or an Leg~ of 56 dB for the workday period. This will 
not alter the ambient Ldn of 61.5 dB at Broadway and Bleakley 
Avenues and similarly have no impact on other areas.  

on-site mechanical noise developed in the course of preparing 
the foundation, and the construction of the tower, of either 
type, can be expected to be about 57 dB(A) measured at the 
Broadway-Bleakley Avenue junction. The resulting Le q Of 
53 dB for the daytime period will not materially add to the 
Ldn ambient values in the areas adjacent to the plant site.
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Figure 1

Project No. 11110-la

Location of the eleven measurement locations 
for existing community noise evaluation
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0' 
U),

Project No. 111G-la

4 5

Welchler Ave.

Looking south on South Street

Looking north on South Street

Figure 2 Community noise measurement, Location 
No. 4 (Peekskill ), east shore of Hudson 
River
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Looking west from McKinley Street

Looking south on McKinley Street

Figure 3 Community noise measurement, Location 
No. 5 (PeekskillI), east shore of Hudson 
Ri ver
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Looking southeast on Bleakiey Ave.  
from Broadway

Looking southwest on Broadway

Figure 4 Community noise measurement, Location 
No. 6 (Buchanan), east shore of Hudson 
River
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Looking northeast on Broadway

Looking west on Broadway

Figure 5 Community noise measurement, Location 
No. 7 (Bucha'nan), east shore of Hudson 
River
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Looking east from Broadway5

Looking northeast on BroadwayI

Figure 6 Community noise measurement, Location 
No. 8 (Buchanan), east shore of Hudson 
R iv er

1249
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4' 
4~ "~

Project No. 111G-la

Looking east from Highland Avenue

Looking southeast, 11th Street and 
Highland Avenue

Figure 7 Community noise measurement, Location 
No. 9 (Verplanck), east shore of Hudson 
Riv e r
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Looking shouthwest on Tate Avenue

Looking northeast on Tate Avenue

Figure 8 Community noise measur-ement, Location 
No. 10 (Buchanan), east shore of Hudson 
River
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Looking east

Looking southeast on First Street 
and Westchester Avenue

Figure 9 Community noise measurement, Location 
No. 11 (Buchanan), east shore of Hudson 
River

1252
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Mid 2

Project No. 111G-la

Looking east f romn Location No.

tation

Looking south along Route 9W (Location No. 2) 

Figure 10 Community noise measurement, Locations No. 1, 
2 and 3 (Rockland Co.), west shore of Hudson 
River 
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0 
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Project No. 111G-la
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Figure 18 PROJECTION OF PROPOSED COUNTERFLOW COOLING TOWER SOUND 
EMISSION DEVOID-OF ALL ATTENUATION61 EFFECTS OTHER THAN 
DIVERGENCE WHEN OPERATING AT DESIGN HEAT LOAD.  
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TABLE :I

Octave Band Sound Pressure Level as Specified in 
Chapter 54 of the Zoning Ordinance of the Town of 
Buchanan and as Converted to the "New" Frequency 
Bands Using the Method Contained in Appendix A of 
American National Standard S1-.11-l96612

Old Frequency Bands Preferred Frequency Bands

Octave Band 
Limits-Hz 

20-7 5 

75-150 

150-300 

300-600

Sound Pressure 
Level-Decibels 
re 0.00002 N/rn2 

65 

55 

50 

45

Sound Pressure 
Octave Band Level-Decibels 
Center Frequency-Hz re 0.00002 N/rn2

31.5 

63 

125 

250

62.5 

54 

49

600-1 200 

1 200-2 400 

2 400-4 800 

4 800-10 000

500

1 000 

2 000 

4 000 

8 000

*The sound pressure level in the 31.5 Hz band is subject to 
judgment and open to interpretation because of the almost 
two-octave frequency band in the "old" set of octave bands.  
Hence it is not given in the table.
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TABLE II 

List of Community Noise Climate Measuring 
Locations and the Number of Test Samples 
Obtained During the Daytime (0700-2200) 
and Nighttime (2200-0700) Time Periods.

Location 
Number

Number of Measurements 
0700 to 2200 to 
2200 hrs. 0700 hrs.

Jones Point 

Ship Memorial 

Gays Hill Road 

Welcher Ave. and 
Lower South Street 

Welcher Ave. and 
McKinley Street 

Broadway and Bleakley Ave.  

Broadway and First Street 

Broadway and 

St. Patrick's R.C. Cemetery 

11th Street and 

Highland Ave.  

Tate Avenue between 
4th and Henry Street 

First Street at the 
Village Hall 

TOTAL 
GRAND TOTAL

E2~ -58-

West 
Sho re

East 
Shore

3 

4 

3 

5 

4 

2 

5 

5 

3 

4 

5 

43

2 

2 

5 

2 

2 

3 

3 

2 

24 
67



AMBIENT EXCEEDANCE SOUND LEVELS, EQUIVALENT SOUND LEVELS, DAY-NIGHT 
AVERAGE SOUND LEVELS, COMMUNITY NOISE RATINGS, NOISE EXPOSURE FORECASTS, 
AND COMMUNITY NOISE EQUIVALENT LEVELS FOR INDIAN POINT SURROUNDING AREAS

Welcher Ave. & South St.  

Peekskill 

Welcher Ave. & McKinley St.  
Peekskill 

Broadway and Bleakley Ave.  
Buchanan 

Broadway and First St.  
Buchanan 

Broadway & St. Patrick 
Cemetery - Verplanck 

Highland Ave. & 11th St.  
Verplanck 

Tate Ave'. between 4th 
and Henry Streets 

Buchanan 

Village Hall, Buchanan 

Jones Pt., Ship Memorial, 
& Gays Hill Road 

Rockland County

(dBA) 

DAY 65 
NIGHT 56.5

DAY 
NIGHT

(dBA) 

59 
54

(aBA) 

56 
47.5

EAST SHORE 

Leq Ldn 

(d) (dB) 

64.5 6.  
51.0 6.

NEF* 

28.5

65 56 52 64.5 
50.5 45.5 42.5 46

DAY 65.5 56 48.5 62.5 
NI.GHT 53 46.5 44.5 49

61.5 26.5

DAY o 168 
NIGHT 48

DAY 67.5 -57.5 44.5 62.5 
NIGHT 60.5 44 38.5 58

DAY 50 
NIGHT 47

47.5 
43.5

DAY 61.5 46.5 41.5 57 

NIGHT 66 54 50.5 49.5

DAY 52 
NIGHT 48 

DAY 59.5 
NIGHT 49.5

46 40 
43.5 37

65.5 

50.5 

58

30.5 

15.5 

23

CNR* CNEL* 

(dB) 

98.5 63. 5

100 

96.5 

97 

100.5 

85.5 

93

61.5 

62 

65.5 

50.5 

58

49 
44.5
WEST SHORE 

49.5 43 52.5 5 
46.5 36.5 47

*Approximate equivalents per U.S. EPA 550/9-74-004, -March 1974, Page--A-32 (Reference 2)

M -M- M "- M " M m m M mMI M M = MM
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TABLE IV 

Pentad Contours at Radial Distances
From the Rim of the 600 000 gpm Cooling 
Tower Devoid of All Attenuation Effects 
Other Than Divergence.

Sound Level 
A-weighted-dB re 0.00002 N/rn2

Crossf low Counterf low 
Distance from rim-feet

110 

275 

575

60'

1 180 

2 300 

4 200 

8 500 

15 000

12 

90 

270 

620 

1 300 

2 550 

4 700 

8 000 

14 500
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TABLE V 

Attenuation in Decibels (A-Weighted) of 
Cooling Tower Sound Spectrum as a Function 
of Humidity, Temperature and Distance 
From Tower Rim.

Distance -Feet I
100 328 656 1640 3280 6561 16400

Attenuation dB(A)

1.0 
1.5 
2.0 

1.0 
1.0 
1.0 

0.5 
0.7 
1.0

3.8 
4.0 
4.2 

2.5 
2.5 
2.5 

2.6 
2.8 
3.2

6.4 
6.6 
6.8 

4.5 
4.5 
4.5 

5.2 
5.6 
6.0

9.8 
10 .1 
10.4 

8.25 
8.25 
8.25 

9.0 
9.1 
9.2

12.8 
13.0 
13.2 

12.5 
12.5 
12.5 

12.2 
12.2 
12.3

16.1 
16.2 
16.3 

16 .5 
16 .5 
16.5 

15.9 
16.0 
16.1

21.5 
21.6 
21.7 

21.5 
21.5 
21.5 

21.4 
21.6 
21.8

Av.1.0 3.0 5.0 9.0* 12.5 16.0 21.5

Indian Point Annual Averages

Temperature Humidity

Full Day 
maximum 
Minimum

Temp.
Rel.  
Hum.

4OF 

SOF 

58F

72% 
63 
55 

72 
63 
55 

72 
63 
55

49-50F 
58 
40

63% 
72 
55
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TABLE VI 

Comparison Between the Predicted Sound Emissions from 
the Proposed Cooling Towers at the Indian Point Plant of'.  

the Consolidated Edison Company and the Zoning Code 
of the Town of Buchanan

Octave Band 
Mid-Frequency 

Hz
Buchanan 

Zoning Code.
Predicted Maximum Tower Sound Emission 

Impacting Relevant Property Boundary Lines

Eastern Line 
(Broadway) 

Sound Pressure Level -dB

XF CF M

Northern Line 
(Park land)**

XF CF -M

63 
125 
2 50 
500 
000 
000 
000 
000

A-wt.

62.5 
54 
49

29 
32 
35 
38 
40 

(41) 
(45) 
(48)

48*
Distance from Tower 

rim - feet 
Distance northeast from 
Bleakley and Broadway inter
section - feet:

38 
41 
44 

(47) 
(47. 5) 
(48) 
(49) 
(41)

-62 
(58) 
(53) 
(50) 
(47) 
(43) 
(41) 
(37)

38.  
41 
44 

(45) 
(47) 
(48) 
(52) 
(55)

(51) (55) (52) 
1700 1700 1950 

600 '625 300

47 
50 

(53) 
(56) 
(56) 
(57) 
(58) 
(50)

(59) (62)

62 
(58) 

.(53) 
(50) 
(48) 
(48) 
(49) 
(42) 

(56)
1250 1250 1000

XF = crossflow tower 
C F = counterfiow tower 
M = mechanical tower

* Computed from Octave Band Levels.  

**Land deeded to Town of Buchanan for 
park purposes.

I-1 
0 

Li.  
(D 
0 
r1



TABLE VII 

Impact of Projected Tower on Residential Areas Neighboring the 
Indian Point Plant as Compared to the Proposed New York State 
Noise Pollution Regulations. Where the Predicted Levels Exceed 
the More Stringent Nighttime Levels Brackets have been Placed 
Around the Values.

Proposed New York 
State Regulations

Predicted Maximum Tower Sound Emission 
Impacting Relevant Property Boundary Lines

Octave Band 
Center 

Frequency 
Hz Daytime*

31.5 
63 

125 
250 
500 
000 
000 
000 
000

Eastern Line 
(Broadway)

Southern Line 
(Verplanck)

Sound Pressure Level - dB re 0.00002 N/rn 2

Nighttime* * 

60 
59 
54 
49 
43 
37 
32 
28 
25

XF CF -M

29 
32 
35 
38 

(40) 
(41) 
(45) 
(48)

39 
41 
44* 

(47) 
(47. 5) 
(48) 
(49) 
(41)

XF CF

(62) 
(58) 
(53) 
(50) 
(47) 
(43) 
(41) 
(37)

18 
18 
18 
19 
21 
22 
26 

(29)

A-weighted 
Sound Level

(51) (55) (52) 32 .34 40

*Class A daytime and 
Class B anytime.  

*Class A nighttime only.

XF = crossflow tower 
CF = counterf low tower 
M = mechanical tower

- - - -- - - - ~= - ~ -

-M 

50 
46 
41 
34 
32 

(32) 
(33) 
(26)

15 
15 

22 
25 
26 

(29) 
(30)



B TABLE VIII 
-H 

Percent of Area within Contours of Constant Noise Levels of Present 
Noise Climate, Noise Climate with Proposed Cooling Towers in Opera
tion and with Construction Traffic. The Area does not Include the> 
Indian Point Land of Consolidated Edison Company, the Hudson River, 
the Industrial Park North of the Plant Site, Land East of Washington 
Street, and Land North of Franklin Street.

I I I IConstruction 
Ldn-dB Ambient Counterf low ICrossflow I Mechanical I.Traffic

*T R T I R T I 'j I I R. T R
Percent of Area within 1000 Meters of 
17.0 27.4 .50.0 3.7 -33.0 54.8 
83.0 49.7 50.0 64.5 67.0 45.2 
0 11.1 0 24.4 0 0 
0 9.6 0 7.4 0 0 
0 2.2, 0 1 0 0 0.

