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SUMMARYI 

This final report contains the analysis of all data collected.  
during the test year.' It includes data and. analyses previously 

transmitted as Report No. 1; Meteorological, Ambient Salt 
Studies, and. Upper Air Studies, January 31, 197~4 Kaplin et.al.  
(19714)3 

It covers salient-features of the 4100? meteorological tower 
erected on the Indian Point site. The Tower has been designated.  
As IP4I. The center of the Tower has been located at N 38 + 31.4135 

and. E 22 + 49.1473 on the Indian Point Grid. The Tower tops out at 
elevation 517.75' M.S.L.. The 1P14 complex includes a separate 
30? tower designated as IP14A and a trailer-shelter as an opera

tions and. data collection center.  

The data included. in this report, specific to the 1P14 and IP14A 
Towers, cover the period from 1 October, 1973 - 31 August, 19714.I 
Direct reference and. discussion is directed. to earlier data 

collected. during the preliminary operational phases in September, 
1973 and. to data collected. on the existing 100' meteorological 

Tower designated as 1P3.  

Pilot balloon, constant level tetroons and ballon-sondes data 

included in this report covers the period from July 16, 1973-I 
July 2, 19714, with reference and documentation of a local study 
September of 1972.1 

Ambient salt data included covers-the data collection period from 
July, 1973 - August, 19714.  

This report is broken down into three sub-groups whose analysesI 
are directed. toward the following objectives:

I. Meteorological Towers -Directed toward providing a data3 
bank whose purpose it is to provide a basis for the 
Cooling Tower Study.  

IIL Upper Air Study - Directed toward. providing sufficient data 
to enabl-e definition of the. valley flow and terrain induced.  
flow systems in the environs of Indian Point.3 

III. Ambient Salt Study - Directed. toward. providing sufficient 
data to determine the ambient atmospheric salt (NaCl) 

content in the area.  

YORK RESEARCH CORPORATION STAMFORD, CONNECTICUT 1
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I. METEOROLOGICAL TOWER STUDY 

The purpose of this study was to provide a data bank; whose 
analysis, in turn, would. define the conditions which would be 
encountered by Cooling Tower plumes.  

The data included. in this report specific to the 400' (IP4) 
Tower and the 10 Meter (IP'4A) Tower cover the period.October 1, 
1973 - August 31, 19714, and. was collected. in accordance with 
U. S. Atomic Energy Commission Safety Guide 23, Onsite Meteor
ological Programs.  

The total data recovery for the period. October 1, 1973 -August 

31, 19714 for all sensors on both the IP'4 and IP14A Towers was 
9 3.4-2. -/V.  

NOTE: Data-and analysis for September, 19714 are forthcoming as 
a separate Appendix. The specific data are not expected. to 
alter general or specific conclusions.  

Final data analysis leads to the following conclusions-, 

1. In the Indian Point environs two distinct seasonal wind.  
patterns exist. They are referred. to as "Summe .r" and. "Winter".  
There are no transitional seasons. Seasonal categorizations 
for each month are based. on each month's average diurnal wind.  
pattern.  

In the period of data collection, the "Summer" months were May
August, and the "Winter" months were October-April.  

2. Wind directions tend to back with altitude to at least 1400' 
(517' MSL). This backing with height represents an attempt at 
alignment of the local wind. directions to parallel the general 
terrain contours.  

With respect to the logarithmic wind. profile,. it appears. that 
the wind. speed at the 400' anemometer (517' MSL) level is direct
ly linked to the surface flow during neutral stability conditions.  
However, during unstable conditions the 1400' (S17' MSL) level is 
independent of the pattern at the lower levels. on the basis of 
this, it must be noted. that while the 400' level follows the 
characteristics of the surface flow during neutral conditions, 
it does not say anything about conditions above that level, and.  
certainly, during unstable conditions the 400' level is not rep
resentative of levels below but may be an indicator of the upper 
wind. pattern with reservations if there is a counter geostrophic 
flow field.  

YORK RESEARCH CORPORATION WZ-1STAMFORD, CONNECTICUT
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3. Wind directions on the IPL4 and.1P3 Towers do not exactly 
correlate on an hour-by-hour basis due to terrain deflection.3 

4I. During the Summer season and weak local geostrophic influences, 
the valley flow system can be distinguished. by abrupt transition 

to nocturnal winds occurring gen erally at the 33' and. 125' levels.  
Between 1900-2100 EST the upper level winds (283' and. 400' levels) 
lag behind in this transition, and complete it generally by 0200.  
The actual diurnal pattern is, strongly dependent on the direction

al aspects of the geostrophic field.  

5. Valley flow winds are dominant under stable conditions and/or 
in the absence of a strong geostrophic gradient. The degree ofI 
development, particularly in terms of the local diurnal wind.  
variation, is also keyed. to the direction of the geostrophic 
flow. A Northerly flow produces the most-distinctive and.  

dramatic diurnal wind. shift pattern in the up-valley - down
valley flows. The down-valley flows are somewhat mitigated 
under Southerly geostrophic conditions.3 

When the local environ are in a-developed valley flow pattern
particularly under stable c'onditions, the 12S' anemometer level 

on the IPi4 Tower (24t2' NISL) reports higher wind. speeds thanI 
profile considerations would project. These high speeds are, 
however, consistent with the assumption of valley flow which 
projects that the maximum speed. should. be found. at 1/2 the depth 

of the total flow system. On this premise, the total valley 
flow depth should. be, at least, of the order of 500' MSL. This 
latter qualification*is based on the fact that the next anemometer 
level above the 125' (2412' MSL) is 283' (4100' MSL) so that it isI 
possible for true maximum speed. to occur between these levels and.  
allow, therefore, for a still higher valley flow depths up to 
800' MSL.  

The valley flow depth discussed. above -is not the total effect of 
the local terrain influences as will be subsequently delineated.  

with regard. to the results of the upper air balloon studies.  

6. Occurrences of fog 'are, for the purposes of this stud.y,.de
fined. as conditions under which the relative humidity is equalI 
to or greater than 800%', and the visibility less than or equal to 
1500' or 41000'. Of the total data hours, the following percent

ages fell into these categories: 

Visibility 1500' . 2.00// 

Visibility :K 40001 , 3. 1%, 

YORK RESEARCH CORPORATION 9STAMFORD, CONNECICUT
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I II. UPPER AIR STUDIES 
The purpose of this program was to define the valley flow system in the environs of Indian Point.  

I The summary statements in this report reflect evaluations of the 
upper air program conducted. over the period of July 16, 19733 July 2, 19741.  

1. Pilot Balloon, Tetroon, and. Balloon-Sond-e Launches have 
produced. results whi'ch indicate extreme terrain- induced. flow 3' patterns not predictable by any on-site tower data.  

2. Tower temperature-difference data is an indicator only of 
stability conditions within the height profile of the Tower only, and.,should not, a priori, be extrapolated. to give stability 
data at levels above 517' MSL.  

1 3. The zone of influence of the valley flow system and/or terrain 
induced. deflections can be as high as 4~000 feet.  

4I. The valey flow system and. the over-riding flows are keyed. to 
local macroscale pressure gradients. C 

In general, geostrophic flow patterns become dominant and wholly 
controlling at approximately 1500' MSL during periods of weak 
gradients and/or well developed. stable conditions. This feature 
is most clearly defined. under North quadrants, weak, geostiophic 
winds. It is most probable that inversions in 1000-1500 ft. level, under these North quadrant winds, are abetted. by and/or generated.  
by subsidence, IUnder such conditions of generation, they would 3 present a formidable lid to rising plumes.  

During periods of strong geostrophic flow, wind. directions in 
those levels below 1500' NISL are keyed. to the configuration of I the local terrain and, will generally back with elevation for 
Southerly and. Northwesterly quadrant winds but may back or veer with 
North and. Northeasterlies. In most instances, there are little 
or no significant speed variations above the 500' LMSL level. If 
speed. maximums do occur, they are usually found. close to the 1000, 
LNISL level.  

I 5. Flow patterns indicate deflections toward the Annsville Creek 
for Southerly flows and an avoidance of following the natural 3 course of the Hudson River at all vertical levels., 

6. Wind reversals with height have been observed.. This phen o-.  
menon cannot always be detected with Tower data. These reversals 

are generally keyed to a developed valley flow system under a. weak 

5 YORK RESEARCH CORPORATION [-jSTAMFORD, CONNECTICUT
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III. AMBIENT SALT STUDY 

The purpose of this part of the study was to determine theI 
ambient salt deposition in the Indian Point Generating Station 
environs.3 

The testing involved. Hi-Volume air samples and. dust buckets 
during the period. July, 1973 through August, 19741.I 

The* variations in the ambient salt background. were determined.  
by atomic absorption analysis for sodium, since it became 
apparent that the chloride concentrations sampled, at the net

work of stations were almost too low to measure with any degree 
of confidence. Both the specific electrode conductivity, and.  
turbidimetric spectrophotometric methods were used. to measure 

th~e magnitudes of chloride sampled.. The sampled. concentrationsI 
of chloride, however, were not high enough to be distinguished.  
from background. variations and interferences., 

These interferences resulted in a low confidence level of 
measured. concentrations of chloride. Therefore, a conservative 
approach to the measurement of ambient sodium chloride con

centrations has been adopted.: that is to infer the concentra-I 
tion of chloride, stoichiometrically, from the measured. concen
trations of ambient sodium. The chloride concentration is 

obtained. by multiplying the sodium concentration by "1.54??.  

It should be noted that in the use of this procedure, the pre

dicted chloride concentrations are greater than those determined.3 
from the filters.  

The use of this factor yields annual chloride averages from the 

Hi-Vol analysis of: .735 umatCamp Smith; .4A96 u/3at 
Croton Point and. .605 u/ a P3. The Winter maximum at Camp 
Smith is .978 ug/m3 , and the Summer maximum at Croton Point is 

.5'4S ug/m3.I 

The dust bucket settleable chlorides are 5.535 x 10-3 mg/cm2/mo.  
for the total test period. average with the Summer total average 

(of 6.505 x 10-3 mc 2/mo.) greater than the Winter average of.  
4.019 x 10-3 mg/cm /mo.  

Note that the total settleable particulates concentration and.I 
portion found. to be chloride are not directly related..  

For settleable particulates, 1P3 and, Verplanck were the maximums3 
for the year with Croton Point being the minimuIm. For the chloride, 
concentrations, the maximum is still 1P3 but -the minimum is, now 

Verplanck and Croton Point is the intermediate value.I 

YORK RESEARCH CORPORATIONSTMOCNETCU I
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1.0 'INTRODUCTION, 

This is the final report of on-going programs on-site and in the 
environs of the Consolidated. Edison, Indian Point Nuclear Gener
ating Station at Buchanan, New York. The objectives of the pro
grams were to: 

1.' to develop the micrometeorological climatology 
2. a comprehensive knowledge of the three dimensional 

local valley flow patterns, and 
3. the background levels of ambient salt concentrations 

in order to properly evaluate the impact of cooling 
towers and. provide design criteria as required..  

This report includes the results of Report No. 1; Meteorological, 
Ambient Salt Studies, and. Upper Air Studies, January 31, 19741, 
Kaplin. et. al. (1,9714) 

The studies have been carried. out in accordance with U. S. Atomic 
Energy. Commission Safety Guide 23, Onsite Meteorological Programs.  

Local meteorological data and valley flow phenomena referenced.  
includes data previously collected. and reported from the various 
meteorological and air quality programs that have been conducted.  
in the local environs Kaplin et.al. (1973).; Kaplin & Laznow 
(1972) ; Kaplin, Laznowv & Wurmbrand. (1972) .These data have been 
collected from various meteorological towers that have been opera
tional on and off-site over the past 19 years as well as the 
operational IP(3) 30.5 H. Meteorological Tower and the new, on
site, meteorological towers: 122N1. IP(-1) and 10 M. IP (4lA). The 
locations of these stations are shown in Figures la and. ld..  

The IP(4) and IP4-A) Towers were erected. specifically -for this pro
gram during the Summer of 1973 and. brought to full operational 
status during the months of September-October, 1973. The IP(4) 
has been equipped. with suitable instrumentation to provide wind, 
velocities, temperature and. dewpoint data from 70M. up to 122 M.  
above local grade (35.6S M. M.S.L.) as well as net radiation at 
10 M. The IP('4A) Tower provides a continuous visibility readout 
at the 10 M. level. The meteorological data specifically in
cluded. in this report covers the period. from October,_ 1973-August,.  
19741.  

To supplement the meteorological tower outputs at still higher 
levels as well as to define the characteristics of the local 
valley wind systems and. its transport potential, a program of 
upper air studies involving pibal balloons, constant level tetroons 
and balloon-sondes was, conducted.. Specific data were collected.  
over the period. July, 1973-July. 197.  

YORK RESEARCH -CORPORATION 9STAMFORD, CONNECflCUT
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The ambient salt concentration program involved. the use of hi
volume filter samplers at five different locations. Each Station 
consisted of two hi-volume samplers, a rain gauge and. a dust fall 
jar. The results of this program for the period. from April 23, 

1973 to August 31, 19714 are discussed. in this report.  

The objectives of the programs were to develop the Micrometeor
ology Data File and Ambient Salt background, suitable for the 
design and. impact evaluation of a Cooling Tower at Indian Point 
and. environs. The general environs are shown in-Figure 1.  

2.0 INSTRUMENT SPECIFICATIONS AND SITINGI 

2.1 Instrument- Specifications3 

On March 31, 19714, the Swissteco Net Radiometer was replaced. with 
a Teledyne Geotech Thermal Radiometer.Model TCN-188-0l, sensitivity 
1.5 mV/g-ca/cm2 min, response time (63%) 10 sec., accuracy ofI 
calibration 2%1:', accuracy of temperature compensation 1%, blower 
type 115 VAC 30/60 cycle, span -2 to +3 mV.I 

The instrument operating characteristics are as follows: 

1. Climatronics F'460 Wind. System 

A. Speed. Sensor: Threshold 0.5 mph.;, Accuracy ±0.13 mph.  
or 10/!-: Distance Constant 5 ft. max.; turning radius 
3.75 inches. Cup Anemometer, pulse output proportionalI 

B. Speed. Translator: Accuracy ±0.20%O; Range 0-100 mph.  

C. Direction Sensor: Threshold. 0. 5 mph. ; Accuracy ±30; 

Distance Constant 3.7 ft. max. ; Turning Radius 16.5 
inches: Damping ratio 0.14 at 100. Balanced. Vane, 
Potentiometer output.  

D. Direction Translator: Accuracy ±0.05%; Range 0-5140'.I 

2. E. G. .& G. llOS-M Temperature/Dewq Point System 

A. Temperature System: Range -80' to +120'F: Accuracy 

±0.5'F; Aspirator Air Flow 60 CEM.  

B. Dew Point System: -80' to +120'F; Accuracy ±0.5'F;I 

Aspirator Air Flow 60 CFM.  

YORK RESEARCH CORPORATION STMODCNECIU
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3. E. G. & G. 207 Forward Scatter Meter: Vi sual Range 200 
to 20,000 feet; measurement volume 1.7 cubic feet; Accuracy 
±5%; Time Constant 20 see.  

4i. Swissteco Type S-1 New Pyradiometer: Sensitivity 0.5014 
Mv/Mw Cm-2 Short Wave, 0.519 Mv/Mw Cm-2 Long Wave; 
Accuracy ± 2.5%.  

2.1.1 Recorders 

The four Wind.Systems each use a dual Esterline Galvonometric 
Recorder. Data is recorded. on a single roll, double width chart, 
the right side for wind. speed. and. the left side for wind direction.  
Capillary pen inking' is used..  

The temperature recorder is a Westronics, 6-point potentiometric 
dual range. A single chart is used. and, both ranges are marked.  
along the width of the chart. Prints 1, '4, 5 and. 6 are Range 1, 
-140 to + 100'F. Prints 2 and. 3 are Range 2, -8 to +20'F. Print
ing is done 1 y a print-wheel with colored pads. This recorder is 
used to provfde the-analog record. of ambient temperature, dew 
point and temperature difference.  

The forward. scatter recorder is a single input potentiometric 
recorder. A heated. stylus is used to create a trace on tempera
ture sensitive paper.  

The Radiometer is recorded on a Leeds and. Northrup Speedomax H 
potentiometric recorder. Center zero is used, to enable both 
positive and negrative data to be recorded.. Capillary inking is 
utilized..  

An updated+ listing of the instrumentation and. operational dates 

is shown in Table I.  

2.2 TOW&R SITE-.  

The IP(I) Tower is located. approximately 2600 feet S - 800 feet W 
of the Indian Point Unit 1 Stack and. 1725 feet S - 1750 feet W of 
the existing IP(3) 100 foot (300.5M) meteorological tower. It is 
2000 feet East of the Hudson River on a W-E line and. 2200 feet 
South of the Hudson River on a N-S line.' In the \NW-NNW quadrants, 
the tower site is approximately +1500 feet inland. of the river.  
(Figure Id.).  

The IP(-I) Tower base is 116t.-11.5" above M.S.L.  

The arrangement of the IP(4). IP(4A) and trailer complex are 
shown in Figure le. The plan for the instrument shelter is shown 
in Figure lf.  

YORK RESEARCH CORPORATION STANIFORD, CONNECTICUT
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TABLE 1 

IP'4 AND IP'4A INSTRUMENTATION DATA

INSTRUMENT 

E-Z Way 

Rohn 

Climatronics 

Climatronic s 

Climatronic s 

Climatronic s 

Climatronic s 

Climatronic s 

Climatronic s 

Climatronic s 

E. G.&G.  

E. G. &G.  

E. G. &(G.  

E. G.&G.  

E. G.&G.  

E. G.&G.  

Swissteco 

Teledyne
Geotech 

E. G.&G.

(Grade Elevation: 1161-11. 5" M. S.L.) 

FUNCTION ELEVATION ABOVE 0 
_________GRADE_(FEET) 

Tower (IP4) '400 

Tower (IP4A) 30 

Wind. Speed. 33 

Wind. Direction 33 

Wind. Speed. 125 

Wind. Direction 125 

Wind Speed. 283 

Wind. Direction 283 

Wind, Speed. '400 

Wind. Direction '400 

Ambient Temperature 33 

Temperature Difference 200 

Temperature Difference 399 

Dew Point 33 

Dew Point 200 

Dew Point 399 

Net Radiometer 32 i

Net Radiometer 

Forward. Scatter

32 

32.5S*

PERATIONAL 
DATE 

9/7/7.3 

9/.7/73 

9/7/73 

9/7/73 

9/7/73 

9/7/73 

9/7/73 

9/7/7 3 

9/12/73 

9/12/73 

9/12/7 3 

9/12/73 

9/12/7 3 

9/12/73 

)/2/7 3-3/31/7'4 

3/31/7'4 

10/1/73

* On TP'4A Tower
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2.2.1. General Topography 

It is the nature of the location of the Indian Point Stations 
with respect to terrain and. water that leads to complex local 
interrelationships in the development of local micrometeoro
logical climate both at the ground. and. elevated. levels.  

Indian Point is located. approximately on the East shore of th e 
Hudson River, 27 miles due North of N.Y.C. 's Manhattan Northern 
boundary and. approximately .47 miles due North of N.Y.C's Lower 
Bay and. the Atlantic Ocean.  

The complex is located. about on the axis at the top of an essen
tial North-South valley. As seen in Figurel, just a mile to a 
mile and. a half North of the site an almost total terrain block 
occurs in the form of Buckburg and. Dunderburg Mountains to the 
West; Manitou Mountain-to the North and. the Blue Mountains and.  
Prickly Pear Hill to the East. It should. be noted. that the 
Buckberg, Dunderburg and. Manitou Mountains are part of a distinct 
chain which includes Ramapo Range whose basic axis orientation is 
SW-NE. This system represents a fifteen mile barrier on its N-S 
axis, separating the Indian Point-Peekskill area on the South 
from the Newburgh-Beacon area on the North. The elevation of the.  
system's SW-NE axis is in excess of 1000 feet.  

The valley to the South at the 100 foot ground. contour level 
(Figure la) is approximately 2 miles wide at its Northern end.  

opening to S miles wide, 5 miles South in the vicinity of :Prickly 
Pear Hill and. South Mountain.  

The Hudson River, which flows southward, enters from the valley 
area from the NW between the Dunderburg and. Manitou Mountains. It 
bends 9f0' around. Dunderburg and. flows past the Indian Point complex 
on a INE-SW line. The Indian Point complex itself is on a peninsula
with the same NE-SWV orientation. The peninsula's Eastern boundary 
is defined by the arc-line between Lents Cove on the.North andLake 
Meahagh on the South. After passing the peninsula, the river turns 
and. flows NWV-SE into Haverstraw Bay.  

It is specifically noted. that at the North end. of the valley there 
is a distinct split generated by the Manitou Mountain.. The Hudson 
River flows in from the NW as previously mentioned through a sharp
ly defined valley while a Northeast sub-valley is formed. between 
the Manitou and.Blue Mountains formed by the Annsville Creek out 
flow into Peekskill Bay. The Annsville Creek Valley is generated.  
by-the confluence of Spout and. Peekskill Hollow Brooks.

It is seen in Figures la through lc, that the terrain feature 
changes w,.ith elevation are most dramatic to the East of the Indian 
Point Complex with the 1Vkestern wall remaining sharply defined.  

YORK RESEARCH CORPORATION L . STAMFORD, CONNECTICUT
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3.0 DATA LOGI 

Included. in this-report are data from the months of October 1973 
to August 1974LI, inclusive. The data for the month of September 

1974LI appears as an Appendix but no analysis has been performedI 
for this month.  

Data recovery is given in Table 2 and. is presented. as percent 
recovery per sensor per month. Total sensor recovery percentage I 
is shown for- the year in the right column. An average of all 
data recovery out of a possible 128,6410 sensor hours indicates 

the year's data recovery at 93.143%.  

Table 3 lists the number of missing hours per sensor per month.  
Examination of 'this.Table shows clearly where data recovery 

problems have occurred.- During the first month (October) most 
problems were due to start-up and de-bugging difficulties.  
January shows a relatively great occurrence of missing hours.  
This is attributable in great part to frozen sensors during I 
periods of snow and/or freezing rain. There was no net radia
tion data recovered. during the months of October, November, and.  

December because of instrument difficulties, improper recorders,I 
etc.  

The 200' dew point sensor suffered. a breakdown in July that 
could. only be factory repaired.. Since the 200' dew pointI 
sensor is also an integral part of the delta-temperature system, 
it was decided to lose the dew point data rather than jeopardize 

the temperature difference data,.  

A data log indicating intervals of data loss for the period. from 
October 1, 1973 - August 31, -19741 , is shown in Table 3. Instru-I 
mentation failures, equipment component failure are 'generally ex
pected. during early stages of operations with new instrumentation.  
Many of *the failures that occurred. were anticipated and. outage 

time kept to a minimum., Other *failures were inherent in the in
struments and/or the in~stallation and. some could. be attributed.  
directly to human error.3 

All major sources of data loss have been corrected. or minimized.  
through procedural changes and/or instrument modifications.  

Frequent lightning strikes and. local power failures are stillI 
factors which must be dealt with as they occur.  

The following is a list of problems that have developed during 
operational period. of IP('4):I 

YORK RESEARCH CORPORATION STAMFORD, CONNEC 7ICUT3
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1. Climatronics F'460 Wind System

Pot burn-out in the direction sensor 
Transistor burn-out in the speed. translator 
Transistor burn-out in the direction translator 
Fuse blow out in the direction sensor 
Moisture seepage in connectors 
Frozen sensors due to snow or freezing rain.

2. E.G.&G. Temperature System

Dew point mirror requires periodic maintenance 
Aspirator motor failure 
Jamming or slippage in the recorder 
Improper adjustment labeling by manufacturer

3. Swissteco Pyranometer 

a. Puncture holes in polyvinyl hemispheres 

Items 1B,, C and.D generally occur at the 400'W level and. are 

apparently associated. with lightning strikes.  

Item 2B, the cause of the major data loss during the record. period., 
has been alleviated-by installing ammeter aspirator motor monitors.  

All data losses due to instrumentation failure have been minimized.  
by the availability redundant vulnerable components. The downtime 
of tower mounted instrumentation is generally limited. to the.  
availability of ground support personnel for the tower climber.

YORK RESEARCH CORPORATIONSTMODCNETCU
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TABLE2 

DATA RECOVERY LOG )

0 
0 
0 

M

Ambient Temp. (33') 

Du.vI ta-T(200'-33') 

iDolta-T(O-33') 
I)ew Point (33') 
D~ew Point (200') 

D)P%' PoiJi t ('100') 

W. S. (33') 

hl- 1). (33') 

hl. s. (125') 

W-. 1). (12 5') 

SI . (283') 

WI. 1). (283') 

hI. s. ('IJoo') 

.)I. (1100') 

Vi sihility 

Net Radiation

01 d possible 128,640 Sensor- Hours, Total D~ata Recovery = .93.42 %

ma -MMMM M MM mm Mm

0 N 1) J F . A M J IJ A 

98.3 97.2 inn 89.5 99..6 98.1 100 100 100 100 99.5 
3 4. 4 97.2 100 89.5 99.6 98.0 100 100 90.3 100 99.5 

98.1 97.2 1O0 89.4I 99.41 97.2 98.5 99.9 90.3 100 99.5 
98.3 95.8 96.5 88.I4 99.6 98.1 100 100- 100 100 97.2 
311.11, 96.7 100' 89.5 99.7 98.0 100 100 100 48.9 0 

98.3 96.7 100 89.2 99.6 96.S 99.9 100 100 100 99.5 

92.9 97.8 97.0 87.1 98.8 95.7 99.0 100 89.2 96.0 98.3 

911.5 99.9 98.5 88.7 100 99.7 100 100 100 100 100 

94.2 99.9 98.5 841.0 100 89.41 99.6 99.9 100 100 100 

66.3 99.9 97.7 89.7 100 99.7 99.9 100 100 100 100 

88.6 99.3 97.3 78.5 100. 93.0 100 100 100 100 98.9 

91.3 99.3 87.1 89;8 99.1 99.6 100 100, 100 100 96.1 

91.11 99.lj. 95.0 811.1 100 9'4.9 -100 -100 100 100 100 

92.3 97.2 97.6 88.7 100 87.6 100 80A' 98.6 98.5 96.6 

60.3 99.9 100 90.7 100 95.0 100 96.6, 85.0 100 100 

0 0 0 78.8 100 98.1 99.9 100 100 99.9 99.7

TOTAL 

98.4LI 

91.6 

97.2 
97 .6 

78.5 

98.1 

95. 6 

98.3 

'96. 8 

95.7 

95.9 
96.5 

96.8 

9'4.2 

93.3 

70. 3

0i 

0 

M
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TABLE .

MISSING DATA LOG

1973
0 

7414TOTAL HOURS

N D 

720 74A1

197 4

741
F 

672

M A M 

7144 720 7L.44

Ambient Temp. (33') 

Delta-T (2001-33?) 
Delta-T (1400'-331) 

i)--ci Point (33') 

Dewi Point (200') 
.Dew Point ('400') 

IV. S.(3' 

lI. 1.. (33') 

W. S. (125') 

IV. 1). ([-2 5 

IV. S. (283') 

W . D . (28.3) 

W. S. (400') 

Vis--ibility 

Net Radiation

13 

488 

79 
13 

488 

13 

53 

'43 

251 

85 

65' 

6-4 

57

78 

78 
11 
86 
78 

80 

96 

814 

- 119 

77 
160 

76 
-118 

814 

69 

1S8

0 

0 

4I 

0 

0 

0 

0 

0 

1 

0 

0 

0 

1146 

25 

0

0 

70 

114 

0 

0 

0 

78 

0 

0 

0 

0 

0 

0 

10 

108 

0

*Data not evaluated. since instrument output incompatible with 1P3 instrumentation.

J 

720

J 

7 .44

A 

7 44

0 

0 

20 

0 

380 

0 

30 

0 

0 

0 

0 

0 

0 

0 

1

14 

4I 

0 

21 

74 

13 

0 

0 

0 

8 

29 

0 

25 

0 

2
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'4.0 ANALYTICAL PROCEDURE 

All data prior to December 1S, 1973 was read. by a semi-automatic 

reading system. Charts were placed. on a circuit table and. an 

operator followed. the traces with a sensor. The displacement 
from a reference point was registered. and. converted. to the de

sired. units. A minimum of six points were averaged. for smooth 

traces, with more points taken as variability increased.. One 

hour averages were taken for each parameter. For ambient 
temperature, dew points, and. temperature differences, readings 
were rounded. to the nearest tenth of a degree. For wind. speed., 
the average was taken to the nearest tenth mile per hour. Wind.3 

direction wa~s read. to the nearest degree, and, maximum and. mini

mum directions were taken for each hour. Forward. scatter 

(visibility) was read. on a linear chart scale and. readings con
verted. to the logarithmic scale of the instrument. Averages 
were given to the'nearest foot.  

*Beginning on December 15, 1973, all data was read. by hand.. One3 

hour averages were taken for each parameter. All data was read.  

in the 20 minute period. immediately preceding the hour, with the 

exception of forward. scatter (visibility), which was read in theI 
30 minute period preceding the hour. Ambient temperature, dew 

point and. temperature difference readings were rounded. to the 

nearest tenth of a degree. For wind. speed., the average was 

taken to the nearest 0.5 degree. For wind. speed., the average 
was taken to the nearest 5 degrees. The reading of maximum 
and minimum wind. directions was eliminated during this period..  

All data that was hand-analyzed was subjected. to a Quality 

Assurance Program that was designed to flag anomalous data 

points by comarson to points immediatelyc preceding and follow-I 
ing using a pre-selected variance. The flagged values were 

then checked with the analog chart recordings and. any errors 

corrected (See Appendix A).3 

YORK RESEARCH CORPORATION ~i)STAMFORD, CONNECTICUT
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5.0 DISCUSSION OF DATA 

A summary of the data output for the 1400' IP'4 Tow er and. the 
10 Meter IP'TA Tower are presented. in Appendix I for the period.  
of October 1973 to September 1974LI, inclusive..  

5.1 IP3:IP4 Wind. Correlation 

A correlation study was performed. between the 100? level of the 
1P3 Tower and. 125' level of the IPI. Tower for the months of 
October, November, and. December (Appendix B). Any variation 
from exact correlation can be explained by the topographic 
effects of the locality re-directing the low level wind flow.  
This correlation is also evident in the monthly diurnal'wind.  
analyses (Figures 2-4I). The diurnal analysis shows wind.  
directions at IP4I to be veered. with respect to those at 1P3.  
This shows up as follows in Appendix B ,monthly resultant wind.: 

Site Resultant Wind. Direction 
Oct., 1973 Nov., 1973 Dec., 1973 

IPI 359 296 3140 

IP3 333 277 335 

Data at 1P3 during 1974 was collected. and. analyzed. by Con-Edison 
and 'was not available so that comparisons are only possible 
during these three months.  

5.2 Local Wind. Patterns 

As has been previou sly pointed. out Kaplin and.Laznow (1972), 
Kaplin et.al. (1973),'Kaplin et.al. (1974LI), and. Kaplin and.Kitson 
(1974) , there exists in the Indian Point Area, winds which fall 
into two distinct patterns which can be referred. to as "Summer" 
and "Winter". There is no transition period. between these 
seasons. Although the specific months in each category may vary, 
seasonal categorizations are based on the diurnal wind analysis 
which show that each individual month will definitely fall into 
one category or the other. The diurnal wind. analysis (Appendix C) and.  
for each month at the 125' level (Appendix C Figures ) 
dlearlv show that for the period. of data collection, the seasons 
may be classified as follows: 

"Summer" May-August 
"Winter' September-April.  

YORK RESEARCH CORPORATION STAMFORD, CONNECTICUT
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5.2.1 Seasonal Wind. Frequency Distribution3 

Monthly and. seasonal frequency distributions for all levels are 
given in Appendix D.  