Tower Center 
100.0 13.3 

0 55.6 
0 14.8 
0 13.3 
0 3.0

Percent of Area Between 1000 and 2000 Meters 
of Tower Center

0 
47.5 
26.2 
13.2 
13.1

0 
39.1 
34.3 
21.3 

5.3

0 
48.5 
25.0 
14.6 
11.9

0 
44.6 
30.3 
20.4 

4.7

0 
47.5 
26.5 
15.9 
10.1

40.6 
33.9 
20.5 

5.0

4.7 
58.7 
19.9 

8.0 
8.7

*Total Area 
*Residential Area

>60 
55-6 0 
5 0-55 
45-5 0 

<45

2.2 
54.2 
20..0 
12 .6 
11.0

>60 
55-6 0 
50-55 
45-50 

<45

100 
0 
0 
0 
0

3.81 
53.7 
23.51 
16.  
3. 0

15.1 
35.1 
.20.4 
16.4 
13.0

18 .8 
32.2 
23.5 
20.5 

5.0



TABLE IX

Area in Acres within Contours of Constant Noise Levels of Present Noise 
Climate, Noise Climate with Proposed Cooling Towers in operation and 
with Construction Traffic. The Area does not Include the Indian Point 
Land of Consolidated Edison Company, the Hudson River, the Industrial 
Park North of the Plant Site, Land East of Washington Street, and Land 
North of Franklin Street.  

Construction 
Ldn-dB Ambient Counterf low Crossf low IMechanical Traffic

*T ! **R

>60 
55-60 
50-55 
45-50 

<45

>60 
55-6 0 
5 0-55 
45-50 

<45

T T I R IT I R
Acres within 1000 Meters of Tower Center 

(Total area-122 acres; total residential area-6 acres) 

3 1 33 3 5 2~ 67 6 1 16 
66 5 60 3~ 78 4~ 55 0 68 
24 0 14 0~ 30 0 0 0~ 18 
15 0! 12 0 9 0 0 0 16 
14 0j 3 0 0 0 0 * 4 
Acres Between 1000 and 2000 Meters of Tower Center 

(Total area-1172 acres; total residential area-446 acres)

0 
557 
307 
155 
153

174 
153 
95 
24

0 
568 
293 
172 
139

.0 

199 
135 
91 
21

0 
557 
311 
186 
118

0 
181 
151 
92 
22

55 
688 
233 
94 

102

17 
240 
105 
71 
13

177 
411 
239 
192 
153

* Total Area 
*Residential Area

H 

- ~ - ~ -~ S - _ - -

84 
144 
105 
91 
22
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APPENDIX A 

SOUND RADIATION FROM MECHANICAL COOLING TOWERS 

The sound radiation from forced draft cooling towers is 

covered in considerable detail in articles and papers by A3 

Dyer and MillerA-1, Seelbach and OranA-
2 , Miller and og

Department of the ArmyA-4 and others. An independent evalua

tion of their prediction schemes was' made by an analysis of 

sound data taken at the Mojave Generating Station of the 
Southern California Edison Comipany located on the Colorado 
River three miles south of the Davis Dam at the southern tip 
of the state of Nevada.3 

The station, firing fluidized coal, develops a total of 1580 
megawatts in two power plant sections. Water cooling is 

obtained through mechanical draft cooling towers of Marley 
design oriented in a line extending southeast from the plant 

proper. There are six banks containing five propeller fans 
each. Each bank is 221 feet long with the total distance3 
between the ends of the extreme banks approximately 1770 feet.  

The total height of the tower was 65 feet.  

The eight-bladed glass fiber reinforced fan rotors had blades 
set at 19 degrees from the horizontal. All the fans turn at 

136 rpm through gearing driven by 150 hp induction motors 

running at 1780 rpm under full load and delivering 1 400 000 
SCFM of air, each. The tip speed of the fans was 9800 fpm.  

A total of 540 000 gpm of water is cooled in the double entry 

crossflow cooling towers.  

In order to avoid the influence of plant noise as much as 

possible, measurements were confined to the remote end of the 

tower array. For purposes of reference, each fan was assigned 
a number, consecutively, with Fan 1 being located furthest 
from the power plant. A plan view of the site is shown on 

Figure A-h. Photographs showing a typical tower bank viewed 
from a distance of 380 feet and the line of banks viewed from 
a distance of 2850 feet are presented as Figures A-2a. and 

A-2b, respectively.  

The water flows to each bank of towers was at maximum.  

Sound Test Program 

octave band and overall sound pressure levels, and A-weighted 
sound level data, were obtained at directions and distances 
shown in Figure A-3 and Table A-IX. Test data are shown in 

Tables A-I through A-V.  
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A survey of the sound radiation pattern in the vertical plane, 
was made at several heights ranging from 5 1 feet to 71 feet 
above the ground. Data was recorded as octave band and 
overall sound pressure levels, and A-weighted sound levels, 
which are tabulated in Table A-VI.  

During the tests the weather was fair, with calm to light 
winds, and temperature and humidity ranges as listed in 
Table A-VII.  

Results 

Using data recorded at 10 feet from Fan 23, the sound power 
level was computed to be 114 dB re 10-12 watt. From the 
octave band data recorded at this location, the octave 
band distribution, i.e. Lw (band) re Lw (overall), is listed 
in Table A-VIII and compared to the corresponding values for 
the ranges reported by Dyer and MillerAl1. Using this octave 
band reference table and the fan sound power level of 114 dB, 
each measurement location was analyzed as to the contribution 
of all fans to the overall sound measured at the specific 
location. Using the relationship 

L = L - 20 log r -8; (M 

where r is the distance from the face of the tower to the 
measurement location, in meters, the octave band levels from 
each contributing tower were sun med and overall sound pressure 
levels were computed. After introducing the effect of molecular 
absorption and weighting the band levels on an "A" basis, the 
resulting computed (predicted) sound levels were compared 
to actual measured values and presented as a graph of sound 
level vs distance in Figure A-4. Computed values using the 
Dyer-MillerAl1 relationship and those computed using the 
Engineering Manual of the Department of the Army A- are 
plotted for comparison purposes.  

Using measured data, the contour interpretation of A-weight 
sound levels about the end of the furthest cooling tower 
bank is shown in Figure A-S.  

The results of a vertical scan of sound radiation measured 
at Fan 5 is shown in Figure A-6.
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Conclusions 

The sound pressure level, Lp, at any distance from the air 
intake sides of a bank of mechanical draft cooling towers 
may be computed according to

L= Lw - 20 log r - 8 (1)

whreL is sound pressure level in decibels re 0.00002 N/r
2 

Lw is te sound power level of the sound source in decibels 
re 10-12 watt, and r is the distance between the measuring 
station and the cooling tower air intake, expressed in meters.  

A sound power level of 114 dB re 10-12 watt most closely 
correlates with data measured at the Mojave Station for 
their 150 horsepower (rated) cooling tower fans. This 
compares with a 117 dB sound power level where the Dyer and 
Millerk-l relationship

L= 95 + 10 log (hp)* (2)

is used. Since the accuracy of the Dyer and MillerAl1 
prediction methods is ±3 dB, the sound power computed from 
the measured value is applicable.  

Agreement within 2 dB(A) between computed and measured A-weight 
sound levels is obtained when, at any location out from the 
air intake face of a cooling tower bank, the sum of the 
contributions of sound from each tower fan is evaluated.  

The frequency spectrum of the sound from the Mojave Station 
cooling towers compares favorably with the range of values 
presented by Dyer and MillerAl1 and as indicated in 
Table A-VIII.  

*adjusted for 10-12 watt reference convention.
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Figure A-I Plan of Mojave Generating Station, 
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a 

Lookinc NE 
toward Bank 2 
at a distance 
of 380 feet.  

b 

Looking NW 
at a distance 
of 2850 feet.

Figure A-2 Views of the cooling tower banks, Mojave 
Generating Station 
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NOTE: Specific 
distances are 
tabulated in Table 
A-IX.

Fan I I

n No. I

Fan 6 I 
I 
3> 
a

Sca I e 
I " = 200'

0- test locations

Figure A-3 P16n view of remote tower banks showing 
test locations and directions

0STB~MDASSOCAFES CONSLITNG ENGNEERS

DRAWN By- NLM PRJC-Coolin'g Tower Study DATE. 20 May 74

-73-

APPROVED' CLIENT- Consolidated Edison Company owe "Ok 1 5 42



usW go 404 0* 9* do ~

o Computed using Sound power level 
of 114 dB re 10 12 watt 
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Figure A-6 Typical vertical 
scan of sound radiation from 
cooling tower at Mojave 
Generating Station
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TABLE A-I 

Measured Sound Pressure Levels 
at Various Distances SW of Fan 3 

of Cooling Towers at Mojave Generating Station

Octave Band 
Center 

Frequency 
Hz

Distance From Tower Basin - Feet

.10 20 - 40 80 160 ..1320 500 650

Sound Pressure Level - Decibels re 0.00002 N/n.2

89 
84 
85.5 
83.5 
76 
71.5 
67.5 
70.5 
71.5 
70

84.5 
83 
83.5 
82.5 
75.5 
71.5 
66.5 
69 
70.5 
68

83 
80 
78 
78 
73 
67.5 
65.5 
67.  
68 
64.5

80 
79.5 
75.5 
74 
69 
65.5 
64 
64.5 
64 
56.5

74 
74 
72 
65 
64 
60 
58 
58.5 
55.5 
45.5

76 
76 
67 
63 
57 
56 
52 
51 
45 
26.5

75 
75.5 
70 
64 
53 
53 
51 
48 
35

Recorded (Linear) * 

Recorded (A-Weighted)

96 94 89 87 80 

76 73 67

84 80 

62 63

A-weighted calculated from 
.Octave Band Levels

80.5 79.5 76 73 64.5 63 58 58

*Low Frequency Variations Contributed to Erratic 
Linear Sound Pressure Levels.

-~M Ito -1 OR ~

31.5 
63 

125 
250 
500 
000 
000 
000 
000 
000

75
74 
68 
56 
55 
49.5 
46 
40 
26
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TABLE A-II 

Measured Sound Pressure Levels at Various 
Distances NE of the Indicated Fans of the 
Cooling Towers at Mojave'Generating Station

Octave Band 
Center 

Frequency
Hz

31.5 

*63 

125 

250 

500 

000 

000 

000 

000

Recorded (Linear) * 

Recorded (A-weighted) 

A-weighted Calculated from 
Octave.-Band Levels

FAN 3 FAN 6 FAN 13 
Distance From Tower Basin-Feet 
1100 2850 2000 1100 

Sound P ressure Level-Decibels re 
0.00002 N/rn2 

69 68 66 69 

70 63 66 70 

66 55 64 68 

60 51 51 59 

55 46 46 55 

54 41 45 .54 

.54 37 43 59 

49 24 34 53 

25 - - 33

83 

70** 

48

* Low Frequency Variations contributed to erratic linear sound 
pressure levels.  

**Apparent recording of erroneous value.
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Octave Band 
Center 
Frequency-Hz

Distance from Tower Basin-Feet
10 20 40 80 129 
Sound P~ressure Level - Decibels

320 640 2 
re 0.00002 N/rn

31.5 
63 

125 
250 
500 

1 000 
2 000 
4 000 
8 000 

16 000

Recorded (Linear) * 

Recorded (A-weighted) 

A-weighted Calculated 
from Octave Band Levels

94 88 87-91 87 83

76 74 69 66 65

75 70 69 67.5 65

81.5 78.5 

59 .52 

61 56.5

*Low frequency variations contributed to erratic linear sound pressure 
levels.

-f/ 404 m* i-~ A" _"A W A WO

TABLE A-III 

Measured Sound Pressure Levels at Various 
Distances South of Fan 1 (450 to Bank Axis) 
of Cooling Tower at Mojave Generating Station

84 
76 

68-7 0 
66 
64 
60 
62 
65 
67 
62

76 
77 
69 
64 
64 
59 
59.5 
62 
63 
58

78 
75 
75 
65 
59.5 
57 
58 
59.5 
59 
49

75 
73 
72 
59 
54.5 
52 
51 
47 
38

68 
74 
63 
55 
52 
50.5 
43 
38 
22
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ATABLE A-IV 0 

Measured Sound Pressure Levels at Various ;;0 
Distances SE of Fan 1 (Along Bank Axis) of C 
Cooling Tower at Mojave Generating Station

Octave Band 
Center 

Frequency-Hz

Distance from Tower Basin-Feet
10 
Sound

20 40 
PressureLevel

0 115 325 600 
- Decibels re 0.00002 N/rn2

31.5 
63 

125 
250 
500 

1 000 
2 000 
4 000 
8 000 

16 000

Recorded (Linear) * 

Recorded (A-weighted) 

A-weighted calculated 
Octave Band Levels

82 93 91 

- 58 56

from 58 58 57 55

74 85

55 48 44 

54 47 45

* Low frequency variations contributed to erratic linear sound pressure levels.



TABLE A-V 

Measured Sound Pressure Levels at 
Various Distances East of Fan 1 

(450 to Bank Axis) of Cooling Towers at 
Mojave Generating Station

Octave Band 
Center 
Frequency -Hz 

31. 5 
63 

125 
250 
500 

1. 000 
2 000 
4 000 
8 000

16 000

I

10 
Sound

64 
63 
63 
65 
66 
62

Distance From 
20 ..40

pressure

66 
64 

63, 
66 
67 
62'

Level 
74 
72 
68
64 
60 
59; 
60 
62 
62.5 
57

Tower Basin - Feet 
80 128 320 -.650 
-Decibels re 0.00002 Nj~jj 2 

74 74 75 63 
69 72 68 68 
67 67. 61 -58 
63 63 56 55 
58 57 51 44 
57 55 48 46 
58 57 48 45 
59 58 48 39 
58 56. 36 24 
52 44 --

Recorded (Linear)* 

Recorded (A-weighted) 

A-Weight calculated from 
Octave Band Levels

97 91 86 

71 69. 66

73 68

84 87 

65. 56 

65 56

*Low Frequency Variations Contributed to 
Erratic Linear'Sound Pressure Levels.

In

I" ta, I at a" 1" OL to , a" I", 1m; Am, AM



TABLE A-VI0 

Measured Sound Pressure Levels at Variousm 
Heights at Fan.S as Shown in Figure A-6 at 0 
Mojave Generating Station>

Octave Band 
Center 

Frequency 
Hz

A B
Designation of Height of Measuring Location 

C D E F G H I J K L 

Sound Pressure Level - Decibels re 0.00 .002 N/rn 2

91 93 
92.5 93.5 
87 8'8 
76 ~76 
69. '5 70 
67 65 
6 6 65 
61 61.5 
56. 56 
46.5 47

Recorded 
(Linear) *

Recorded 78.5 
(A-weighted) 

A-weighted 79 
Calculated.  
from Octave 
Band Levels

98 95.5 95 96 96.5 97.5 -95.5 99.5- 96.5

79 82.5 78 78 76.5 -74 

79.5 80.5 79 78 76 76

76.5 77

76 75 75

96 96 

77 76

76 75

*Low frequency variations contributed to erratic linear sound pressure 
levels.

31.5 
63 

125 
250 
500 
000 
000 
000 
000 
000

86 
86.5 
85.5 
80 
75 
68.5 
67 
70 
70 
60.5

84 
83.5 
82 
80.5 
76 
67 .5 
67 .5 
71.5 
72 
62

85 
88 
85 
82.5 
76.5 
70 
68 
72 
72.5 
63

85 
8 8 
84 
78 
75.5 
68
66 
70 
70 
61

83 
82 
81 
79 
75.5 
68 
68 
70 
71 
63.5

82 
84 
83 
76 
71 
66.5 
66.5 
67 
67 
57

87.5 
86 
83.5 
75.5 
70 
67 
67 
65 
63 
53

92, 
93.5 
87, 
7 6 
69 
63 
-62 
58 
52 
43.5

93 
92 
86 
77 
69 
65 
63.5 
61 
59 
50

94 
93 
84 
79 
71 
67 
65 
65 
63 
53.5
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TABLE A-VII 

Weather Data for Mojave Station 
Southern California Edison During 

Data Acquisition

Date

28 Mar 74 

29 Mar 74 

30 Mar 74

Dry 
Bulb 
Range
deg. F 

56-78

WIND
Relative 
Humidity-

Average 
Velocity

-mph

5.75,

56-84 

60-8 8

2 

6.58

Direction

SSW

SW 

SSW

Barometric 
Pressure
in Hg

29-.69

29.69

29. 51'
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TABLE A-VIII 

Octave Band Sound Power Levels for 
One 150 hp Fan at Mojave Generation Station

Octave Band 
Center 

Frequency 
Hz 

31.5 

63 

125 

250 

500 

1 000 

2 000 

4 000 

8 000

Band Sound 
Power Level 

re 
10-12 Watt 

89 

84 

85.5 

83.5 

76 

71.5 

67.5 

70.5 

71.5

Band Sound Power Level re Overall Sound 
Power Level-Decibels 

Computed 
from 

Measurements Dyer and Miller* 

-3 

-8 - 3 to- 7 

-6.5 - 3.5 to - 8.5 

-8.5 - 5.5 to -11 

-16 - 9 to -14.5 

-20.5 -13 to,-17.5 

-24.5 -15 to -21 

-21.3 -15 to -25 

-20.5 -23 to -33

*Range of values from Figure 7 of Reference A-i adjusted 
to preferred octave bands.
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TABLE A-IX 

List of Distances and Orientations of 
Noise Measurement Locations at the 
Mojave Station of Southern California 
Edison Company Cooling Tower Banks.

Location Direction

Fan 1

Fan 3

Fan 6 

Fan 8 

Fan 13

Measurement Distances (Feet) 

115, 325, 600 

128, 320, 650 

80, 129, 320, 640 

1105, 2850 

10, 20, 40, 80, 160, 320, 380, 
500, 650 

2000 

380 

1105

Distances are measured from nearest surface of tower. Fan cells 
are numbered 1 through 30 with fan cell at the remote end of the 
row of tower designated #1. The common tower bank axis runs SE to NW.  
See Figure A-3 for plot plan.
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APPENDIX B 

INSTRUMENTATION LIST 

Acoustical Measuring-Instruments used 
for Indian Point Community Noise Survey

Name 

Sound Level Calibrator 

Sound Level Meter

Microphone

Mfg

General Radio 

General Radio 

General Radio

Model

1562A 

1933

1961-9601

Tape Recorder

Graphic Level Recorder General Radio

Main Frame 
Preamplifier

Statistical Distribution 
Analyzer

Ostergaard Assoc.

Traceability to NBS is maintained through a pistonphone 
and laboratory microphone which are periodically checked.  
The calibrators are then checked against these two standards 
after which the calibrators are then used to check the system 
at all five test frequencies.
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APPENDIX C 

Crossf low Tower Calculations 

Using Figure C-i, for any distance from the crossflow tower 
rim and provided the distance is greater than the air inlet 
height, a value for the A-weighted sound level at that distance 
less a constant, 10 log W', is obtained. W1 is the A-weight 
sound power determined for a crossflow tower of the projected 
size and power*. For this tower, 10 log W' = 9 which is added 
to curve values of Figure C-i to obtain the A-7weight sound level 
at any distance greater than 40 feet.  

Sample calculation: Find the sound level at 1000 feet from 
crossflow tower rim, devoid of air 
absorption.

I = Tngh' = 4.5 

10 log W' = 6.5

where: n = 1.00 X lop.  
M = 37860 kg/sec 
g = 9.807 in/se C2 

h1= 12.8 meters

From Figure C-1 

Sound Level at 1000 ft. minus 10 log W' = 58 

Sound Level at 1000 ft. = 58 + 6.5 = 64.5 dB(A) 

Barrier effect attenuation of the surrounding terrain on the 
crossflow tower sound emission was computed to approximate:

Distance from 
tower (ft.) 

320 
400 
560 
810 

S1200

Attenuation 
(dB) 

5 
10 
15 
20 
24 (practical limit)

in the direction generally southeast of the tower and extending 
south from a line approximately through Bleakley Avenue.  

*WI=qMgh' where n1 is acoustic efficiency; M is mass flow rate 
in kg/sec; g is the gravitational constant in meters/sec/sec; 
h' is the air inlet height in meters.
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APPENDIX D 

Counterf low Tower Calculations5 

Using the prediction scheme developed and described in 
Appendix A of Reference 1, the following relationships were .  
used to calculate the counterfiow tower noise emission: 

1. For the projected tower the basin impact area. for the 

heat-loaded tower is 

A' = 15570 x 0.88 = 13702 m 2 3 
2. The A-weight sound level, LR, at the far field transi

tion located at 70.4 meters (equal to tower radius) is: 

LR = 71.5 + 10 log 2.76 =76 dB 

3. At the source, the A-weighted power level was computed3 

to be 

LW, = 76 + 10 log 13702 + 8.5 = 1261 

and the source power.  

W1= antilog (LW'. 12) 4.3 watts 

4. Rim sound pressures and sound levels were computed from5 

Prim 2T(wzo) 0.570 

and 

Lrim 20 log (Prim ~89.1 decibels 
k0.00002) 

with Z0 = 407 
'=12.2 meters3 

R = 70.4 meters 
and W1 = 4.3 watts 

5. At other distances, a, the A-weight sound level, La, was 

PaZ ln ((R+a )2  
3 

La = 20Olog[ Pa 1 
[0.00002J 

clu -89-3
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For the distance a = 61 meters (200 feet): 

Pa 2 0.0562 ln(l.403) 

Pa =0.1379 

La =76.8 decibels 

6. Barrier effect attenuation of the surrounding terrain on 
the tower sound emission was computed to approximate:

Distance from 
tower (ft)

320 
400 
560 
810 

?1200

Attenuation 
(dB)

24 (practical limit)

in the direction generally southeast of the tower and 
extending south from a line approximately through 
Bleakley Avenue.  

-90-4Mi
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APPENDIX E 

Mechanical Forced-Draft Tower Calculations 

In order to compute the sound emission of a line of mechanical 
draft cooling towers intended for Indian Point having fan 
horsepowers of 200, the sound power level Lw for each cell 
was determined from: 

Lw = 105 + 10 log 200 re 10-13 watts 

= 128 watts re 10-13 watts 

or = 118 watts*re 10-12 watts.  

and the sound pressure level at any distance, r, from the 
tower rim 

LP = L W- 10 log 4ffr 2 + 3 (for hemisphere) 

=-LW - 20 log r- 8 

= 110 - 20 log r 

At specific locations, such as Broadway and Bleakley Avenue, 
Broadway and First Street, and Broadway at the southeast 
property line, the sound level was computed on an octave band 
pressure summation basis and adjusted for the A-weight equi
valency. The noise contribution of each of the 26 fans was 
summed at each location to obtain the overall A-weight sound 
level. For octave band summations, the mechanical draft tower 
spectrum table, below, was utilized:

Octave Band 
(Hz) 

31.5 
63 

125 
250 
500 

1000 
2000 
4000 
8000

L ref.  
dB) 

-3 
-5 
-6 
-8.5 

-11.5 
-15 
-18 
-20 
-28

*Same as 95 + 10 log 200, as described in page 69, 
using the Dyer and Miller method.
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After applying atmospheric corrections, the levels at the 
respective locations were computed to be: 

Broadway and Bleakly -57 dB(A) 

Broadway and First Avenue - 55 dB(A) 

Broadway and south property line - 50.5 dB(A) 

Using these values and the distance relationship: 

L = L P2 20 log r2 

sound levels at all other locations were determined devoid of 
the land barrier effect.  

Out from the north bank of towers, in an easterly direction, an 
attenuation of 5 dB was estimated due to terrain barriers.  
Sound from the south bank of towers experiences a 10 dB 
attenuation due to barrier effects, also in an easterly direc
tion.  

Due to the lack of sound radiation from the ends of the banks 
of towers, which are to face north and south, respectively, 
the emission contours from the towers decrease inwardly as 
shown in-Figure 23 and in Figure A-S of Appendix A.  

CIV -92-
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APPENDIX FI 

Construction Traffic ComputationsI 

The impact of construction truck activity during the period 
of tower construction was computed by assuming a 90 dB(A) 
sound level at 50 feet from a passing truck. Estimating area 

speeds of 10 to 20 miles per hour by 11 cubic yard trucks, 
loaded or unloaded, and an eight hour hauling day, the Le 
for the 15 hour daytime period was calculated to be 72.5 9 
for 12 trucks per hour passing Broadway and Bleakley Avenue 

intersection. This, coupled with the ambient daytime Leq, 
gave an Leq of 73 dB which when put in the Ldn basic relation
ship, gave an Ldn of 62 dB. It is expected that rock hauling 
will continue at the same rate irrespective of the total5 

amount of rock being removed.  

Assuming triangular time patterns for moving vehicular traffic 

past any observation point the Leq may be calculated by5 

Leq =Lmax + 10 log xI 

where Lmax in the ca se of 7rock removal and concrete mixers has been 
established by reference'1 and actual measurement to be approximately 
90 dB(A) at 50 feet, and x is the fraction of the total time period
that the observation point is impacted by the truck noise..  

The value of x is determined by the summation of the passage times 
during a workday, assuming 10 mph traffic speeds on Bleakley Avenue, I 
of all trucks loaded or emp ty, leaving or entering the plant site.  

The resulting Leq is then entered in the Ldn relationship to3 
compute the impact as follows 

L 10 /010- [mo)(s)(to 4-( X)1)I -W ) )2l 1 

where Ld is the daytime equivalent A-weighted sound level withoutI 
construction truck noise and Ln is the nighttime counterpart.  

Ck3-93-3
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SUMMARY 

Prediction methods were developed for determining-the 
sound level at any distance from both crossflow and counter
flow natural draft cooling towers using references available 
in acoustical literature and measured sound levels from a 
number of towers at different sites.  