Seasonal wind. direction frequency distributions for the 125' and.  
4I001 anemometer levels are shown in Figures 5 and. 6 . The 
frequency roses are, in general, quite similar, between levels 

for each of the seasons depicted. Most noticeable is the reduced.  
frequency of NE wi*nds and. increase in S-WSW winds at the 400' 
level compared. to the 125? level.U 

In the Summer season, the distribution is bi-nodal with NNE-NE 
and. S-SW directions wholly dominant and. of almost equal magnitude.  

These same quadrants are dominant in the Winter season which isI 
tni-nodal with addition of a strong NW peak frequency. This 
peak is, primarily, at the expense of a reduction in frequency 
of the S-SW quadrant winds.3 

The resul tant winds for each exposure level have been calcu lated.  

on a Winter, Summer and. Annual basis. These are shown in Table 4I.  

They reflect the Bi and. Tni-Nodal aspects of ov erall frequencyI 
d.istributions in that the persistence values as defined. by the 
ratio of the resultant wind. speed. to arithmatic mean wind. speed.  

is very small particularly in the Ri-Nodal Summer. The value 
of the persistence approaches zero due to a small value for the 
resultant speed if the wind. frequency is uniform in all quadrants 
or of essentially equal frequency and. magnitude from opposite 

quad-rants. This latter is most representative of the winds at 
Indian Point, particularly during the Summer season. The Summer 
season distribution is a reflection of the diurnal variation.  

It is noted that the wind. directions as measured. on the IP-I Tower 
back with elevation at least up to the 400' (517' MSL) exposure 
level. This feature substantiates a dominance of a valley. con

trolled system and the influence of the terrain environs, whose 
general- features have been depicted as a function of elevation 
by Kaplin, et.al. (1974Lh. The observed. backing of winds 
represents an attempt at alignment of the local wind directionsI 
parallel to the general terrain contours which, North of Indian 
Point Site, form a blockage wall in excess of 1000? MSL on an 

essentially SWV-NE line as seen in Figure 1.  

The wind. speeds: Resultant and. Mean, are found, to increase with 
elevation and increase by 1.5 to 1.3 at lower and. upper levels 

in Winter season as compared to the Summer season.  

YORK RESEARCH CORPORATION STAMFORD, CONNECTICUT
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TABLE 4I 

ANNUAL AND SEASONAL RESULTANT WINDS 

FOR THE IP4 ANEMOMETER LEVELS

ANEM. LVL.  
(ABV. 117' NSL)

RESULTANT WIND 
DIRECT SPEED SPEED 

(MD 1) (MIPH)
PERSIST.

NO. OF VALID 
HOURS

A. Annual 

B.3. Winter

C. Summer

125 

283 
'400 

33 
125 

283 
400 

33 
125 
283 
'400

342~ 

330 

322 
316 

34I2 

331 
326 
323 

3141 

317 
279, 
267

1.3 

2. 2 

2.7 

2.9 

2.'4 
4I. 0 

'4.8 
5.0 

0.2 

0.4LI 
0.9 
1.4LI

3.7 
7.2 
8.9 

9.8 

'4.5 
8.5 

10.2 
11.3 

3.0 

5. 9 
7.6 
8.3.

.35 

.30 

.31 

.30 

.54 

.47 
.47 
.414 

.06 

.06 

.12 

.17

7281 
7370 

7288 
7380 

'4629 

'4508 
'4421 
'4666

2652 

2862 
2867 
27114

C.).  

H 
W
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*5.2.2 Diurnal Resultant Wind. Directions3 

A diurnal wind. analysis has been made fo r each Tower level..  
These, analyses as previously noted., are given per month in 

Appendix C .Diurnal wind, directions per season per Tower.I 
level are presented. in Figure 7.  

The Summer season shows the distinctive characteristics of a 
Valley flow pattern: down valley at night and. up valley during 
the daylight hours. There is a marked, absence of an extreme 
pattern during the Winter months, with the trace appearing with 
little angular displacement through the day, although there areI 
still indications of more Southerly flow (up valley) during day
light hours.  

It is observed, that during the Summer season the daytime Souther
ly quadrant winds make an abrupt transition to nocturnal .North
erlys during the hours commencing at 1900 EST at the 331 and.  
125' levels. The transition is essentially complete by 2100 EST.I 
The true abruptness of this shift has been previously noted. and.  
documented. by Kaplin, et.al. (19741). The effect is not as 

dramatic at the 283' and. 4001 levels. It is 0200 EST before 
these upper level wind.s complete their transition. The Summer 
diurnal pattern also indicates that there are two hourly period~s 
in which the wind. direction at all levels are essentially the 

same: at 0800 EST - 0150 and at 1500 EST - 2300.  

In general, it is observed that during the Winter season, the 
winds back with elevation in each hour except for those at the 
125' level which are anomalous during the period from 1000
1700 EST. This implies either a discontinuity between the 125'.  

and. 283' levels or anomalous flow at the 125' level.  

During the Summer season there is distinct backing from 2300 
0700 EST; veering between 0900 - 1000 EST and generally anomalous 

patterns for the remaining hours particularly with referecet 

the 125' level.  

5. 2.3 Diurnal Mean Wind. Speeds (Figure 8) 

The diurnal mean wind. speed.s are during each season stronger3 
during the daylight hours than those during the nigrht time at 
each Tower Exposure Level. There is a general tendency for the 
upper level winds to maximize later than those of the lower 

levels. All winds are at or near maximum during hours from 
14100 -.1800 EST.  

At all times. in the mean, the maximum speed is found at the1 
1100, level and] th-e speed increases with- elevation. In this 

YORK RESEARCH CORPORATION STAMFORD, CONNECTICUT I
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latter statement, particularly'during the Stummer season,-there 
are 8 daylight hours (not necessarily consecutive)-between 0900 
and. 2100 that the 283' and. 400' levels have the same mean speed 
(within the frame, of the nearest whole mile per hour). This is 
observed at 0700 and. 0800 hours EST- during the Winter season, 

5.2.4 Correlation of Wind Velocity Between Tower Levels 

Appendix. E shows the results on a monthly basis of specific 
two-station correlation analyses that related. the wind velocity 
at 400' to each specific lower level. This type of analysis 
illustrates the differences in wind. velocity with height due to 
shear in the friction layer within the limitation imposed by the 
conditi 'on of the analyses. This condition is that the correlation 
between the 400' and. each lower level, in its turn, used only 
those valid'data hours for which concurrent data was available 
at the 400' level and. the level being correlated.. On this basis, 
the monthly averages for the 400' level are found. to vary attrib
utable to the amount of valid data input.  

S.2.5 Logarithmic Wind. Speed. Profiles -General 

From the mean wind. speeds derived in the above correlation pro
gram, logarithmic wind profiles have been constructed. (Figure 9 
and. (Table 5 ) without regard to atmospheric stability. The 
data for these points are based. solely on hours during which 
valid. points existed. for between the levels being correlated.  
They have been generated. by determining the U/U4001 successively 
from each of the two-station correlations.  

The profiles are shown for the total year of data and. also season
ally. The seasons chosen are not coincident with the seasons as 
determined. by the wind. patterns but rather periods during which 
the trees would be leafles's, and. in foliage. This factor would.  
affect the roughness parameter. Figure 9 shows that when the 
trees are expected. to be bare, the profile is lowered.. -It is 
not possible to dete'rtine Z0 from this profile because the curve.  
becomes non-linear below the 33' level and. the equation of this 
curve cannot be determined. from the existing data.  

The curves, as drawn, are curious in that in each instance, by 
ignoring the 125' level, perfect straight lines can be passed.  
through the 33' and. 2831 levels to incept at the 400' level.  

These profiles differ from that which can be obtained. from Table 4 
which made use of all valid data at each level without regard. to 
concurrence. The annual values are compared in Table 6.  

YORK RESEARCH CORPORATION ..... STAMFORD, CONNECTICUT
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TABLE 5..  

MONTHLY MEAN WIND SPEED PROFILE.

Month 

Oct.  

Nov.  

Dec.  

Jan.  

Feb.  

Mar.  

Apr.  

May 

June 

July 

Aug.  

Year

Seasonal 

Nov. -Mar.  

Apr. -Oct.

.U33/U'400 

0.388 

0.'496 

0. '469 

0.44Ll0 

0.'465 

0.'431 

0.395 

0.37 3 

0.'402 

0.387 

0.'472

0.1429

0.'460 

0.'401

U1 2 5/U'400 

0. 814 

0.833 

-0.7'40 

0.761 

0.76'4 

0.73'4 

.0.710 

0.7'41 

0.659 

0.728 

0.775

0.7 51

0.7 66 

0.7 38

.U2 8 3/U'400 

0.835 

0.936 

0.915 

0. 943 

0.921 

0.919 

0.927 

0. 94'4 

0.8143 

1.011 

0.903

0. 918

0.927 

0.911
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TABLE 6

COMPARISON OF MONTHLY MEAN WIND SPEED PROFILES

Basis

Two- Station 

All Data 

Two- Station 

All D)ata 

Iwo- Station 

All Data

Season 

Annual 

Annual 

Nov-Mar 

Winter 

Apr- Oct 

Summer

U53 3/U 0 0

0. 43 

0.38 

0. 46 

0. 40 

0.'40 

0.36.

T1 2 5 /U41 00

0.75 

0.73 

0.77 

0.75 

0.7'4 

0.71.

U 28 3 /U'400

0.93 

0.,91 

0.93 

0.90 

0.91 

0.92

PROFILES
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It should be noted that the seasons referred to in this Table.  
are the standards established. earlier in this report so that 
only the Annual values encompass wholly comparable data.U 

5.2.6 Logarithmic Wind Speed Profiles as a Function of.I 
Stability 

In both profile derivations previously discussed.,,local-stability 
was not considered. To evaluate the effect of stability profiles 
were derived for three stability conditions: 

Unstable (Lapse) - OC/lOOM -1.01 

Neutral or Adiabatic - 10 C/100M < 0 

Stable (Inversion) -, 0C/lOOM .0.  

Profiles were developed. separately for each temperature gradient 
measurement on the 1P14 Tower

AT =T 200i - T33 1 

and: AT T399 1 T33 

These results are based. only on those data hours in which all3 
six .(6) data parameters were present concurrently - i.e., four 
levels of wind, speeds and two temperature gradients. The results 
are shown in Table 7 and. Figures 10 , 11 and. 12 .The 

seasons are based. on the leaf and leafless months categorizations.  

On an Annual basis Figure 10, a distinct, pattern emerges. The 
profiles are a marked. effect of stability with some variationI 
based. on choice of on- site temperature gradient.  

Under unstable conditions, the profile slope indicates that the 
400O. level is essentially independent of ground. effects and. its 
speeds may be achieved. at or near the 300' level as seen by the 
A T399-33.3 

For neutral conditions, the profile is nearly perfect from the 
400O' down to the 33' level and the gradient choice is immaterial.  

For stable conditions, the profile breaks sharply at the 125' 
level and. no one distinctive profile is implied and. again, the 

gradient choice is immaterial. * 
During the Winter (leafless) season, Figure 11 .,the profile 
patterns show uinique difference when compared to the Annual s.  
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.TABLE 7 

MEAN WIND SPEED PROFILES AS A FUNCTION
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3991-33' 
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3991-331 
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Ob s.  
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Summer 

Annual 
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Summer 
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Summer 
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Win ter 
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1172 
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0.38 
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0.35 
0.37

*llased. on a total of 6850 concurrent Iobservations of all data.
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0.86



REPORT. NO. Y-8l62/66-2 PAGE 20 3 

The unstable and. neutral profiles are now essentially. the same 
and. the 'stable profile is -now de6pendent on temperature gradient 

for Z0 but not for slope below 1251. Under all stability con
ditions is a profile break above the 125? level..  

The Summer (leaf) season profiles shown in Figure 12 present3 
yet another pattern of profiles. It now shows the neutral and.  
stable profiles being similar. The stable profile, however,, 

criss-crosses the neutral profile and has higher speeds at theI 
125' level. The neutral profiles is nearly perfect from the 
4.00' to 33' levels. The unstable profiles, particularly with 
respect to the temperature gradient between the 399' and.33' 
levels indicate that the 400' wind. is independent of the lowerI 
level wind. profile.  

In essence, only the profiles under neutral conditions, can be 
used to generate wind. speeds at the 4-1001 level. For unstable 
conditions, the 4100' wind speeds are essentially equivalent to 
those just. above the 283? level and. are not represented by the 

stable profiles..  

In so far as the 125' level anomaly is concerned., its higher 
observed. wind speed. is most probably related. to and. a further 
.evidence of the existence of a valley flow whose drainage 
pattern can be expected. to produce a low level speed. maximum 

at a level approximately 1/2 the height of valley depth. TheI 
125? level is 24.2' MSL which would. project a minimum valley 
drainage flow depth of the order of 500' MSL. This is not in
consistent with observations made by Davidson (1955). Further

more the valley flow will-be most dominant under stable (inversion) 
conditions whose frequency, on an annual basis, was 26,3 or 32% 
for 399'-33' and 2001-33' gradient levels, respectively.3 

The frequency of occurences of the various stability categories 
are shown in Table 7. They are found. to be rather sensitive to 

which gradient level is selected.. This would suggest thatI 
choice of gradient be based on the level of interest and the 
stability category as well..  
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5.3 VISIBILITY 

5.3.1 occurrence of Fog 

Due to lack of instrumentation that could provide definitive 
information as to occurrences of fog; as opposed, to, for example, 
heavy precipitation; it is necessary to make some assumptions as 
to under what conditions restrictions to visibility could. be re
garded. as fog. For the purposes of this study, fog has been 
assumed. to occur at relative humidities equal to or greater than.  
80%. The degree of restriction to visibility has been broken 
down into two categories; equal to or less than 4000' and. equal 
to or less .than 1500'. There are some occurrences of visibilities 
within these ranges which have shown up when the relative humidity 
is in the vicinity of 30-4l0%. These occurrences can be regarded 
as being causedby'blowing snow, dust, or smog. Table 8 shows 
the standard visibility categories as used. by the weather service 
and. the system which was set up for this study. Table 9 illust
rates the number of occurrences in each category.  

Cumulative probability distributions of visibilities equal to or 
less than 20,000' are shown in Figure 13. The percent of prob
ability of occurrence does not represent that fraction of the 
total month's valid. hours, but rather that fraction of the month's 
total hours in which the visibility wa s20,00' or less.  

The percent of hours with visibilities less than or equal to 
20,000' with respect to the total valid. monthly hours is 19.8%.  

For relative humidities > 80%, 3.1% and. 2.0% of the total Annual 
hours had visibilities _ 4000' and. 1500', respectively. The 
month of December, 1973, had. the highest percentage of reduced 
visibilities _-! 20,000' in relation to total hours: 2.7%//.  

Appendix F contains monthly cumulative probability distributions 
and. wind frequency distributions for visibilities e. 20,000. feet.  
Appendix G contains frequency distributions for visibility related.  
to relative humidity.  

5.3.2 Spiked.Visibilities 

Examination of forward scatter meter analog charts shows short 
periods of reduced. visibility during periods of otherwise un
limited visibility (:*20,000'). (Figure 114.) This "spiking is 
of such short duration so as to not appear in the hourly average.  
This spiking, was given the Code 777, and it is proposed. that this 
is due to blowing dust or smoke plumes from nearby sources. In 
order, to determine these sources, wind direction* frequency dis
tributions were performed on all visibility data showing the -777" 
characteristic (Appendix HI). These analyses are shown in graphic 
form in Figure 15. Since the "777" Code was initiated duringT the 
period of, tinme tha~t the analog charts were hand-read, this 
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TABLE 8

VISIBILITY CATEGORIES
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NUMBER OF HlOURS OF LOW VISIBILITY 
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analysis encompasses the months of January through August, in
clusive. All months show predominant sectors of spiking in the 
NW, NE, and S quadrants. These can be attributed. to the follow
ing sources.

Direction 

NW 
NE 

S

Source 

Georgia Pacific Gypsum Plant 
Indian Point Unit 3 Construction 

and. Local Road. Dust 
Quarry and Road Dust.

The seasonal variation is quite dramatic but the dominant NW 
Winter frequency may simply reflect the normal seasonal increase 
in occurrence and strength of winds in this quadrant.
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6.0 UPPER AIR TECHNICAL PROGRAM 

U6.1 Equipment 

The balloons used. are standard. 10 gram and. 100 gram neoprene 
pilot balloons inflated..with sufficient helium to provide a free 
lift of 413 grams and 350 grams respectively. This resulst in an 
approximate rate of rise for the'balloons of 7 fps for pibals 

(10 gram) and. 15 fps for balloon sondes.  

The tetroons used are of mylar construction which, super
pressurized inflated., rise and. float at a constant level. The 
altitude at which the tetroon floats can be varies by altering 
the tetroon size.  

The 100 gram balloons carry aloft a transmitter which senses 
temperature'and. telemeters (at 403 MHz) data to a portable 
battery powered. ground. receiver and. strip chart recorder. The 
data, plotted as temperature vs. height can be used. to determine 
mixing depth and. extent of inversions aloft. The light weight 
transmitter and sensor (1410 grams) has a range of 10 miles. The 
temperature sensor has a resolution of ±0.3'C.  

The balloon sondes are tracked. from the ground. by optical theo
dolites using the described double theodolite method.. The Itheodolite telescope combines a main telescope and a finder 
scope, viewed through the same eyepiece. The azimuth and elev
ation angles of the balloons position are read to 1/10 degree for I Model BT 901 Weather Measure theodolites and. 1/100 of a degree for the Warren-Knight theodolites.  

The alignment between the two telescopes of the theodolites is 
ch c e.ad c retdaTe es r c od n o mnf c u e ' 
precred. ndrorcede asd neecar acing toe manufabyiterg 
presctre proceduresyandrechkedith fiedusbyesighting 
tando tarectionsfnitore oeac ue thadjstmacont mdern 

data reduction.  

*6.2 Procedures 

6.2.1 'Making the Balloon -Observation 

Double theodolite observations are made by a minimum of two per
sonnel, an observer with tape recorder at each theodolite. Prior 
to each balloon-sonde observation, a 10 gm balloon is launched.  

and tracked. to familiarize the observer with the, winds aloft 
pattern. At the start of a balloon-sonde run, one observer cal
ibrates and launches the balloon-sonde transmitter and the other 
observer starts the timing tape recorder and the receiver. A 
taped laun1ch countdowni and sh ort countdown for each time interval, 
15 secoon)ds. are heard from a speaker at ech site to ensure simul
tane-ous timing of tile interval at both theodolites.  
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A tetroon observation requires the selection of a baseline with 
a good downwind. view for both theodolites since'tetroons are 
tracked. much longer (30 min.) than pibals or sondes (5-10 min.).  
The payload. weight and. superpressure required, to float the tetroon 
at the desired. altitude must be calculated for correct inflation 

after determining the surface pressure and. temperature.  

once the baseline is set out (after surveying) the theodolite at 
one site (Site A) is oriented. with 0' azimuth at Site B, and.SiteI 
B theodolite is oriented. with 1800 azimuth on Site A. Both theo
dolites then point in the same direction in the vertical plane of 
the baseline when set. at 0' azimuth. The balloon and. transmitter 
are th en launched and. their position angles read. into 'the tape 
recorders at the specified. times at each theodolite. An event 
marker on the temperature strip chart exactly marks each interval 

for later data reduction simplification.  

The only problems encountered. with 'this method. are various causes" 
of low visibility. The most common problem is a low over-cast, 
when' 'the balloon passes into the cloud. base. Sighting on the ' 
balloon is then impossible for any more specific elevation points 

on the temperature vs. height plot. Under these circumstances, 
an average rate of rise of the balloon, derived. from the avail-I 
able preceding data points, is used. and. extrapolated. upwards.  

Precipitation also causes problems in this type of field. work.  
Fog and. sno 'w reduce visibility but do not affect the balloon in 
flight. Rain and/or freezing .rain however, makes the balloon 
heavier due to the weight of water or ice, and. if the rain is not 
even, areas of heavy rain actually push the balloon down. -All of 
these'forms of weather may affect the transmitter in that the cir
cuit boards may be shorted. out, or a wet thermistor would act as 
wet bulb thermometer. These forms may therefore cancel opera-I 

tions since accurate theodolite sighting,may be precluded..  

Topographic effects also present a problem if not anticipated and.  
taken into account. In these situations, however, the double 
theodolite method is relied on to calculate true heights at given 
intervals, thereby minimizing the effects of vertical accelerations 

due to updrafts and. down drafts.  

6. 2.2 Pre-Laun ch Calibration 

All transmitters and. sensors are calibrated before being sent out 
into the field in controlled. temperature chambers at Yo rk Research.  
In the field, a calibration is done just prior to launch. TheI 
sensor and. a calibrated precision thermometer are suspended in a 
duct through which ambient air passes at approximately *13 feet per.  
second. This calibrates, the unit tunder flight airflow conditions 
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and also provides an accurate surface temperature determination..  

6. 2. 3 Computations 

A computer program is used. to determine the balloon'Ts position at 
each interval. The program is based on a paper by Thyer in Vol. 1 
of the Journal of Applied. Meteorology. The two angles from each 
theodolite define a vector ray in three dimensional space. These 
two rays ideally intersect at the balloons position but due to 
limitation's on the accuracy of the theodolites, one can only give 
a most probable location for the balloon. (See Tabulated runs in 
Appendix 10.) 

Straight forward. vector equations can be easily solved giving the 
XY and.Z coordinates of the balloon from Site A as a function of 

the four (4t) angles, the baseline,, and. the difference in height of 
one theodolite over the other. The Z coordinate is the true 
height above Site A and. is the third. column from the left on the 
computer output. The first two columns on the computer output 
represent the horizontal azimuth (From N=00 ) and. distance for 
making horizontal trajectory plots using Site A as the origin.  

The hori zontal wind. speed, and. direction at a given level is deter
mined by taking the mean resultant direction and. speed. over 2t 
time period. (where t is the time interval between readings) ex
tending from the beginning of the previous interval to the end, 
of the following interval, thus straddling the interval in question.  

The wind, direction is determined. by moving a resultant parallel to 
it-self back to the origin and. the direction of the wind. reported.  
from North-360*. The wind speed. is determined, from the length of 
the resultant divided. by two times the time interval t. The velo
cities obtained in this way'are average horizontal velocities 
only and. have no vertical component. c 

For each balloon observation, an average rate of rise for the 
balloon is computed. and is listed. in the heading of the 6th column 
of the computer output as the number written after "W-11. This 
average is then subtracted. from the computed. rate of rise -for each 
interval and the result listed. (- for a rise rate less than aver
age and. + if greater than average).  

The remaining three columns represent non-dimensionalized horizon
tal wind analysis parameters which will be used. after a large 
number of observations. have been accumulated.  

6. 2. 4 Temperature vs. Height Tabulation 

The temperature data is recorded for each interval mark< while the 
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angles are typed. into the computer terminal. A temperature vs.  
height plot is then made from these data. The temperature chartI 
is the scanned. and. inflection points in the trace are picked. out 
and the temperature tabulated.. The time interval between these 
points and each preceeding interval is then calculated- The 'rate 
of rise between the intervals around these inflection points is 
known from the computer program. This rate of rise multiplied by 
the time between the interval preceeding and the inflection point 
gives the height from the preceeding interval to the inflectionI 
point. These data are then plotted. on the same temperature vs.  
height plot. This results in a quite complete and. accurate temp

erature vrs. height diagram.I 

The variation between points is assumed. to be linear* and. the points 
on the plot are connected by straight lines.  

6.2.5 Errors and. Inaccuracies 

Once the balloon has travelled. away from the launch site and. its 
motion slows down relative to the tracking, theodolites, errors as 
large as 10 are noticeable and. correctable. Hence, the largest 
error we are concerned. with, (not readily detectable), is 0.10.  
Extensive error analyses have been performed. for this double 
theodolite method. and. two relevant cases will be discussed. here.  

If the balloon's true height is 400O0 feet and. it is 4l000 feetI 
distant (condition existing when windspeed. = averagre rate of rise 
of balloon, 15 fps) an error of 0.10 in one of the azimuth
angles will produce a maximum height error of ±25 feet. A 0.1' .  
error in one of the elevation angles produces a maximum height 
error of ±7 feet. The worst possible error, 0.10 errors in both 
aZimuths and both elevations, produces a maximum possible height 
error of --70 feet. Since experienced personnel are used. and, theo
dolites that are easily read. to 0.10, it is quite probable that 
all the angles will be in error by 0.10. If the balloon's true 
height is 3000 feet and. its distance downwind is 6000 feet, 
(occurring with 16 mph winds) an error of 0.10 in one of* the 
azimuth angles produces a maximum height error of ±30 feet, and.  
an error of 0.10 in one of the elevation angles produces a maxi-I 
Mum height error of ±10 feet. The maximum error case of 0.1' 
error in all angles produces a maximum height error of ±75 feet.  

If the baselines used. are surveyed., the baseline errors and. any 
resulting height computation errors will be virtually zero. The 
determination of the temperature from the strip chart by an ex

*If the variation was not linear, from experience there would.  

probably be an inflection point that could be plotted, -thus makingI 
the resulting tw o smaller variations more closely approach linearity'.  
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perienced person e liminates all but the errors in the accuracy I of the sensors and. receiver: 

* .Temperature Sensor: ±20C from 0 to,500C' 
±14 0C from -40.0C to 00 C 

2. System Accuracy: 0.20C + 1.0% span 

I 6.3 Upper Air Observations 

6.3.1 Launch-Sites 

Launch sites and. appropriate baselines have been established. for 
the Indian Point area to allow for good. visibility of the balloon 
or tetroon (See Appendix I). Different sites to the North and.  
South are used. depending on the prevailing weather conditions.  

This arrangement. allows for tracing of a balloon moving Southward.  I in a Northerly wind. when launched. from a site in Peekskill, or 
moving Northward. when launched. from Verplanck. The exact site of 
launch can be chosen to attempt a flight path over the Indian IPoint site and/or cooling t ower site.  
Figure l5 (Appendix I) shows the locations of the major tracking 
sites in the Indian Point area. Site 1 is close to the.old. VerI planck 100 ft. tower site. Site 2 is on the shore of Jones Point.  
Site 3 is at the end. of the boat launching dock in Peekskill, and.  
Site ~4 is located at the East end. of the railroad. trestle across 

Ann sville Creek.  

In the Spring of 19714, balloon sond.es were released. from the top 
of the 400' Tower to provide a more comprehensive view of the 
temperature profiles above the tower's sensors.  

3 6.3.2 Explanation of Figures 

The Weather Maps presented (Figures 16 and. 23) are the 0700.EST 
maps published, in the Daily Weather Map Series published. weekly I by the U. S. Department of Commerce. Their use here is to 
illustrate the prevailing conditions on the date of each launch, 
so that the test results can be compared. to what should. have 3 occurred. from the synoptic pattern.  

The heighits at variouspoints along the horizontal trajectory plots Iare given in feet above the theodolite of origin (Site A,Appendix I).  
The heights shown on the soundings (Figures 17, 18 and. 214, 25) 
are given as heighft above the Tower base.  

The souniding(Ts are plots of temperature and dewpoiint in 'F and. are 
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plotted along a linear height scale.. The temperature scale is 
expanded so as to point out more clearly any small variations in 
the profile. Because of this scale, it is necessary to plot the 
temperatures and. dewpoints on separate sheets. The sloping lines 
are lines of neutral lapse rate (-0.550 F/l00 ft.) used. to determineI 
if the plotted lapse rate is stable or unstable. The run analyses 
are given in Appendix I.  

6.3.3 Test ResultsU 

The results of pibal bafloon observations are presented. in Appendix 
L. Specific cases are discussed. and detailed. below.I 

a. 7/16/73 

On Figure 16A, (Appendix I) the altitude of 906 ft. is the alti-I 
tude where the temperature sound. (Figure 16B., Appendix I) goes to 
stable. The altitude between 2200? and. 2900? is also stable.  
Note that both these stable layers are correlated. with a changeI 
in wind. direction and. speed.. At the, time of launch, the 1P3 105' 
winds were 325 @ 8.5.  

b. 7/18/73 

In Figure 17B (Appendix I) after an initial isothermal layer, a 
distinct inversion exists between 400 and. 800 feet. Figure 17AI 
(Appendix I) shows a maximum velocity at 1714' but between 300
400' (just below the inversion) the horizontal wind. becomes very 
small before slowly increasing as the balloons increases its a17 
titude. At this time the 1P3 C3105S' winds were 01 5 @ 7.5S.  

c.8/7/7 3 

A tetroon was launched. from the Verplanck'shore and. its total path 
is shown in Figure 18A, (Appendix I). At launch, the tetroon was 
taken onshore before slowly curvingr Northbound. passing almost 
directly over IP Unit 1 stack. Here it reached. a maximum in al
titude of 1622'. The altitude then decreased. and. the tetroon.I 
floated near'1300' until its path came ashore. The computer out-I 
put indicates the tetroon started. to rise above 1300? at the exact 
same time the ground. 1300' beneath it started. to rise up from the a 
river in the Ann sville Creek Valley. Note expecially that the 
tetroon did not go up the Hudson River and, make the turn around, 
Jones Point and. continue up the river. The 1P3 105 winds were 
160 @ 6.5. The balloon sonde run made prior to the tetroon 
launch is shown in Figure 18B. It noted. that there is isothermal 
layer at 1050 feet and a slight inversion based. at 13140'.  

The follow ing case studies involve upper air measurements takenI 
by the balloon-sonde technique where the balloons were released.  
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from the top of the 41001 Tower.' Using..this method., the sonde 
becomes an extension, in a sense, of the Tower in that the Tower 
measurements are now extended aloft by the balloon's sensors.  

6.4 Wind. Reversal with Height: A Case Study 

On May 8, 1974.I, a sonde was released. from the top of the Tower at 
1035 EST. The sounding (Figures 17-18) and. the accompanying Tower 
analog traces (Figures 19-22) show a wind. reversal with height.  
The surface map for that day shows an extensive high pressure 
system centered. over the East Coast which would. provide light 
SW'ly geostrophic winds over the Indian Point area. At the time 
of the launch (1035) the Tower winds are shown to be roughly 
from the North. At the heights from 750-1100 feet the wind is 
from the East, while from 1500-2500 feet the win-ds are from the 
SW-WNW'ly sector. Examination of the wind. traces from Tower 
instrumentation shows that at about 1018 on,' the bottom two levels, 
the wind is varying between North and. East at about 1022, the wind.  
rapidly backs to West, then gradually veers to North. While this 
is happening, the top two levels show the wind, to be gradually 
veering from East through an angular displacement of 2700 to North.  
Throughout this transition, the upper levels seem to lag behind.  
the bottom levels by 2-3 minutes. While it. is difficult to 
account for, this Easterly flow of air in a generally North to 
West regime, it is probable that it is an eddy that had. broken 
away from the lee of Dunderberg Mountain and/or the breakup of 
the nocturnal down valley flow whose pattern is broadly indi
cated. by summary of data record log (Tables 10 and 11). The 
temperature sounding at this times shows a general neutral trend.  
with signs of heating at ground. level, creating an unstable layer 
up to 200 feet. There appears to be one other unstable layer be
tween 1100 to 1225 feet.  

At 141.5 that afternoon, another sonde was launched.. By this time 
an up valley was well established. The wind arrows show a greneral 
S'ly flow up to about 2000 feet where the wind. becomes geostrophic.  
Again the temperature profile shows the same general neutral trend.  
above 800 feet. The sounding shows an unstable layer to 200 feet 
due to solar heating. Above this level to about 600 feet there 
exists a stable lay'er, probably a result of the cooler river air 
passingC over the site ill a stream between 200-4S.5 feet.  