The methods of predicting the sound level utilizes physical 
and operational parameters of the towers and the distance 
from the tower to the observation point. Also, a series of 
adjustments to the sound level are given for a variety of 
meteorological conditions and site parameters. The agreement 
between the measured and predicted sound levels is within 
2 decibels (dB).
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INTRODUCTION 

At the request of the Consolidated Edison Company of New York, 
the firm of Ostergaard Associates, consultants in acoustics, 
undertook to perform a study of and develop a prediction method 
for determining the sound generated by natural draft hyper
bolic cooling towers. This report presents the results of 
the study and a description of the prediction method.  

To understand the study, one must know the types of natural 
draft towers in use. There are two types of natural draft 
towers constructed in this country: counterf low and crossflow.  
In a crossflow tower the water to be cooled is delivered to 
the top of a cylindrical array of tiers of fill located external 
to the tower with a canopy covering the annulus. The water, 
after distribution, falls through the multiple tiers of fill 
creating droplet-filled spaces through which the draft cooling 
air passes. The sound energy radiates from the string of 
openings between fill tiers. At the base,. a pond collects the 
water for return to the power. plant. Since the air for cooling 
passes across the falling water droplets, the "crossflow" 
designation is applied.  

The other tower type, called a counterf low tower, has the 
water to be cooled enter the tower proper above an internal 
array of fill plates used to form a distribution of droplets.  
From the bottom of the fill the droplets freely fall to a 
collecting basin. Air enters between the basin and the tower 
ringbeam by natural draft and essentially passes the water 
droplets in a counter or opposite flow direction.  

The noise generating mechanism in the two types of towers is 
similar, e.i., falling water, yet different in detail. Hence 
the study had to consider each type of tower separately and 
develop the appropriate predictive methods.  

This study is. the initial phase -of a comprehensive program 
studying cooling tower sound generation during operation, and 
the Sound generated during construction. The associated impact 
upon surrounding areas and measures of sound control are also 
to be studied under the comprehensive program.
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I. BACKGROUND AND OBSERVATIONS 

A. LiteratureI 

A search of international literature in engineering indices 
and the data bank on noise of the Environmental Protection 
Agency showed little published material on sound generated 
by atmospheric cooling towers. Papers by Ellis' and 
Tatge2 specifically referencing natural draft cooling towersI 
were found and these references were critically evaluated 
to determine their suitability for use as prediction proce

dures for sound radiated by counterf low and/or crossf low 
atmospheric cooling towers. Both references were considered 
to be applicable to the counterfiow towers since they dealt 
with a sound source distributed over a flat surface (water 

droplets falling into a collecting pond).  

No referenc es were found that dealt with sound radiating 
off a short cylinder which is representative of a crossf lowI 
tower. Hence.,*a theory for sound radiation from a short 
cylinder was developed.  

B. General Considerations 

Counterf lowTowers 

Sound SourcesI 

The principal sources of sound in th e counterf low tower are 
associated with the conversion of potential energy of the 
cooling water in the tower to acoustical-energy. A quantum 
of this energy is released in the initial transfer from the 
distribution piping through several thousand small nozzles3 
to impingement spray heads approximately one foot below.  
Upstream pressures at the nozzles rarely exceed 4 or 5 psig.  
The spray sound produced at these locations combine in the 
reverberant tower space above the fill and radiates in theI 
direction of draft flow out the top of the tower. The 
acoustical barrier effect of the 12 to 16 feet of fill plates.  
minimizes the spray sound radiation toward the tower basin. ' 
The impingement of falling drop lets through the tower fill 
releases additional energy and also generates high frequency 
splashing sounds of unknown intensity that radiate preferen
tially in the direction of air flow through the fill. From 

1A11 references are located at the end of the text.  

00 -2-3
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the ground observation locations alongside the rim of the 
pond, sound generated in the fill could not be distinguished 
from other sound sources in the tower. In no tower observed 
did the fill extend below the ringbeam and there is no 
known tower in the United States where it occurs.  

The final release of energy occurs as the droplets accelerate 
in free fall below the fill and impact on the surface of the 
pond. Part of the energy is radiated as sound.  

The impingement of droplets on column crossbraces and wind
screens does introduce noticeable sound sources which are 
apparent to the observer at the rim. However, the impingement 
sounds: of the droplets hitting the pool surface constitutes 
the principal source of sound radiating out the air intake 
space between tower ringbeam and pool rim at any distance 
away from the rim.  

The influence of sound from the pumps, piping, and valves 
on the overall sound radiation from the towers did not 
appear significant nor was their respective sound contribu
tions identifiable by ear or instruments. Most of the 
mechanical equipment is usually enclosed'and located remotely 
from the tower.  

Effect of Droplet Terminal Velocity 

Droplet size and fall is a subject which has been thoroughly 
studied in the field of meteorology3. For every droplet 
size there is a corresponding terminal velocity at which the 
drop will fall in still air. According to Research-Cottrell, 
the droplet size in the towers is 6 mm, however, not all 
droplets will be the same size and there must be a distribu
tion of droplet sizes which is assumed to be much the same 
in all towers.  

Below the tower fill the fall droplets, in the order of 
3 to 6 mm in diameter, accelerate until the frictional drag 
of the air on the droplet is just balanced by the gravita
tional acceleration. At this point, the droplets continue 
to fall at a constant, or terminal velocity. For water 
droplets of the size existing in the counterf low towers, the 
terminal velocity is in the order of 20 to 30 ft/sec in 

.3 still air 

The distance required to attain free-fall terminal velocity 
was calculated assuming that the droplet had zero velocity 
leaving the fill. This condition would give the maximum 
distance required to achieve terminal velocity assuming no 
air flow into the tower. The distance, under these conditions,



OSTERGAARD ASSOCIATES Project No. llllA-7a 

is 10 to 15 feet. However, the droplet will have an initial 
velocity as it leaves the fill and, the vertical component 
of the inflow of air will both reduce the distance requiredI 
to reach terminal velocity.  

Large droplets (9 mm diameter) which would have higher terminal 
velocities (maximum of 30.5 ft/sec), will tend to vary fromU 
a spherical shape and break up into smaller droplets having 
lower terminal velocities. The height of fill in the tower 
has no effect on the terminal velocity of the water dropletsI 
as long as the- free fall height between the bottom of the 
fill and the pond remains greater than 15 feet. Hence, 
while there is no data available to confirm this, it isU 
strongly believed that for a counterflow tower, there is no 
change in sound level with height of water fall after the 
fall has exceeded 15 feet. Parenthetically it should be 
noted that as far as is known, all towers built in the 
United States have a water fall height from fill to pond of 
no less than about 30 feet.3 

Effect of Air Inf low 

Due to the horizontal air- flow vector when the cooling towerI 
is under heat load, the droplet impact area at the pool 
compresses by approximately 12% thereby moving the outer edge 
of the droplet impact area away from the pool rim. This 'I 
reduces tower rim sound levels and levels at other near field 
locations. In the far field, this reduction is insignificant.  
Figure 40 shows the inward compression of the spray as photo
graphed from the tower rim.* 

As impl ied in the previous section, the inflow of air will 
reduce, the velocity at which the droplets impact the pond.U 
Hence, under no-heat conditions, it would be expected that 
the sound level of the tower might increase, but there is 
no test data to confirm this. Because of the lack of data,I 
the prediction methods must be limited to heated towers.  

Crossflow Towers3 

Sound Sources3 

Because of its peripheral fill bank, the generation of sound 
in crossflow towers is completely different from that of 
counterflow towers. All sounds generated in this type ofI 
tower are confined to the annular spray ring forming the 
outer extremity of the tower.  

Water delivered to the distribution basin atop the fillU 
perimeter via distribution piping falls gravitationally 
through nozzles to the top level of fill and then successively3 
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downward through alternate fill sections and intake air 
sections until the collection pond is reached. Sound created 
by the droplets impinging on the fill radiates uniformly from 
each of the air intake spaces and emerges between the slanted 
louvers on the tower exterior. Sound is also radiated 
relatively uniformly over the interior vertical surface of 
the fill bank which then proceeds axially out the top of 
the tower.  

The final fall of water droplets from the lowest fill bank 
to the collecting basin does not appear to radiate more 
sound than the respective impact of droplets at any air 
intake level.  

At no time do the falling droplets attain terminal velocity 
since maximum free fall heights, including the fall into 
the pond, are in the order of 16 inches., 

As in the case of the counterf low towers, sound from the pumps, 
valves and piping could not be identified by ear or instru
ments and hence was not considered significant.  

Effect of Fill Tiers 

Acoustical measurements which were taken vertically along the 
face of the fill section of the tower showed no variation in 
level from top to bottom. This implies that the sound energy 
is generated uniformly over the entire area of the fill and 
that the total energy is proportional to the number of fill 
tiers. Hence, for a given water flow rate, an increase in 
the number of fill tiers creates a significant change in 
sound output only when it exceeds 125% of the base number of 
tiers. A 20 tier tower will radiate sound no more than one 
decibel higher than a 16 tier tower.  

Effect of Louvers 

The air inlet to the crossflow tower forms an inverted conical 
section. On the face of the section are louvers which are 
slanted upward and outward from the face of.-the fill. As 
one moves closer to the rim of the tower basin the effect 
of the construction is to block line-of-sight to the higher 
tiers of fill.  

Because of their size, the louvers could form a good acousti
cal barrier for the sound generated by the-falling water.  
However., the angle at which they are set also reflects sound 
downward toward the ground near the tower. This effect 
probably offsets the shielding effects and creates higher 
levels than might be expected near the tower out to a distance 
equal to the height of the. air intake. (See Figures 17 and 18).
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II. FIELD NOISE MEASUREMENTS 

Seven natural draft cooling tower locations in Pennsylvania 
and West Virginia were visited. Sound measurements were 
taken at the rim of the towers, as shown in Figure 1, andI 
at various distances to establish emission data. Figures 2 
through 13 present plans and photographs of the test sites.  

The names and locations of these sites are: 

Counterf low Test Towers3 

Tower 
Number Location3 

1 Homer City Power Station, Homer City, Pa.  
Figures 2 and 3.1 

2, 4 Keystone Power Station, Shelocta, Pa.  
Figures 4 and 5.  

3 Hatfield Power Station, Masontown, Pa.  
Figures 6 and 7.  

CoslwTest TowersI 

Tower 
Number Location 

1, 2- Conemaugh Power Station, New Florence, Pa.  
Figures 8 and 9.U 

3 Fort Martin Station, Morgantown, West Virginia 
Figures 10 and 11.I 

4 Harrison Power Station, Haywood, West Virginia 
Figure 12.3 

5, 6 Montour Power Station, Washingtonville, Pa.  
Figure-13.3 

These towers were selected because of their proximity and a 
generally favorable reception on the part of the system and 
station personnel to the visits of test personnel. OneU 
system flatly refused permission to conduct a noise survey of 
any sort at its stations. Physical statistics on the towers 

tested are presented in Tables I through III-for the counter-3 
f low towers and Tables IV through VII for the crossflow 

towers.  
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At each tower site octave band sound pressure levels and 
A-weight sound levels were taken at, or. close to,' the tower 
rims and at distances out from the rim. In each case, 
distances were selected out to a practical maximum limited 
either by adverse topography, interfering structures, or the 
influence of significant foreign sounds.  

The field data taken at the power stations has been plotted 
and presented in Figures 14 through 31. 'Figures 14 through 18 
show the sound level as a function of distance from each tower, 
and Figures 19 through 31 show the octave band sound pressure 
levels of the towers at the various distances..  

At Homer City only one counterflow tower (Test Tower 1) was 
in full operation at the time of the visits, with the other 
operational tower down for repairs. Construction was pro
ceeding at the site on still another tower. Measurements 
were taken radially out from the tower in an east-southeast 
direction keeping the plant and the new construction as remote 
as possible from the measurement locations. Distance measure
ments were limited by an earth bank located 160 feet from the 
tower. The data are presented in Figure's 14, 19 and 20.  

During data recording at the Homer City station with the tower 
operating at full water flow, the existence of high-energy 
low-frequency beat frequencies were observed. 'The audible low 
frequency tones varied in level, at times disappearing completely, 
only to reappear and raise the octave band levels 'from a low 
of 65 dB to a high of 90 dB at the rim (see Figure 20). An 
analysis of the sound revealed two frequencies, 73 and 84 Hz.  
Figure 32 shows a sample test record of the low-frequency 
beat frequencies at the-instant their respective amplitude *s 
were the same. Figure 33 shows a sample test record when the 
84 Hz frequency was low in amplitude and the 73 Hz frequency 
was very high (90 dB) . In Figures 34 and 35, a time response 
sample was made at 73 and 84 Hz, respectively, showing the 
erratic-variation with time.  