6.3.5 Temperature Inversion: A Case Study 

On July 2, i97'4, balloon-sondes were launched at 0546 and. 0707.  
The surface map (Figulre 23) shows a W'ly geostrophic wind for 

this~~~~~ peid-ohsudns Figures 24~I and. 25, show marked 
temperature Div\ersions exteniding -from 200 feet to about 2700 feet.  
The 0707 sounding shows the effect of heating, at (,round level 
moving the trace to the ri _Jt at the bottom andc creating an un 
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stable situation up to 200 feet and a neutral profile fr~om 4.00* 
to 800 feet.  

The base of the primary inversions are at approximately 1000 feet 
and extend to 1500 feet. This 'is not anticipated. based soley on 
Tower data.  

It is further observed that the wind directions above 1000 feet 
have veered sharply from SW to NW. This indicates, in light of 
past terrain deflection assumptions, the wind system is now in
dependent of the valley contours and the air is free to take on 
the geostrophic flow. That this flow never becomes strong 
enough to effect the surface flow, is evidenced by the IP4I data 
logs: Tables 12 and. 13.
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PLANT LOCATION: INDIAN POINT, NEW YORK 
STATION NAME: INDIAN POINT - 4
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7.0 'AMBIENT SALT CONTENT 

To determine the local ambient air salt content, a network of 
up to five sampling stations were set out in the environs of 
the Indian Point Generating Station. Hi-volume samplers, dust 
'buckets and. rain gauges were maintained. at each site. The.  
variations in the ambient atmospheric salt background. were 
determined by atomic absorption analysis for sodium and. specific 
electrode conductivity analysis for chloride.  

The sampling period. for this study was from April 23, 1973 to 

August 31, 197L4.  

7.1 Procedures 

During the initial evaluation period of the salt sampling program, 
it was found that the nucleopore filters originally scheduled for 
use would,,pot be suitable for the program. The large pressure 
drop associated with nucleopore filters of a D.O.P. rating of 99.97 
percent efficiency when used. on the hi-volume samplers resulted-in.  
very low sampling rates and. the mass of material collected. was 
minimal. The ambient salt concentrations encountered..in the 
Indian Point environs proved to be too low to detect at these 
small sample volumes.  

A new filter medium was sought to fulfill certain criteria as' 
follows: 

1. a low pressure drop even with high face velocities.  
2. a non-clogging nature (no large pressure drop increase 

when entrapping large amounts of material.) 
3. a physical ruggedness necessary to withstand. rough usage 

and. high face velocities.  
4I. a low and consistent level of sodium and. chloride 
.5. be made of materials which will facilitate analysis.  
6. exhibit a filtering efficiency of 99.97% as determined, 

by D.O.P. standards for 0.3 micron aerosols.  

An extensive literature search was initiated., supplemented. by con
versations with technical departments of appropriate filter manu
facturers in order to determine the, availability of a filter media 
to fulfill the above requirements. Millipore type AA membrane 
filters have been found. more than satisfactory for all the above 
criteria except the first part of Number 3. Mhen loading the 
filter on the Hi-Vol during gusty or high wind conditions, the 
filter may crack. However, this potential problem was almost en
tirely eliminated. by the use of detachable sampling heads. The 
filters are loaded. into the sampling heads in a laboratory environ-' 
ment and then fitted. to the Hi-Vol samplers in the. field.  

YORK "RESEARCH CORPORATION' STAMFORD, CONNECTIU
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It soon became apparent that the chloride concentrations sampled.  
with the Millipore Type' AA filters at the network of Stations, 
were almost too low to measure with any degree of confidence.  

Both the specific electrode conductivityl- and. turbidimetric 

spectrophotometric methods were used. to measure the magnitude 
of chloride sampled. on the Hi-Vol filters. The sampled concen
trations of chloride however, were not high enough to be dis

tinguished from background variations and, interferences.  

These interferences resulted in a low confidence level of the 
measured. concentrations of chloride.3 

Therefore, a conservative approach to the measurement of ambient 
sodium chloride concentrations has been adopted: that'is to in

fer the concentrations of chloride, sto ichiometri cally, from the 
measured. concentrations of ambient sodium. It should, be noted.  
that in the use of this procedure, the chloride concentrations 

predicted. are greater than those determined. from the filters by 
approved. laboratory techniques. This assumption will continue in 
effect as exploration continues into the possibility that, and the 
extent to which, the measured concentrations of sodium are present 

in other forms of ambient compounds.  

Hi-Volume filters were sampled initially for twenty-four hours at 

the -start of this study, however, to increase the mass of materialI 
captured. on the filter, a n operational change was instituted.. The 
sampling time was increased to as much as ninety-six hours per 
filter.5 

This procedure involves transferring ' the filter 'in its detachable 
sampling head from one sampler to another at the same location, 
so that no one sampler operates continuously for more than twenty- I 
four hours. Sampling more than twenty-four hours would result in 
sampler burn-out.I 

The filters used to sample at the very onset of the program were 
Gelman Type A glass-fiber, which have a background. level of 
sodium, comparable in magnitude, to the ambient concentrations3 
at Indian Point.  

Starting on July 7, 1973, Type-AA membrane filters were used 'ex
clusively. The analyses in this final report are based only on 
the membrane filter data collected. from 7/7/73-8/3/74. (See 
Appendix J.) 

In this period, Hi-Volume filters were sampled initially for 
twenty-four hours at all five stations. Be-inning on November 
1, 1q73, however, two changes were made: 1) no Hi-Vol data was, 

collected at the Buchanan (BUC) and Vlerplanck (VER) Stations, and 
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2) the sampling time was increadsed to-as much as ninety-six hours 
at the remaining three Stations to increase the mass of material 
captured.  

The sodium and chloride concentrations from the settleable parti
culate collected in dust buckets at all five Stations was also 
analyzed. and the results presented in Appendix K. The precipi
tation data and. the hygrothermograph data collected are presented.  
in Appendices L and. M.  

7. 2 Sampling Station Location 

The five-sampling Stations which surround. the Indian Point faci
lity on the Eastern -side of the 'Hudson River -are: 

1. IP3 - Located. at t he Indian Point facility next to a 
one hundred-foot meteorological tower. The approxi
mate elevation of this site is-one hundred and ten' 
feet above M.S. L. .  

2. Verplanck - Located. approximately one hundred and: 
twenty-feet East of the.Hudson River. The appr6xi
mate elevation of this site is fifteen feet above M.S.L.  

3. Buchanan - Located approximately three hundred. feet 
East of Route 9A (Albany Post Road)-. The approximate 
elevation of this site is fifty feet above M.S.L..  

4. Croton Point -Located. approximately one hundred and.  
fifty feet South of the Northern tip of Croton Point.  
The approximate elevation of this site is fifty feet 
above M.S.L..  

.S. Camp Smith - Located on the Camp Smith Military Reser
vation approximately 1750 feet hTNt. of the Peekskill
traffic circle, at an elevation of approximately one 
hundred feet above LM.S.L..  

Each sampling Station consisted of two Hi-Vol samplers, a rain 
gau ge and a dust bucket. In addition, a U. S. Weather Bureau 
Meteorological Shelter, housing a hygro-thermograph. was'initially 
installed at the Verplanch site and later moved to the 'Camp Smith 
site.  

The sampling Station locations were chosen so as to maximize their 
area of representation and also assure accessib-ilitv year-round 
with a minimum amount of traviel time.  
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7.3 Instrument Operation and Calibration Procedures 

The Hi-Volume samplers were run at 116 volts by bypassing a 90I 
volt dropping transformer. This increased. the volume of the 
sample at the expense of increased. maintenance due to a shorter 

brush life.  

The Hi-Volume samplers were calibrated by varying the voltage 
applied to the power input while simultaneously monitoring theI 
Dickson Pressure Recorder, which is standard. on the sampler, and.  
a manometer which measures the differential pressure between a 
General Metal Works Calibration.Orifice-and the atmosphere. By 
varying the voltage, a graph was plotted. of the Dickson Pressure 
Recorder readings versus the air flow rate through the Calibration 
Orifice. All air flow readings were corrected. to S.T.P.5 

In between laboratory calibrations of the hygro-thermograph, a 
sling psychrometer and a stationary Weather Bureau thermometer 
were used to check the hygro-thermograph and these readings are 

noted on each hygro-thermograph chart.  

Dust buckets were exposed. at each Station for approximately thirty 
days. During this time an additional dust bucket was kept covered.I 
in a nearby trailer and. analyzed as a blank when the exposed.  
buckets were analyzed. Initially, two liters of distilled, water 
were added, to each bucket to insure complete capture of parti
culates. Each bucket is six inches in diameter and twelve inches 
deep. All dust bucket mountings were at least eight feet above 
ground..  

Rain gaug-es were visited and levels recorded ciailv. in so far as.  
possible. The grauges are read to the nearest hndredth of an inch.  
After a reading is recorded, the rainfall accumulated. in the gauge 
is discarded and the rain gaug-e is exposed agrain. All rain gauges 
are mounted at least six feet above groun'd. The results are pre

sented in Appendix M. 1 
7. 4 Discu'ssion of Results 

The resuilts of the ambient air sodium con en tration S founld dUring I 
the test period are listed in Appendix J. The hi _ lest s~diuLm con
(entratiton meaSLired within toe test perijod was 2.8f'O t~'n re
ported at Camp Smith from a four day sample rtifing from JanuaryI 
l11., 197'I-January 1, 19714. .There have been no additional 
occurrences of concentrationis of 0.0 u(,/1m3 after those 'noted, in 
the first report.I 

7 ..L.l I)Lust luhj]et Analves 

The resuilt s of do st btunket a rhl'~sae l isted -in A-ppend ix Is.  
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The highest sodium concentration reported was for December 1, 
1973-January 2, 197'4, at the Buchanan (BUG) Station. (Note that 
the'suspended. particulate from this same sample was quite low.) 

Table 14-I is the listing of the particulate and. sodium averages.  
for Winter, Summer and the total test period. from the dust bucket 
analysis. Figures 26-31 are these values plotted. in their re
spective geographical locations. 'The settleable .particulate at 
the IP3 site is quite high compared. to the other Stations and. is 
probably due to construction dust.. The sodium concentrations are 
also a maximum for the year at IP3 with BUC having the next high
est concentrations.  

7.4'.2, Hi-Vol Filter Analyses 

Figure 32 is a plot of the average Hi-Vol sodium concentrations 
from July 7, 1973 to October 31, 1973 (single days only).' Here 
VER has the highest average concentration with-CR0 beingunext 
highest.  

Figure 33 shows the sodium concentrations at IP3 versus the 24
hour resultant wind. direction from the 105? IP3 and 125? IPI 
Tower levels. The analysis is done on single' days only, July 7, 
1973-October 31, 1973. The extreme peak in the SSE sector is 
very apparent. Table 15 shows that the value of this peak is 
not based on only one point but is the average of 5 points. 'The 
low concentrations in the WNW-NE sectors are also averages of at 
least four points. The resultant winds used. are-given in 
Appendix N.  

F igure 314 shows the averages of all the sodium concentrations 
during the entire test period. (both single and multiple days) 
for 1P3, CR0 and. CSM. Note that in this analysis the Camp Smith 
(CSM) Station has the highest concentration.  

Table 16 is a listing of the cumulative frequency analysis for 
sodium at all Stations for single day samples, 7/7/73710/31/73.  
This data is plotted. in Figures, 3S-39. From this analysis it is 
seen that the Verplanck Station (VER) has more data points in the 
higher concentrations._ (Note from Figure.32 that VER also has 
the highest average sodium concentration for'this time pro.  

The cumulative frequency distribution foir all single day samples, 
multiple day samples, and. all data combined are listed in Table 
17. Figure 140 is the plot of single day cumulative frequencies 
versus multiple day cumulative frequencies. Figiire 141 is the 
plotted. cumulative frequencies of all data for the test period..  

In evaluating- the average Hli-Vol sodium concenitrations shown on 
Figures 32 and. 314, consideration 'must be gTiven to the seasons of 
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the year that are involved.. Figure 32 represents, essentially, 
only Summer months while Figure 341 includes fourteen months ofI 
data collection. Table 16 shows the average sodium concentra
tions from the various collection sites on a monthly, seasonal 
and. annual basis. Of the three collection sites that were 
operative throughout the entire test period., Camp.Smith has theI 
highest annual average as was shown in Figure 314. On a seasonal 
basis, however, it has the lowest "Summer" average (0.2114 ug/m3 ).  
Its annual average is wholly bias by its very high "Winter" 
average (0.635 ug/m3 ). Of the three sites only Croton Point 
maintains uniform Summer and. Winter averages: 0.3514 and. 0.302 
ug/m3 , respectively. (note: This Summer average is somewhat 
biased by the June averages which are made up of two three-day 
sampling periods as compared to three three-day periods at IP3 
and. two three-day periods at Camp Smith. At 1P3 the periods 
consisted. of a very high average and. very low concentrationI 
samples. At Croton Point the average 'period. sample is missing, 
and. at Camp Smith the high sample periodismissing.)' 

The high Winter concentration 'at Camp Smith seems discordant.  
The Camp, however, is located just NE of a major road. junction 
and. traffic circle complex which includes in its midst a road.  
salt deposit storage area which is used. locally during snow 
and. road. icing conditions.  

In Appendix J Camp Smith is routinely reporting high concentra-I 
tions from the end. of December, 1973 through February, 19714 - a 
period when maximum salt usage would. be expected.. It is during 
this period. on a sample collected., 1/12-1/18/74, that Camp Smith 
records the highest calculated of all Stations: 2.860 ug/m3 of 
sodium and 1.1420 ug/m3 of chloride.  

For the two days prior to this collection period.: -1/10-1/11/74,1 
however, freezing rain drizzle and, snow were reported..  

On these bases, it can be assumed. that the ambient salt levels 
are reflecting local depositions and. not 'a priori' general back
ground. levels.g 

It is concluded. that of the sampling sites that were used., Croton 
Point, is least subject to locally induced. depositions and , there
fore, most representative of general environs.5 
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TABLE. 1 

DUST BUCK ET AVERAGES 
7/1973 -: 8/197.4.

mg/cm a/mo.  

SETTLEABLE 

0. 6978 

0.4686 

0. 3862 

0.14148 

0.4352

Winter Average 
mg/cmqdmo.  

PARTICULATES 

0.8195 

0. 6157 

0.3590 

0.3190 

0. 3128

Yer verage 
mg/cm 0.m.  

0.7727 

0. 5544.  

0.3695 

0.3590 

0. 3598

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I

Station 

IP3 

VER 

BUC 

CR0 

CSM 

'1P3 

VER 

BUC 

CR0 

C SM

x 1- 3 

x i0-3 

x 1- 3 

x 10- 3 

x 10-3

6. 429 x 10-3 

4.274 x iO-3 

6.382 x 10- 3 

5.328 x 1

5.261'x 10-3

YORK RESEARCH 'CORPORATION STAMFORD, CONNECTICUT

SODIUM CONCENTRATIONS

7.909 

4. 396 

7.630 

6.121 

6.469

4.062 x 

4.1014 x 

14.3814 x 

4. 216 x 

3. 328 x

10-3 

10- 3

1'PAGE.- 43REPORf NO.. Y-8162/66.2



REPORT NO. Y-8162/66-2

TABLE 15 

FREQUENCY DISTRIBUTION:. SINGLE DAYS 

SODIUM CONCENTRATION VS. .WIND DIRECTION 
July 7, 1973 - October 31, 1973 

Using 214 Hour Resultant Winds from IM1 & IP3

SPEEDS 
0-3 4-7 

.1142 .156 

.257 .155 

.075 .621 

.270 .0 

.09 .196 

.535 .398 

.0 .0 
.471 .888 

.076 .637 

.217 .2714 

.106 .0 

.323 .0 

.0 .050 

.087 .226 

.191 .112

N 

NNE 

NE 

ENE 

E 

E SE 

SE 

SSE 

S 

SSW 

SW 

WSW 

W 

WNIV 

NW 

NNW .0914

8-12 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

. 328 

.167 

.0 

.058 

. 021 

.00 

.0

TOTALS 
Pt 5.  

1.363/9, 

0.721/4 

1.939/4 

0.270/1 

0.196/1 

1.1467/3 

./0 

14.0214/5 

1.350/3 

1.035/4 

0. 27 3/2 

0.323/1 

0.167/3 

0. 560/4 

0.718/6 

0. 6S54/6

YORK RESEARCH CORPORATIQN-, sTrAmFORD, CONNECTICUT
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.124

Avg.  

.151 

.180 

.485 

. 270 

.196 

.489 

.805 

. 450 

. 259 

.137 

. 323 

.056 

.1140 

.120 

.109

I 
II 

I 
I 
I 
I 
I 
I 
I

I 
I 
I 
I
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TABLE. 16 

CUMULATIVE FREQUENCY'ANALYSIS 

SOD)IUM CONCENTRATIONS - SINGLE DAYS 

7/7 - .10/31/7 3

C 

C) 

(in) 

0 

0 z

51.0 

83.7 

89.8 

9S.9 

95.9 

98.0

VER 

Cumn 
Pts. rg

CR0 

Cumn 
Pts.. Freg.

36. 4 

70.9 

83.6 

90.9

0 90.9 

2 94.6 

0 94.6 

1 96.4 

1 98.2

414.3 

80.3 

90.2 

95.1 

96.7.  

,98. 4

CSM 

Cum 
Pts. Freg.

57. 5 

.82.5 

.90.0 

92. 5 

95.0 

';975

39r

INP BUC 

Clum 
Pts. Freg.

0.0 

0j.8 

J . 0 

L~. S 

2. 0

Pt s.  

35 

23 

2 

2 

0 

2 

1

Curn 
Freq.  

53.0 

87 .9 

90.9 

93.9 

93.9 

97.0 

98. 5

2.5 

3. 0 

To t 
Pts.

C71 

1
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TABLE 17 

CUMULATIVE FREQUENCY DISTRIBUTIONS 

HI-VOL SODIUM CONCENTRATIONS (ug,/m3 )

7/7/7 3 -

Single Days 

Cum 
Pts. Freg.  

136 49.5 

90 82.2 

22 90.2 

13 94.9 

2 95.6 

8 98.5 

1. 98.'90 

1 *99.26 

1 99.62 

274

8/31/74L 

Multiple Days 

cum 
Pts. Freg., 

36 34.9 

35 68.9 

16 84.5 

5 89.3 

2 .91.3 

1 .92. 2 

3 95.1 

3 98.04 

1 99.98 

.02

All Data 

Cum 
Pts._ Freq.  

172, 45.6 

125 78.8 

38 88.9 

18 93.6 

4 94.7 

9.97.1 

4 98.1 

4 99.20 

2 99.73 

376

Na 
Ug/m3 

.2 

.6 

.8 

1.0 

1.5 

2.0 

2. 5 

3.0 

TOT.  
PT S.

I 
I 
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TABLE 18 

MONTHLY AVERAGE OF SODIUM (ug/m3 ) ,FROM HI-VOL SAMPLES 
- (July*,--1973 - August, 19714)

0 

0, 

.0

IP3 

.222 

.273 
* -217 
. 280 
* 1119 
. 985 

360 
.8 sit 
.2 .2Il1 
.2142 
. 2714 
. 5.41 
. 214-7 
.216 

. 3614

Croton Point 

* 599** 
. 2149 
.205 

.297 

.252 
.1405 

.276 
* S13 
.152 
.223 
* 408 
.8S8 
.189 
.218 

.326

Camp Smith 

* 050** 
.207 

.268 
.1149 
* 686

Verplanck 

.1477.  

.242 
14114 

.4S9

.920 
1.281 

. 290 
. 5 14* 

.361 

. 212 

.135 

.155 

.14214

~:One data period. only omitted from monthly average 
SStartup 3 samples only omitted from monthly average

SUMME:R AVLRA(;E 1 

INTER AVERAGE 1 

ANNUAL AVERAc;E2

.2814 

14144 

.393,

.3514 

302 

.322,

. 2114 

. 635 

. 477.

-Based. on average of monthly averages 

2 Based on total number of observations

dJuly, 
AuL11.  
Sup L..  

()(..t.  

Noiv.  
I)e("

1973 

IT

n.. 19714 
1(21). 1 
N. la r 'I 

Apr. T 

May T 

,June T 

'.July I 

Augr.  

MONTHLY AVERAGE1

Buchanan 

. 4214 

.190 

.2214 

.196
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FIGURE 2 
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WIND DIRECTI ON FREQUENCY DISTRIBUTION 
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1. 0 Introduction 

Potential environmffental effects due to operation of a naturat'draft cooling 
tower at Indian Point are -discussed in this report. Effects considered here, 
are limited to ,those related to discharges from the cooling tower exit. The 
report is separated into two parts. The first part (Section 2. 0) considers 
the humid plume, *and the second part (Section 3. 0) discusses small water 
droplets (drift) discharged from the tower. .Aesthetic effects of large towers, 
effects of discharges related to the cooling water cycle, and effects of water 
blown out from the base of the tower are not considered.  

The data used in th'is report are taken from the first 11 months (October, 
1973 through August, 1974) of operation of the new meteorological tower 
designated as the Indian Point 4 tower. There were a total of 7222 hours 
when values of speed, direction, AT, and two levels of dew point and ambient 
temperature were recovered for the same hour, representing Ia minimu m of 
90% recovery of combined parameters.
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2. 0 -Effects of the- Humid PlumeI 

The natural draft cooling tower used to dissipate waste heat to the atmosphere3 

is not expected to have a significant influence on local meteorology. This is 

due primarily to the height of discharge (approximately 560 ft above plant3 

grade). Under most meteorological conditions the discharge from the towers 

will condense upon leaving the tower and will be visible (as condensed-water3 

vapor) until it is evaporated to invisibility after mixing with the drier (unsatu

rated) air in the atmosphere.3 

The length of the visible plume depends on the temperature and humidity of3 

the atmosphere. Colder and more humid weather is conducive. to longer 

plumes. Most of the time the visible plume will extend only a short distance3 

from the tower and will disappear by evaporation. On very humid days, when 

longer plLumes are expected. there would probably be a naturally occurring3 

overcast.. On such occasions it is difficult to distinguish the cooling tower, 

plume from the overcast. The following subsections discuss potential effects 3 
of the humid plume.  

2. 1 Visible Plume3 

To estimate the physical location and frequency of occurrence of the visible 

plume, a computer model has been developed and applied to the Indian PointI 

site. Meteorological data collected at the site during the 11-month period 

ending, Augrust 31, 1974, were used as input to the model. A model descrip-I 

tion is included in Appendix A, and summaries of the site data and cooling, 

tower characteristics appear in Appendix C. Using the model to computeI 

plume dimensions for each hour of site data, isopleths of the number of hours 

of visible (overhead) plume length versus distance downwind have been computed 

and are shown in Figures 2-1 and 2-2 for distances of 3 and 10 miles, respec

tively.



These figures show, for example, that in the SSE direction there will be 

about 250 hours during the 11-month data period when the plume is 2 1/2 

miles long, or about 325 hours when plumes are visible for about a mile.  

Other directions have a lower frequency. Figure 2-3 is a topographic map 

of the site region.  

The overhead plumhe is not expected to have any significant deleterious 

long or short term effect'on the plant, terrestrial or aquatic biota, or air 

craft operations. The effects of flying an aircraft through the visible por

tion of a plume have been studied. Both helicopters and fixed wing aircraft 

have been intentionally flown repeatedly through such plumes and there 

appear to be no significant adverse effects on the motion of these aircraft.  

Users of air navigation routes would be informed of the presence of the 

towe r via air navigation charts. Where extended visible plumes are pre

dicted by the model, they would probably occur during periods of high 

humidity when restricted visibility, occurs naturally.' The tower would 

therefore only slightly increase the severity of the condition. Since 

restricted visibility due to natural causes probably occurs at the same 

time, iittie, if any,- additional ef fect on flight CAP -1U-Lt-~IS inL- the& area is 

expected.  

2. 2 Ground Fog 

Observatifons'of operating natural draft towers have shown that visible por
(1 2) tions of the plume rarely extend downward more than half the tower heigh t 

This has also been ;found to be the case in wind tunnel tests (). On *occasion 

wisps of the visible plume may intersect the ground for a few seconds under 

high wind conditions, however, sustained ground fog would not occur. There

fore, since the visible portion of the plume is not expected to reach ground 

level for sustained periods, ground fog due to natural draft tower operation 

would be rare.



These statements concerning ground fog were confirmed using the computer 

model with the site data as described in Appendix A. Only one hour of pre-

dicted ground fog; resulted from the computer runs. Terrain was accounted 

for in these runs. Thus, it is expected that there would be no safety hazard3 

on highways from fog. Fogging over the river would not occur, therefore, 

there would be no hazard to boat travel on the river. About 79 hours of3 

natural fog, (defined as visibility less than 1/4 mile at the 33 ft level) were 

measured at the meteorological tower. This represents an annual frequencyI 

of about 1-2%o.  

2. 3 Increase in Ground Level Relative Humidity3 

The computer model (Appendix A) calculates and plots isopleths of long term 

average off -site increase in relative hu~iidity (RH). Average predicted3 

increases in RH for natural draft tower operation are shown- in Figures 2-4,.  

2-5 and 2-6 for distances of 3, 10 and 50 miles, respectively. The peakI 

offsite average incremental relative humidity increase (in %1 RH above 

ambient RH) was found to be about 0. 01%, in the north direction at about 30 to 
50 miles. This is a negligible increase which would have no detrimental 

effect on the environment.  

Incremental increases in relative humidity have also been tabulated as 

shown in Table 2-1 where the number of hours during which the relative 

humidity was increased by various amounts for several distances and for 
various combinations of ambient temperat ure and relati ve humidity. The 

highest incremental incre ase for any one hour was 10%b RH which occurred 
-0 0 

when ambient temperature was between 50 F and 80 F and relative 

humidity between 40%o RH and 70(2o RH for this hour. The next. highest 
incremental increase for one hour was 3% RH. About 99% of all hours 

had an incremental increase of less than 1%T RH.



2. 4 Ice Formation Due to Condensed Plume 

Ice formation on structures is not expected to occur if the structure is lower 

than half the cooling tower height. The following discussion of icing is, 

applicable to tall structures in the cooling tower vicinity which are higher 

than half the tower height. Most of the icing potential of a cooling tower 

is due to the condensate (e. g. , condensed plume water droplets) and drift 

droplets impinging on surfaces at or below freezing. Icing due to drift is 

discussed in Section 3. 2. Ice formation could also result from plume. water 

vapor depos ition on surfaces at or below freezing as discussed in Section 2. 5.  

Condensate droplets are the small water drops (mass mean diameter of 

about 6 Inn) that travel with the humid plume (i. e. , stay in the plume).  

When the plume meets an object, some of the drops will have enough, inertia 

to cross the streamlines and hit the object where they are collected (i. e.  

aerodynamic capture). The collection efficiency of an object depends, among 

other parameters, on the size and shape of the object, and on the drop size 

and drop impingement velocity on. the object.. Table 2-2 gives the drop 

collection efficiency of va rious objects at different impingement velocities.  

As can be seen from this table the collection efficiency decreases with 

decreasing drop diameter. For drops of 10 pm (conservativel y used as the 

representative condensate drop diameter) the collection efficiency is small 

(no greater than 44%).  

Ice formation due to condensate droplet impingement on large structures 

located in the path of the plume will not occur because the collection 

efficiency for 10 Pm diameter drops on large structures is zero. Ice forma

tion on thin objects (e. .g. , 1/4 inch diameter cylinders). located in the path of 

the plume will also depe nd on the plume water concentration, and the plume 

(or condensate) temperature. When the plume temperature is about 32 O 
0 

and the ambient temperature is 9 32 F, ice formation will depend on the 

amount of water left -on the object after t he plume changes direction. That 

is, when the object is in the path of the plume, water collected on the object



will be at approximately the same temperature as the'plume and thus no 

icing will occur. As the plume changes direction; the water remaining on3 

the object will freeze if the ambient air temperature is * 32 OF. When the 

plume temperature. is :- 32 0 F ice formation. will occur upon condensate3 

droplet impingement on the object.  

Estimates indicate that ice accumulation on 1/4 inch cylindrical structures 

will probably not exceed 0. 25 inch/hour as illustrated by the calculations3 

shown in Table 2-3 and Figure 2-7.  

2. 5 Frost Formation Due to the Humid Plume3 

Formation of frost from the humid plume due to vapor deposition is very 

slow and insignificant compared to ice accumulated from condensate and" 

drift droplets. Ice accumulation from a humid plume occurs as a result 

of plumie water vapor deposition upon surfaces. in the path of the plume.  

Vapor deposition takes place when the water vapor pressure in the environ-I 

ment is greater than the vapor pressure exerted by the ice on the surface.  

Assuming that the surface is already covered with a thin layer of ice, the 

ice accumulation by vapor deposition is given by3 

b 417CF(T) At3 

where3 

2h 
in d upon which water vapor is deposited3 

h =vertical dimension of the object in contact with the plume 

d =horizontal dimension of the object3 

F(t) =rate of water vapor deposition (M/t-L), a function of 
temperature, strongly dependent on the vapor pressure 
gradient between the environment and the collecting 
surface



bt= contact time 

.M=mass of ice accumulated, M

Ice accumulation estimates for the case of a saturated plume (saturated with 

respect to liquid water.) with plume temperature given by T=T 
0 plume =Tsurface 

+ 2 F in contact with cylindrical and ribbon type bodies of different sizes are 

given in Table 2-4. Values of F(t) are given in Figure 2-8. As can be seen 

from Table 2-4, the potential for ice accum ulation on structures located in 

the plume path is negligible.  

2. 6 Precipitation 

During times of naturally occurring snowfall, it is conceivable that snow 

conditions could be more intense under the cooling tower plume and cause 

greater accumulation on the surrounding area and roadways. This should 

not create any greater hazard since normal precautions taken by travelers 

in such circumstances would be adequate. Such an effect is expected to be 

very local if it occurs.  

During periods of natural rainfall and shower activity, the existence of the 
humid plume will contribute a small amount of additional rainfall underneath 

the plume, due to the washout of the condensate droplets by the rain droplets..  
However, this contribution will be below th e level of detection (12 and much 
below the natural variability of precipitation. Thus, it will not represent a 
disturbance to the environment.  

2. 7 Synergistic Effects 

No significant synergistic effects of cooling tower operation at the site loca
tion are expected. However, there is a potential for some increase in acid 
mist and sulfate formation if SO 2 plumes in the vicinity mix with the condensed
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plume. Very little information is available on this subject, thus quantitative I 
estimates are not possible. A considerable effort is underway in the U. S.  I 
to more accurately quantify the reaction processes and damage potentials.  
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3. 0 Drift 

A very small fraction of the brackish water circulating through the cooling 

tower will be carried as small droplets in the rising air which leaves the 

tower Itop. This drift rate fraction. (defined as Kg. of salt per second leaving 

the tower top divided by the Kg of -salt per second circulating through the 

tower heat exchange section) averag es about 1 to 2 x 10 -5(or . 001 to . 002 
percent) for large natural draft towers with good drift control systems.  

The rate at which drift salt deposits on the ground outside. the tower (e. g., 
as Kg/Km -_month) and the near ground air concentration of such salt- (e. g., 
as gPg/m ) is a function of distance and direction from'the tower and depends 

on: 

a) Tower geometry and operating conditions 

b) Mass drift rate (i. e., the drift rate fraction times the 

circulating rate) 

c) Drift d Irop, size distribution 

d) Terrain profile 

e) Ambient atmospheric conditions including wind direction, 

wind speed, relative humidity, stability and precipitation 

rate 

These relationships have been characterized in a mathematical model described 

in Appendix B and in refei'ence 4.  

Computer calculations using the model follow the history of representative 

drift droplets of selected initial size and salinity from the time they leave 

the drift eliminators in the tower to the place where they deposit on the 
ground taking account of accretion and evaporation of water from each droplet, 
of the effect of gravity and air currents on their average motion, and of their 

statistical distribution in space (around average trajectories) due to turbulent 
dispersion. The model also accounts for the effect of precipitation (e. g., 
rainfall), the aerodynamic. wake of the tower, and l ocal topography.
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3.1- Salt Deposition Due to DriftI 

The computer model was used to estimate average deposition rates on the3 

ground and near ground air concentration for. salt as a function of direction 

and distance from the cooling tower. These estimates are shown in Figures3 

3-1 through 3-48 for selected time periods: in this case for the annual 

average (based on an 11-month period) and for each of the 11 months from3 

October, 1973 through August, 1974.  

The effect of precipitation (e. g. , rainfall) on salt deposition rate was not 

calculated since only daily rainfall measurements were taken and hourly3 

data is needed for the program. For this reason the calculations were 

made treating each hour of the time period selected as a dry hour.3 

The highest 11-month average inland offsite dry deposition rate and airborne3 

concentration of salt estimated in this way is found to be 896 Kg/Km 2-month 

and 5. 6 pg/m , respectively, at 1. 24 miles SE from the tower, decreasing3 

to 12. 5 Kg/Km -_month and 0. 07 pg/in3 , respective ly, within 5 miles in the 

same direction. Analogous results for each of the 11 months investigated3 

are summarized in Table 3-1.  

The estimates represented in Figures 3-1 through 3-48 are based on the 

following:3 

a) Tower Geometry and Operating Conditions 

1. Averag-e air exit speed: 3. 8 in/sec 

2. Basin water salinity: 14, 400 ppm sea. salt3 

All othe r conditions as described in Table 2 and Figures 

la and lb of Appendix C.3 

b) Terrain Profile 

As described by Figures 2a through 2p in Appendix C3 

and classified as shown in Table 3, Appendix C.



c) Mass Drift Rate 

39. 21 Kg of salt/hour, equivalent to a drift rate fraction 

of 0. 002% of the circulating water flow rate 

d) Drift Drop Size Distribution 

Table 4, Appendix C, represented the assumed drift 

drop size distribution just downstream of the eliminators 

e) Atmospheric Conditions 

Data used was that measured for each hour by instruments 

on the 400 ft meteorological tower at Indian Point 4, for 

the period of record from October 1,1973 through 

August 31, 1974.  

The atmospheric conditions for any given hour were classi

fied as to wind direction, wind speed, stability and relative 

humidity by groups shown in Table 5, Appendix C. The 

values used to represent each group are given in Table 3, 

Appendix C.  

The joint frequency of occurrence of weather conditions 

classified by these groups is given in Table 6, Appendix C.  

Data used were taken from the wind speed and direction 

instruments at 400 ft above grade. Temperature difference 

for determining stability was measured between the 400 ft 

and 33 ft levels. Relative humidity was derived from dew 

point and dry air measurements at the 400'ft level. Preci

pitation measurements were available on a daily basis.
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3. 2 Ice Formation Due to Drift3 

If the drift is high, ice formation on the ground and on structures may be 

caused at low ambient temperatures and/or low ground temperatures and3 

low structure temperature.  

The accumulation of ice on the ground and on surfaces outside the tower is 

a function of distance and direction from the tower and depends on the same3 

parameters that influence salt deposition rate by drift. These parameters 

are described above. ,In addition., ice accumulation on structures. depends3 

on the drift drop collection efficiency of the object. The drift drop collec

tion efficiency of an object depends on the size of the drops and the shape3 

and dimensions of the object and the drop impingement velocity on the object.  

These relationships have been characterized in the mathematical model3 

described in Appendix B and have been incorporated into a computer model.  

The computer model was used to estimate the ice accumulation on the ground 

and on various structures as a function of time. at selected distances from the 

towers, for each of the 16 discrete sectors used to represent the entire com

pass (360 0) for the winter month of January. These estimates are shown in 

Figures 3-49 (a through p) and 3-50 (a through p). Figure 3-49 (a through p) 

gives the estimated ice accumulation on the ground, while Figure'3-:50I 

(a through p) gives the estimated accumulation on various structures, As 

can be seen from these estimates, ice accumulation resulting from operationU 

of a natural draft cooling tower is not expected to exceed 0. 00.1 cm.
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Table 2-2 .20 

COLLECTION EFFICIENCY OF CYLINDRICAL AND RIBBON TYPE OBJECTS 

OF VARIOUS DIMENSIONS FOR, DRIFT DROPS AS A FUNCTION OF 

DRIFT DROP DIAMETER AND WIND SPEED(1

Wind Speed 
Group 
(mph)

Type of structure: 

0 - 12 mph

12 - 25 mph

25 - 32 mph

>32 mph

Obstacle 
Dimension 

(inches) 10

cylindrical 

1/4 0. 07 

2 

120 -

1/4 

2 

120 

1/4 

2 

120 

1/4 

2 

120

Collection.  

100

0.98 
0.76

Efficiency for Drop Diameter (gim)

150.

0.99 

0.86 

0.6

0.2,1 1.0 1.0 

- 0.89 0.94 

- - 0.16

0.36 

0.02

1.0 

0.85

0.44 1.0 

0.04 0.9 

- 0.13

1.0 

0.92 

0.22 

1.0 

0.95 

0,.33

200

1. 0 

0.96 

0.12 

1. 0 

0.99 

0.32 

1. 0 

0.99 

0.44

1. 0 

1.0

300

~1.00 

0.99 

0.32

500

1.001 
1.0 

0.58U

1. 0 
1. 0 

0.74

1. 0 
1.0 

0.60

1. 0 
1. 0

1. 0 
1.0

0.52 0.64 6.86

Type of structure: 

0 - 12 mph

12 - 25 mph'

25 - 32 mph'

> 32 mph

ribbon 

120

400 

1200 

120 

400 

1200 

120 

400 

1200 

120 

400 

1200

- 0.6

0.31 0.62 0.82 

- - 0.4

- -0.35 0.7- 0.84 

- - - - 0.59

0.38 0.76 0.88 
-- 0.64

(1) Calculated from Ranz and Wong curves as presented by Mason, Physics of 
Clouds, 1971.

0.81 
0.51

0. 9 
0.73 

0.38 

0.95 

0.84, 

0.51 

0-.96 

.0.85 

0.62,



Table 2-3 

Estimated Ice Formation Rates 

Ice Formation Caused. by Natural Draft Tower Operation 

Condehsate Droplets Contribution 

1. F. = 

Pice 

where 

I. F. =ice formation, cm/hour 

c = water concentration, g/m.3 

V = wind speed, rn/sec 

C. = collection efficiency of object for 10 um~ diameter 
droplet, a function of wind speed and of object 
shape and dimension (see Table 2-2) 

p.ic = density of ice, 0. 917. g/cm 3(57. 15 lb/ft 3 

Ambient conditions: 

T = 10 F 

u = 12-m/sec (39. 4 ft/sec) 

RH' = 98% 

Stability = D 

cw= 1 g/m' (6. 23 x 10-5 lb/ft3 )



Table 2-3, continued 

Estimated Ice Formation Rates

Cylindrical 
Diameter,

Object 
inches

1/4 

3 /8 

1/2 

5/8 

3/4 

7/8 

311/32

Collection Efficiency 
for 10 lim Droplet

0.36 

0.24 

0.15 

0.11 

0.08 

0.05 

0.04

Ice Formation Rate 
inches/minute

0. 0111 

0. 0074 

0. 0046 

0. 0034 

0. 0025 

0. 0016 

0. 0012



Table 2-4 

Estimates of Ice Accumulation 

Caused by Plume Water Vapor Deposition on Structures 

at Temperatures Below Freezing

Conditions:
0 

T.~ 10. F 

T =12 0 F plume 

F(T) = 5. 8 x 10- gm/(cm-sec) (see Figure 2-8)

Vertical distance. in 
contact with plume 

(cm)

Horizontal 
Dimension 

(cm)

Ice accumulation rate 
on structure 
.(cm/hour)

1. 25 x 1 

1. 82 x 10- 7 

8. 65 x 1-1 

3. 76 x10

3048.  

304. 8 

3048.  

304. 8

0. 635 

0. 635 

304. 8 

304. 8



Table 3- Predicted Monthly Average Salt Deposition Rate and- Near Ground Airborne Concentration 

of Salt for Each Month at Peak Value and at Five Miles Downwind from the Tower

Estim'ated Peak 

Depositif n Rate, 
Month Sector Kg/Km -month

(at 1. 24 mile downwind) 

Near Ground Airborns 
Concentration, g/rn

*Estimates at 5 miles downwind 

Depositi n Rate, Near Ground Airborne 
Kg/Km -month Concentration, Lg/rn

October 

November 

December 

January 

February 

March 

April 

May 

June 

July 

August 

Annual 

Average(1 

(1) Based on

SSE 

SE 

SE 

SE 

SE 

SSE 

SE 

SSE 

ENE 

SE 

ENE 

S 

ENE

693 

1970' 

1530 

1140 

1880 

1716 

1390 

571 

284 

268 

691 

63 9 

488

896

11-month average.

3. 8 

11. 2 

8. 0 

10.17 

10. 8 

7.6 

3.7 

0. 9 

1.5 

3. 1 

L..5 

5.6

8. 0 

17. 4 

15.0 

16. 5 

19. 5 

14.9 

13. 5 

5.6 

20.,3 

12.4 

15. 1 

19.0 

12.5

Basis: Drift: 0. 002% (39. 21 Kg salt/hour) 
Number of towers: One

-

0.04 

0.08 

0.06 

0.09.  

0. 1 

0.07 

0.06 

0.03 

0. 1 

0.07 

0.09 

0. 0' 

0. 1 

0.07
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Figure 2-1 

Isopleth of Number of Hours Visible Plume 

Extends Distance Downwind in Each Direction 

(0-3 miles) 

(Period of Record-October 1, 1973 through August 31, '1974)
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Figure 2-2 

Isopleth of Number of Hours Visible Plume 

Extends Distance Downwind in Each Direction 

(0-10 miles).  

(Period of Record-October 1, 1973 throughAugust 31, 1974)1 
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Figure 2-4 

Isopleth of Averae Incremental Increase 

in Relative Humnidity (RH) 

(0-3 miles) 

(Period of Record-October 1, 19'73 through August 31, 1974) 
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Figure 2-5, 

Isopleth of Average Incremental Increase 

in Relative Humidity (RH) 

(0-10 miles) 

(Period of Record-October 1, 1973 through August 3.1, 1974) 
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Figure 2-6 

Isopleth of Average Incremental Increase 

in elaiveHumidity (RH) 

(0.. 50 miles) 

(Period of Record-October 1, 1973 through August 31, 1974) 
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Figure 2-7 

Estimated Ice Accumulation on 1/4 Inch Cylindrical Object 

for Selected Atmospheric Conditions
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Figure 2-8

Vapor Deposition (FfT]) vs Temperature
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Figures 3-1 through 3-48

Predicted Annual and Monthly Averages of 

Ground Dry Deposition Rate s.(Kg-/Km -_month) 
of Salt from One Natural Draft Cooling Tower 

at the Indian Point 2 Site 

(0-3,Miles and 0-10 Miles) 

(Period of Record October 1, 1973 through August 31, 1974) 

Predicted Annual and Monthly Averages of 

Dry Near Ground Airborne Concentration (pg/in ) 

of Salt from One Natural Draft.Cooling Tower 

at the Indian Point 2 Site 

(0-3 Miles and 0-10 Miles) 

(Period of Record October I,1973 through August 31, 1974)



Figure 3-1 

2 Predicted Annual Average Ground Dry Deposition Rates (K g/Km -month) 

of Salt from One Natural Draft Cooling Tower at the Indian Point 2 Site 

(0- 3 miles)

lt*30.  

Miles 

Basis: Drift: 0. 0020' (39. 21 Kg, salt/hour) 
-Nuffber of towers: One

.80 2.40 3.00
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Figure 3-2 

Predicted Anntial Average Ground Dry Deposition Rates (Kg/Km -month) 

of Salt from One Natural Draft Cooling Tower at the Indian- Point 2 Site 

(0-10 miles) 
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Figure 3-3 

Pre tdicted Annual. Average Dry Near Ground Airborne Concentration (uig/m 3 

of Salt from One Natural Draft Cooling Tower at the indian Point 2 Si te 

(0- 3 miles) 

N
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Numfber of towers: One
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Figure 3-4 

3 Predicted Annual Average Dry Near Ground Airborne Concentration (Lg/m) 

of Salt from One Natural, Draft Cooling Tower at the Indian Point 2Site 

(0- 10 miles)' 
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Miles* 
Note: Divide numbers on plot by 100 to get gg/rn 

Basis: Drift.: 0. 002% (39..21 Kg salt/hour) 
Nulilber, of. towers.: One
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Figure 3-56 

Predicted October Monthly Average Ground Dry Deposition Rates (K, /K2_mn 

of Salt from One Natural Draft Cooling Tower at the Indian Point 2 SiteI 

(0- 3 miles) 
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Figure'3-6 

Predicted October Monthly Average Ground Dry Deposition Rates (Kg/Kmn -month) 
of Salt from One Natural Draft Cooling Tower at the Indian Point 2 Site 

(0- 10 miles)

_ _ I 
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Miles 
Basis: Drift: 0. 002%- (39. 21'kg salt/hour) 

Nuhiber of towers: One
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Fjigure 3-7 

Predicted -October Monthly Average Dry Near Ground Airborne Concentration (jg/rn 3)0 

of Salt from One Natural Draft Cooling Tower at the Indian Point 2 Site5 

(0-3. miles) 
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Basis: Drift: 0. 002%io (39. 21 Kg salt/hour) 
Numnber of towers: One



Figure 3-8 
3, 

Predicted October Monthly Average Dry Near Ground Airborne Concentration (Vg/m 
of Salt from One Natural D~raft Cooling Tower at the Indian Point 2 Site 

(0-10 Miles) 
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Figure 3-9 

Predicted-November Monthly Average Ground Dry Deposition Rates (Kg/K~im nh 

of Salt from One Natural Draft Cooling Tower 'at the Indian Point 2 Site5 

(0- 3 miles) 
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Basis: Drift: 0. 002%6,(39. 21 Kg salt/hour) 
Nuhmber of towers: One



Figure 3-10 

Predicted November Monthly Average Ground Dry Deposition Rates (Kg/K,,m 2-month) 
of Salt from One Natural Draft Cooling Tower at the Indian Point 2 Site 

(0-10 miles) 
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Basis: Drift: 0. 002% (39. 21 Kg salt/hour) 
Nuffiber of towers: One



44 

Figure 3-11 
3 

Predicted November Monthly Average Dry Near Ground Airborne Concentration (M~g/m) 

of Salt from One Natural Draft Cooling Tower at the Indian Point 2 Site 

(0- 3 miles) 

N
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Note: Divide numbers on plot by 100 to get pg /r3 

Basis: Drift: 0. 002%6 (39. 21 Kg salt/hour) 
Number of towers: One
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Figure 3-12 

Predict ed Nov ember Mbnthly Average Dry Near Ground Airborne, Concentration (ig/rn3 

of Salt from Ono Natural Draft Cooling Tower at the Indian Point 2 Site 

(0,-10 miles) 
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Note: Divide numbers on plot. by 100 to get jig/rn3 

Basis: Drift: 9. 002%-7 (39 . 21 K g salt/hour) 
Num~ber of towers: One"
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Figure 3-13 

Predicted December Monthly Average Grouind Dry Deposition. Rates (Kg/Kin -month) 

of Salt from One Natural Draft Cooling Tower at the Indian Point 2 Site 

(0-3 miles) 
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Nuihiber of towers: One
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Figure!3-14' 

Predicted December Monthly Average Gro'und Dry Deposition Rates (Kg/Km'-month) 

of Salt from One Natural Draft Cooling Tower at the Indian Point 2 Site 

(0-10 miles) 
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Figure 3-151 

Predicted December MonthlyAverage Dry Near Ground Airborne Concentration (ug/lm) 

of Salt from One Natural Draft Cooling Tower at the.Indian Point 2 Site3 

(0- 3 miles) 
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Fjigure 3-16 

Predicted December Monthly Average Dry Near Ground Airborne Concentration (jig/rm 

of Salt from One Natural Draft Cooling Tower at the Indian Point 2 Site 

(0- 10 miles) 
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Figure 3-17.  

Predicted January Monthly Average Ground Dry Deposit ion Rates (Kg/Km 2-month) 

of Salt from One Natural Draft Cooling Tower at the Indian Point 2 Site

(0-3 miles)

I0

,;1000.  

-N3-00.

'00 -2:40 -180-i o 60 0.010 0.60 1.20 1.80 2.40 3.00 
Miles 

Basis: Drift: 0. 002%o (39. 21 Kg salt/hour) 
Nuiriber of towers: One



Figure 3-18 

2 Predicted January Monthly Average Ground Dry- Deposit ion Rates (Kg/Km -month) 

of Salt from OeNatural Draft Cooling Tower at the Indian Point 2 Sitei 

(0-10 miles) 
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Figure 3-19 

Predicted January, Monthly Average Dry Near Ground Airborne- Concentrato (jgr 3 
tion(mgB 

of Salt from One Natural, Draft Cooling Tower at the Indian Point 2 Site

(0-3 miles)-3
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Note:. Divide numbers on plot, by 100 to get jig/rn 

Basis: Drift: 0. 002%0 (39. 21 Kg salt/hour) 
-Number of towers: One
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3 Figure 3-203 
Predicted January .Monthly Average Dry Near Ground Airborne Concentration (Ug/rn3 

g of Salt from One Natural Draft Cooling Tower at~the Indian Point 2 Site, 

3 (0-10 miles.) 
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Basis: Drift: 0. 002%0 -(39. 21 Kg salt/hour) 

-Number of towers: One
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Figure 4~1 3 
Predicted February Monthly AVerage Ground Dry Deposition Rates (Kgc/Km 2-month) 

of Salt from-One Natural Draft Cooling Tower at the IninPoint 2 SiteI 

(0-3 'miles)3 
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Figure 3-22 

Predicted February Monthly Average Ground Dry Deposition Rates (Kg-/Km 2 -month) 

of Salt from One Natural Draft Cooling Tower at the Indian Point 2 Site 

(0- 10 miles)
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Basis: Drift: 0. 002% (39. 21 Kg salt/hour) 
Nuffber of towers: One
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Fjgure 3-233 3 
Predicted February Monthly Average Dry Near Ground Airborne Concentration (tig/m) 

of Salt from One Natural Draft Cooling Tower at the Indian Point 2 Site3

(0-3 miles) 
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Numrxber of towers: One
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Figure 3-24 

Predicted February Monthly Average Dry Near, Ground Airborne Concentration (tig/rn 3 

of Salt from One Natural Draft Cooling Tower at thie Indian Point 2 Site 

(0- 10 miles) 
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Figure 3-252 

Predicted. March Monthly Average Ground Dry Deposition Rates (Kg/Km -month) 

of Salt from One Natural Draft Cooling Tower at the Indian Point 2 Site3 

(0-3 miles)3 
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Figure 3-26 

Predicted March Monthly Average Ground Dry Deposition Rates (Kg/Km- -_month) 

of Salt from One Natural Draft Cooling Tower at the Indian Point 2 Site 

(0-10 miles) 
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-Basis: Drift: 0. 002% (39. 21 Kg salt/hour) 
- Nuffiber of towers: One
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Fjigure 3-27 

Predicted March Monthly Average Dry Near Ground Airborne Concentration (ug/m 3 

of Salt from One Natural Draft Cooling Tower at the Indian Point 2 Site 

(0- 3 miles) 
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Fjigure 3-28 

3 
Predicted March Monthly Average Dry Near Ground Airborne Concentration (ug/m) 

of Salt from One Natural Diraft Cooling Tower at the Indian Point 2 Site 

(0-10 miles) 
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Figure 3-291 

Predicted April Monthly Average Ground Dry Deposition Rates (Kg/Km 2_-month)3 

of Salt from One Natural Draft Cooling, Tower at the Indian Point 2 Site 

(0-3 miles)I 
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Basis: Drift: 0. 002%6 (39.'21 Kg salt/hour) 
Nuhiber of towers: One3



Figure 3-30

Predicted April Monthly Average Ground Dry Deposition Rates (Kg/Km -month) 

of Salt from One Natural Draft Cooling Tower at the Indian Point 2 Site 

(0- 10 miles) 
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Fjigure 3-31 

Predicted April Monthly Average Dry Near Ground Airborne Concentration (ug/m 3) 

of Salt f rom One Natural. Draft Cooling Tower at the Indian Point 2 Site 
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Fjigure 3-32 

Predicted April Monthly Average Dry Near Ground Airborne Concentration (g~g/m 3 

of Salt from One Natural D1raft Cooling Tower at the Indian Po int 2 Site 

(0-10 miles)
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Figure 3-33 66 

Predicted' May Monthly Average Ground Dry Deposition Rates (1,, K2 -month) I 
of Salt from One Natural Draft Cooling Tower at the Indian Point 2 Site 

(0-3 miles) 
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Basis: Drift: 0. 002% (39. 21 Kg salt/hour) 
* NuMber of towers: One



Figure 3-34

Predicted May Monthly Average Ground Dry Deposition Rates (K/m-month) 

of. Salt from One Natural Draft Cooling Tower at the Indian Point 2'Site 

(0-10 miles) 
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Basis: Drift: 0. 002%b (39. 21 Kg salt/hour) 
Nui-riber- of towers: One
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Fligure 3-35 

Predicted* May Monthly Average Dry Near Ground Airborne Concentration (prn m) 

of Salt from One Natural Draft Cooling Tower at the Indian Point 2 Site 

(0-3 miles) 
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Basis: Drift: 0. 0 0 2%"0 (39. 21 Kg salt/hour) 
.. Number of towers: One
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Figure 3-36 

Predicted May Monthly Average Dry Near Ground Airborile Concentration (uig/m 3 

of Salt from One Natural Draft Cooling Tower at the Indian Point 2 Site 

(0-10 miles) 
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'Figure 3-37'7 3 
Predicted June Monthly Average Ground Dry Deposition Rates (K-.g/Km -..month) 3 

of Salt from One Natural.Draft Cooling Tower at the Indian Point 2 Site 

(0- 3 miles) 
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Basis: Drift: 0. 002%b (39.'21 Kg salt/hour) 
-Nuiber of towers: One
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Figure 3 -3 8 

Predicted June .Monthly Average Ground Dry De position Rates (Kg/Km 2-month) 
of Salt from One Natural Draft Cooling Tower at the Indian Point 2 Site 

(0-10 miles') 
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Basis: Drift: 0. 002%'" (39.A1 Kg salt/hour) 
- Nuhiber of towers: One

'-4



Fjigue 3-.39 72f 

Predicted - June Monthly Average Dry Near Ground Airborne Concentration (i/n 

of Salt from One Natural Draft Cooling Tower-at the Indian Point 2 Site-I 

(0-3 miles) 
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Note: Divide numbers on plot by 100 to get tig/m 3 -* 

Basis: Drift: 0. 002% (39. 21 Kgr salt/hour) 
Number of towers: One
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Fjigure 3-40 

3 
Predicted June Monthly Average Dry Near Ground Airborne Concentration (tig/m) 

of Salt from One Natural Draft Cooling Tower at the Indian Point 2 Site 

(0-10 miles)
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Note: Divide numnbers on plot by 100 to get jig/m 3 

Basis: Drift: 0. 002%'1 (39. 21 Kg- salt/hour) 
Nuhber of towers: One



Figure 3-41 74 

Predicted July Monthly Average Ground Dry Deposition Rates (Kg/Km 2_3 

of Salt from One Natural Draft Cooling Tower at the Indian Point 2 Site 

(0-3 miles) 
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Fig~ure 3-42 

Predicted July Monthly Average Ground Dry Depos ition Rates (Kg,,/Km- -month) 

of Salt from One Natural Draft Cooling Tower at the Indian Point 2 Site 

(0- 10 miles) 
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Fjigure 3-.43 '761 
Predicted* July Monthly Average Dry Near Ground Airborne Concentration (tig/m 3 

of Salt from One Natural Draft Cooling Tower at the Indian Point 2 Site

(0- 3 miles) 
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Note: Divide numbers on plot by 100 to get p 

Basis: Drift: 0-. 002% (39. 21 Kg salt/hour) 
Numtber of towers: One



Fjigure 3-44 7 

mg 3 
Predicted -July Monthly Average Dry Near Ground Airborne Concentration 6 i/M) 

of Salt from One Natural Draft Cooling Tower at the Indian Point 2 Site 

(0-10 miles) 
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.3 
Note: Divide numbers on plot by 100 to get 9g/m 
Basis: Drift: 0. 002% (39. 21 Kg salt/hour) 

Number of towers: One



Figure 3-45 

Predicted August, Monthly Average Ground Dry Deposition Rat es (Kg/Km12-month) 

of Salt from One Natural Draft Cooling Tower at the Indian Point 2 Site

(0- 3 miles) 
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Basi s: Drift: 0. 002% (39.'21 Kg salt/hour) 
Nuhiber of towers: One



Figure 3-46 

Predicted August Monthly Avera .ge Ground Dry Deposition Rates (Kg/Km -_month) 

of Salt from One Natural Draft Cooling Tower at the Indian Point 2 Site 

(0-10 miles) 
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Basis: Drift: 0. 002% (39. 21 Kg salt/hour) 
Nuhiber of towers: One
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Figure 3-47 80 

Predicted August Monthly Average Dry Near Ground Airborne Concentration (pig/m 3 

of Salt from One Natural Draft Coolingr Tower at the Indian Point 2 Site 

(0- 3 miles) 
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Fjigure 3-48 8 
:3 

Predicted August Monthly Average Dry Near Ground Airborne Concentration (tig/m) 

of Salt from One Natural Draft Cooling Tower at the Indian Point 2 Site 

(0-10 miles) 
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Figure 3-49 

(a- p) 

Ice Accumulation on the Ground vs Time for the Month of January 

Due to Operation of a Natural Draft Tower at the Indian Point 2 Site 

.Basis: Drift: 0. 002% (39. 21 Kg salt/hour) 
Number of towers: One 
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Figure 3-49a 

Direction N January
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Figure 3-49b 

Direction NNE January
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Figure 3-49c, 

Direction NE January
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Figure 3-49d 

Direction ENE January
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Figure 3-49e' 

Directioni E January
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Figure 3-49f 

Direction ESE January
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Figure 3 -49g 

Direction SE January
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Figure 3-49h 

Direction SSE January
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'Figure 3-49i 

Direction S January
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Figure 3-49j 

Direction SSW January
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Figure 3-49k

Direction SW January

E

00 

"-4 
0

I.

I-

{TIT 
1H 4 ' 

I -i-i 
I. .  

LI 

I' 

9--

00

.4

10. 00 20. 00

Xz i

30. 00

T. 1- . 7

- 1

JI.

* I 

II 

* I.,

II 

~V 

H 

I'

A1 1,-7 

. . . .. . . .

Ii.) Ii

I.

.-~J.  

I J 

I 

.1 

1: 
*1.~.----1~-~-~-~ 

* .1 J 
* I 

* I.  

-A

40. 00

1~~~

50. 00
Time (hours)

60. 00

-T 

.I A

It

70. 00

Al"



94 

Figure 3-491 

Direction WSW January 
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Figure 3 -49m 

Direction W January
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Figure 3-49n 

Direction WNW January
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Figure 3-50 

(a - p) 

Ice-Accumulation on Structures vs Time for the Month of January 

Due to Operation of a Natural Draft Tower at the Indian Point 2 Site 

Basis: Drift: 0. 002% (39, 21 Kg salt/hour) 
Number of towers: One 

Note: All values calculated at 250 m downwind from the tower 

Legend

The numbers 1 through 6 refer to: 

Object Type Size, inches Representation
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See Table 2-2.
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Figure 3-50a 
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Figure 3-50b 

Direction NNE January
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Figure 3-50c 
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Figure 3-50d 
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Figure 3-50e 
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Figure 3-50f 
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Figure 3-50g 

Direction SE January
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Figure 3-50h 

Direction SSE January
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Figure 3-50i 
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Figure 3-50j 
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Figure 3-50k
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Figure 3-501 

Directio n WSW January
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Figure 3-50m
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Figure 3-50n 

Direction WNW January
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Figure 3 -50p 
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Appendix A1 

MATHEMATICAL MODEL FOR CALCULATION3 

OF LENGTH OF VISIBLE PLUME, GROUND FOG POTENTIAL, 

AND INCREASE. IN RELATIVE HUMIDITY3 

A. 1 Introduction3 

The plume from a cooling tower contains water which has been evaporated 

in the tower, plus entrained liquid water or drift which has been carried3 

out of the tower in droplet form. As colder ambient air is entrained in the 

plum e, the water vapor may condense and then re-evaporate, and the3 

drops may grow in size, then diminish in size and evaporate as the water 

is carried away from the tower by the wind. Water in its liquid drop form3 

appears as a visible plume, primarily because the droplets reflect incident 

light.3 

The purpose of this appendix is to explain the model used to calculate:I 

(1) the length of the visible plume, (2) the extent of ground fogging, and 

(3) increases of relative humidity at ground level. Basically, the water3 

(in either vapor or droplet form) is assumed to disperse in the atmosphere 

in a manner very similar to the dispersion of non-condensable combustion3 

effluents. The essential difference is that the water undergoes phase changes 

from vapor to liquid and vice-versa, whereas the non-condensable combustion3 

effluents do not. It is also assumed that the enthalpy of the humid tower air 

disperses similarly.3 

Any of a number of mathematical models of non-condensing plumes may be3 

adapted to describe the condensation and evaporation behavior. The Halitsky 

(1966) non-condensing transverse jet plume model has been chosen as the3 

basis for the adaptation. In both the non-condensing model and the adaptation 

presen ted in Section A. 3, a simple Gaussian plume is allowed to grow from3 

the end of -the jet region.



A. 2 Non-Condensing Plume Model 

The condensed plume dispersion model is based upon the Halitsky (1966) 

transverse jet dispersion model for uncondensed effluents released vertically 

upward into a horizontal wind stream from a round chimney. Two types of 

effluents have been considered, mass and heat. The model for dispersion 

of mass (yieldingy concentration of distributions in the plume) is described 

by Halitsky (1966). An additional note of clarification is given by Halitsky 

(1967). The applicatio .n of the model to dispersion of sensible heat (yielding 

temperature distributions) is given by Halitsky (1968).  

The Halitsky models were developed primarily for the transverse jet region 

of the plume, i. e. , the portion of the plume beginning at the chimney orifice 

and extending downwind to the station where the jet effect disappears.  

Beyond this station, dispersion is assumed to proceed as in a conventional 

simple Gaussian plume, with the sigmas adjusted such that the concentration 

distribution at the start of the simple plume approximately matches that at 

the end of the transverse jet.  

The principal characteristics of the Halitsky models are: 

1) The plume is di spersed symmetrically around a curved centerline 

whose shape is determined by methods extraneous to the model.  

2) The shape of the concentration, the temperature and velocity distributions, 

the radial dimensions of the finite plume boundary, and the variations 

of these properties with distance along the plume centerline are derived 

from experimental data on transverse jets.  

3) Excess mass and excess sensible heat flows are conserved through all 

cross sections of the jet plume normal to its centerline. Excess mass 

flow is defined a's the contaminant mass flow through the chimney orifice 

less the contaminant mass in a volume flow of ambient atmosphere equal 

to that leaving the chimney. orifice. Excess sensible heat flow is defined



3 

as the sensible heat flow in the total effluent jet less the sensible heat 

in a volume flow of ambient air equal to that leaving the chimney orifice.3 

4) Concentrations and temperatures in the plume are derived by adding 

excess concentrations and temperatures calculated from the assumptions3 

in paragraphs 2 and 3 above to the corresponding ambient values.  

5) Jet properties assumed in paragraph 2 were derived from wind tunnel3 

experiments using low turbulence air streams. The equivalent jet 

properties in a natural atmosphere are not available. The wind tunnel3 

air stream closely resembles a 'low turbulence atmospheric condition.  