Additional measurements were made on the same tower with a 
reduced water flow rate and with no heat load. The change in 
A-weighted sound level was about 1.5 dB (see Figures 19 and 
20). Under these conditions the low frequency variations 
previously experienced were conspicuously absent. Also it 
was further noticed that the distribution of spray-impinged 
basin area was not symmetrical during part flow conditions and 
was generally oriented along the main distribution flumes in 
the tower. In order to gain distance from the tower for 
acoustical measurements, a south '-southwestern direction from 
Test Tower 1 was chosen which placed the rim measurement some 
20 feet from the area being impinged by the falling mass of

-7-
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droplets because of the non-symmetrical droplet area distri
bution.3 

At the Keystone Power Station, counterflow test towers 2 and 4 
were tested for rim levels and octave band spectra. Since 

the levels were essentially the same at the rim for the twoI 
towers, measurements out from the rim were taken at the one 
tower that permitted recordings out to the furthest distance 
(60 feet) before the adverse influence of other sounds 

appeared. At this tower and, incidentally at all other 
counterf low towers., no low-frequency variability in the sound 
levels, such as that measured at Homer City,-was observed.  

These Keystone towers were operating under full heat load andI 
full water flow. For data on Counterf low Test Towers 2 and-4 
see Figures 15, 21 and 23.  

The visit to Hatfield Power Station for data on Counterf lowI 
Test Tower 3 proved of limited value because of the intrusion 
of plant noise and the noise from coal storing machinery 
nearby. A continuous low-frequency rumble was directlyI 
traceable to 30 and 60 Hz radiation from the power plant.  
Considerable difficulty was experienced in obtaining true water 
flow data from the station's personnel a's well as-the mechani-
cal .particulars regarding the one cooling tower at this site.  
Data on Counterf low Test Tower 3 is shown in Figures 16 and 
22.3 

The next station visited was Conemaugh where Crossflow Test 
Tower 1 was not fully operational but had water passing 
through the fill to keep the wood members in the tower wetted..I 
One pump and then two pumps were put on to measure the difference 
in sound levels. At 40 feet, doubling of the flow from 88 000 

to 176 000 gpm, under no heat load, gave a sound level changeU 
from 80 dB(A) to 81.5 dB(A). Limited by a road overpass, 
data beyond 160 feet was not practical for this tower.  

To check the ground influence on the sound level at 160 feet,I 
the microphone was elevated to 18 feet above grade using 
aluminum poles. The sound levels recorded at the 18 foot 
height were identical to those recorded at 5-1/2 feet aboveI 

On the Crossflow Test Tower 2 at Conemaugh measurements were 
more fruitful in that the tower was operating under fullI 
load and water flow and it was possible to take practical 
measurements out to 640 feet from the tower rim.3 

Before leaving Conemaugh, Test Tower 1 was entered and 
measurements were made inside the tower while the tower was 

handling 176 000 gpm and no heat load. One foot in from theU 
surface of the fill space the sound level was 86 to 86.5 dB(A).  

-8-
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Eight f eet in toward the center of the tower, the recorded 
sound level was 86 dB(A) and at 15 feet it was 85,dB(A) 
indicative of the reverberant level prevailing at the 
interior of the crossflow tower.  

The data taken on Crossflow Test Towers 1 and 2 are shown 
in Figures .17, 24, 25 and 26.  

Crossflow Test Tower 3 was located at Fort Martin and data 
taken was of limited value. The one tower that was operating 
under heat load was completely ringed with external noise 
sources such as construction activity, coal handling, truck 
activity, etc. making meaningful measurements impossible.  
The other tower was operating under no heat load but with a 
flow of 125 000 gpm. Because of a favorable flat area south 
of this tower it was possible to make measurements out to 
640 feet before the intrusion of noise from a nearby water 
conditioning spillway became significant. Octave band and 
A-weighted sound levels for this tower are' shown in 
Figure 27.  

Data on Crossflow Tower 4 at the Harrison Station were obtained 
during two different site visitations. During the first 
visit, due to circumstances beyond control (a strike) , 
collecting 'data was limited to the tower operating under no 
load and with partial-water flow. It was at this site that 
the greater measurement distances could be utilized for 
measurements because of the river valley existing north of 
this tower. On the north side of this valley, a direct view 
of the tower was obtained at 795 and 1256 feet from the tower 
rim. Measurements were made at these locations. Both loca
tions were affected by the rise of an adjacent hill immediately 
north of the measurement spots. The measurements at 795 feet 
are subject to question because of a nearby coal conveyor in 
operation, and the same is true of the measurements at 1246 
feet even though a natural barrier was used to shield the 
microphone. The measured octave band and A-weighted sound 
levels are shown in Figure 28.  

A return visit was made to the Harrison Power Station for 
the express purpose of establishing whether or not sound 
emitted from the top of the cooling tower was of significance 
at ground level or elevated observation points, and what the 
sound level might be when compared to sound emitted from the 
air intake region at the base of the tower. In order to 
accomplish this, an 18 inch parabolic reflector was outfitted 
with a one inch microphone and preamplifier located so that 
the microphone element was centered at the reflector focal 
point. A 1/2-degree accuracy inclinometer was mounted true 
with the reflector axis and a sight was provided to aim the 
system. A photograph of the parabolic microphone is shown 
in Figure 36.  

-9-
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Two men scaled rung ladders inside a smokestack 700 feet from 
Test Tower 4 to heights of 424 feet and 568 feet above grade 
in order to monitor the tower noise using the parabolicI 
microphone. Access to the stack exterior was by means of 
windows at these elevations installed for the purpose of 

servicing aircraft warning lights. The amplified microphoneI 
signals were delivered by cable to a sound level meter located 
30 feet above grade at the base of the stack. Direct communi
cation with the men at the microphone was by means of citizen 

band two-way radio. Figure 36 illustrates the microphone 
angles measured and the sound levels recorded.  

Measurements were also made of the tower sound using the3 
parabolic microphone at the east end of the power 'plant roof 
located 232 feet above grade and 400 feet from the center of 
the cooling tower. The angular test settings and recorded 

sound data taken at the plant roof are presented in Figure 37.  

All testing at the Harrison Power Station during the return 
visit was made when considerable icing was visible between theU 
louvers. This formed an impedance to draft air flow and also 
reduced the sound radiating from the tower. (See Figures 
28 and 29).A3 

Data taken during iced conditions on Test Tower 4 with three 
times the water flow prevailing during the first visit are 

shown in Figure 29. The data taken at 2107 feet were' influ
enced by noise sources in the gully between the tower and 
the measuring location.,3 

Cr ossflow Test Tower 4 also had the capability of being operated 
with water f low' in any of three segments. .This of fered an 

opportunity to evaluate a method of controlling sound radia-U 
tion, in a specific direction by shutting down the desired 
segment and utilizing the barrier characteristics of the fill 

*and louvers. With a full flow of water and under heat load 

sound measurements were made on the mid-segment radial at 
40 feet and 120 feet from the tower rim. The water to that 
segment was then turned off and the segment was allowed to 

drain. Repeat measurements at the same locations were thenI 
made. Figures 38 and 39 present comparative data plots for 
40 feet and 120 feet, respectively.  

CoslwTest Towers 5 and 6 were located at Montour PowerI 
Station. The measurements were affected by the sudden 
development of gusty wind conditions. Sound measurements 

were attempted during wind lulls, however the number and 
reliability of the measurements were -seriously limited.  
The data is shown in Figures 18, 30 and 31.  

A list of instrumentation used for all testing is presented 

in Appendix E.  
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III. ANALYSIS 

The sound emission characteristics of the two types of 
atmospheric cooling towers investigated differ from each 
other largely due to differences in their sound generating 
and radiating mechanisms.  

For the counterflow atmospheric tower the primary source of 
sound is the impact of falling droplets on a pool surface in 
the ground plane. Generally, other than for support columns, 
windscreens, and the tower itself, no other tower surfaces 
exist which tend to prevent free radiation of sound. Agree
ment between the Ellis' prediction method to test data was 
found to be acceptable and was therefore used with additional 
refinement based on work by Tatge 2 and the application of 
curve fit adjustments to define near field conditions. The 
developed procedure is presented in Appendix A together with 
comparisons with computed values using the strict Ellis method 
and that of Research-Cottrell.  

Crossflow atmospheric towers basically radiate sound from a 
cylindrical source normal to the ground plane consisting of 
multiple impingement of falling droplets against tiers of 
rods located at the extreme diameter of the tower air intake 
region. At near-field locations the effect of tower base 
diameter is significant thereby necessitating the development 
of a reference curve based on an analysis of sound radiation 
from a cylinder of finite length and diameter such as described 
in Appendix B and presented in Figure A-4 of Appendix A.  
The fundamental acoustic power at the tower source is directly 
proportional to the potential energy conversion in the tower 
with a specific efficiency of conversion to account for 
that fraction converted to acoustic energy.  

Initially, the sound power of the source was computed using 
data measured at or close to the rim of the crossflow tower.  
These power values when related to the tower water flow and 
air intake height gave an acoustic conversion efficiency 
of 1.75 X 10-6 which was higher than any value reported by 
Ellis'. Using this efficiency in the prediction scheme gave 
values significantly above measured test points. Because of 
the beaming effect of the louvers, measurements at the rim 
are inordinately high and projections based on these values 
will be highly questionable. In reducing the acoustic 
efficiency to 1.0 x 10-6, the preduction curve more closely 
matched the measured data (see Appendix A). It is noted that 
Ellis' computed an acoustic efficiency, for one of the towers 
he tested, having a value of 0.81 X 10-6 . This tower had no 
packing below the ring beam. Using the procedures of Appendix A,
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comparisons with Ellis1 computed points and test data points 
are presented in FiguresA5 and A6 of Appendix A.  

In..all cases, for both the counterfiow and crossf low towers, 
adjustments were made to the test data before plotting 
against the prediction curve for a proper comparison.  
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TERMINOLOGY 

a - radial distance from tower rim.  

A - area of collecting pond or basin.3 

A' - reduced area of the collecting pond receiving falling 

water in a counterf low tower under heat load.3 

D - height from the collecting pond to the bottom of the 

fill.3 

g - gravitational acceleration constant.  

h - distance water falls from tower culvert to theU 
collecting pond.  

h'- vertical distance between the pond rim and the ring 
beam or bottom of the tower shell in the case of 
counterf low towers. For crossflow towers this is 
taken as the vertical distance from the pond to the 

top of the highest air entry area.  

La - sound pressure level at radial distance "a" from tower 

rim.  

LR - A-weighted sound level at the far field transition zone 
located at a distance equal to the tower pond radius.-3 

Lr im- A-weighted sound level at the tower rim.  

Lw - A-weighted sound power level.3 

M - water flow rate.  

Pa - sound pressure at radial distance "a" from tower rim.  

Prim- sound pressure at tower rim.3 

R - radius of the collecting pond.  

T - depth of fill extending below tower ring beam.3 

WaciW- acoustic power of source.  

Zo - acoustic impedance of air.  

At 22C and 0.75 meter of mercury: 

Zo = 407 mnks rayls 

-acoustic efficiency.3 
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Figure 1

Project No. l1lA-7a

Photograph of typical counterf low 
tower operating under heat load 
and showing microphone placement for 
rim noise measurement.
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MEASUREMENT LOCATIONS AND DATA 

ARE IDENTIFIED BY SYMBOLS AND 

TABLE REFERENCES, AS FOLLOWS: ' 

*9-TABLE VIII, COL. 1 
X-TABLE VIII, COL. 2

FIGURE 2 CONTOUR MIAP OF HOMER CITY POWER STATION, 

PENNSYLVANIA ELECTRIC COMPANY (OPERATOR) 
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HOMER CITY STATIONI 
Capacity: 1, 100,000 kilowatts from two units.  
Coal: Burns 450 tons per hour; 3,200,000 tons annually. In 30 years estimated life -90,000,000 

Chimneys: (2) Height - 800 feet. Diameter - 62 feet 6 inches at base, 31 feet 4 inches at top.  

Bottom wall thickness - 33 inches. Steel liner - 1/4 inch thick steel plate.  

Dust Collectors: Two electrostatic precipitators for each unit. 39 tons of fly ash removed hourly per 

Cooling Towers: (2) Height - 391 feet. Diameter 276 feet at base, 171 feet at top. Cools 208,000 

gallons of water from 1 200F. to 90*F. per minute per tower. From 8,000 to 11,000 gallons of 

water evaporated per minute.  

FIGURE 3 PHOTOGRAPH AND LIST OF OPERATING CAPACI TIESI 
OF HOMER CITY POWER STATION, PENNSYLVANIA 
ELECTRIC COMPANY (OPERATOR) 
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4: i 

0 FEET 300

L4NOTE: MEASUREMENT LOCATIONS AND DATA 
ARE IDENTIFIED BY SYMBOLS ANDR 

TABLE REFERENCES, AS FOLLOWS: 
1( *-TABLE V1111 COL. 3 

0-TABLE VIII, COL. 4 

FIGURE 4,-CONTOUR MAP 
OF KEYSTONE POWER 
STATION, PENNSYLVANIA 
ELECTRIC COMPANY 
(OPERATOR)- )1
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KEYSTONE STATION

Capacity: 1,640,000 kilowatts f rom two ident ical units.  

Coal: Burns 650 tons per hour; 4,500,000 tons annually. In 30 years estimated life -126,000,000 
tons.  