The behavior of the jet in. more tuirbulent atmospheres is not expected 3 
to be radically different close to the orifice, but the rate of growth of 

the jet should be larger as turbulent energy diffuses radially inward3 

with distance downwind. This would produce more rapid decay of 

concentration and temperature.3 

A. 3 Treatment of Condensing PlumesI 

In applying the Halitaky model to condensed vapor plumes from cooling towers,.  

mass concentration was replaced by water concentration, and sensible heatU 

was replaced by enthalpy of humid air. The term water concentration 

(gins 11 20 /volume of mixture) is used to denote total water, whether3 

in the liquid or vapor phase, as distinguished from specific humidity (gins 

H 20 vapor/volume of mixture) or mixing *ratio (gins H 20 vapor/gm. air).  
N 

It is assumed that water and enthalpy are independently diffused according t'o 

the same dispersion model, and yield independent fields of. water and enthalpy 

concentration in the plume. The local temperature and relative humidity (if 

condensation does not occur) or the local temperature and quality (percent of 

water in vapor phase) are then completely determined from thermodynamic 

considerations, by the local water concentration and enthalpy. It is assumed 

that condensation occurs when sufficient water is present to achieve or exceed 

local saturation at the local temperature. For Cal .culating increases in 

relative humidity where condensation does not occur, the ambient atmospheric 
*humidity is subtracted from the local plume humidity at the point of interest.3



A. 4' Technical Aspects of the Condensing Plume Model 

The Halitsky non-condensing plume model has been developed for emission 

velocity ratios (emission velocity/wind velocity) equal to or greater than one, 

for use with combustion effluents. In applying the model to natural draft 

cooling towers, where the emission velocity is low, it was necessary to apply 

further theoretical considerations to the jet region in order to allow extrapo

lation of data to low velocity ratios. This resulted in some modification of 

the characteristics of the jet region in order to avoid computational discon

tinuities at the transition from the zone of establishment to the established 

jet region and at the transition from the established jet region. to the simple 

Gaussian plume. These considerations allowed extrapolation of the data to 

emission velocity ratios as low as 0. 2. At velocity ratios less than this 

value, it was necessary to arbitrarily assign jet cross section dimensions 

near the orifice. The effect of these modifications on the length of condensed 

plume is small since the length of the jet region is very small at low emission 

velocity ratios.  

At the end of the transverse jet region, called Station 2 in the Halitsky (1966) 

paper, the water concentration and enthalpy distributions used in the jet 

model (linear decrease from peak at axis to zero at boundary, and rotationally 

symmetrical) are replaced with Gaussian distributions by the method outlined 

in Section 4 of the paper. The conversion was effectively made by assigning 

to the Gaussian plume a rotatio nally symmetrical a r = R 2 /vr6 as give n by 

Equation 25 of the paper.  

Subsequent growth of the plume was introduced by adding to ar the cr anda 
* r y 

values appropriate to the given stability condition and the downwind distance 

measured from Station 2.  

A complete description of the computer model, including equations, is 

contained in the reference :Calabrese (1974).
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A. 5 Accounting for Terrain 

In hilly regions the potential for surface fogging and increases in humidity at 

higher elevations must be considered. An estimate is obtained by assuming3 

constant wind speed and* direction during any given hour, 

and calculating ground level humidity conditions taking into account the local terrain.3 

The height of the visible portion of the plume above the local grade is3 

determined for each downwind distance using the Briggs plume rise formu

lations and the plume dispersion model discussed herein. Both enthalpy3 

and water mass are accounted for in the vertical plane at the downwind 

positions of interest.3 

Vertical profiles of ambient temperature and dew point are assumed to be3 

constant with reference to the tower base.  

In calculating ground fogging the local grade of the land was followed, and 

when the visible portion of the plume intersected land, foggin g was assumed3 

to occur. It should be noted that if the land slopes sign ificantly upward so 

that the plume centerline intersects the ground, the calIculation is equivalent3 

to that for a ground level release with no plume rise. (The reflection term 

in the Gaussian plume model would give double the axial concentration at3 

that point'.) 

A. 6 Application of the Condensing Plume ModelI 

The model is used to c alculate the visible length of plume for each3 

hour in a given'period of record (usually one year of data) using ambient 

temperature, dew point te mperature and wind data measured at several3 

elevations on a meteorological tower at the site, and typical cooling tower 

emission characteristics.3



For the Indian Point site, the wind speed and direction used were those measured 

at 400 ft. Temperature measured at 33 ft and 400 ft, and dew point measured.  

at 33 ft and 400 ft were used. No speed gradients or changes in plume direction 

with increasing plume height were accounted for. Summaries of these data are 
given in Appendix C, Table 1 . Terrain profiles taken from topographic maps 

of the Indian Point area were supplied as input for each of the 16 wind direction 
sectors and are given in .Appendix C,Figures 2a' through p .Visibility data 
were taken at the 33 ft level on the site meteorological tower.  

Atmospheric stability class for each hour of data was determined from the 
temperature gradient measured between 33 ft and 400 ft on the Indian Point 
tower, using the AEC Regulatory Guide 1. 23 distribution of Pasquill stability 
classes according to specified ranges of average temperature gradient.  

The hourly vertical profiles of ambient and dew point temperature in the atmosphere 
were as follows:

Value at 33 ft 

Value at 400 ft 

Gradient below 400 ft 

Gradient between 400 ft and 1500 ft 

Gradient above 1500 ft

Am bienut 
Temperature 

As Measured 

As Measured 

Measured gradient 
between 33 ft and 
400- ft 

One-half the above 
gradient 

-0. 4 F/100 ft

Dew Point 
Temperature 

As Measured 

As Measured 

Measured gradient 
between 33 ft and 
400 ft 

One-half the above 
gradient 

-0.. 4 F/100 ft



Plume rise is calculated according to Briggs (1969), assuming no buoyancy 

effect due to release or recovery of latent heat. Buoyancy flux is based on3 

density difference between the humid tower air and the atmosphere at the 

height of release. Stability groups are based on the temperature gradient3 

between 33 ft and 400 ft. Hours in which visibility at the 33 ft level was less 

than 1/4 mile were not used in the analysis on the basis that natural obstructions3 

to visibility or high relative humidity conditions already existed and the tower 

would have a negligible increase in the severity of such conditions.3
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Appendix B 

1.0. SALT DRIFT MODEL -DESCRIPTION 

The salt drift model is based in following the behavior of single particles3 

as they travel from the top of the drift eliminator to the ground (see Figure 2. 1. 1) 

Starting at the top of the drift eliminator, in the center of-the tower, aI 

typical saline droplet of initial diameter Do and concentration c0 will find Po 0 
the following conditions: 

1. The air flow through the tower exerts a drag force on the saline 

drop. As the drag force overcomes gravity force, the saline drop 

is set in motion. The drop moves through the tow er with the air3 

(described by equation of motion).  

2. The drop is assumed to experience no. horizontal motion because it3 

represents a statistical average.  

3. The air temperature inside the tower is greater than the ambient1 

air temperature and remains approximately constant through the3 

tower.  

4. The air inside the tower is saturated, i. e., relative humidity of the3 

*ali inside the tower is 100%/.  

5. There is a water vapor concentration gradient between the air andI 

the surface of the drop, -i. e. , the mole fraction of water in air is 

greater than the mole fraction of water around the drop. Mass 

transfer (of water vapor) by diffusion-will occur from the air to the 

droplet. Mass transfer by bulk flow exist due to the motion of both 

* air and droplet (see mass transfer equation, 2. , p 5, 6).  

6. As the drop is growing by diffusion, the latent heat of vaporization is 

released to the drop, raising its tempe rature.3 

The mole fraction of water in air is given by the partial pressure divided by 

the total, atmospheric, pressure. I 
The-mole fraction of the water around the drop is given by the vapor pressure3 

that the saline drop exerts divided by the total pressure.



As the drop reaches the top of the tower, it has grown to a diameter D >D 
P P0 

and has a velocity-vz.. At the top of the tower, on the outside, the following 

conditions exist: 

1. A wind speed-Uc in a given horizontal direction, K.  
2. The air leaving the tower is buoyant (T g>T ambient air" PgPambient air.  

3. The relative humidity of the air leaving the tower is greater or 

equal to the ambient air relative humidity.  

4. The air as it leaves the tower has a vertical velocity *1 

5. The air leaves the tower as a plume. The saline drops are within 

this plume.  
The plume, a mixture of hot air-water vapor-saline drops, leaving the tower 

will be exposed to the above conditions. The plume will rise due to its initial 

momentum and buoyancy and grow by entrainment of ambient air. It is assumed 

that plume height predictions by .Slawson and Csanady~1 ) for stable low wind 
(2) 

speeds and Briggs for all other conditions are valid. Plume radius grows 

after the plume leaves the tower. Plume growth as a function of distance from 

the tower is given by Slawson and Osanady ()and by the empirical correlation 

derived from photograph observations at the Paradise plant of TVA (see page 21 

of mathematical model). Entrainment of air into the plume changes its relative 

humidity as a function of distance from the tower and ambient air relative humidity.  

At a distance equal to ten (10) tower heights it is assumed that the plume is well, 

mixed with the ambient air, i. e. , the plume disappears. From 0 to 10 tower 

heights , the plume height is described by the equation given on page 11 of 

Section 2. 2 of the mathematical model. The vertical velocity of the plume 

is given by the derivative with respect to time of the plume height equations 

(see Section 2. 2 on page 11 of the mathematical model).  

The drop leaving the tower with the air will be within the plume for a certain 

distance then it leaves the plume, enters the ambient air and continue s to fall 

until it reaches the ground. While in the plume, the typical drop will find 

the following conditions: 

1-. The wind exerts a horizontal drag force on the drop causing the drop 

to experience a horizontal motion-vx in the direction K of the wind 

(see horizontal equation of 'motion (dvx/dt) on page 10 and Figure 

2. 1. 2 on page 8.
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2. The plume exert's an upward vertical drag force on the drop, while 

gravity exerts a downward vertical force (see figure 2.1. 2). The drop3 

will move upward with the plume until the gravity for ce overcomes 

the decreasing drag force within plume. At this time, the3 

particle starts falling out of the plume.. As the drop leaves the 

plume, 'uz = 0.  

3. The plume rises and changes in size as a function of distance from 

the tower.  

4. A water vapor concentration.gradient exists between the plume and 

the surface of the drop. Mass transfer by diffusionwill occur fromI 

(to) the plume. air to (from) the drop surroundings, depending on the 

relative humidity and temperature of the plume. While the moleI 

fraction of the. water vapor in the air is greater than the mole 

fraction of the water vapor around the drop, mass transfer willI 

occur from the plume to the drop (the particle will continue to grow 

and its temperature to rise). Otherwise, the drop will start to 

evaporate while cooling.3 

It is necessary to check whether the drop is inside the plume or in the ambient 

air as a function of distance from the tower, in order to correct for relative3 

humidity and temperature changes. This is done by calculating the drop 

coordinates (height and distance) and the plume height and radius. IfU 

(HP - RP) <HZ and/or (HIP +RP) >HZ for the same distance XD, the drop is in 

the plume. Ot herwise the drop is in the ambient air. (See page 31 for nomenclature)3 

The drop outside the plume experiences the following conditions: 

1. The wind velocity'ux continues to exert a horizontal for ce 

described above on page 1. 2.  

2. Gravity exerts a vertical force downward on the drop. The drop.  

is assumed to fall at terminal velocity 10 seconds after it leaves.3 

the plume. The terminal velocity of the falling drop varies with changes 

in. the drop size and concentration (density) until steady state (equilibrium)3 

is reached between drop and environment.



-4-

3. Ambient air relative humidity is RHA.  

4. Ambient air temperature is T a 

S. Water vapor mass transfer by diffusion will occur between the 
ambient air and the drop depending on the'relative humidity of the 

air.  

The salt model follows the trajectory of sindle statistically average droplets 

of diameter D .O In order to find the statistical distribution in space of all 

the droplets represented by the droplet of diameter D ,it is necessary to 

take into account the effect of atmospheric diffusion in the plume and in the ambient 

air. It is assumed that a normal distribution of drop concentration exists 

around the trajectory of the representative salt droplet as is illustrated in 

Figures .2. 3. 1 and 21. 3. 2 * and as outlined on page 12.  

The ordinate of the unit normal curve is given by HZ, the height of the droplet 

at distance XD divided by the diffusion coefficient, a , corresponding to the 

particular stability condition under consideration. At each selected distance 

XD, the HZ/(o is calculated and the corresponding area under the curve 

obtained. This area is subtracted from one-half the area of the normal curve.  

The resultant value corresponds to the fraction of salt deposited between two 

consecutive distances.  

It should be noted that HZ corresponds to the height of the drop above grade at 

each distance XD. That is, in hilly regions, the effect of the terrain upon the 

drop trajectory is considered.. This is done by following the local grade of the 

land while following the drop trajectory and adjusting HZ to account for the local 

grade XD. Since the topography is a function of distance and direction the land 

is characterized by terrain profile sectors. The number of sectors to be used 

depends on the site characteristics. As many as 16 sectors can be used to 

characterize the terrain. The drops trajectory calculations are done for each 

of the selected sectors.
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2. 0 MATHEMATICAL MODEL 

2. 1General-Equations 

Motion of a single. drop in a gas flow field is given by:

PLp d V 
gL\ t

ft ~-DIf(- - _)
. (qTD + F 

e

change in motion 
of drop caused by 
all the forces 
acting on it, 
Newton's Law

gravity force on 
drop

fluid resistance opposing 
relative movement of drop 
through the gas

Mass transfer to the gas phase around the drop (i. e., around the drop surface) 

is given by:

dmA 

dtA xm 

rate of r at e 
mass diffu 
transfer 
of A to 
the stream 
over the 
entire 
surface 

where:

(D D 2)(x~o - xq 

of mass tra nsfer by 
ision

+x,( dmA +Ao dt

rate of mass transfer 
due to bulk flow

C =drag coefficient D 

_24 

RRe 

_18 

- .6 (N R)l . . . . . . . . . .  

= 01.44 . . . . . . . . . .  

*See Page 31 for Nomenclature.

For: 

NRe-2 

2 <N <1000 
Re

1000 < N Re< 200, 000

any 
other 
force

9L 

ge

+ B 
t



= mass transfer coefficient for drops (4 )

(2 p 9AB) 

Dp [1 .+
O.3N 1/2 

Re3N

-Reynold's number 

~air - Vdop Pg 
-A D air

-Schmidt number 

-ABg

A heat balance around the drop gives:

T -Td 

net heat 
transfer by 
conduction

ABk. air Pi 

net heat transfer by 
diffusion

And from continuity:

dm m7 
0

where:

D =drop diameter 

(0 1/3 
V PL c )

= mass of salt in drop

m = mass of water in drop

k xm
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Figure 2. 1. 1 
Behavior of Salt Particles 

in the Operation of a Salt Water Cooling Tower
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Figure 2.1.2 

Forces Act ing *on a Droplet

INSIDE THE TOWER IUZ(HT).VZ(t)

CDIUZ ~I 

D (t) 
P

OUTSIDE THE TOWER 

(a) Inside the Plume UZ (XD, t)
VZ (XD, 0)

Wind

.(b) Outside the Plume
D t)

Wind

I- -- ft.  

C DI UZ -V I

CDIUx

D (t)

cDI VZV

CD~ti- VX

-- b

vx



2. 2 Application of the, General Eqations 

()Inside the tower:I 

From top of drift eliminator to top of the tower.' 

Motion of a single drop in the gas flow fluid inside a cooling tower is 

given by:3 

dz -V- Pg CD u 

Rate of growth and mass transfer to the drop surface is given by:I 

dc - 3.0 kx 4/ (xAi x A') 

where: 

=D IUz - TzIP 

N Re jp g 

N (~ Sc 

2 g 

kxm D "A .3NRe 12NSc]/1 

and:I 

T-T AB 
9 drop A g 

HZ = vz At3 

D = ( 6m \1/3I 

p (ffPL. I
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(2) Outside the Tower 

From top of the tower to the ground.  

Motion of a single particle in the gas flow field inside the plume and/or in the 

ambient air:

d~z r~~ p1

ci~x 3 3 9 - C xv 

dt 4 PLDPDXrx-I x 

Growth! evaporation and mass transfer to/from the drop surface:

3.0

where:N

NRex 

N Re

r 4/3 (X Ai -x Am

D V-U' -zb p 
- p g

D( [ 

AB 
rop k

O*3 ~e1/2 .N1/3]

A xA Pg

NSC 

k xm

and:
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HZ = t+H 

XD =Ejvx. At

=(Hz SNZ 

( 6m 
0 

1T LC/

*ux 

1/3

RP 0. O4(HP -HT) +SDIA/2 

For Stable Low, Wind Speeds (< 6. 0 mph)

H-]P Icn + (_)n +1I
2 2 2 

..L N
(2 n -1) + ( _ )nl

] 1/3 

Cos N NXD 
ux

+ HT , (n =1.,

0.4 p W"

=F/nc = 6550. /ux

= 3. 32 x10-4

1/3

j 
P= I

F 
2 RP .*ux -N

(-1T) (2p - 2) 1/3 ,n = 1, 2,...

sin (;x
For all other wind speeds: 

HP 2 26. 7 (XD) 2/3T 
ux +H

iuz = 17. 8XD 1 ~

F

N 2

2., ... )

a 
dz

Ta

cn 2
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2. 3 Salt Deposition - Calculation Procedure 

For each initial set of conditions (i. e. , drop diameter, salt concentration, wind 

speed and stability group), the drop diameter, concentration, velocity (hori

zontal. and vertical) and traj ectory .(HiZ andX D, i. e. , particle coordinate s) are 

calculated as a function of time as the droplet travels from the top of the drift 

eliminators to the ground. The calculations: consist in solving above set of 

simultaneous ordinary differential equations, as a function of time. -the 

solution is obtained by finite differences using the advancing technique (Runge

Kutta method).  

The salt deposition at the ground versus distance from the tower for each set 
of parameters is obtained as follows: 

1. At each selected distancee calculate HZ/cr 
XD(N) 

2. Look up area in normal probability distribution table.  

3. Total salt deposition up to XD(N) =Pb(N) = 0. 5 + Area 

- upstream of salt drop axis on ground 

+ downstream of salt drop axis on ground 

4. Fraction of salt deposition between XD(N + 1) and XD(N) =Prob (N + 1, N)= 

=[Pb(N + 1) - Pb(N)] -PDIA 

where PDIA = mass fraction of drift drop D pat top of tower.  

5. Air concentration = VM = Prob (N + 1, N)/vz

The method is illustrated in Figures 2. 3. 1 and 2. 3. 2.



Figure 2.3. 1 

Method for Calculating Drift Droplet Deposition

Unit Normal Curve

Virtual 
Source 

Distance

Normal Distribution 
of DropConcentr ation

< 'XD

<- XD jN

Water Vapor 
Plume Axis

Axis
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Figure 2. 3. 2 

Cross Section of Concentration in the Vertical 

x 

(Hz/a 1 

H7z)[

Deposition Between 
,XD and XDj 

Fractional Area = Fra~tional Q /Deposited from 0 to XD N
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2. 4 Assumptions 

1. Relative humidity of air inside the tower is 100%.

2. Temperature of air inside tower (from top of drift eliminator to top of 3 
tower) remains constant.  

3. No drop breakup or coalescence.5 

4. Inside the tower, horizontal component of velocity is zero.  

5. Plume relative humidity varies as a function of ambient air relative 

humidity and downstream distance from tower. 9 
~.Plume height is described by Slawsoa and Csanady's equation for' stable low 

wind speeds (wind speeds 6 mph) and by Brigg's equation for all other 3 
*conditions.  

7. Plume rise estimates assumed no buoyancy effect due to the release or 

recovery of latent heat (i. e. , only sensible heat has been assumed).  

8. Plume velocity is described by the derivative with respect to time, of the 

plume height equation. It applies between,;,L dtP ei eoct oX 

10OHT 

9. Viscosity, thermal conductivity, diffusion coefficient and Schmidt number 

remain constant.
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2. 5. Variables 

independent Variables

Tower height 

Tower diameter (top) 

Air flow rate through towef 

Salt concentration in basin 

Ambient air temperature 

Initial drop diameter 

Ambient air relative 
humidity 

Atmospheric pressure 

Horizontal wind speed 

Height of wind instrument 

Mass fraction of drift drop 
at tower top 

Diffusion Group 
Dependent Variables

- HT 

= SDIA 

-Q 

0 

Taire 
-D 

Po 

- RHA 

- PA 

= ux 

HM 

- -M

Vapor pressure of drop solution =VPD 

=4. 579 (1 - 0. 537c) ep {19. 46 - 25310T 

Mole fraction of drop solution in air = VPD 
PA

Density of drop = PL= f(c) = table of Pversus c

Plume height = f (ux, XD, stability class) - given in section 5. B. 2. 2, page

Plume radius: for XD: 10~ 1HT 

10 1HT

RP =0. 4 (HP - HT) + SDIA/2.  

=0

Correction factor for wind speed = SNZ = f (stability group)



Dependent Variables (continued)

Inside Tower Plume Ambient 

Air vertical velocity z f (Q, SDIA, HT) 17. 8 ux1/ 0 

Air horizontal velocity 0 tx (HP, HM) ux (HP, HM) 

Air temperature T 9= f (Tair t RHA) T 9P f (Ta , RHA, XD) T a (input) 

Relative humidity RHG (assumed =100%) RHP =f (RHA, XD) RHA (input) 

Partial pressure of water in air= 

RH 4. 579 exp 19. 46- 27+~ P. P.G. P. P.P. PPA 

Density of air= 

(T= 273)~ 8311 +4.561 * 18p 
~29(760- g9 Pip _____a____ 

Mole fraction of water in air PPG/PA PPP/PA PPA/PA 

Diffusion coefficient of water in air (/ 
=f(T) ~AB -A5AB A 

Thermal conductivity of air k k k 

Viscocity of air = f(T) 

Latent heat of vaporization of drop W~f 
solution = f (Tdo) 

~ABt 9  AAB_ 

Temperature of drop T - T Y A~x P Tg - T 'B- &x P T -T x AB P 
g drop kg p drop k 9P a drop

No Am 1", -W 4W -M am 4W 40 Ma IM -4 o4



2. 6 Wind Interaction with Tower Wake 

2. 1 Physical Process Modeled 

(5) 
Wind tunnel test results indicate that at wind speeds greater than 25 mph, 

tower effluents (plume) wake interactions would occur. These. wake inter

actions were included by combining the wind tunnel experimental results with 

the model described in the previous section.  

The wind tunnel ground concentration results apply to a vapor plume. In a salt 

laden plume, the saline droplets centerline (axis) are, at all distances, below 

the center of the vapor plume. In order to use the test results, it is necessary 

to adjust the ground concentration (obtained in (5)) by calculating what the value 

would be if the plume were HZ meters above ground. The correction is based 

on a normal curve distribution with its axis at the indicated plume height obtained 

from the vertical profile in the wind tunnel tests. This was done for each drop 

diameter at two different group speeds and two different ambient relative 

humidities. The figure 2. 6. 1 illustrates the method. .The calculational 

procedu re is described below.  

,2. 6. 2, Calculational Procedure 

1. Select a distance XD downwind from the tower.  

2. Obtain the height of the plume centerline (axis), HZ, the concentration at the 

axis -and ground conc entration from the wind tunnel test results.  

3. Normalize the values in 2, above, to a normal probability curve with its axis at the 

plume centerline (i. e. , divide c .by a number such that c nraie axis axis, nraie 
*0. 4, divide c by the same number to obtain cgrudnraie ground gonnraie 

*ordinate).  

4. In a normal probability table, look up the abscisa,' HZ/a, corresponding to 

the ground ordinate.  

5. Calculate a = HZ/abscissa.
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6. Calculate HZ for each drop for the same ambient parameters (X, Vx, IN 

stability group) using the method described in previous sections.  

7. Calculate HZ/a and look up in the normal probability t able the ordinateI 

corresponding to this abscisa. Call this ordinate c g, d, n' s 
8. The ground concentration corresponding to a drop D pat a distance XD,is 

cI XD g,d n c00 

where: 

c experimental ground concentration fraction at XD fora 
0 the ambient parameters 

= initial salt concentration in tower 

PDIA =(mass) fraction of drift drop of- size D pat top of tower 
p A
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Figure 2. 6. 1 

Method for Calculating -Ground Concentration Due to Tower Wake 

nomldsrbtozf lm ocnrto 

normal distribution of plum concentration 

."water vapo,

XD, distance
Cg, n
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2..7 Salt Deposition - Virtual Source5 

The diffusion equation is for a point source. Since the cooling tower is not a 

point source, it is necessary to take horizontal distances (XD) from a- virtual f 
-point source distance when determining, values of a and a r The empirical 

y z' 

correlation described below was deriV'ed from photograph observations of plume 

growth at the Paradise plant of TV.A.  

Salt Deposition-Virtual Source 

Virtual source estimnate for a 

2 
Atl10HTrneters; r,(8 RP) irabg 

where: 

Stability class C a = 2b 

D a a=3b 

E a=4b 

and: 

a a/2 a =b/2 
y z 

For example, for. HT =150 meters, and RP 0  42 meters 

Virtual Source Stability Class 

XD = -0. 7km C 

-3.7 km D 

-7. 0km E
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2-8 .Washout by Rain

2. 8. 1 Mathematical Model 

Definition of: 

Washout: Scavenging, of the salt drift droplet below the cloud level 

by falling rain, snowflakes, etc.  

Collection Efficiency: Ratio of collision to geometric cross section. For 

drift drops, the collision efficiency of raindrops is.  

unity.  

Washout Coefficient: Fraction of horizontal area swept by rain in a unit time 

=A = 2T~nvr 2 

where: n =number of raindrops of radius r- in a unit 

volume of air 

v =fall speed of drops of radius r 

*A f(RR), RR = rainfall rate 

Removal of the drift drops is accomplished by collisions between rain drops and 

drift particles. The salt drift is then carried to the ground with the rain.  

Total fraction drift in plume at any time t is given by: 

Q exp (-At) = exp (- *XD) 

Qo ux 

Total fraction. of drift deposited in ground, in annulus between XD land XD 

IN -I N + 1
FQ THM EFE 

ZFRR. FHR*I x (XD(N) A D) er (XD(N + 1) -XDO]J

and:

XD =HUX 
0 w (washout begins at the top of tower and does 

not reach the ground for some distance XD; 
i. e., XD0 represents displacement of hori-0 
zontal scale)

where:

= fraction of salt deposited in annulus betweenXD(N) andXD(N + 1) 

= initial height of plume centerline 

-. horizontal wind speed

FQ 

H 

ux
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= fall velocity of rain -6 rn/sec 

= fraction of rainfall at the given rainfall rate 

= fraction of time that rain falls at the given rainfall rate 
= fraction frequency of occurr ance of wind speed 

- total monthly rainfall 

= total hours of rainfall per month 

= total hours per month

SFQ =FRR -FHR 

RR

The total salt deposition in a given sec

Q0. SFQ - FRSEC(

uXD()X -~"'' - exp + 1) - XD0Oj 

tor K is given by:

Qse ctor

where:

FRSEC(K).= fraction monthly. rainfall inK sector 

=0 salt drift rate 

A =area of annulus between XD(N) and XD(N + 1)' 

Qsect - salt deposition in sector- Kat a distance XD(N + 1) - XD(N)
~sectorfrom center of tower 

2..8..2 Calculational Procedure 

Calculate SFQ for each of the different wind speeds as a function of distance from 

tower. Store as matrix SFQ versus ux versus distance.  

Data.Internal to* Program

* Table .......... RRvs A 

e Table .......... RR vs FRR 

9 Table......RRvs FHR 

* XD (Distance from towver)

w 
FRR 

FHR 

UFREQ 

TMR 

THR 

THM



2.9 Ice Formation -4 

Ice accumulation may be caused by drift droplets impinging on surfaces at or 

below freezing. The rate at which, ice accumulates on a surface depends on 

the drop diameter, the drift drop collection efficiency of the surface, the 

surface shape and dimension, and the meteorological conditions (i. e. , wind 

speed and direction, relative humidity, stability, etc.) 

Estimates of ice buildup vs time as a funct'ion of distance and direction from 

the tower are obtained using COOLER output with site hourly weather data, 

and is calculated as follows: 

a) ice accumulation on the ground ICYCLE 1 

1. At each selected distance, the fraction of water deposited 

on the ground is obtained from COOLER,'and is a function 

of drop diameter and meteorological condit ions (wind speed, 

relative humidity, stability).  

2. For each hour of weather data, and for ambient air ground level 

temperatur e'5 32 0F, the amount of salt and the water 

deposited are calculated at each distance and in the direction 

of the wind.  

3. The freezing point depression is calculated at each distance.  

If T (32 OF - 6Tf), the water deposited in the ambient f 
ground is assumed to freeze. -That is, it is assumed that ground 

temperature is equal to ambient air ground level temperature.  

4. Once freezing has occurred, the ice will be melted if during 

two consecutive hours the ambient air ground level temperature 

is 33 OF 

5. Output from the program are plots of ice ac cumulation vs 

time for selected distances for each of the 16 discrete sectors 

used to represent the compass.  

b) Ice accumulation on structures ICYCLE 2.  
1. At each selected distance, the water air concentration 

fraction at ground level is obtained from COOLER, and is 

a function of drop diameter and meteorological conditions.  

2. The mass of water deposited in an object of a given sh ape 

and dimension is calculated at each selected distance.
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QddDI 

u x =wind speed 

=d water air concentration due to a drop of diameterI 
d at the distance under consideration, as a function 

of weather conditionI 

=d collection efficiency of object of (cylindrical, ribbon) 

shape and dimension d for drop of diameter Dp 
3. The freezing point depression is calculated at each distance.  

If T (32 OF - &T ), the water deposited on'the i 
structure is assumed to freeze. That is, it -is assumed that the 

structure temperature is equal to the ambient air ground levelI 

temperature.  

4. Once freezing has occurred, the ice will be melted if for two' 

cons ecutive hours the ambient air -ground level temperature is 

313OF.  

5. Output from the program are plots of ice accumulation versus time f 

two different object shapes and three different object dimensions, 

at selected distances for each of the 16 discrete sectors used to 

represent the compass (360 0).1
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3.. 0 Outline of Computer Programs 

In order to predict average salt deposition rates as a function of distance and 

direction from a cooling tower, three computer programs were developed:

COOLER: 

RAINDEP: 

XQCOOL:

determines salt deposition rates and air concentration 

fractions versus distance from the cooling tower for 

each drop size as a function of weather conditions, i. e., 

wind speed, relative humidity , stability class and tower 

characteristics.  

estimates the washout by rain; gives salt fraction versus 

distance as a function of wind speed and rainfall. Des

cribed in Section 5. B. 2. 8. 2.  

uses COOLER and RAINDEP uutput with site hourly 

weather data in order to determine salt deposition rates 

and air salt concentrations as a function of distance and 

direction from the cooling tower.

In order to predict ice formation rate as a function of distance and direction 

from a natural draft cooling tower, two computer programs were developed.

ICYCLE 1: 

ICYCLE 2:'

uses COOLER output with site hourly weather data in order 

to determine ice accumulation on the ground vs time at .each 

of the 16 discrete se'ctors used to represent the compass at 

at selected distances from the cooling* tower, 

uses COOLER output with'site hourl y weather data in order 

to determine ice accumulation on surfaces of cylindrical and 

ribbon type shapes and various dimensions versus time for 

each of the 16 discrete sectors used to represent the compass 
akt selected distances from the cooling, tower.



3. 1 Outline of Computer Program - COOLER

Mode of Operation 

1. Top of the drift eliminator to ground 

2. Top of the drift eliminator to top of tower 

3. Top of tower to ground 

4. Outside plume to ground 

input Data Required 

9 PA 

* SDIA 

" TA 

"RHA 

* DP 

* Diffusion Group 

* ux 

* PDIA 
0 Terrain profile 

Data Internal to Program 

* Table .......... PL VS e 

e Table .......... uzvs HT 

e kA 

~AB 

e Table .......... T -vs T 

* Table......RHPvs RHAvs XD 

* Table .......... (H/a ) vs Area (Normal Probability Distribution)
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3. 2 Outline of Computer Program - XQCOOL 

Mode of Operation 

Monthly Average: dry, wet, dry plus wet 

Seasonal average: dry, wet, dry'plus wet 

Annual average: dry, wet, dry plus wet 

Input Data Required 

COOLER output: Drop size, distance from the tower, wind speed, 
relative- humidity, stability group, salt deposition 

fraction, air salt concentration fraction.  

RAINDEP output: salt fraction, distance from the tower, wind speed.  

Q0: salt drift from tower.  

Site Meteorology at specified height: *hourly data for wind speed, wind 

direction, relative humidity, temperature (dry bulb and 

dew point), rainfall, hours of rainfall.  

Tower characteristics 

Selection of: Pasquill stability class definition, stability group with 

wind speed, treatment of calms, type of output desired.  

Data Internal to Program 

* Table.......... Pasquill Stability Class vs. Ambient Temperature 
vs. Wind Speed 

* Table .......... Calm Selector (Selection on treatment of Calm Hours) 

* Table ........ Site Boundary 

Calculation Procedure for Generation of Isopleths 

* Selector switches for type and form of output desired.  

Output 

* Isopleths of salt deposition rates and air salt concentrations versus 

distance at desired distances from the tower for the selected time period 

(month, season, annual) and conditions (wet, dry, wet plus dry).

* Tables of joint frequency of occurrence of weather data.



-29-5 

3. 2..1 . Calculational Procedure - Dry Deposition 

1. For each characteristic drop diameter, wind speed, ambient. relative.  

humidity and diffusion group, salt deposition rate and air salt concentration 3 
fractions are estimated by COOLER and RAINDEP (described in previous 

sections).£ 

2. Summation over drop diameter, gives total deposition versus distance 

from the tower as a function of wind speed, relative humidity and stability 3 
group.  

3. Each hour of the year relates to one of the groups in (2) with addit ion ofI 

wind direction,* i. e, each hour of the year specifies the direction [i. e. , 

rector annulus] in which salt will be deposited.  

4. For each of the 16 sectors considered, the monthly, seasonal andI 

yearly deposition rate 2 -/ month) and air salt concentration 

(M/L 3) is obt .ained by the summation over the various wind speeds,I 

relative humidity and diffusion groups, multiplied by Qd(annulus area 

number of Months) as a function of distance from the tower.I 
For. each sector: 

AnulsAra Prob (N) Monthly Average Deposition rate 
Annulus Dre in sector, kg/(km2 

-month)3 

month 

Season Ave. - monthly deposition-. k /(km 2 
-month 

Deposition months in season g h 

Rate 

Yearly Ave. _ monthly deposition k /(km2 -month) 

Deposition 12 g 
Rate
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Similarly, for ground air concentration: 

Qo V Prob (N) monthly average 
Annulus Area L. Total hours of mionth air concentration, 

ux, RHA D$4gm 
month P 

Seasonal. Average Air i2Monthly Air Concentration 
Concentration, pg/m 3 

=No. Months in Season 

Annual Average Air, L Monthly Air Concentration 
Concentration, gig/m 3 

=12 

3. 2.~2 Wet Deposition - Caiculational Procedure

1. Calculate SFQ.for each. of the different wind speeds as a function of distance 
from tower. Store as matrix SFQ versus wc versus distance.  

2. For each hour of rain, relate to corresponding wind speed in SFQ matrix, 
and introduce wind direction.  

3.Multiply. S FQ by the hourly rainfall and divide; .by total hours of the month.  

4. Summation of step 3 for each month period, in each direct ion, gives salt 
deposition in each s ector.  

output 

Isopleths of salt deposition as a function of distance from the tower.



-31-

3. 3 Computer Simulations 

3. 3.1 Parametric Study

D 
p

=- f (T a> RHA, Stability.Group, ux, HZ)

3. 3.2 Correlate Drop Size (Salt Concentration) with Weatheir Data

~1Wake condition also included.

Wind Speed Representative Stability Relative 
(mph) :Wind -Classes Direction Temperature Humid .ity 

0-3 ax1.O0m/sed C,D,E 165S 720 F >75, 90% 
;05P 65% 

4-6 ax 2.,3 in/sec, C, D, E 16 S 72 0 Y >75y'.90% 
*75, 65% 

7 -9 ux=3. 5m/sec C, D, E 16S 72 0 F >75p 90% 
g75p 65% 

10-12 ax5.O0m/sec C,)DIE' 16S 720F >75, 90% 
-5751 65%.  

13-18 ux=,7.0 rn/sec 'D16'S 72 OF >75, 90% 
<75, 65%6 

19-25 =10.0 b m/sec D 16S 72 OF >75, 90% 
<75, 65%6 

26-32(1) =13.0 rn/sec D 16S 72 0 F >75, 90% 
<.759 65% 

a 3 k-L) ux-T6 0 m/s D 16S 72 OF > 75, 9 Oo 
_____________________~: _ _ _ _ _ _ __ _ _ _ _ _ 75, 65%
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3. 3. 3 Sensitivity Studies, 

3. 3. 3. 1 Effect of Drop Size and Mass Drop Size -Distribution 

3. 3. 3. 2 Effect of Wind Speed Grouping for: Low Wind Speeds 

3*. 3. 3. 3 Effect of Stability Group Definition 

3. 3. 3.4 Effect of Relative- Humidity 

3. 3. 3. 5 Effect of Tower Height 

3. 3. 3. 6 Effect of Basin Salt Concentration 

3. 3. 3.'7 Effect of Reference Location for Drop Size Measurements 

3. 3. 3.8 Effect of Plume Rise 

3. 3. 3.9 Effect of Temperature

These studies have been summarized in Reference 6.



-33-

NOMENCLATURE 

c = salt concentration in drop, dimensionless 

C P = specific heat H/M-T 

C = drag coefficient, dimensionless D 
D = drop diameter, L 

OA = diffusion coefficient of water vapor-air,. LA/ 
-'-AB4 

F =flux of buoyancy, LA/ 

=gravitational conversion factor, M-L/(mass force - t.) 

9L = gravity force, LAt2 

HT = tower height, L 

HP =plume height, L 

HZ =vertical distance of drop (i. e., drop height), L 

=latent heat, H/M 
2 k =mass transfer coefficient, M/L t xm 

k = thermal conductivity, H/LtT 

L = buoyancy length scale, L 
m 0 mass of salt in drop, M 
mI= mass of water in drop, M 

N RE= Reynold's number, dimensionless 
N sc= Schmidt number, dimensionless 

PDIA =(mass) fraction of drift drop of size D at top of tower 
dimensionless, nP 

PA = atmospheric pressure, p 

PP( ) = partial pressure of water in air; ()=g =inside tower.  
gp = inside plume 
a =ambient air 

Q = salt rate from tower, M/t 
Q = sensible heat flux at the tower, H/t 

RP = radius of the plume, L 

SDIA = tower diameter, L 

T = temperature, ()=g =-air inside tower.  
() p = air inside plume 

a = ambient air 
pv= abs~lute
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VPD 

X Ao XAi 

AXA

vapor pressure of drop solution, P 

mole fraction of drop solution in air = VPD/PA,,dimensi'onless 
mole fraction of water in air = PP( )/PA, dimensionless 

(X~ - xA~( dimensionless

entrainment constant 
sector
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Appendix C 

SITE SPECIFIC INFORMATION FOR COOLING TOWER ANALYSES 

This appendix contains information relative to the specific site and cooling 

tower configuration being. evaluated. The contents are listed below.  

Tables 

1 Joint Frequency of Occurrence of 400 ft and 33 ft Wind Speed, Wind' 

Direction, Relative Humidity, Ambient Temperature and Stability. Based 

on Indian Point 4 Tower Data from October, 1973 through August, 1974.  

2 Cooling Tower Geometry and Operating Conditions Assume d for Analysis 

3 Groups Used to Classify Each Hourly Measured Atmospheric Condition 

4 Assumed Mass Distribution in Selected Drop Size Groups 

5 Representative Values for Atmospheric Grouping 

6 Joint Fre quencyof Occurrence of Weathe r Conditions Obtained from the 

Indian Point 4 Meteorological Tower (400 ft level) for the Period of 

Record from October 1, 1973 through August 31, 1974.  

Figures 

1Cooling Tower Operating Characteristics Assumed for Analysis:.  

a: Exit Air Temper ature vs Ambient Dry Bulb Temperature as. a 

Function of Relative Humidity 

b: Air Flow Rate and Exit Air Velocity vs Ambient Dry Bulb Temperature 

as a Function of Ambient Relative Humidity 

2 Terrain Profiles for 16 Direction Sectors, 0-5 Miles from the 
(a - P Indian Point Site



Table 1 

Joint Frequency* of Occurrence of 400 ft and 33 ft Wind Speed, Wind Direction, 
Relative Humidity, Ambient Temperature and Stability..  

Based on Indian Point 4 Tower.Data from October, d1973 through August, 1974.  
ALL DELTA TE4FERATURE GROUPS(0ft 

RELATIVE HUID1ITY GREATER THAN C.0 ANOaTE99THA EQTUAL TO 60.0 
APIOTENT TEMPERATURE GREATER -HAN O.t AND LESS THAN OR EQUAL TO 30.0 ________ ______ 

SPEED N NNE NE E.E ES SS S SS SWS N WNW NW NNW TCTAL 
o q _ _0 0 C 9 0 0 0 0 0 0 0 _ 0 a a . 0 a 
1-1 ~ 2 3 - 1 I.3 1 4 6 . 2 i 2f0 

5- 12 8 6 2 3 0 1 11 2 3 4 2 2 5 11 80 
8-l 19 10 0 1 0 0 a 0 4 3 1 a 3 2'. 32 10'.  

13-18 29 32 _ _A 0 "i 0 0 0 a 4 6 0 0 3 S57. 37 176 
~ig-24 _ 10 q 0 6-0 a G- 01- o d 0 O i2 0 £625 
2?5-32 3 0 0 a__ 0 0 0 0 0 0 0 0 0 0 9 1 13 
32+ 0__ 0 0 a 0a i 0 0 0 1 ~ TOTAL 62 65 30 9 4 6 1 1 is 16 16 7 5 12 11? 101 '466 

RELATIVE HU"XITV GREATER THAN 0.0 AND LESS THAN OR EQUAL TO 60.0 
AM41ENT TEMPERATURE GiEATEP THAN -30 0TANO -LESS THAN Ok*.EQUACTO to0 

SPEED N NNJE__ NE ENE E ESE SE SSE S SSW Sw WSW W hNW NW NNW TOTAL 

1-3 t. 1 .2 2 0 1 1 0 3 a 5 2 4 0 1 0 34 
4-7 11 12 It .0 3 z 1 4. 11 13 18 T b 7 11 IV 127 
8-12 27 3.5 21 0 1 _ 1 0 1 12 19 17 3 12 21 55 41 266 

_13-18 Z 20 1- 0 0 0 0 5 to '. .3 8 -2 6 85 -74-26 9 
J9-24_19 6 . 0 -0 0 - 0 0 0 0 1 3 0 1 12 52 55 149 
25-32 - !F I a b 0 0 b _C 0 I 0 0 6 -2 4 £13 -- o 

3z 0 0 0 0 0 0 0 a a 0 0 0 5 4 3 13 
-TOtSL 98 75 39 3 4 4 2 5 i1 51 115 3 '1 zir 11U99 

REAIEHPZIYGREATE CTHAN__ 0.0 A10_TES THAN0 TUA --_6.  
AM31ENTTEMPERATUPEGREATER~ THAN 45.0 AND LESS THAN OR EQUAL TO 60.0 

SPEED N tNE 'V NENE E ESESCSE SXS stW_ sii-sR W NW tIW14NWgT_0TXC 
0 3 1 0 -0 0 0 0 0 0 0 0 0 0 0 0 0 0 

fz it a 2 0 1 3 a a I 3 4 F - r .5 z to z W 
_4-7 14 It 12 3 1 0 0 _ _ 2 17 20 22 10 a 9 9 .9 147.  

-11 35,7 1 4 0 3 4----2+k 251"4-6- 69'1V---517184B 
13-18 .23 20 10 0 1 0 0 ___1 19 16 18 18 9 22 40 35 229: 
19-2'.15 s 1 0 0 0 0 -- 0 16- 11i5 6_6 3_-_1632-120
25-32 2 0 0 0 0 a, 0 0 0 0 .6 0 0 15 10 S '41 

3i . 1. 0 0 0 a 7 0 .0 U 0 1 U 2 3 
TOTAL 73. 74 32 4 6 0 3 .8a 71 6 61 44 36 z0 95 105 768 

S~~RELATTVE HU'M!OXTY.GREATEP THAN 0.0 ANG LESS THAN OR-EQUAL TO 6o..0 ________ 

7- -xktxs rNI T~Taw1OEULO9 - __ ____ 

SPEED N N'JE NE ENE E ESE SE SSE S SSW Sw WSW W WNW NW NNW TOTAL 
o 0 o 0 0 0 0 3 . 0 0 a 0 0 _ V- 0 - 0 -

_ 1-3 9 5 7 5 3 2 2 0 6 6 11 8 12 3 7 3 89 
4- j 38 3h 9 4 5 ' 3 2 ~ 2 ~ ; E -15----69 

8-12 35 34 12 5 3 2 4 4 45 22 26 20 25 25 34 'is 314 

19-24 8 6 2 0 I 0 I a 22 5 15 9 3 8 12 5 97 
25;-31 1 0 a 0 0 9 0 U r z 0 0 
32+ .3 a a 0 0 a 0 a 0 0 0 0 0 0 0 0 0 
TO0T AL C11i7_f 16-34 4 9 7 1 6287.5~7 
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Table 1, continued

AL Thiui T0PRATUREGROUPS (400 ft) 
RELATIVE HUMIDITY GREATER THAN 6C.0 AND LESS THAN OP EQUAL TO 85.0 

AMBIENT TEMPERATU;E GREATER THAN 0.0 AND LESS THAN OR EQUAL TO 30.0 
S'E E6O N '-NN4E -- NE ENE 0 1f -- ESE '-SE* SSE *S SSW-- SWWw W WNW NW NNW' LO 6 
G _ I 0 __0_ 0 0 __ 0 a 0 0 0 0 0 0 1 

1-3 0 2 3 0 2 352 38.5 4 '.44 
4-7 9 21 13 It -4 1 3 2 8 7 16 6 6 0 7 4 118 

41 06 0 a a 0 2 12 Z3 1 S 3 18 i1 14 
13:181t5 62 00a 0 0 0 0 1. 9 0 C 4 21 15 127 

25-32 1_ 3__.3 __ 0 0 0 0- o 0 0 0 0 0 0 0 3 1 7 
32+ 0 0 0 a 0 a 00 0 0 0 5 - 1 6 
TOTAL 56- 167 20 11 6 4 5 5 15 25 56 13 13 11 82 38 527 

- RELATIVE HUMIDITY GREATERTHAN 6C.0 ANC LESS THAN OR EQUAL TO 85.0 -_ __ 
AMBIENT TEq0FRATURE GREATER THAN 30.0 -AND LEfsS THAN OR EQUAL TO 45.0-

SPEED 4~ NNE NE -ENE__ E ES E-SESSE s S SSW SW WSW W WNW NW NNW TCTAL 
0 0 6- 0 0 0 a 0 0 0. 00O0 

1-3 6 .1 2 1 1 3 a 4 5 6 '. 2 4 .3 4 2 '.8 
1 F B 8 3 5 r j -9 ju 7 A 10 10 5 j Io r V 

-1 14 20 _16 5 0 0 1 2 12 16 17 6 3 11 8 10 141 __ 
13-181L2 2 3 12 4 3 0 0 2 0 1 0 i a 2 j 3 
19-24 2 ___9 _ _ 2 .1 0 0 0 0 0 0 0 a___ a__ 5 22 ___7 48 _ _ 

3Z+ .0 a .0 0 .0 0 0 0 0 0 0 0 a 0 0 0 0 
-TdTAL 41. 66 .41 14 9 lii 10 17 '.7 49 54 18, 1v 32 18 4z 'D45 

RELATIVE HUMIDITY GREATER THAN 60.0 AND LESTAOREULO850 - ____ 
AMBITENT TEMPERATURE GREATER THAN 45.C AND LESS THAN OR EQUAL TO 60.0 ___ 

SPEEDF- "NNE- NE7 En -- 'C E- SE---SSS S W S NW-NT 
b I 13 0 0 00 0 0 0 0 0 0 0 0 0 0 1 

fs 7 2 2 4 2 6 5 9 5 6 6 a 3 , 1 ba 
-4-7 11 15 it 6 5 4 5 9 25 16 '23 7 3 4 5 3 152 ___ 

13-18 3 19 14 8 -4 3 2 2 20 10 8 1 0 4 7 4 109 
-19 - 224 40-j- 2-0- d 1i ± 0 0 1 f.2 2I 2-- -1 TI fi
25-32 0 2 0 0 q3 0 0 0 2 t a 0 0 2 1 z 10 
32. a 2 0 a 1 0 0 a U1 0 0 0 U - I 
TOTAL a,. 0~3 2 19 16 16 17 91 59 57 24 10 20 23 1V 535___ 

PELATIvE HU47DITY GREATER THAN 6C.0 AND LESS TNAN OR EQUAL TO 85.0 

SPEED -4 NNE ME ENE E ESE SE SSE 5 SSW SW WSW W WNW NW NNW- TOTAL 
0 3 p~ 0 0 - 0 -0 a C 0 0 a 0 a 0 U 0 3 

1-3 21- 14 11 11 ? 9 12 7 20 17 18 14 a 7 3 186 
4-7 25 2 66 4 5 -'-9-3e-4536-23 
8-12 16 41 1 1 ? 6 7 1.. 48 37 4e 19 16 12 9 ? 300 ___ 

1311 28 9 0 0 1 - T1-31f -U23d 5-5-4 6-5i 168 
19-24 a 6 3 0 '3 0 0 0 7 a 15 2 2 1 4 a 4.0 zs-3212 0 0 0 a a 0 U 9 9 1 U 1 9 1 9 
32+ 0 a 0 0 0 0 0 0 0 0 a 0 0 0 -0 0 0 
-T OTAL -80-i 11 7 28 18 20 28 -31 146 121 152 63 51 3 49 9C G2
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Table 1, continued

AL EtUA- TEMPERATURE t-64600 (400 ft3 
RELATIVE HUMIDITY GREATER THAN 85e.0 ANC Ln9TW~dVTUAL TO 95.0 

AMSTENT TE#4PERATUQE GREATER THAN 5.( AND LESS TO-AN OR EQUAL TO 30.0 
SPEE6 N __NUe 'J NET 6S F3ES-S SR WW1WWNT'~ 
0 0 0 0 0 0 0 0 0 0 0 0 0 a 0 
1:3 0 0 0 a 1 0 . 1 ± 0 4 
'4-7 a 9 14 0 2 0 0 a 0 2 3 .0 a 0 0 0 20 
8-12 Lo 23 4 0 0 0 0 0 0 2 a 0 0 L 0 a 37 

13-18 5 23 0 a 0 0 0 0 0 2 0 0 0 0 2 a -32 
19-240 5 16 0a 0 0 a 0 a 0 a 00 0 Y 0- 1 _6 1 

25-32 0 3 _ O_ 0 0 a _ 0 0 0 0 0 a _ 0 0 0 0 a 

3z+ 0 1± 0 a0 a 0 0 0 0 a a 0 0 0 0 f 
TOTAL 15 72 a 2 3 a I 1 1 6 3 I. a 1 3 0 l18 

PELATIVE HU4IDITY GREATER THAN- 85.0 AND LESS THAN OR EQUAL TO 95.0 
~ AMBI-E*Nf-T TE"PRATURE G*REATER -THAN -332.cC NO S THAN OR EQUAL-TO '.5--.  

SPEED N NNE NE ENE E ESE SE SSE S ss~w SN WSW W WNW NW NNW TOTAL 
o 0 0 0 0 0 0 0a0 0 0 b . 0 0 

1-3 '4 1 0 1 1 1 1 a 1 0 1 1 1 1 0 0 14 
4-T 5 3 2 1 a 2 3 6 a 5 0 0 4. '3 

8-12 3 2 2 ___2 _ 2 0 0 0 3 2 0 1 I 0 1 1 20 
131 0 6 6 4 7 a 0- 0 L 1 0 0 0- 06-0 14
19-24 _ 0_ 3 _ 9 _ 1 .2 0 0 0a . 0 0_ 0 0 0 0 11 
25-32 9 0 0a 0 -0 0 0 0 00 0 6 0 0 
32+ 0 0 0 0 0 a a 0 a 0 0 0 0 a a 0 0 
_TO0T A772 13 16 5 5 3 5 T I2 z 4, z 

- ECA T I-V FH'!FTff GRE T1~i N FRff8 5.0 3AN_ TET HN 0OU 1JL Tr *a 

___AMBIENT TEMiPERATURE GREATER THAN 4.5.0 AND LESS THAN DR EQUAL TO 60.0 
-SPEED N NNOE E ~S S S SW S~~ WWNOWN O A 

__0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
FT1 4 0 C. 3 3 z z I b 5 4 z 0 U U jw4 

'- '4 8 7 4 6 2 7 12 6 20 11 4 2 0 2* L_ S 6 
8-12 1 5 110 1 3 1 1 0W 2 

-13-IA 1 8a__ 7 - 0 1__ a 1 0 3 6 2 1 _ _ 0 0 0 1 30 
19-24 0 4 1 2 0 3 0 ~~5
25-32 0 0 0 0 5 0 0 0 2 4 1 0 0 0 0 0 12 

32 2 0 0 0 0 0 0 0 1 2 0 0 0 0 1 aI 4 

-TOTAL 10 25 26 9 17 5 14 16 30 50 23 8 4 a 3 3- 243 

RELATIVE HumIDITY GREATER. THAN 85.0 AND LESS THAN OR EQUAL TO 95.0 
8 IS _Y_ 0E 5 TWPbR1UE-R A IfTE AN 60 T -CAND0 -E*S S *TkAN -0 _E QUA L-TOS9 9_.T 

SPEED N NNE -NE ENE E ESE SE SSE 5 SSW SW WSW W WNW -NW NNW TOTAL 
0 a F. 0 0 0 a a 0 0 0 'T 3- 0 9 U 0 U 

1-3 9 2 6 7 1 1 4 - 8 6 12 11 8 9 5 3 2 94 
'47 8 7 S 7 01 i 2 9 1 0 11 

5-12 3 10 7 ___1 2 0 3 2 10 23 32 5 3 1 1 1 10'.  
.i 6-1 8 2 0 0 -9--Y -2- -- 12 -D0- 0 2. . -3 

1q-24 a 3 0 3 0 0 a 0 a 3 3 C 0 0 0 0 9 
-- 32 a 0 U 0 U U U U I U U U U U 1 

32+ 1 a 0 0 0 0 0 0 0 0 0 0 a 0 a 0 0 1 
TtA- -21 i 30 a 3-1 7 32 b 4 5F
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Table I, continued

ALL DELTA TEMFPA~TURE GROUPS (0 t 
RELATIVE HUMIDITY GREATER THAN 95.0 AND LESS THAN OR EQUAL TO 999.0 

AMSIENT TEMPERATURE GREATER THAN D.t AND LESS THAN OR EQUAL TO 30.0 
S~PEED 4 NNE '4 E SE S SSE S SSW SW WS WNW NN NW Tb TOTAL

a 0 0 .0 0 0 0 3 0 0 0 0 0 0 0 
1-3 2 2 0a. 0 0 a 1 1 1 0 0 1 
4-7 0 4 9 2 2 C a 0 a I 1 0 0 0 0 a 18 

13-i8 0 28 2 0 0 0 a 0 0 0 0 a 0 0 2 0 32 
19:24 0 2 0 0 0 0 0 06 0 a 0a 0 1 0 3 
25- 32 0 5 0 0 g 0 0 0 0 0 a 0 0 0 0 0 5 
32+ 0 ±53 0 0 0 0 0 06 v 0 a 0 0 0 ± 0 16
TOTAL 3 65 is 2 2 0 0 1 1 2 3_1 0 0 4 0 102 

RELATIVE HUMIDITY GREATER THAN 95.0 AND LESS THAN OR EQUAL TO 999.0 
A~9INT EMPPATUE GEATR TAN 3.0 NC ESSTHAN OR EQUAL TO 45.0 

SPEED N N14E NE ENE S __ESE SE SSE S SSW SW WSW W NNW NW NNW TOTAL 
G -0 0F 0 00 0 0 0 0 0 0-5 06 
1-3 16 0 0a 0 1 1 1 4. £ 1 1 2 2 0 a Is.  
4-F 0 2 6 3 2 4 5 2 13 8 4 3 2 0 3 1 58 
8-12 a ± I. A 1 1L -. 1 1 9 3 1 1 -0 0 a I 32 

13-18 i 2 2 -6 -. £ 6 1 4- 0 a 0 0 0 0 0 20 
19-24 z 0 1 , a__ a 0 0 0 0 0 0 1 0 0 0 4, 

o 0320 .0 0a0 0 0 0 0 6- 0 0I 0 
32+ 1 0 0 a 3 0 0 0 0 0 0 0 a 0 0 a 0 
TOTAL 8 6 1? .15 4 6 7 5 -30 12 6 5 5 2 a 2 133 

R- VE - - T fGRE9A TERTfHAN_ 95.0ANO _TSS__ THAN OR kEQUAL TO 999.0 
-___AMBIENTTEMPERATURE GREATER THAN 45.C AND LESS THAN OR EQUAL TO 60.0 

SPEED N NE NFE~NE S EE--- SE S 5W_ SW 14W W IN N R IOA 
. 0 1 I a 0 0 0 a 0 0 0 0 0 0 0 0 0 1 
T3 4 1 1 0 a -3 z 1 4 3 3 4 .0 1 1 . .U Uz5 

-4-7 0 4 "6 5 13 9 15 11 20 is 11 0 0 0 0 0 109 
a-120 L5 4. 1 -C -17 -g- 5 U- 0W 

13-18 0o 0 1 2 0 a 1 7 7 2 0 0 0 0 0 18 
19-2ik 0- 1 0 a a ~ - O o r i ~ - -
25-32 0 0 0 2 1 0 0 0 6 3 0 0 0 0 0 0 10 
j" 0 0 0 orr---1-----0u--- ---- a 0 0 a 
TOTAL 5 11 11 7 14 13 19 19 71 43 21 4 a 1 1 1 241 

RELATIVE HUMIDITY GREATER THAN 95.0 AND LESS THAN OR EQUAL TO 999.0 
ANSIS NTI M~ UPGREAE~TAN 6).VN6 LESS THANOREOUALTTO_99O7 

SPEED N NNE NF ENE E ESE SE SSE S .SSW _SW -7 SW W WNW NW NNW TOTAL 
-6 0 0 0 0 0 0 a 0 0 0 U g U a 0 U 9 
1-3 16 0. 0 2 3 1 1 1 2 3 4 0 2 2 5 0 30 
4 ;7 _0 0 2 1 2 1 -2- 1_ r- .3 -9 . -0 0 9-2 9 
8-12 2 2 0 0 0 0 9 5 7 0 2 1 1 0 0 0 29 

1318 0F 0 .0 0 0 a 2 1 3 200 T 1r 7 
19:24 0 0 0 0 0 1 a 0 0 0 0 0 0 0 0 0 1 
-29-2 a 3 G 0 I a .79 9 C 9 9 U U U U a 
_32+ 0 0 1) 0 0 0 0 0 3 0 0 0 0 0 0 0 3 
TOTA 6- 2 2 3 57 3 14 2 57 1, In a
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Table 1, continued 

ALL DELTA TEMPERATURE GROUPS (33 rt) 
RELA-TIVE HUUMIDITY GREATER THANI 0.0 ANO LE-S THAN O0R -EQUAL TO 60.0 

AOTENT -TE - PE -RATURE GREATER THAN .. ArD LESS THAN OR EQUAL TO 30.0 ______ 

SPEED -N -NNE NE -ENE~ EC ES E- _SE. _SSE -S --- SSW -__SwWs WS W WN~W -NW-RW-TbA

-_ a - 0 0 0 0 _ _ 0 0 .0 a a 0 0 0 0 0 0 0 a 
1-3 1_7 5- 78 4 11 -W li - T± 4 217 9 3 1 z __y_ 95 
4-7 32 39 Z7 6 2 0 1 0. 0 13 .9 0 5 37 . 44 218 
8-12 18 14 7 0. -a 0, ~ 0 0 I 0 8 i f 

-01-18 0 a 0 -0 .0 0 0 0 0 0 0 .0 0 .0 7 2 q 
192 ~ 0 0 0 Q 0 0d f 01 

25-32 a 0 0 - 0 0a 0 0 a a 0 0 0 0 0 .0 
3 2 +, 0 C 0 0 0 0 0 V0_ 0 0 0 .0 0 0 0 
TOTAL 65 95 41 if# 6 1 2 4 11 21 18 3 6 14 93 87 443 

RELATIVE,_HUMIDITY GREATEP THAN.' 0 .0 -ANC LESS THAN OR EQUAL TO .60.0 
AMaIEIT TEMPERATURE GREATER THAN . 30.C AND I-Es THAN OR EQUAL TO -45-0 

-SPEED N N*JE NE ENE E ESE SE SSE S SSW SW WSW W WNW NW NNW TCTAL 
0 - 0 0 _ 0 C 0 0 . 0_ 0 0_ 9 

1-3 4) 2. 12 7 3 1 3 4 10 14 16 9 13 13 6 8 160.  
-74-7 51 51 26 .1 1 0 3 2. 1e 21 21 9 14 39 bi 41 j .  
-.8-12 33 _ 22 ___6 0 0 ___0 0 0 1 6_ _ 2 3 ___8 41 108 89 .319 __ 

IJ13- 5 0- - 1 _ 0 -0 _0 3 0 7 _6 C_ 6 0 0- 6 0 530 1960 

.9-24 _ _ 1 0 0 C _ j 0 a .0 0 a__ 0 0 _ 0 0 1 0.. 2 

25-32 - 0_ 0 0 06 04 0 0 0 0 0 a 0 06 0 0 0 0 
32+ 1 3 0 0 0 0. 0 0 0 9 0 a 0 0 0 0 0 
TOTAL 130 74. 45 8 4 1 3 5 27 41 39 21 35 98 208 157 890 

RkELATIVE HUMIDITY G-REAt~TEHAN 0.0C tiLESS T HAN OR EQUAL TO 60.0 
A-31ENTTEMRATUPE GREATER._THAN 45.E AND LESS THAN OR EQUAL TO 60.0 ___ __ 

0 0 a 0 a 3 0 a0 0 0. 1 0 C 0 0 1 
1-3 29 6 14 5 3 4 4 0 39 15 16 6 10 10 13 6 T8_ 
4-7 41 33 20 _6 5 ___ 1 1 4 3v 30 20 ___10 17 28 38 36 319 
5-1c- -a is 1 60 9 0 0 0 .'1 166I~r T 

13-18 0 a 0 0 3 0 0 0 1 _ _ 1 a .1 3 16 7 29 
1923 0 0. 0 0 b 0 1 6-6 0 a 0 o0 - -- 1 

25-32 0, 0 0 0 0 0 ~ 0 0 0 0 .0 0 .0 3 0 0 0.  
32+ 9. 0 0 a 4 0 0 0 B a 0 0 0 0 U 0 

-TOTAL.77- 54_35 11 5 5 5 4. 70 61 53 22 39 59 115 93 711 

RELATIVE HUMIDITY GREATER THAN C.0 AND LESS THAN OR EQUAL TO 60.0 
AiiigIETk TfPRTU ET-~A6 ANDTETSSTARoAL-g.  