Chimneys: (2) Height - 800 feet. Diameter - 67 feet at base, 34 feet at top. Walls - 36 inch thick 
concrete shell, 38 inch thick steel liner.  

Oust Collectors: Two electrostatic precipitators for each unit. 55 tons of f ly ash removed hourly per 
unit.  

Cooling Towers: (4) Height - 325 feet. Diameter 247 feet at bose, 142 feet at top. Cools 140,000 

gallons of water from I 18'F. to 90'F. per minute per tower. From 9,000 to 13,000 gallons af 

water evaporated per minute.  

FIGURE 5 PHOTOGRAPH AND LIST OF OPERATING CAPACITIES 
OF KEYSTONE POWER STATION, PENNSYLVANIA 
ELECTRIC COMPANY (OPERATOR).  

-20-
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SCALE

Project No. 1111A-7a

NOTE: MEASUREMENT LOCATIONS AND DATA 
ARE IDENTIFIED BY SYMBOLS AND 
TABLE REFERENCES, AS FOLLOWS: N 

O-TABLE VIII, COL. 5

FIGURE 6 CONTOUR MAP OF HATFIELD POWER STATION, ALLEGHENY 
POWER SYSTEM.  
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FIGURE 7 PHOTOGRAPH OF HATFIELD 

POWER STATION, ALLEGHENY 
POWER SYSTEM.  

1278 
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MEASUREMENT LOCATIONS AND DATA 

ARE IDENTIFIED BY SYMBOLS AND 

TABLE REFERENCES, AS FOLLOWS: 

-a-TABLE IX, COL. 1 

0 -TABLE IX, COL. 2 

K-TABLE IX, COL. 3

FIGURE 8 CONTOUR MAP OF CONEMAUGH POWER STATION, 
PENNSYLVANIA ELECTRIC COMPANY (OPERATOR) 
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CONEMAUGH STATION

Capacity: 1,640,000 kilowatts f rom two identical units.  
Coal: Burns 650 tons per hour; 4,500,000 tons annually. In 30 yeors estimoted life - 126,000,000 

tons.  
Chimneys: (2) Height - 1,000 feet. Diometer - 83 teet at base, 33 feet 8 inches at top. Walls - 35 

inches thick at base. 8 V/2 inches thick at top. Steel liner - 718 inches thick.  

Dust Collectors: Two electrostatic precipitators for each unit. 55 tons of fly ash removed hourly per 
unit.  

Coaling Towers: (2) Height - 370 feet. Diameter 388 feet at base, 177.5 feet at top. Cools 280,000 
gallons of water from 11 8'F. to 90*F. per minute per tower. From 9,000 to 14,000 gallons of 
water evaporated per minute.

rIGURE 9 PHOTOGRAPH AND LIST OF OPERATING 
CAPACITIES OF CONEMAUGH POWER 
STATION, PENNSYLVANIA ELECTRIC 
COMPANY (OPERATOR) 
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0 -TABLE IX, COL. 4
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FIGURE I I PHOTOGRAPH OF TEST 
TOWER #3, FORT MARTIN 
STATION TAKEN AT 
DISTANCE OF 320 FEET.  
(LOOKING NORTH, TOWER 
#3 IN FOREGROUND)
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0 FEET 5 0 01

MEASUREMENT LOCATIONS AND DATA 
ARE IDENTIFIED BY SYMBOLS AND 
TABLE REFERENCES, AS FOLLOWS: 

0 -TABL~E IX, COL. 5 
'GQ-TABLE IX, COL. 6

FIGURE 12 CONTOUR MAP OF HARRISON POWER 
STATION, ALLEGHENY POWER SYSTEM,
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MEASUREMENT LOCATIONS AND DATA 

ARE IDENTIFIED BY SYMBOLS AND 

TABLE REFERENCES, AS FOLLOWS: 
0-TABLE IX, COL. 7 

*-TABLE IX, COL. 8

12+79,2 

TEST 
TOWER 

#6 I.

FIGURE 13 PLAN VIEW OF MONTOUR POWER STATION, 
PENNSYLVANIA POWER AND LIGHT CO.
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ICOUNTERFLOW TOWER #1

1 5 .10 so 100

DISTANCE FROM TOWER RIM - FEET

Figure 14 Comparison between sound level prediction curve 
and measured sound levels for distances out from 
the tower rim for counterfiow tower #1, under 
heat load. The measured levels have been 
adjusted for the atmospheric absorption of sound 
existing at the time of measurement using the 
data in Appendix C for the cooling tower spectrum.  
(See Table C3)
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8834 Kg/secC1.40 000 gpml 

37.65 meters (124 feet)E 

7.9 meters (25.9 feet)

Project No. 1111A-7a

COUNTERF LOW TOWER #2

DISTANCE FROM TOWER RIM - FEET

Figure 15 Comparison between sound level prediction curve 
and measured sound levels for distances out from 
the tower rim for counterf low tower #2, under 
heat load. The measured levels have been adjusted 
for the atmospheric absorption of sound existing 
at the time of measurement using the data in 
Appendix C for the cooling tower spectrum.  
(See Table C3)
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JI 
15775 Kg/secC250 000 gpm).  

48.92 meters (160 feet) 

9.75 meters (31.99 feet)

Project No. 111lA-7a

FOR COUNTERFLOW TOWER #3

DISTANCE FROM TOWER RIM - FEET

Figure 16 Comparison between sound level prediction curve 
and measured sound levels for distances out from 
the tower rim for counterf low tower #3, under 
heat load. The measured levels have been adjusted 
for the atmospheric absorption of sound existing 
at the time of measurement using the data in 
Appendix C for the cooling tower spectrum.  
(See Table C3)
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DISTANCE FROM RIM - FEET

Figure 17 Comparison between sound level prediction curve 
and measured sound levels for distances out from 
the tower rim for crossflow tower #2, under 
heat load. The measured levels have been adjusted 
for the atmospheric absorption of sound existing 
at 'the time of measurement using the data in 
Appendix C for the cooling tower spectrum.  
(See Table C3)
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14 576 Kg/sec. (231 000 gpm) 
60.65 meters (199 feet) 
12.8 meters '(42 feet)

Project No. llllA-7a

CROSSFLOW TOWER 15'

DISTANCE FROM RIM - FEET

Figure 18 Comparison between sound level prediction curve 
and measured sound levels for distances out from 
the tower rim for crossflow tower #5 under heat 
load. The measured levels have been adjusted 
for the atmospheric absorption of sound existing 
at the time of measurement using the data in 
Appendix C for the cooling tower spectrum.  
(See Table C3) 
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FIGURE 25 OCTAVE BAND SOUND PRESSURE LEVELS 
MEASURED AT DISTANCES FROM THE 
BASIN RIM OF CROSSFLOW TOWER #1 
HANDLING 176 000 gpm OF WATER
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MEASURED AT DISTANCES FROM THE 
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FIGURE 27 OCTAVE BAND SOUND PRESSURE LEVELS 
MEASURED AT DISTANCES FROM THE 
BASIN RIM OF CROSSFLOW TOWER #3 
HANDLING 125 000 gpm OF WATER
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FIGURE 28 OCTAVE BAND SOUND PRESSURE LEVELS 
MEASURED AT DISTANCES FROM THE 
BASIN RINI OF CROSSFLOW TOWER #4 
HANDLING 97 500 gpm OF WATER
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FIGURE 29 OCTAVE BAND SOUND PRESSURE LEVELS 
MEASURED AT DISTANCES FROM THE 
BASIN RINI OF CROSSFLOW TOWER #4 
HANDLING 292 500 gpm OF WATER WITH 
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DISTANCE 
FROM RIM

SYMBOL ft 
a 40 

Nl- 120

12.2 

36.6

OVERALL SOUND 
PRESSURE LEVEL

79 dB 

73

SOUND 
LEVEL 

77 dB(A) 

70

0 2107 642 

-44-

1 3 0

Cmz



OSTE RGAARD ASSOCIATES

N 
,E 
z 

P0 

m 

70 

C 

0

C.  

a0 

0.

Project No. 1111A-7a

Frequency in Hz
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SAMPLE TEST RECORD OF 1/3 OCTAVE SWEEP 
ANALYSIS OF LOW FREQUENCIES RECORDED 
AT HOMER CITY TOWER #1 WHEN BEAT WAS 
OBSERVED.
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SAMPLE TEST RECORD OF 1/3 OCTAVE SWEEP 
ANALYSIS OF LOW FREQUENCIES RECORDED 
AT HOM ER CITY TOWER #1 WHEN ONLY ONE 
OF TWO BEATING FREQUENCIES WAS PRESENT.
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0 .12 3

TIME IN MINUTES

FIGURE 34 TIME RESPONSE SAMPLE OF 73 HERTZ 
FREQUENCY RECORDED AT HOMER CITY 
TOWER #1.,
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FIGURE 35 TIME RESPONSE SAMPLE OF 
84 HERTZ FREQUENCY RECORDED 
AT HOMER CITY TOWER #1.
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FIGURE 36 LOCATION AND ORIENTATION OF PARABOLIC 
MICROPHONE (P and PI) AT TWOHEIGHTS 
ON STACK NEAREST CROSSFLOW TOWER #4 
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FROM THE RIM OF CROSSFLOW TOWER #4 
AT THE CENTERLINE OF ONE SEGMENT 
WHEN THE SEGMENT IS MADE INOPERATIVE.

-53-

13 09



OSTE RGAARD ASSOCIATES

so0 

s0 

7f0 

60 

50 

40

Project No. 11l1A-7a

*ALL SEGMENTS.ON 
Overall SPL: 73 dB 
Sound Level:. 70 dB(A) 

NEAREST SEGMENT CUT OFF 

Overall SPL: 71 dB 
Sound Level: 59 dB(A)L

8000 I6000 S*1

400

5 100 5 11000 2 5 10000 2

Frequency in Hz

F IGURE 39 EFFECT ON SOUND PRESSURE LEVEL 
MEASURED 120 FEET RADIALLY, OUT 
FROM THE RIM OF CROSSFLOW TOWER #4 
AT THE CENTERLINE OF ONE SEGMENT 
WHEN THE SEGMENT IS MADE INOPERATIVE
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FIGURE 40

Project No. 1111A-7a

PHOTOGRAPH OF COUNTERFLOW 
TOWER UNDER HEAT LOAD 
ILLUSTRATING INFLUENCE OF 
DRAFT AIR IN REDUCING THE 
IMPACT AREA OF THE FAILLING 
DROPLETS.
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TABLE I 

Description of the Counterfiow Cooling Towers 

at the Homer City Power Station 

(Test Tower 1) 

Ragnar Benson, Inc., under license from Hamon-Sobelco of 
Brussels, erected both towers at Homer City. The towers (2) 
of natural draft, reinforced concrete,, hyperbolic profile and 
counterf low type each consist of a shell, diagonals, foundation, 
stairways and walkways, lightning protection system, concrete 
basin, hot water distribution system, fill supporting structure, 
fill, drift eliminators, de-icing system, and windscreens with 
the following specifications: 

Shell: reinforced concrete, monolithic, externally ribbed; 
base lintel is supported by 80 slanted cylindrical 
diagonals.  

Basin: concrete, six feet deep and reslts on soil; slab 
supports fill structure..  

Fill: counterf low type consisting of flat asbestos cement 
sheets, 8.5 ft. x-16 in.. x 0.165 in. thick.  

Drift Elininators: 5/16 in. asbestos cement corrugated sheets 
evenly spaced by asbestos cement spacers.  

De-icing system: peripheral asbestos cement pipes hanging 
inside the lintel which are fed with hot water diverted 
from the flumes through four electrically operated 
14 inch valves per tower.  

Windscreens: Douglas fir rectangular wood walls extending 
from basin sill level'up to the bottom of the fill.  

Design Data: 

Hot/cold water - 120/92F 
Normal Circulating Rate - 208 000 gpm 
De-icing Capacity - 25 000 gpm 
Dry air flow through tower - 72.3 x 1061b./hr.  
Draft - 0.23 in. water 
Air Inlet Resistance - 0.5 (veloc. heads) 
Pressure at nozzles - 5 to 8 psig 
Number of spray nozzles - 6700 
Water evaporated - 8000 to 11 000 gpm
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Dimensions:

Air inlet area 
Mean filled area of tower 
'Total filled volume 
Height of tower above sill 
Height of eliminators 
ID (Top of Tower) 
ID (Sill level) 
ID (Throat).  
Minimum shell thickness 
Thickness of shell at tower top 
Thickness of shell at lintel

22 600 ft. 2 

53 000 ft.2 (cross-section) 
441 000 ft.' 
389 ft.  
46 ft. 9 in.  
171 ft.  
276 ft.  
155 ft.  
6 in.  
8 to 30 in.  
22 to 9 in..

Pumps:

Three per unit 
70 000 gpm each 
88 feet total head 
590 rpm 
1750 bhp 
48 in. suction diameter 
42 in. discharge diameter 

Computation quantities: 

h - Water input height -35 ft. (10.67 m) 
h" - Air intake height -26 ft. (7.92 m) 
R - Base radius - 138 ft. (42.06 m) 
A - Base area - 59 832 ft.2 (5558 in2) 
D - Height to bottom of fill - 28 ft. (8.53 mn) 
T - Exposed fill height -0 ft.  
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TABLE II 

Description of the Counterf low Cooling Towers 
at the Keystone Power Station 

(Test Towers 2 and 4) 

Constructed by Research-Cottrell under license from Hamon
Sobelco, of Brussels, four (4) counterflow atmospheric cooling 
towers handle the cooling water requirements'of the 3600 mega
watt power station. Each tower is of hyperbolic profile and 
consists of basic constructional features similar to that of 
Homer City towers but with the following specifics: 

Shell: reinforced concrete, monolithic, externally ribbed, 
wall thickness 5 to 12 inches.  

Fill: 1580 000 asbestos cement sheets to a height of 16 feet 
above lintel height.  

Dimensions:

Tower height 
Base diameter 
Top diameter 
Capacity (each tower) 
Hot/cold water 
Number of spray nozzles 
Water evaporated 

Computation Quantities:

325 ft.  
247 ft.  
142 ft.  
140 000 gpm 
118/90F 
4766 
9000 to 13 000 gpm

hi - water input height -42 ft. (12.8 in) 
h - air intake height -26 ft. (7.92 m) 
R - base radius - 124 ft. (37.65 m) 
A - base area - 47 940 ft.2 (4453 in2 ) 
D - height to bottom of fill - 28 ft. (8.53 mn) 
T - exposed fill height - 0 ft.
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TABLE III 

Description of the Counterfiow Cooling Tower 

at the Hatfield Power Station 

(Test Tower 3) 

Harnon-Sobelco of Brussels, prior to Research-Cottrell's 
acquisition, constructed one (1) counterfiow atmospheric 
cooling tower at this site. Initially designed for 1000 mega-I 
watts, present loading is only 500 megawatts. with existing 
power generating equipment. The design is similar to other 
towers previously described such as at Homer City and Keystone, 
except for-physical size.  

Dimensions and Tower Data: 

Tower height - 452 ft.  
Basediameter - .320 ft.I 
Pumps per tower - 2 
Pump capacity - 125 000 gpm, each 
Hot/cold water temperature - 98/75F 

Fill - asbestos cement sheets 

Computation Quantities: 

h - water input height -42.5 ft. (12.95 m) 
h- air intake height -32 ft. (9.75 m) 

R - base radius - 160 ft., (48.8 m)I 
A - base area.- 80 931, ft.2 (7518 in2) 
D - height to bottom of fill - 34.5 ft. (10.52 in) 
T - exposed fill height -0 ft.I 
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TABLE IV 

Description of the Crossfiow Cooling Towers 

at the Conemaugh Power Station 
(TestTowers -1 and 2) 

Design and construction by the Marley Company, two (2) towers 
each consisting of a reinforced concrete hyperbolic shell and 
cold water basin, treated fir structure frame, asbestos cement 
board fill and mist eliminators, asbestos cement board covered 
top deck and. hot water basin, and redwood distribution piping 
with the following specifications:-

Shell and Basin: 
Canopy: 

Water cell structural framing:
Fill splashboard: 

Fill supports: 
Eliminators: 
Air inlet louvres 

Distribution to nozzles: 
Orifice nozzles:

reinforced concrete.  
glass reinforced polyester 
with laminated wood beam 
radial supports 
Douglas fir lumber 
Tower #1, treated Douglas fir 
Tower #2, corrugated cement 

.asbe~tos 
glass filled polyester grids 
corrugated cement asbestos 
corrugated cement asbestos 
with polyet hylene support bars 
gravity flow 
polyethylene

Design Data:

Capacity 
Hot/cold temperature
Water evaporated-

280 000 
118/90F 
9000. to

gpm/tower 

14 000 gpm

Dimensions:

Height of tower above basin 
Water cell basin wall diameter 
Diameter at top of air intake 

Computation Quantities:

370 ft.  
388 ft.  
398 ft.

h - water input height -48.6 ft. (14.8 m) 
h- air intake height -48 ft. (14.6 m) 

R - base radius - 197 ft. (60 m) 
A - base area - 121 922 ft. (11 310 m) 
D - height to bottom of f ill - 1. 3 f t. (0. 41 m) 
T - exposed fill height - 48 ft. (14.6 m)
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TABLE V 

Description of the Crossflow cooling Tower 

at the Fort Martin Power Station 

(Test Tower 3) 

Two (2) towers constructed by the Marley Company provide 
cooling water for the 1080 megawatt Fort Martin Power Station.  
The towers are essentially as described in Table IV with -the 
following specifics: (only the south tower was tested) 

Dimensions and Tower Data:

Number of pumps per tower 
Pump capacity 
Pump total head 
Pump speed 
Tower height 
Hot/cold water temiperature differential 
Fill splashboard

-2: 
-125 000 gpm, each 
-93 ft.  
-355 rpm 
-370 feet 
-20F 

-treated Douglas fir

Computation Quantities:

- water input height -42.6 ft. (12.98 m) 
- air intake height -42 ft. (12.8 m) 
- base radius - 197 ft. (60 m) 
-.base area - 121 922 ft. (11 310 m) 
- height to bottom of fill - 1.3 ft. (0.41 m) 
- exposed fill height - 48 ft. (14.6 m)
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TABLE VI 

Description of the Crossflow Cooling Towers 

at the Harrison Power Station 

(Test Tower 4) 

Two (2) towers constructed by the Marley Company provide cooling 
water for the 1800 megawatt Harrison Power Station. The towers 
are essentially as described in Table IV with the following 
specifics: (only the north tower was tested) 

Dimensions and Tower Data:

Capacity per tower 
Tower height 
Number of pumps for 2 towers 
Capacity of each pump 
Fill splashboard 
Hot/cold water temperature differential

- 292 500 gpm 
- 370 ft.  
-3 
- 97 500 gpm 
- treated Douglas fir 
- 20F

Computation Quantities:

water input height - 48.6 ft. (14.8 m) 
air intake height -.48 ft. (14.6 m) 
base radius - 223 ft. (67.8 m) 
base area - 156 229 ft. (14 441 m) 
height to bottom of fill - 1.3 ft. (0.41 m) 
exposed fill height - 48 ft. (14.6 m)
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TABLE VII 

Description of the Crossflow Cooling Towers 

at the Montour Power:Station 

(Test Towers 5 and 6) 

Two (2) atmospheric cooling towers by the Marley Company 
were erected to provide cooling water for the 1580 megawatt 
output of the Montour Power Station. The construction is 
essentially as described in Table IV with the following specifics: 

Design-Data: 

Capacity -261 000 gpm/tower 

Hot/cold water temperature 11l8/90F 

Dimensions:

Height of. tower above basin curb 
outside diameter of basin wall 
Diameter at top of air intake 
Height of air inlet above basin curb 
Height of top of fill above basin curb 
Normal water level below curb

- 370 ft.  
- 391 ft.  

-404, ft.  
- 42 ft.  
- 42 ft.  
- 9 to 15 in.

Materials:

Structural framing: 
Fill splashboard and Eliminators: 
Fill supports: 
Air intake louvres: 
Canopy: 

Shell and cold water basin: 
Distribution basin: 

Orifice nozzles: 

Pumps:

Pumps per tower 
Capacity* 
Total head 
Speed 
Brakehorsepower

or'

-treated Douglas fir 
-corrugated cement asbestos 
-glass filled polyester 
-corrugated cement asbestos 

- glass filled polyester with 
laminated wood radial supports 

- reinforced concrete 
- pretreated exterior grade 

fir plywood 
- 28 500 polyethylene

-2 
-124 000 gpm each 
- 95 ft.  
-360 rpm 
- 3270
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Computation Quantities: 

h - water input height - 42.6. ft. (12.96 M) 
h- air intake height - 42 ft. (12.8 m) 

R - base radius - 199 ft. (60.6 m) 
A - base area - 124 410 ft. 2 (11 537 m) 
D - height to bottom of fill - 1.3 ft..(0.41 m) 
T - exposed fill height - 42 ft. (12.8 m)
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TABLE VIII

A-weight Sound Levels Recorded at 
Counterf 16w"Tower .Installations at Various' 
Distances from the Tower Rim and Under 

Different Flow Conditions 

(Levels have not been adjusted for atmospheri .c absorptions)

POWER STATION

TEST TOWER NO.  

FLOW (gpm) 

FLOW (kg/sec.) 

HEAT LOAD 

DISTANCE FROM 
RIM 

ft. m 

0 -3 0

10 3.1 

20 6.1 

40 12.2 

80 24.4 

120 36.6 

160 48.8 

320 97.5

HOMER CITY
t I I

1 

139 00 

8771 

YES

85 

83 

81 

79 

75

1 

10 69 500 

4385 

NO 

A-WE IGHT

83.5 

82 

81 

78.5 

76 

71 

64

KEY .STONE

4 

140 000 

8834 

YES

2 

140 000 

8834 
10 

YES

HATF IELD

3 

250 000 

15 775 

YES

SOUND LEVEL - dB(A)

86 

84 

82 

80.5 

76.5
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A-weight Sound Levels Recorded at Crossflow0 
Tower Installations at Various Distances from the 

Tower Rim and Under Different Flow Conditions 

(Levels have not been adjusted for atmospheric absorption)

POWER STATION 

TEST TOWER NO.  

FLOW (gpm) 

FLOW (kg/sec.) 

HEAT LOAD 

DISTANCE FROM 
RIM 

ft. m 

0 -3 0- 1 
10 3.1 
20 6.1 
40 12.2 
80 24.4 

120 36.6 
160 48.8 
320 97.5 
640 195.1 
795 242.3 

1246 379.8

88 '000 

5553 

NO

CONEMAUGH 

176 000 

11 106 

NO

2 

264 000 

16 922 

YES

FT.  
MARTIN 

3 

125 000 

7888 

NO

HARRISON 

4 4 

97 500 292 500 

6152 18 457 

NO YES

A-WEIGHT SOUND LEVEL - dB (A)

81.5 

77 

74

89 
85.5 
83 
81 
76 

70 
66 
60

84 
82 
78.5 
74 

62 
54

MONTOUR

5 

231 000 

14 576 

YES

6 

231 000 

14 576 

YES

Cl) 

0 

rt 

0

86 
83 
82 
80 
75 

70 
63.5 
54.5
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APPENDIX A 

PREDICTION SCHEMES 

.Discussion 

Ellis' presents a procedure for predicting counterf low tower 
sound levels using a three step procedure in metric units.  
(See page 14 for terminology).  

(I) Calculate the A-weighted acoustic power from the equation 

W. Mh[0.95 x 10 ~) 1.8 x 10-1 (D) 

(2) The A-weighted sound level at the rim of the pond can be found from 

1m 27TRh' 

(3) The A-weighted sound level at a distance a from the rim can be found from 

p W..x Zo 1[a+ 2R 
7T2 + 2aR) tan- a] 

For counterflow towers, Research-Cottr'ell, a licensed tower 
manufacturer, uses the following procedure (from material 
supplied by.Consolidated Edison) in English units.  

(1) For sound in the vicinity of the tower, which is 
considered constant from the rim to a distance 
equal to half the air inlet height 0.5h' 

dB(A), = 61.87 + 10 log !!+ 100 log[arccos 3 .28 

(2) For distances from 0.5h' toO0.6R 

dB(A) 2 = dB(A), 10 log 10.a) 

(3) For "a" distances from OA6R to infinity 

dB(A) 3 = dB(A) 2 -20 log(0T 6R 
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Figures Al through A3 show comparisons of these prediction3 
schemes with test data and the prediction scheme proposed 
in this report.  

Recommended Prediction Schemes 

The following prediction -schemes for counterf low and crossf low 

towers, developed under this Program, use different techniques 
for the two tower types due to differences in their generating 
mechanisms and near field radiation patterns. It should be 
noted that the following prediction schemes apply only to 
towers operating under heat load. (See page 14 for terminology).  