SPEED N NNE HE ENE E ESE SE SSE S SSW SW WSW W WNW NW NNW TOTAL 

0 a a00 0 0 0 0 0 0 0 a a 
-1-3 33 33' 7 _ 6 3 3 5 11 46 38 25 17 26 15 17 12 297 

4-7 3 1 2 4 6 2 0 6 S ~ ~ 1 ~ f 3 ~ 7 3 1 
9-12 1 13 9 1 0 0 a 0 1 18 17 11 3 2 17 11 101 

13-18 16-600- 0 0a 0 0 1 * 
19-24' 3 0 C 0 a a 0 0 0 0 0 0 0 0 a a 0 
2i5-32 3 C 0 U 0 U a Q 9 U0 9 U U U U U 
32+ - _ 2 0 0 a 0 a 0 0 a 0 0 0 a 0 0 0 0 
TOTAL 71 14 45_ 21 9 75ITT0IP 1I36I 5T 5U T 
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Table 1, continued 

ALCL DE#LiTA OtENPP. TURE G~dUPS (3;ft) 

RELATIVE HUMIZDITY GREATEF THAN 6C.0 AND LESS THAN OR EQUAL To 85.0 
___AMBIENT TEMPER.ATURE GREATERTHAN 9.f AND LESS THAN DR EQUAL TO 30.0 

IPEED N N4E 4E ENE E ESE-SE--SSrS SsjH SW WSW W TW ffWNH NNW -TOTA
0 1 0 0 0 a 0 0 0 0 0 0 0 0 0a 0 0 1 
1-3 21 jq .27 9 9 6 4 8 18 23 7 4. 6 -2 W 1 i? t 
4-7 13 '73 65 12 o a 0 0 0 10 6- 0 0 7 '22 9 222 
8-12 4 62 9 3 0 0 0 0 0 C 0 2 1 6 94 

13-16 3 .3 a 0 0 0 0 0 0 0 0 a 0 1 3 7 
±i9 -240 0 a 0 a 0 0 0 0 0 0 0 0 F 0 -d 0 
2_?5 -3 0J 0o 0 0 0 0 0 a a 0 0 0 0 0 a 0 0 
32+ 0 3 a 1 0 0 0 0 0 0 0 0 0*
TOTAL 44 I57 .101 21 9 6 di 3 8 28 29 7. 4 15 36 22 494 

REAIEHMDT RAE THAN 6C.0 ANC LESS THAN OR EQUAL TO 85.0 ___ 

A 31E fT .Mk. TUR 'G_ 4T THA -C A ND0_TSSt 4A 0k-l O QU A L f645~ 
_SPEED N NNE NE ENE E ESE S; SSE S SSW SW WSW H WNW NN NNW -TOTAL 

6 1 a 00 0 0 0 0 16 0- 1' f 0 6 d or 0 - _ _37 
1-3 54 .26 35 15 10 3 .7 16 18 20 24. 11 20 8 3 S 275 
4-7 23 31 43 20 6 3 5 3 5 10 5 4 1 '1 15 IT via 
8_-12 6 26.-20 ii 0 0 0 0 0 0 0 3 2 2 26 9 98 
13-18 0 06 3 0 0 0 0 0 0 0 0 0 0 0 6 3 12 
19-24 a 0 0 0 a0 0 0 0 0 0 0 0 0 0 .0 0 a_ 
25-32 0 0 0 0a 0 0 0 a 0 0a 0- 0 04 - 0 0 0 0 
32+ 0 0 0 C .0 0 0 0 0 0 0 0 0 0 0 a 0 

_TOTfAL 81 8 101 39r 1 .6 12 19 Z4i 30 .30 is 23 19 51 34 Sac

RELATIVE HUMIDITY GREATER THAN 6C.0 ANC LESr7WHAN OR !OU AL TO 85.0 
AMBIENT TEMPERATURE GREATER THAN 45.6 AND LESS THAN OR EQUAL TO 60.0 __ 

SPEEbD -RN NNE NE . ENE_' _E ESE StE S5E S _SSw _SW WS W WNW NH NNiTOTA(~c 
a a 0 0 0 0 1 0 0 a 0 0 1 0 a 0. 0 2 
L:3 21 17 47 27 12 10 5 13 32 IS - 5 15 14 7 4 4i z(1 
4-? 12 35 62 37 11 5 2 3 19 18 12 3 -3 10 12 8 24.5 
8-12 2 5 7 3 1 0 0__4______43 

_13-18 0 0 0 0 a 0 0 0 0 U 0 0 a 0 2 1 3 
19-24- 0 0 -F - 6 -0 U- IC- d-15 O -g- 0 ro i 
25-32 0. 0 0 0 0 0 0 o 0 0 0 0 0 0 0 0 0 

2-i 0 a 0 0 . 0 a 0 a 9 U 9- u U 
TOTAL 35 60 116 6? 24 16 a 16 42 40 43 21 16 21 22 17 568 

____RELATIVE HUMIDITY GREATER THAN 60;0 AND LESS TH4AN OR EQUAL TO 85.0 
A AIi! EN T-0 MMFi A4XT U RC1V iEA'f ~Nb0.W OFTM O TUD A1U0aLCU9 9 g.W 

SPEED N NNE NE EWE E ESE SE SSE S SSW SN WSH H NNW NH NNW TOTAL 
i0 0 1. 1 0 0 0 3 a. a 0 0 0 0 U 9 

1-3 '.67 .39.49 29 17 10 19 25 73 84 67 32 20 ? 6 5 569 
- 7 13 .52 75. 19 7 6 ~8 f ± 8 9 93 2 303 
8-12 1 3 9 0 0 0 0 0 0 4 28 0 1 0 2 10 48 

13-18 0 0 0 0 0a 0 .0 Q1 ~ o 
19-24. 0 a 0 0 0 0 0 0 0 0 a 0 0 0 0 0 0 
25-32 0 0 0 0 9 a 0 a a U U U U U a 
32+ a 0. 0 a 0 0 0 0 0 0 a 0 0 0 0 0 0 a 

_TOTAL 1 95 134. 48 24'. 16 2127 10 95T I'sT~l Z 

CD
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Table 1 , continued

ALL D1LTA T1EMPEATURE G4[OUPS (3 3 t) 
RELATIVE HU41ITY GREATER THAN 85.0 AND LESS THAN OR EQUAL TO 95.0 

AMBIENT TEMPEPAUGEA ETA 04E AND LESS THAN OR EQUAL TO 30.3' 
SPEED 4 NNE NE OE 0 I ESTE ESSf S SSW SW WSW W WNW -- NW -WNNIFTXU-t 

0 0 0 0 a 0 0 0 0 0 0 1 
1:3 -10 03 10 3- 2. .1 -1 1 2 a Is a 1 0 1 a 4-9 
4-7 4 30 27 0 0 0 0 0 a 0 a0 0 0 0 0 0 61.
8-12 a 26 4 0 3 0 0 0 a a 0 a 1 U 31 

1-8 0 13_ 2 0 0 0 0 0 0 a 0 0 a 0 0 0 is 
a~2 0 a 0 a 0 0 1 

25-32 0 0 0 0 0 0 0 0 0 0 0 0. 0 0 0 0 0 a 
-iZi 0. a a c -7i a 0 0 a 1 0 0 0 0 01 

TOTAL 15 84 44 3 2 1 1 1 2 0 4 0 1 0 2 0 160 

___RELATIVE HUFIOITY GREATER THAN 85.0 AND LESS THAN OR EQUAL TO 95.0 
A-MBIE-NT- TEMPO0RATURE G-RE AER THAN- 3-C-4NO 0ESTA RO~T4.  

SPEED N4 NNE NE ONE E ESE SE SSE S SSW Sw WSW W WNW NW NNW TOTAL 
0 3 0 0 0F 0 0 0 0 0 -0 - 4 

1-3 32 16 30 2 2 3 1 a A 1 A 0 0 0 3 ± 147 
4-7 9 28 28 14 .3 0 1 U U I a 0. U U 1 1 5 

-8-12 5 11 19 3 0 0 0 0 0- 0. 0 0 0 a 1 0 39 
13-18 0 0 C 0 a 0 0 0 0 0 6 0 -d 0- i a 0 

_;9-2'. 0 9 0 a 0 a 0 0 0 .0 0 a 0 0 -0 0 0 
25-32 0 .0 0 c .3a 0 0 0 aQ1 a0 0 a 0 01 1 
32+ 0 0 0 a 0 0 0 a 0 0 0 0 0 0 0 0 0 

-TOTAL 50 55 77' 19 -2 3 2 5 '. z 4 U U U 5 3 

RELATIVE NU1PIDITY GREATECR THAN 8S.0 AND LESS THAN OR EQUAL TO 95.0C 
A43IENTTEMPFRATURE GR~EATERTHAN 4.5.e AND LESS THAN OREQUAL TO 60.0 

S P EED N NNE NEOEN 00C - ES'E S r S S r S SSW t W WS W - W R V WNWNV 1T Al 
0 3 0 a 0 2 e 0 0 0 0 0 0 0 0 a 0 0 

1-3 is 17 36 18 9 5 7 12 25 17 1f4 2 U 5 le~ ZOO 
__4-7 2 7 45 15 I 1 1 2 12 9 3 3 1 0 0 0 101 

8-12 -,3 a--5 1 0 0 -4 -2 4 0 0 0 .0 a 0 1-5
13-18 0 0 0 2 0 0 0 0 0 1 0 0 0 0 0 0 3 1I2 0 a 0 0 a 0 a a ~ 0 -0 .0 1 0 1 
2i-32 0 0.0 0 0 0 0 0 0 0 0 0 0 0 0 0 a 
3Z+ 0 0 0 a 0 0 U U , U U U U U U U U U
TOTAL 37 24 84 40 13 6 8 14 39 31 17 5 1 5 5 2 328 

RELATIVE HUPqOITY GREATER THAN 85.0 AND LESS THAN OR EQUAL TO 95.0 
-- m-- A N T 0rr PR WT U R E -E 4 1 E P.- IHW m .A N--U NDTESS 'THA9W ORiOE-UAL-T0994 0 

SPEED N 144E NE ENE E ESE SE SSE S SSW SW WSW W NW NW NNW TCTAL 
G 1 .0 C 0 0 0 a 0 0. 0 U 0 U U U U 1

1-3 32 12 33 30 14 8 11 16 33 38 31 9 7 4 A 0 2e2 
1 7-? f f 60 20 1 0 1 a. 2f 1 1 U U U,3 

5-12 0 3. 2 0 2 0 0 0 0 1 0 0 0 0 0 0 6 
118 0 0 0 .0 0 0 0 0 a 0 U a U U a U a 

19-24 a 0 0 0 0' 0 0 0 0 0 .0 0 -0 0 0 0 0 
25-32 a 0 _0 . 0 0 U a U a U U U g- U U -g 
32+ o 0a _ 0 0 a 0 a 0 0 0 0 0 a 0 0 0 0 
TOTAL 34 -22 9.5 50 15 *8T12 16 .35 56 47 IQ 7 4 4 2 Au9 
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Table 1, continued

ALL. DELTA TEMFEFATURE GROUPS - (3'f T 
RELATIVE HUMIDITY _GREATCFTH4N 95.0 AND LESS THAN OR EdUAL TO 999.0 

__AM3 I ENJT TE4PERATURE GREATER THAN O.C AND LE'SS THAN OR EQUAL TO 30.0 _____ 

S PEED N -- NNE -NE' -ENE- E _ESE SE -SSE-" S' SSW-' SWwsW W HNW NW NNfdYQTW' 
0 _2 0 0 0 a_0_ 0 a 0 a 0 0 0 0 0 0 0 0 

13 1 9 9 2 4 2 0 0 0 1 1 a0 1 0 1 a 31" 
4 7 0 7 15 ± 0- 0 0 G 0 1 a 0 0 0 a a 24 

-~~8-12 3 2 a 0 0 0 a C a 0 0 a 0 j 1 0 3 
_1318 a3 0. 0 0- 0 0a_ 0 __ 0 0 0 0 a_ 0 0 0 0 0 0 
19:24 0 0 0 0 .0 0 0 0 0 0 0 0 
2.5-32 0 0 0. 0 __0 0a 0 a 0 0 0 0 0 a a 
32+ 0 0 .0 0 0 a 0 0 a' 0 0 6 0 0 0 0 
TOTAL 1 16 24 .3 4 2- 0 0 .0 2 1 0 L 0 2 0 so 

___RELATIVE HUMIIDITY GREATEP.-THAN._ 95.0 AND LESS THAN OR EQUAL TO 939.0 
AM31ENT TEMPERATURE GREA7ER THAN 30.(. AND LESS THA4N OR EQdUAL _tO 45.0 

SPEED N NrJE NE ENE G fSE SE SSE S SSW SW WSW W WNW NW NNW TOTAL 
0 a -- 6 - 0 3o b - 0 0- 0 0- a -0 0- 1- 0 a1 
L-3 39 13 20 8 7 3 7 12. 9 10 10 12 a 4 2 5 169 
4-7 3 9. 7 6 a 1 0 1 0 0 0 1 1 0 0 0 ZT9 

6-2 1 2. 0 2 0 .0 10 0 0 0 0 1 0 0 0 4 ___ 

13-181-0 0 0 3 a 0 0 .0 .0 0 0 0 1 0 2 
-19-24 3 0 0 0 0 0 0 0 0 0 0 a 0 _ 0 0 0 
25-32 0 - C0 -1 0 1 0a 0 0_ 6 0 0 0 0 0 
32+ 2 a 0 C a 0 0 0 0 0 0 0 0 0 0 0 0 
TOTAL 44 23 28 14 r 4 r 13 9 10 10T3 IQ 4 __4 5 z 9 

AM31EriT TEmPERATURE GREATER THAN 45.C AND LESS THAN OR EQUAL TO 60.0 
SPEE'D N HN4 *i N E -- *- ----- tE:EN -r- s r SE siUissw W N R- TOTAt

0 0 0 0 a .0 .0 0 0 0 a 0 0 a 0 a0 
13 3 6 12 11 3 5 a 11 ja 11 -11 ---- 6 4 J z z xaz 

-4-7 3 2 7 4 a 2 0 .1 7 13 1, 1. 1 0 0 1 4e _ 

13-L8 .3 0 0 0 0 0 a a 0 0a 0 0a 0 0' 0 0 0 

25-32 0 0 a 0 0 0 0 0 0 0 a 0 a' 0 0 a" 0 
02 0 0 0 0 0 0 6 0 0 a 0 a 0 a 5 

TOTAL 41 Is 20_ 16 3 4 8 12 47 33 12- 7 5 3 2 3 235 

____RELATIVE HUHIDITY GREATER THAN 95.0 AND LESS THAN OR ECUAL TO 999.0 
AM9 IENT TEIPERA fURE GAt THAfm4N_ 60.C -ANO TLS S TMNRQAT9.4___________ 

SPEED 4 NNE NE ENE E - 5 EE SE SSE S SSW sw WSW W W4NW NW- NNW TOTAL 
0 0 .0a .0 0 -3 0 G. C a a a 0 0 0. 0 0 

L3 9 6 25 L7 13 7 14 10 22 20 .13 6 1 t 2 2 178 
4-7 0- 6 4 6 -2 ± 0 0 0 i a t0T9 
8-12 0 I a 0 a 0 0 a 2 1 a 0 a 0 0 0 4 

13-18 T -00 .0+ 0 a a a 0 0 a 0 r0 0 
19-24 0 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 0 0 
25-32 U 0. 0 .0 3 0 0 0 0 U U U 
32+ _ 0 0 0 0 0 aG a 0 0 0 0 0 a 0 0 .0 0 
TOQTAL 19 11 31 19 14 7 14 1Q ~ 39 19 6 1 1 9 9 &
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Table 2 

COOLING TOWER GEOMETRY AND -OPERATING CONDITIONS 

ASSUMED FOR THE ANALYSIS

Tower Geometry 

Height, meters: 

Top exit diameter,, meters: 

Design Conditions 

Water flow rate, gpm: 

Heat -load, BTU/hr: 

Wet bulb temperature, 0F: 

Relative humidity, % 

Approach temperature, 0 F: 

Range temperature, .0F 

Drift rate, %: 

Plant factor and power, ?-

172.0 

89. 6 

600,000.0 

'7.5 X 10~ 

74 .0 

55.0 

16. 0 

25.0, 

0.002 

.100.0

I 
3 

I 
I 
I 
I 
U 
I 
I 
I 
1 
I 
I 
I 
U 
I 
I 
I 
I 
U



Table 3 

GROUPS USED TO CLASSIFY EACH HOURLY 

MEASURED ATMOSPHERIC CONDITION

Atmospheric No. of 
Condition Groups Group Classification

Wind Direction 16 Sectors N, NNE, NE, ENE, E, ESE, SE, SSE,

S, SSW,, SW,, WSW-, W, WNW, NW, NNW

Wind Speed

Stability Class

Relative Humidity,

0 -3. 0mph 
. 0+ - 6. 0 
.0+- 9.0 
. 0 - 12. 0 
. 0+ - 18. 0 
. 0+ -~ 25. 0 
*0+ - 32. 0 

> 32. 0'' 
Wake Conditions for Winds 26 mph' 

Pasquill Category C

>75% 
S75%

Terrain Profile SBSE, 5S, -SSW 

ENE,. NE,. NNE, SE,

Represented by SSE 

ESE, SW, E.  
Represent ed by E

WNW, NNW,. NW ,W, WSW, N 
Represented by WNW 

(1) For hours when wind speeds > 2 5 mph existed, the effect of the aerodynamic 

wake of the tower is calculated.



Table 4 

ASSUMED MASS DISTRIBUTION IN SELECTED DROP SIZE GROUPS 

(Just downstream of eliminators)

*Nominal Range Fraction of 
Drop Diameter, () of Diameter,, Total Mass 

Group microns microns in:Group

100 

150 

200 

280 

450

10- 70 

70 - 125 

125 - 175 

175-- 260 

260 - 325 

> 325

0.22 

0.42 

0.21 

0.13 

0. 012 

0. 008

Calculations, described herein were-done for each nominal 
drop diameter with its associated mass fraction except that 
,the 50 and 100 micron diameter groups were combined and 
treated all as 100 micron diameter droplets. (Reference 4)

I



Table 5 

REPRESENTATIVE VALUES FOR ATMOSPHERIC GROUPING

Wind Speed Representative Stabiliti) Relative Representative 
(mph) Wind (m/sec) Class '4Humidity (96) Relative Humidity (%1)

0 -34) 

46 

7 -9 

10 - .12' 

13 - 18 

19 - 25 

26 - 32 

~33

1.0 

2 .3 

3.5 

5.0 

7.0 

10.0 

13.0 

16. 0

C, D, E 

C9,D, E 

CD, E 

C9D9,E 

D 

D 

D 

D

> 75 
S75 

> 75 
v 75 

>75 
S75 

> 75 
~75 

.75 
7 75 

> 75 
Z_75 

> 75 
* 75 

> 75 
* 75

90 
65 

90 
65

90 
65.  

90 

65 

90 
65

(1) Calms represented as 

.non-calm hour.

0. 5 mph with a wind-direct ion of the first subsequent

(2) Definition of Pasquill Category used: 
Unstble T(OF) C = nstble 100 ft

.D = Neutral

E = Stable
1~T(0 F)100 ft.  

100 ft > -0. 3

V- 0. 8'

N-0. 3



Table 6 - _ _ _ _ _ _ _ _ _ 

Joint Frequency of Occurrence of Weather 
Conditions Obtained from the Indian Point 4 

______________________________Meteorological Tower (400 ft level) for the ___________________ 

Period of Record from October 1, 1973 
through August 31, 1974 

CCN-E 1P2 NTPL ORFT CT 409 -27 TOTAL 

DIFFUSION GROUP 3 

Rcl h'TVS N t% , NE FErE r__ FE 0- S-F 3. S SSW SW WSW W NNW NW NNW FCNT TOTAL___ 

75..,.00 - 0 1 0 0 0 0 0 0 0 0 0 0 0 0- 17.5 ± 
0EO C X 0 0 0 0 0 0 .0 0 0 0 8 .5 _____0 0 0 0 02. C 0.0 0 0 0 .0 0 0 0 0 .00 PF.PCENT 12.5 12.5 0.0 0.0 37.5 0.0 12.5 12.5 125 00 00 00 00 .0 0 0.0 

___ TTA __ 1 1 0 3 0 1 1 a 0 0 0 0 

________ FEC LF 6.0 
N__N__W________11__TOTAL _ NF FNI E E ESE SE SSE S SS% S W S~W W W N CN O~ 

~~L~75.~I T -0 0 0 3, 65.0C 13 
___ E0 ~ ~ 2 2 2 _ 1 0 0 0 ___0 0 0 3. _ 0 2 0 0 0 01 0 0 0 0 0 0 0 00.0 

-P___ r;'C !T 10 .0' 20.0 10.1 s.n 0.0 5.0 0.0 0.0 20.0 1C.0 5.0 0.0 0.0 0.0 0.0 19.0 ___ 

TO TA L7 2 14 2 1. - 02 

N ESPEED LE 9.0 

RFLATiVF N N.NF E E FSF Ss SSE S -SSW SW WSW W WNW NW NNW PCNT TOTAL HUJ T6ITY
LE 75.C0 6 12 1 0 1 0 0a 18 5 1 0 0 0 2, 81.0 -, 7 
LEIOO.Co 2 2 1 0 1 0 0 2 2 0 0 0 0 1 19.0 1 

___ EIOC.CO 0 C a 0 0 0 0 C 0 0 0 0 0 0 0.0o 0 
PCCNtT 1 -3*P 2 -4.1 3 .4 0.0 3o4 0.0 0. 0 1.7 34o5 12.1 1.7 0.0 0.0 0.0 0.0 5.2 
TnTAL__ q 14 2 0 2 0 0 1 20 7 1 0- 0 0 0 3 58 

- SPEED L.E 12.0 _____________ ___0f__ 
__A _ -69-: L Nf FN~ E ES ES- -FSF SF SSE S SSW SW WSW w WW NWNN P N OA 

LE 7F.00 4 17 2~ 0 0 0 13 4 0 .l 1' 5 2 3 8 5 3 
3,___L 1~t -- - 3 1 C 00 0 3 1 - .00'. 0 a 0 12.9 8 

Lr10 0.COE 0 t 0. 0 0 0 0 0 0 0 0 0 0 0 0 1*6 1 
_ FrCT 65 33.q 4.R 0.e 0.0 1*6 0.0 0.0 25.8 -8*1 0.0 .,1-46 1.6 8.1 2.2 4.8 ___ __ 

TOTAL 4 21 3 0 0 1 U 0 .1 ~ 2 3 6



Table 6, continued 

SPEED C.E1.  
-- PCLATITV-F N NFE NlF ENE F ESE SE SSE S SSW SW _WSW _W __ NW __NW NNW PCNT _TOTAL __ HUMTDPTIY 

_ L75.00 0 0 0 a 0 0 0 0 0 0 0 0 0 0a 0 0.0 0 L- 10-0r U U 0---- a a a o 0~ 
____L 100*000 0 0 0 a a 0 0 a a C a 0 0 0 a 0.0 0 PETT 0.0 6 0.0 C-0o 6--b o0oc0 -. -. F o 
-__TOTAL 0 a 0 a__ a a a 0 0 0 0 0 0 a ___ 

S~~~SFF FC LE 25.0 _________ 

iAI N tN NE E EE-St SSE S .SSW SwWSW W WNW -- NW NNW F-CNT --T6TALC 
IE 75.00 - o 0-- 0 0 0 0 0 o 000 00 LF 4.C.CO 0 a a C 0 a 0 0 0 0 0 0 0 0 0 0 0.0 0 LF 10 .00 0 0 0 0 0 0 0 0 0 . '0 0 0 0 0 0 0, 0.0 0 

____ PI:Cf NT 0.0 0.0 0.0 C.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 c.0 0.0 0.0____ TOTA 0 .0 00 0 0 0 0 0 0 0 0 0 0-- o 

___RrLATIVF N ~NE NE IEPIE E ESE E SS SSh S W Y5W 4__N W.NW NW - .NNW PCNT TOTAL 
HUMTOfITY 

___: 75._00 C a 0 a 0 -0 0 0 0 0 a 0 0 a 0_ 0 _0.0 0 0EIO0.c0 0 0 0 0 0 0 o 0 0 0 o .  LCIr-.C1 0 0 - C 0 0 0 0 0 0 0 0 0 0 0 0 o 0.0 0 PTeR Cf NT 0.0 G.0 0.0 0.0 0.0 0.0 0.0 0.0 .0.0 0.0 0.0 0.0 0.0- -0.0 0.0 0.0d , 
-- -OTA.- . 0 0 a 0 0 a -0 0 0 0 0 0 a 0 a 0a 

______ _____ ~~~SPEED IF 999.0 ________ ___. .  R VTI'E N Fd' wt NE st SSES ~ S SSW~ SiW-S9w H 9WW NW -. NNW PC N T ftOTD 

LC 75.C0 0 a0 0 0 0 0 0 00 00 0 0 0 0 0 0.0 0 * LC10CO 0 0 a 0 0 0 0 0 0 0 a___ o __ a__ 0 __ 0 0.o ___ LEioO -p-0 0 0 0 0 0G 0 0 0 0 0- 0 0 0.0 0'd OQFRCFKT 0.0 0.0 0.0 0.0 0.0 0.0 c.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0OA 0 0 0 a 0 0 0 00 -0-T 

I0



____ ~Table 6, 'continued_____________ _ __ _________ 

CCKFO IP2 NTRL ORFT CT 409-27 TOTAL 

DIFFUSION GROUP' 4 ______ 

sPE LE- 3.0 
RIFLTTVF N W:__ NC ER~E e FSF SE SSE S SSW SW WSW W4 WNW __NW __NNW FCNT TOTAL 

_LF 75.etC0 7 6 ___ 2 10 3 3 ? 9 12 Is 9 7 1 3 *6 49.3 103 _ 

LVE1O0.00O 2 4~ 8 1 7 6 5 9 15 9- 9 3 2 2 02 105 
L F .1C0 _ a a 0 0 0 0 a 0 0a 0 0 a 0 0.5 1 

PFOP; .T- 4.8 40 6.o7 40e120 46.8 4.3 3*3 8.6 12.9 11. .6 4.8 1*4 2'43 
TV)TPL _ 10 10 114 10 25 10 9 7 18 27 24 __18 __10 3 5 9 209 

_____ _________SFFfO LE 6.00_____ 
R 014iv71T V NF-f E SE S SE S SSW SW 145W W WNW NW NWNW PTCNT TOTAL 

L= 75-CO 34 41 24 Is 9 4 1. a 44 52 35 ±71is 0 1. 16 65.2 339 
L1'.0 5 __13 __~14 12 12 19 19 14 21 15 -21 5 2 -~0 - 1 2 3107 165 

p -orrtT 7.5 it'e.* . 5.4 4.2 2.5 4.2 4.2 13.1 13.1 11.3 4.4 3.3 i.q 2.9 3.5 
TOTAL* 39 524 2"2 13 22 22 6868 59 -23 1'7- 10i-51j85 

SPEE0 LE 9.0 
____ELATIVF N NKE NE FNE F ESF SIE SSE S SSW SW -WSW 14 WNW NW NNW PCNT TOTAL 

___LF 75.C0 __ 29 '.8 3~1 4 10 3 5 5 32 25 24 8 14 24. 26 24 62.7 319 
LFICD.CO 9 42 2' 5 5 4 12 13 20 14 14. 0 3 2 2 13.13 

_L10l 0 a 0 0 _0 .0 6 3 0 ___ 0 _ 1 _ 0 _ 0 a 3.3 17'__ 
0O-CVKT 7.5 17.q J3.q 1.8 2.9 1.4. 3.3 3.5 11.'4 8.3 7.5 1.6 3.5 5.1 5.5 4.9 

TOTAL 38 91 71 1; 15 7 17 18 58 '.2 38 3 to 26 28 25 509 

SPED LS 12.0 
------- NNP -6'g F ESE S-ssNSWSW W ihTsw Nw - NW NNW PCNT TO'TAL-

IC110.10 . 4 42 22 1 ± 2 6 4 14 ___6 15 1 0 4 -1 3 22.5 126 
LcIP30.1.0 i 1 3 .0 0 1 -0 0 0 0 0 0 1.. 1 

-- DrrCFT A.1 22.0 10.7 1.6 1.6 1.4 2.1 1.6 7.8 F.2 6.e 2.5 2.0 5.5 12.5 9.851 
TO T!L 34 12 60 9 93 8 12 9 4'. 29 3p 14. It 31 -70 55 561



Table 6, continued 

_RELATIVE N INE NE ENE* F FSE SE SSE S SSW SW WSW W WNW NW NNW FCNT TOTAL 
HUPTOITY_ 
IF 7c:.C0 137 19.. 5 1 7 8 4 4 5 96 73 103 59 34. 100 266 205 80.4 1346 
_LF1ot.co 17T' 1*04 iia 5 5_3Y_1W_33if 2 1 4 28T1 

__ _LFIOO.CO C___ .9 1 0 0___ 0 0 0 3 0 a 0 0 cr 2 0 .9 15 
PFRCENt_ 9.2 18. 51 .1 .3 .2 .5 .6-778W 6.4 8. 3.62_' .- 2'-6 62 16 .8- 13. 0

___TOTAL 154 307 86 18 13 4__ 9 10 131 107 136 ;0 36 104 _282 217 1674 

_____ ___ ____ SPFED Lf 25.0 ___ __ 

k1E 0T I'VE N F N WE ESE -W1 ~ si ~ SI w 1NW NW -NNW PC NT' TOT At: 
__HUMTOITY________________________ 

LF 75.0 C_ 66 41 .8 0 ± 1 1 0 41 8 2 9 13- 3 159 121 84. 6 584
LEIOC:CO 5 47 q 3 6 ± 1 0 7 11 3 0 0 0 6 4 £4.9 £03 
LFIOO.CD 0 0 a a 0* 0 .0 0 0 1. 0 0 1 0 ± 0 e4 3 

____PF~rr T 9*4 13.6 2.5 e4 100 e3 03 0.0 7.0 2.9 8.0 2.8 2.0' 7e7 24.1 18.1el____ 
. TOTAL 65 94 17 3 7 2 2 0 48 20 55 19 0--5166- 1257 690 

SFEED LE 32.0 
-__RrLATIVS N PKNF NE ENE __F ESE SE __SSE S W Sh WSW W 14NW __NW -. NNW PCNT_ TOTAL 

LF.7 5. C.0 11 3 0 C 0 0 0 0 ___ 0 12 1 2 16_ .53-. _26 76.7125 _ 

IF 100.00 0 8 a a 6 0 a' 0 7 8 2 0 0 1 .0 1 20.2 33 
___ L10 0..G0 a 3 0 0 0 0 a 2 0 a 0 0 0 0 0 _3.1 5 

DFCNT 6.7 8.6 co0 0.0 3.7 0.0 0.0 0.0 6.1 499 8.6 .6 1. 04 325 1.  
__ TO.T.AL .. 1... .. A 8 1. 1_ 17_+-_53_ 27 163 

______ _________ ______________SFEFD LE 999.0 __________ 

RcLATTVE N NNF KF elE F ESS S S ~ WW W WNW NW NNW PCNT TCTAL 

Lr- 75.00 1 0 0 0 0 0 0 0 0 7 8, 3 5.06 21.i 
L_ f L10 0. C-0 ___1 11 0 0 1 0 0 0 S 3 ___0 0 0a- 0 5 1 _52.5 31_ 
L" 100. Co C 7 0 -0 a 0 0 0 0 a 0 0 0 11.9 7 

____PERCEN~T 3.4 30-5 .fi 0.9 1.7 0.0 0.0 0.0 15.3 5.1 0.0 0.0 0.0 8.5 20.3 15.3-_ 
TOTAL 2 18 G 0 1 0 0 0 Is 3 0 0 12 9 59



S0EED 1 3.0 
___RFLATTIE N KNE We FNE F FSE SE SSE S SSW SW WSW W WNW NW NNW PCNT TOTAL 

HUM10rJTV ____ 

___LC 7c;.CO 11 12 Is ie 39 13 1.2 10 29 37 3E 20 24 14 24 7 53.1 322 
L F !0 0' 14 9 1.±3 24 8 13 15 29 26 2 26216- 12 3t4.-26 
LS 116 0:' CPU __ 0 a 0 4 ± 1 1 '5 0 0 2 0 1 0 0 2.8 17 

O~Fr 4.3 3*E 4*3 F*j 11.1 3.6 4.3 4.3 10.4 10.4 10.4 7.9.6 5. f 5.5 1.7i 
____TOTAL.2-2 2 31 67 22 26 26 63 63 63 48 46 31 36 1060 

S F -A TI f F, Nf K EtS E S M S S SW S W V N W_ -- 1_ W _N&W CNTMA C 

16 7!;.Ira 3q-28 3 4 16 10 fa0 -- 12 -18a 4?7 5 6 3 8 2 36- 28 55o3 496 
___LF1DCC It 23 2R 13 20. 1.5 20 24 47 53 63 27 6 __ 4 6 4 40.6 364 

LF0 2 2 i 2 4 2 3 6 6 5 2 1 0 1 0 4.1 37 
0v*fCcNT 5.6 5o9 7.1 '3o3 3.6 3.2 3.8 5.0 11.1 12.7 14.9 7.2 5.0 3.0 4.8 3.6 _____ 

34 45 100 114 134T3' 6 5--5-2 7 4332 897

* --.- - ___ _____ - SPEEDOLE 9.0- __ __ __ _ _ _ 

RFLATTVF N NNIF NF FNF F ESE SE SSE S SSW SW WSW W NNW. NW NNW PCNT TOTAL 
A U iDi Y 

- LF 75.CC 38 38 30 6 4 1 5 7 52 52 50 29 32 is 1 43 40 61.8 445 
L' 110.Vg 10 !0 12 8 1±. 2 6 12 .40 48 5 9 3 2 53.7 57 

___LF10O.C6 0 a__ 2 _ 2 1 0 0 0 8 2 __ 1 0 0 0 a 2 _ 2.5 18 
PE;?CFtT 6. * .1 22 22 .4 1.05 2.6 13-S 14.2 1.0 5.3* 5.7 . . .  