Counterfiow TowersI 

1. Compute impact area, A', of the heat loaded counterf low3 

tower: 

A' = A x 0.883 

2. Compute the specific flow rate ratio, M/A', and the 
A-weight sound level, LR, at the far field transition 
located R meters radially out from the tower rim: 

14=71.5+ 10 log( At dB 

3. Compute the A-weighted power level at the source, LWo, 
by:I 

Lw. = LR + 10 log A' + 8.5 dB 

derived from curve 2 (R/L =0.5) of Reference 2.3 

4. Compute'the source power, W1, by: 

W= antilog LW. - 12) 

5. At the tower rim, the A-weight sound level,. designated3 
Lrim~ is computed by: 

Prim = YIr~_r 

Lrim = 20 log (Prim3 
\0. 00002, 
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6. At any distance out from the rim, the A-weight sound 
level,,La, may be computed by: 

Pa = WZ~ i n (R: a?22) 

La 20 log[Pa2 

Crossflow Towers 

1. Compute acoustic power at source for crossflow tower: 

= N M g h' 

where 

=acoustic efficiency =1.00 x 10-6 

M = mass flow in kg/sec 

g = gravitational acceleration constant =9.807 rn/sec 2 

hl= air inlet height in meters 

2. Compute power level adjustment: 

10 log W' = 10 log n~ M g h' 

3. Read the adjusted sound level from Figure A4, following, 
and add power level adjustment, 10 log W', to each value 
to obtain the A-weighted sound level. (The mathematical 
derivation of the curves of Figure 1 is described in 
Appendix B) 

The crossflow prediction method is compared to values computed 
using Ellis1 method, and actual measured values obtained at 
Crossflow Towers 2 and 5, in Figures A5 and A6, respectively.
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Limitations of Recommended Prediction Schemes 

The'application of the recommended prediction schemes to towers 
having water flows greater than twice the highest'-tower flow 
investigated is not recommended since extrapolation techniques 
could not be substantiated by test and a reasonable confidence 
level maintained. To apply the prediction schemes reliably, 
rated tower flows should fall'between 100 00 and 600 000 gpm.  

Air intake heights for towers investigated were all under 
50 feet. Since droplet terminal velocity is achieved in 
15 feet or less of free fall, it is reasonable to expect 
the prediction schemes to hold for a range of air inlet 
heights of 15 to 50 feet.  

Under no heat load, the waterfall impingement area of the 
counterfiow tower basin increases by 12% because of the 
absence of draft air flow influence. This essentially moves 
the droplet impingement region about 25 feet out to the rim 
of the basin thereby incre 'asing the level locally by 2.5 to 3 dB.  
Part load influence on the sound emission from crossflow 
towers was not documented sufficiently to draw a conclusion.
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COUNTERFLOW TOWER #1 

-PREDICTION CURVE 
eTEST DATA 

+ ELLIS PROJECTION 
X< R-C PROJECTION 

5:

Project No. llllA-7a

10 50 100 300
DISTANCE FROM TOWER RIM ~- (FEET)

Figure Al Comparison of Ellis and manufacturer's projection 
of sound levels with the prediction curve and the 
test data for counterf low tower #1, under heat load.  
(The test data and prediction curve presented 
excludes the effect of molecular absorption).
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90 

U0 

n COUNTERFLOW TOWE 

y70 - PREDICTION C' 
0D E TEST DATA 
W + ELLIS PROJEC' 

3: X R-C'PROJECTI, 

60 __L_1

Project No. llllA-7a

DISTANCE FROM TOWER RIM - (FEET)

Figure A2 Comparison of Ellis and manufacturer's 
projection of sound levels with the 
prediction curve and the test data for 
counterfiow tower #2, under heat load.  
(The test data and prediction curve 
presented excludes the effect of molecular 
absorption).
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COUNTERFLOW TOWER #3 

-PREDICTION CURVE 
'~TEST DATA 

+ ELLIS PROJECTION 
X( R-C PROJECTION

Project.No. llllA-7a

DISTANCE FROM TOWER RIM -(FEET)

Figure A3 Comparison of Ellis and manufacturer's 
projection of sound levels with the 
prediction curve and the test data for 
!counterf low tower #3, under heat load.  
(The test data and prediction curve 
presented excludes the effect of molecular.  
absorption).*
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L71 1<1~~ ~~~~~ ... l.. . L..Ill~ll JTITT
114. 1 _ I ~'1_ itt It ' ll'ji .jt

90 

<80 

-J 

a 70 
z 
0 
V)

CROSSFLOW TOWER #2*

- PREDICTION CURVE 
STEST DATA 
-1ELLIS PROJECTION LJ 

_ ~ I_ jjj1I I
I1 05)1o5 

DISTANCE FROM RIM - IFEET) i

Figure AS Comparison of Ellis projection of sound 
levels with the prediction curve and 
test data for crosaflow tower #2, under 
heat load. The measured-values have been 
adjusted for the atmosphe ric absorption of 
sound existing at the time of measurement 
using the data in Appendix C for the cooling 
tower spectrum. (See Table C3) 
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... .. ... .u 

__ 4..... 417 -_ 1 
-J 

11 

1 

-I 
24 4 ~-44

CROSSFLOW TOWER #5

.1411: 

~ 
1 i1~~ 

~1 

1 1-1
q1* I

5.  

1'-

4 ,~~4LI 111 .7:4

100

DISTANCE FROM RIM - (FEET)

Figure A6:.. Comparison of Ellis projection of .sound levels 
with prediction-curve .and test data' for cross
f low tower #5, under heat load. The measured 
values have been adjusted for the atmospheric 
Absorption of sound existing at the time of 
measurement using the data in Appendix C for 
the cooling tower spectrum. (See Table C3)
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APPENDIX B 

SOUND RADIATION FROM A 
CYLINDER OF FINITE HEIGHT 

To calculate the sound pressure level at a distance from a 
radiating cylinder, thre Ie assumptions are made: 

1) all the sound energy is radiated outward from the 
cylinder and none radiates to the center of the 
cylinder, 

2) each elemental surface area of the cylinder is 
independent of every other elemental area, and 

3) every elemental surface area radiates sound energy 
into a hemisphere.  

The net effect of these assumptions is that only the sound 
energy from the area visible from the observation point 
contributes to the sound pressure at that point.  

With reference to Figure Cia and Figure Clb, the- equation for 
sound pressure squared can be developed for an observer in the 
plane of the bottom of the cylinder: 

a 4 IT2 hhJ m+ 

where 

a =distance from cylinder along an extended radius
to point 0, 

W =total acoustic power, 

R = radius of cylinder (tower pond radius) , 

h'=height of cylinder (tower air inlet height), 

1 = distance from elemental radiating area to point 0, 

z = height of elemental area above plane of observer, 

= angle between radius to elemental area and line 

f rom axis of cylinder to point 0, 
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Zo = acoustic impedance.  

Equation (1) can be integrated over z and yields

2 W zo tan-1 i h dO.' 
Pa = fh.m F

.(2)

Since it is difficult to integrate over 0 the equation can 
be manipulated through a change of variable to y (see 
Figure Clb) to 

2 W wo 2Rcosy 

a 4I2hSf2R 2sin 2Y + 2R(d2 -R 2Singy) cosy

tan 1  ho 
ta--Rcosy + (d 2 -R 2 si--n2 -y d) (3)

Again a change of variable reduces the. equation to 

R 

2 _WZ 1 
a 4 7 2 hJ y 2 + .(y4-y2 (R 2+d2) +R2d23 
a 2 fd)

tan-1

(d 2_y2) (R 2_y 2 d
(4)

This equation was then integrated on a computer using a 
trapazoidal. approximation for various air inlet heights, 
pond diameters-and distances..!.
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The sound pressure level at a distance a is then determined 
in the usual manner

p2 

L =10 logic a a (2x105 )
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APPENDIX C 

EFFECT OF WIND, MOLECULAR ABSORPTION, AND 
TREES ON THE ATTENUATION OF TOWER SOUND 

Beranek6 presents general considerations for the evaluation 
of the effect of wind on the propagation of sound. This 
is listed for various distances from the sound source in 
the "upwind" case in Table Cl and in the "downwind" case 
in Table C2.  

Molecular absorption effects, i.e. air attenuation, has 
been calculated and tabulated in Table C3 for the cooling 
tower sound frequency spectrum. The temperature and relative 
humidity ranges generally cover those found at the Consoli
dated Edison plant site.  

A compilation of the findings of several sources related 
to the excess attenuation due to trees is presented in 
Table C4.  
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TABLE cl

Excess Attenuation Due to WindI 

Upwind of -the -Tower

Distance from 
Tower Rim 

(ft)

Excess Attenuation,.dB(A) 
Wind Velocity 

2-4 4-10 10-15 
mhmph mph

0-4 00 

560 

810 

1200 

1830 

2780 

4230 

5740

0 

5 

20 

27 

27 

27 

27 

27

TOLERANCES

Range of variation may be as high as ±10 dB because of 
atmospheric instability due to temperature gradients, 
wind gradients, and wind variability in speed and direction.  
under "stable" conditions, the range of fluctuations is 
generally about 5 dB.
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TABLE C2, 

Increased Sound Level Due to 
Wind Effect Downwind of Cooling Tower

Distance from 
Tower, Rim 

(ft) 

12 

90 

280 

620 

1300 

2520

4700 

8500

Sound Level 
Increase 
. dECA) 

0 

9 

10-11.  

12-14 

17-19 

19-20 

20-23' 

23-26

TOLERANCES 

Downwind of the tower sound levels 
may vary from 5 to 20. dB depending upon 
the nature of atmospheric variations.
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TABLE C3 

Extent of Air Attenuation as a Function 
of Humidity, Temperature and Distance 
from Source for Cooling Tower Spectrum

Rel.  
Temp. Hum.

4 OF 

SOF 

58F

72% 
63 
55 

72 
63 
55 

72 
63 
55

DISTANCE

30.5 
100

1.0 
1.5 
2.0 

1.0 
1.0 
1.0 

0.5 
0.7 
1.0

100 
328 

3.8 
4.0 
4.2 

2.5 ' 
2.5.  
2.5 

2.6 
2.8 
3.2

200 
656

500 
1640

1000 
3280

ATTENUATION dB(A)

6.4 
6.6 
6.8 

4.5 
4.5 
4.5 

5.2 
5.6 
6.0

9.8 
10.1 
10.4 

8.25 
8.25 
8.25 

9.0 
9.1 
9.2

12.8 
13.0 
13.2 

12.5 
12 .5
12.5 

12.2 
12.2 
1.2.3

2000 
6561 

16.1 
16.2 
16.3 

16.5 
.16.5 
16.5 

15.9 
16.0 
16.1

5000 m 
16400 ft.  

21.5 
21.6 
21.7 

21.5 
21.5 
21.5 

21.4 
21.6 
21.8
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TABLE C4 

Excess Attenuation through Wooded Regions of Deciduous 
and Evergreen Trees from Several References 

ATTENUATION - dB PER 100 FT.

F~reque ncy
Hz 

250 

5,00 

1000 

2000 

4000 

8000

Ref. 4

1.5

2

Full Foliage 

Ref . 5 Ref . 6 

7-10.5 2 

4-8 2.5 

3.5-8 3 

5.5-9.5 4 

7-12 5 

9.5-14 6.5

Ref. 7 

2 

3 

3.5 

4.5 

6 

8

Bare Trees 

Ref. 6 

0.5 

1 

1.5 

2

-87-
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APPENDIX D 

NOISE REDUCTION SCHEMES 

Because of the'high frequency composition of the tower 
sound spectrum line-of-sight barriers would be extremelyU 
effective. Attenuations to a practical limit of 24 dB can 
be realized by structures or earth berms located as close 
to the tower as possible without interfering with the airI 
draft flow required for cooling. The barrier should be 
1 to 2 feet higher than the full air intake height.  

Absorptive fibrous fill in the barrier structure would be 
effective in absorbing incident middle and high frequencies 
however, the material must be free of excessive moisture to 
realize top efficiency. Film cover-nings over the fiberU 
filler will suffice to keep out moisture, however at a 
penalty of a reduction in absorption efficiency, particularly 

for high frequencies which predominate ihn the tower sound.  

Segmented operation, though effective for crossflow towers, 
does have limitations since the procedure limits cooling 
capacity and the attenuation is realized over a limited 
region around the tower. However, this could be beneficial 
during nighttime hours to provide attenuation of sound 
radiating in the direction of residential areas east of theI 

Aneffective means of decreasing droplet impact noise at theI 
basin of a counterflow natural draft tower would be to suspend 
a two to three inch thick blanket of rubberized fiber two 
inches above the entire area of the tower basin impacted byI 
water droplets. Tests conducted by Ostergaard Associates 
has shown that noise of free-falling water droplets impinging 
normal to a water surface from a height of 15 feet is 
attenuated by over 10 dB(A) by the interposing of a bed of 
rubberized fiber. Alternately, polypropylene fiber mats may 
be used. They require no supporting structure since they 

float and may be placed directly on the water surface.  
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APPENDIX E 

INSTRUMENTATION

Name

Sound Level Calibrator 

Precision Sound Level Meter 
and Analyzer 

Microphone 

Microphone 

Preamplifier 

Octave Band Noise Analyzer 

Tape Recorder 

Parabolic Reflector and 
Inclinometer 

Citizen's Band Transceiver 

Graphic Level Recorder 

Main Frame 
1/3 Octave Band Analyzer

Mf g.  

General Radio 

General Radio 

General Radio 

General Radio 

General Radio 

General Radio 

Kudeiski 

Ostergaard 

Realistic 

General Radio

Model SN

1562A 

1933 

1961-9601 

1560-P5 

1560-P40 

1558-BP 

NAGRA IV D 

NLM 

TRC- 100 B 

1523 
1523-P3

-89-

7976 

186 

933 

4474 

NA 

2428 

4220 

1 

KGN 5209 

121 
140
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