TOTAL . '. 6$1 44 16 16 3 1± ±9 100 ±02 ±01 38 41 21 45 4? 720 

SFEED Lf 12.0 __ __ ___ 

RFL.ATIv5 N KN NF FNF F ESE SE SSE S SSW SW WSW W WNW NW NNW FCNT TOTAL _ 

LF 75.CO 33 4111t 2 2 a 3 4 26 46 47 24 22 ~20 44 98 64- 353 
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Lv 10 C.t C 0 2 a 0 0 a 0 0 7 2 1 0 0 C 0 0 22 £ 

8rr , .6 ±0.1 2.q .7 e 7 .2 1.3 2.2 13.9 14.3 _15.8 5.5 4.8 4.4 -8.6 5.S __ 

TTL47 55 6 4 4 1 7 1? 76 78 86 30 26 24 47 3254

_____ Table 6, continued ___ 
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Table 6, continued 

__....rLTIVs N h NrF -VI FNF F _ESE _SE SSE S SSW SW WSW W WNW N N CT TTL___ 
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____ 0 0 0 0 0 _ 0 0 0 a___ 0 0 a __ a coo 0 

-d-J.0 0 0 0- 0_ 0 0 0 0 0 a 0 0 0 0.0, 0 
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Figure la

Cooling Tower Operating Characteristics Assumed for Analysis: 
Exit Air Temperature vs Ambient Dry Bulb Temperature 10 

120 as a Function of Ambient Relative Humidity 10 
120 (Con. Ed. Indian Point No. 2 Natural Draft Tower)80 
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Figure lb 

Cooling Tower Operating Characteristics Assumed for Analysis: 
Air Flow Rate and Exit Air Velocity vs Ambient Dry Bulb Temperature 

as a Function of Ambient Relative. Humidity 
20 (Con. Ed. Indian Point No. 2 Natural Draft Tower) 
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Figure 2 

(a -p) 

Terrain Profile for 16 direction Sectors 

Representing the 0-5 Mile Radius 

Surrounding the Indian Point 2 Site
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Addendum 1 

Prediction of Temperature and Moisture Distributions 

in Cooling Tower Plumes



PREDICTION OF TEMPERATURE AND MOISTURE DISTRIBUTIONS IN COOLING TOWER PLUMES
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1. INTRODUCTION 
Cooling towers remove heat from power 

Plant condenser cooling water primarily by, 
evaporation, and release this heat and moisture 
into the atmosphere in the form of a warm moist 
plume. The air-water mixture leaving the top of 
the tower contains liquid water drops and water 
vapor. As the mixture rises into the atmosphere 
and is carried downwind, additional condensation 
occurs due to entrainment of cooler ambient air.  
The liquid water drops may subsequently fall to 
the ground, or may re-evaporate as further 
dilution occurs. The suspended liquid droplets 
form the visible part of the cooling tower plume.  
However, there also exists an invisible plume 
surrounding the visible plume and extending 
farther downwind. It may be defined as the 
region where the air-water vapor mixture has 
larger mixing ratios and higher temperatures than 
the ambient air.  

The environmental impact of cooling 
tower plumes may be caused by both visible and 
invisible plumes. The former contributes 
directly to visibility reduction, while the lat
ter may lead to other undesirable effects such 
as increased frequency of fogging, icing of near
by roads and structures, and adverse effects of 
higher humidity on vegetation. Essentially, the 
properties of interest are the local mixing ratio 
and local temperature in the plun~e. If these are 
known, psychrometric considerations yield the 
local liquid water content, a basic parameter 
for evaluating visibility 'reduction due to fog.  
If the ambient temperature and humidity distri
butions are also known, the potential for fogging 
due to radiative cooling may be studied.  

A moist plume model should provide 
for the dispersion of enthalpy and moisture in a 
plume originating in a jet from a finite aperture 
and expanding along a curved centerline in an 
atmosphere having arbitrarily specified turbu
lence and vertical gradients of temperature and 
humidity.  

Several investigators have described 
the behavior of cooling tower plumes. Csanady 
(1971), Wigley and Slawson (1971 and 1972) have 
described the rise of a moist plume. Baker (1967) 
has presented an empirical formula to calculate 
the length of the visible plume onl ' . Hanna 
(1972), Slawson et al (1973), and Stephen and 
Moroz (1972) have developed theoretical models 
which, although realistic in their approacn, do 
not account for variation of enthalpy and 
moisture in the plume cross section and therefore 
only yield information about the length of the

visible plume. Wessels and Wisse (1971) have 
considered the dispersion of excess plume 
enthalpy u4sing Gaussian dispersion in plume cross 
sections. 'Although such a model allows calcula
tion of ground fogging and considers the invisible 
plume region, it. is only applicable to strong 
winds where the effects of the initial jet region 
may be neglected. In addition they have not 
considered temperature and moisture gradients 
in the atmosphere. Kaylor et al (1973) have 
accounted for the effects of the real jet and 
the variation of diffused quantities in the plume 
cross section but have not included atmospheric 
gradients of temperature and moisture.  

The model presented here yields infor
mation about both the visible plume and the in
visible plume, especially with respect to 
potential for fogging by increase in relative 
humidity at ground level. The model emphasizes 
the real characteristics of the plume in the 
initial jet phase by incorporating a modification 
of an empirical method by Halitsky (1966) for 
uncondensed effluents released vertically into 
a horizontal wind. A Gaussian plume is matched 
to the jet plume at the end of the jet region and 
then allowed to expand according to published 
data on sigma growth (Turner 1969). The shape 
of the plume centerline is determined from the 
Briggs (1969) plume rise formula with the 
buoyancy flux defined in terms of the density 
difference between the tower effluent and :the
atmosphere at tower exit. Excess humid air 
enthalpy and mass of water are conserved in 
planes normal to the plume centerline, the dis
persed quantities being added to the ambient 
values determined from the profiles of temperature 
and moisture at the point of interest. Thermo
dynamic considerations then allow prediction of 
temperature, liquid water, and water vapor dis
tributions in the plume. Predictions for the 
combined plume of several towers at one site are 
achieved by considering -an approximate 
Sequivalent jet" having mass, momentum and heat 
fluxes equal to the sum of the individual tower 
fluxes. A modification of the model to obtain an 
estimate of the effect of irregular terrain is 
also discussed.

DISPERSION MODEL

In considering the simultaneous 
dispersion of enthalpy and moisture, it is assumed 
that both quantities are dispersed by the same 
mechanism. Therefore the dispersion model will 
be developed for an arbitrary quantity, 'i,, with 
the, results being related to the quantities of



interest later. Halitsky (1966) developed an 
empirical rodel for estimating concentrations in 
isothermal jet plumes by considering published 
data on jet expansion. He later showed (Halitsky 
1967 and 1968) that this method could be extended 
to heated jets if the path of the plume centerline 
was described by an appropriate formula.  

According to Halitsky (1966), the 
real Jet phase may be divided into two distinct 
regions, the zone of establishment and the estab
lished jet. In Halitsky's Fig. 1, the zone of 
establishment is characterized' by an inner cone 
whose radius, Rc, diminishes to zero at the end 
of this region, where axial distance S aS1The 
velocity in the inner cone is equal to the tower 
exit velocity, Vot and all diffused quantities 
In the cone retain their initial values. The Jet 
is assumed to be circular in cross section with 
its outer boundary expanding linearly at rate B 
to radius R, at the end of the zone ofe 
-establishment. The concentration distribution in 
any cross section is assumed to be trapezoidal.  

The established jet region begins at 
the end of the inner cone and is characterized by 
decay of both excess velocity and concentration 
along the plume centerline. The established jet 
termuinates at S2with radius R2 when the excess 
axial velocity falls to within ten percent of the 
wind speed. Again the cross section is assumed 
circular and the plume expands linearly, but at 
a rate Bj. The concentration distributions in.  
planes normal to the plume centerline are assumed 
to be triangular.  

The values of S,, R's Be$ S2 R2
and 'iare functions of the reference emission 
velocity ratio m (=V0/V) and are given in 
Halitsky's Fig. 10. Empirical expressions for 
these and other quantities are given in Halitsky's 
Eqs. 4 to 17. Examination of Halitsky s Fig. 10 
shows that for low emission ratios (m <l.5), the 
jet is not well-defined. This is the case for 
natural-draft towers where exit velocities are 
low (about 2.5 m/sec). Therefore it is assumed 
that for m <1.1 no established jet region exists 
and that the simple or Gaussian plume begins at 
the end of the zone of establishment.  

If conservation of mass is applied in 
the zone of establishment, the following expres
sion for R, may be derived: 

-iR [6m/(l+m))1 2  1 
It is recommnended that this expression be used 
instead of Halitsky's Eq. 16 since it fits the 
data well and allows ex'rapolation to very low 
velocity ratios. Eq. 1 shows that at m =.0.2, 

R, R0. Therefore it is assumed that for 
m <0.2 no jet plume exists. The application of 
the conservation equation in this region also 
allows calculation of the radius of the inner 
cone from the known value of the plume radius, R.  
using the following equation:

6(R-R,1.! RO *2 [R440c 3+ 3RC 4  (2) 

*[R 4 + 2RRC3 _2R3RCR C43/m 

revealObservations of cooling tower plumes 
reval hattheiniialJet region is not 

circular but ellipsoidal in cross section, the 
major axis being in the crosswind direction.  
It is assumed that the degree of flattening is a 
function of atmospheric stability and can be 
estimated by the ratio of crosswind to vertical 
dispersion coefficients as given by the Pasquill 
charts of sigma growth. If conservation of mass 
in cross sections normal to the plume axis is 
considered we may define crosswind and vertical 
jet radii by 

;yaRyaRZ -R zay (3) 

wh ere *R, OY and azare evaluated at-the axial 
distance S. With these definitions, the distance 
R'from the plume axis to the jet plume boundary 
along a radius passing through any point of 
interest (y,z) in a given plume cross section is 

R ( (z-h)2 + y 2]RY 2 R 2 1 1/2(4 
S(z-h) R 4 + YR Z 

The corresponding radius of the inner cone, R1, 
may be described in a similar manner. C 

With these definitions, the dilution, 
D(- *,/I*u) may be written as follows:

In zone of establishment: 

D -1 b<R-1

RI b <' RI

D_ b -RI 
In established jet region:
~Da /[l-b/R)l b < R

D=- .Ib>RI 
where D ais the axial dilution given by Halitsky's 
Eq. 4 and b([y2 + (z-h) 2J 1/ 2) is the radial 
distance from the plume axis to the point (y,z) 
of interest.  

The jet plume must now be matched 
with the simple Gaussian plume at station S2 
in order for the dis persion model to be complete.  
Diffusion in the simple plume is described by

21100 r V U p 1 2 
wR 0 V 0 L

. . (7)

Iexp [ - ) .(! J+ exp [. I zh J

If the radii of the Gaussian plume are defined 
as the distance where the concentration falls 
to five percent of its centerline value, the 
following expressions result: 

%- y RZ-N z

D-(R'-R')/(R'-b) c



If Eqs. 6, 7 and 8 are used to match the axial 
concentrations at S n. .the simple plume will 

expand from station S2 according to

The enthalpy, defined on a wet basis, is, for 
unsaturated conditions

H 0 [Cpa(T-TR) + r C pt(TD0-17R)
'If'

ozaRzix ~+ oz

where a' and a'are the Pasquill sigma values y 
taken at the distance S-S2.  

3. PLUME RISE 

The Shape of the plume ce nterline is 
described by the generalized Briggs plume rise 
formul as ' 
huah 5 +a F113 X 2 /3 V 1  (10) 

and a - (3/22) 1/3 -(11) 

where y is the entrainment coefficient and F is 
the buoyancy flux. A value of a =1.6 is sug
gested by Briggs. The point of maximum rise is 
taken to be X = 3X* for unstable and neutral 
conditions, where X* is given by Eq. 4-35 of 
Briggs (1969). A modification of Eq. 12 for 
neutral conditions is given by Briggs' Eq. 4-34.  
The distance to maximum rise for stable conditions 
is given by 
XU2.4V (g/T) (ae/3z) (12) 

where T is the ambient temperature at tower height 
.and ae/az is the gradient of potential tempera
ture in the atmiosphere. The buoyancy flux is 
defined by 

F - (l-P91p)g g 0 R0
2  (13) 

where p is the ambient density at tower exit.  
It should be noted that even if the tower exit 
temperature is very close to the ambient tempera
ture the buoyancy flux may be considerable since 
the saturated tower air is considerably lighter 
than the 'ambient air due to its high water vapor 
content.  

Briggs' formulas were developed for 
dry plumes and may not describe the path of the 
moist cooling tower plume accurately. However 
if the two-thirds distance law is assumed to 
apply, as suggested by Slawson et al (1973), a 
Suitable value of y may be selected to provide 
abetter fit. A knowledge of both X and h allows 
calculation of the axial distance, S.  

4. CALCULATION OF PLUME PROPERTIES 

Before considering the calculation of 
plume properties from dispersed quantities it is 
necessary to define a few properties of humid 
air. The density of humid air is defined from 
the ideal gas law as 

(l+r+l)pmw (14) 

where rand Z. are the vapor and liquid mixing 
ratios respectively. The moisture concentration 
is then

N - p(r+z)/(l+r+t) (15)

01. aRY2Iv X Ia

N a uMe/D +41(z) 
p H N p H 1 e/D + p(z)H(z) (21)

The plume density, moisture concentra
tion, and enthalpy are related to plume tempera
ture, dew point, and mixing ratios by Eqs. 14 to 
17. In addition, the vapor mixing ratio is a 
function of the dew point as described by thF' 
imlal humidity chart. Therefore simultaneous 
solution of these equations allows calculation of 
T P TDP9 r P and IP 

The visible plume is characterized 
by Zp 0 and rp 11 r5 , where r S is the saturation 
vapor mixing ratio at tie plume temperature, T P, 
The invisible plume is described by LP 0 and 

r. r.. In the invisible -plume the relative 
humidit~f is

r 
RH u 

MW + r) 
ma 

5. ADDI

r S 

!t~+ r~) 
(a 

TIONAL CONSIDERATIONS

(22)

In some instances cooling towers may 
be located where the local grade of the sur
roundings cannot be ignored. If the nearby hills 
and valleys are not too steep,. a rough estimate 
of the effect of terrain may be obtained by con
sidering the rise of the plume relative to the 
local grade. The model is used. as previously 
described but the plume height, h, in Eq. 7
is replaced by the height of the plume center
line above the local grade at the downwind 
position of interest. Eq. 10 is still used to 
obtain the plume centerliane but the result must 
be viewed as the height of the plume centerline 
above the tower base only. The use of this model

+*r I+rCp, (T-T dl/(l+r) 
Where the heat of vaporization,X x, is a function 
of the dew point temperature' T The reference 
terature, T RS is usually iakR; as zero degrees 
F. For saturated conditions, the dry bulb and dew 
point temperatures are equal. If liquid water is 
present 

N - t[C pa + (r4L) C ptJ (T-T R) + rx)/(l+r4l) (17) 

The intial excess concentrations of 
mo~isture and enthalpy are then defined by 

'e- p - p(h ) H(h S) (19) 

where M.(h 3) p(h5) I(h ) are the ambient. values 

of moisture concentration, density, and enthalpy 
evaluated at the height of the tower. When 
these excess quantities are dispersed according, 
to the appropriate dilution factors and added 
to the background concentrations evaluated at, 
the appropriate height above ground, zi we 
obtain the moisture concentration (M ) and 
enthalpy concentration-(p PH p) in thepplume



in hilly areas ignores the fact that the wind May 
follow the contours of the land. However such an 
estimate will be conservative in that it does not 
account for the additional dilution afforded by 
the interaction of the wind with the l-ocal 
topography.  

Very seldom will there be a 
situation in which only one cooling tower is in 
operation. Therefore the case where the plums 
from several closely spaced towers merge must 
be considered. Even if only one bank of 
mechanical towers were present, the combined 
plume from the individual cells is initially 
rectangular and not circular as assumed by the 
model. An equivalent jet of circular cross 
section may be defined such that the exit area 
of this jet is greater than or equal to the sum 
of the areas of the individual cells. It is 
assumed that this jet originates at an elevation 
equal to the height of the towers and that en
trainment of ambient air from between the towers 
occurs at this height. This assumption is not 
realistic as the plumes from the individual 
towers will not combine until they have risen a 
considerable distance. However for situations 
where the length of the visible plume is large 
compared to the tower spacing, we can obtain an 
estimate for the properties of the combined 
pl ume.  

Consider the case of n towers and 
-let subscript E represent the equivalent jet.  
T he radius of the equivalent jet, R E, must be 
assumed according to the particular tower con
figuration. Then the ratio of the equivalent 
jet area to the combined area of the individual 
towers is

IThe momentum balance is 
n 

The mass balance on moisture is 

0 r r+L0  l+ 0Qr 

I 9t~E ~+rE+ E

1 23) 

(24) 

(25)

where 
n 

Q a A EVE'- il (A0V0)1 

The second -term on the l9aft hand side of Eq. 25 
accounts for-the entrainment of ambient air. All 
ambient quantities are evaluated at the tower 
height. The enthalpy balance, which also accounts 
for entrainment of ambient enthalpy, is

n 

Ill (p0A0V0H0)i + p Q H - PEAEVEHE
(26)

The densities and ent 'halpies can be related to temperatures and mixing ratios with Eqs. 14 to 17.  
Therefore Eqs. 24 to 26 can be solved simultane
ously for TE9 T DE) rE91E and VE These

calculated quantities can be substituted for 
the single tower values and the equivalent 
jet can be treated as a single tower for use.  
in the dispersion model.  

6. EXAMPLE CALCULATIONS AND DISCUSSION 

Calculations were performed for a 
270 ?4i power plant containing one bank of 
mechanical draft towers of the following specifi
cations: number of cells =12, cell diameter 
9.45 m, tower height = T7.9m,cell exit velocity 
6.76 m/sec, circulating water flow rate = 

183,330 GPM, and heat dissipated in tower 
1.9 X 109 BTU/hr.. The tower exit conditions, 
which are a function of ambient temperature and 
humidity, were calculated using the method 
of Leung and Moore (1971). Reference ambient 
conditions were taken at the elevation of the 
tower *exit. The temperature lapse-rate was 
assumed equal to -0.03, -.01, and +.027 C/rn for 
stabilities B, D, and F respectively. Relative 
humidity was assumed constant with height. The.  
equivalent jet area was chosen such that a =1.  

Fig. 1 shows the length of the visible 
plume as a function of ambient temperature an Id 
relative humidity for stabilities B, D, and 
F and wind speeds of 2, 5, and 8 m/s. Jogs 
in some of the curves are due to the approxi
mation to the molal humidity curve used in the 
computer program.  

Visible plume length is seen to be 
strongly dependent on ambient temperature and 
humidity, varying inversely with the former 
and directly with the latter. The depen 'dence 
on wind speed is not so obvious. For unstable 
and neutral conditions, light winds allow the 
plume to rise high to cooler elevations, thereby 
inhibiting evaporation and producing long 
plumes, whereas strong winds produce small rise, 
thereby keeping the plume in warmer regions with 
greater tendency to evaporate. This latter 
effect is augmented by the increased dilution 
resulting from increased wind speed.. Therefore 
the length of the visible plume decreases with 
Increasing wind speed. For stable conditions, 
plume lengths are insensitive to wind speed.  
Light winds produce large plume rises to warmer 
regions where poor axial dispersion due to 
speed is balanced by increased evaporation due to 
temperature, whereas strong winds keep the plume 
.low in a cooler environment where the strong 
dispersion due to speed is again balanced by less 
evaporation due to temperature. The length of 
the visible plume increases as the atmosphere 
becomes more stable. However, the invisible 
plume will not be as readily detected at ground 
level as for unstable conditions since the 
degree of radial dispersion about the plume 
centerline decreases. The points discussed above 
show the importance of having accurate'knowledge 
of the ambient profiles of temperature and 
moisture when calculating visible and invisible 
plume properties.  

Fig. 2 shows the size of the visible 
plume and the vertical boundary radius (,%2.5 a ) 
of the invisible plumes for a 0 stability Z 
atmosphere, 40OF ambient temperature, 90 percent 
relative humidity, and a wind speed 'of 5 in/sec.  
The corresponding liquid water concentration
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along the axis is also shown. Condensation is 
seen to occur very close to the tower exit.  
Although not shown in Fig. 2, the invisible 
plume extends very far downwind. For the case 

iv(en, the relative humidity at the plume center
ine is still one percent above ambient 8000 

meters downwind. For cooling towers located on 
level topography, the increase in relative 
humidity at ground level will be of the order of 
a few percent. It will be highest for unstable 
atmospheres when the bottom of the plume is 
brought to the ground close to the tower.  
K~ichanical towers, having lower emission heights, 
are much more susceptible to ground level fogging 
than the larger natural-draft towers. If towers 
are located in hilly areas the increase in 

ground level relative -humidity can be consider
able.  
7. COMPARISON OF MODEL PREDICTIONS WITH 

OBSERVATIONS 
At present, only limited data on 

lengths of visible plumes are available in the 
literature. Most are fragmentary and therefore 
of little use for model verification. To the 
authors' knowledge, 'no data are available for 
the invisible plume region. ,Slawson et al (1973) 
have-reported a few observations of the length 
of the visible plume for strong wind conditions 
at the Paradise Steam Plant. The results of 
four of these observations are compared with 
values predicted by the model in Table 1.

Ambient profiles of temperature and moisture 
were not reported so it was necessary to assume 
atmospheric stability and temperature lapse rates 
(-.0 and -.01 C/nt with C and D stability 
respectively). Since the reference height for 
meteorological data was not given, it was assumed 
to be *at the elevation of the top of the tower.  
The spacing between the three natural draft 
towers was also not specified; therefore it was 
necessary to assume several values for ai, the 
equivalent jet area ratio, when more than one 
tower was in operation (given by n in Table I).  

Reference to Table I shows that the 
model compared favorably with the observations for 
the first two entries but poorly for the latter 
two. For the 3/4/71 observation it seems un
reasonable that the reported plume length should 
be so small, given the low ambient temperature and 
high relative humidity. The 9/7/72 data are also 
open to question. The plume length observation 
was made at a different time than for the 
tower operating conditions and no infonmiation 
is given as to the orientation of the wind to 
the axis through the base of the three towers.  
It should be noted that, at the high wind speeds 
reported, plume downwash may have occurred.  
The model does not account for this.



TABLE I 

COMP~ARISON OF OBSERVED AND PREDICTED PLUME LENGTHS 
DATA OF SLA14SON ET AL (1973)

a 0 
Date Time r/sec

2/10/71 0653 
0750 

3/2/71 1010 
1050 

3/4/71 0640 
0720 

9/172 0900

0 
F

r R2) V 
gin/kg % rn/sec

1 2.5 79.0 13.4 0.87 51.0 

2 2.5 73.6 44.9 4.54 72.4 

1 2.5 72.3 19. 1 1.88 85.7

3 3.8 95.9 69.0 13.0

11.6

Observed 
Length

Jet Area 
Ratio a

PredictedI 
Length 

M

D 532-566 1

7.3 D 106-167 1 
2 

7.0. D 300-465 1

85.3 5.0 C

1500

200 
43815-0942)

Cal cul ated from reported vi rtual temperature 
Calculated from T and r 
Assumed since no data reported

gradients of temperature and moisture also assumed

On the basis of the fragmentary data 
of Table 1, the ability of the model to give 
realistic predictions of plume properties is en
couraging but not conclusive. Meyer et al (1974) 
have conducted a large number of tests on 
mechanical draft towers at the PEPCO Benning 
Road site, but the data were released so recently 
that sufficient time has not been available to 
coapare observations with our model predictions.  
It is hoped that this will be done in the near 
future.

a.I ICONCUSIONS

A model has been developed which en
ables the prediction of the distributions of 
temperature and moisture in both the visible and 
invisible portions of a cooling tower plume.  
7TIemodel accounts for the real jet properties of 
the plume as well as dispersion due to. atmos
pheric turbulence. Ambient profiles of tempera
ture and moisture are considered and an equiva
lent jet is defined to account for the combined 
plume from several towers.  

The length of the visible plume 
depends strongly on ambient temperature and 
relative humidity. Accurate knowledge of the 
ambient profiles of temperature and moisture is 
needed to obtain reasonable predictions. The 
model -cannot be fully validated until more 
accurate data become available for both the 
visible and invisible plume regions.

NOMENCLATURE 
A -area of emission aperture 
a -coefficient in Briggs plume rise 

formula 
b adistance from plume axis to a point 

(y'z) in the plume cross section 
C = specific heat of dry air pa 
C pt specific heat of liquid water 
Cp a specific heat of water vapor 
0 a dilution 
F = buoyancy-flux 
H a enthalpy of humid air on wet basis 
9 a acceleration due to gravity 
h = height of plume centerline 

h a height of cooling tower 
I a liquid water-mixing ratio 
M a concentration of moisture 
Ma a*molecular weight of ai .r 

mw molecular weight of water 
n *number of cooling towers 
Q avolumetric flow rate, 
R *boundary radius 

R' boundary radius in flattened Jet plume 
R G universal gas constant 
RN a relative humidity 
r a water vapor mixing ratio 

S longitudinal coordinate along curved 
plume axis 

T a temperature 
TR - reference temperature for enthalpy 
TID w dew point *temperature 

V a velocity 
X a downwind coordinate 
y a lateral or crosswind coordinate, normal 

to wind and direction of emission 
z a vertical coordinate, normal to wind in 

direction of emission 
a a equivalent jet area ratio

I 
I 

~23

m



5 * tangent of angle between jet plume 
boundary and axis at a given station 

Y a plume entrainment coefficient 
I a heat of vaporization of water 
P a fluid density 
a Y w Z e standard deviations of Gaussian concen

tration distributions 
a concentration of an arbitrary property 

(amount/volume) 
Subscripts 
none a in ambient background or atmosphere 
a a on plume axis 
c a in inner cone 
E a in equivalent-jet 
e a excess quantity or in zone of establish

ment 
a *in established jet 
a in plume 

Y' a in crosswind direction 
4 0 in vertical direction 
a a in tower emission aperture 

1 a juncture of zone of establishment and 
established jet 

2 a juncture of established jet and simple 
-plume 
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SUMMARY 

Environmental effects arising from operations of 

mechanical draft'cooling towers at the Indian Point 

site have been investigated by means of mathematical 

technique. The effects are quantified in terms of salt 

drift deposits, induced fogging and icing in an 18

square mile surrounding area. Maximum salt deposit can 

reach a value of 45,000 Kilograms per square kilometer 

per month at high humidity. The results also indicate 

an occurrence of 82 hours induced fogging and 97 hours 

induced icing during the eleven month period beginning 

October, 1973 and ending August, 1974.
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1.0 INTRODUCTION

Plumes being investigated here are those from the wet 

mechanical draft cooling towers. They are saturated with 

water vapor and laden with entrained liquid drift droplets.  

Plumes from wet/dry cooling towers which are unsaturated 

and containing less drift droplets are not investigated.  

This omission is due to the fact that the saturated plumes 

from wet mechanical towers represent maximum environmental 

effects. Under weather conditions when cooling towers are 

much in need, the dry sections of wet/dry systems are not 

usually operated. When used without operating the dry 

section, the maximum environmental effect of wet/dry cool

ing towers are same as the wet mechanical cooling towers.  

Water vapor in cooling tower plumes is a potential source 

of induced ground fog and a visible cloud at higher 

elevation. In frigid climates the excess moisture may be 

precipitated as ice. Both fog and ice are potentially 

detrimental to transportation and communications by re

duction of visibility and by causing slippery conditions 

on roadways and bridges. The plume may block visibi lity 

at airport approaches.
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The drift droplets in the plume contain high concentrations 

of salt and minerals. When distributed by some natural 

dispersion processes some of these droplets tend to fall to 

the ground as salt deposits. The larger the size the more 

readily it falls. The smallest droplets may remain in the 

atmosphere as suspended particulates.  

Certain vegetation susceptible to minerals and salts may 

be damaged by the deposition of salt from drift droplets.  

Pathogens in the make-up water can be dispersed with the 

draft droplets.  

Interactions of cooling tower and fossil plumes may result 

in the precipitation of corrosive mists. The hygroscopic 

dust particles in the fossil plume can initiate the 

nucleation of fog below saturation.
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2.0 THEORETICAL BACKGROUND OF THE MODEL 

Theoretical considerations of the model are generally 

similar to the air quality models which we have been using.  

Because the actual site is located in a valley with very 

uneven surrounding terrain, a three dimensional feature 

must be incorporated. For the same reason, the on-site 

meteorological data may not be extrapolated to a very 

large area. Therefore, a fine grid system was incorporated 

in a smaller area to include the near-by towns, major roads 

and water ways.  

2.1 The Governing Equations 

The majority of air quality models which have hither

to been constructed assumed.Gaussian dispersion for 

the species transported by the plume. The concen

trations of the species in a three dimensional space 

are expres'sed by an equation known as the dispersion 

equation: 

where y is the crosswind dimension and z is the 

vertical dimension. The standard deviations C-
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are functions of x, the downwind distance. The con

centration of the species is denoted by c, wind 

speed by u, elevation of the plume center, or the 

effective stack height, by H, and the emission rate 

of the species is Q.  

Equation (1) can be transformed into various forms 

depending on the case under investigation. When the 

concentration at the ground level is of interest z"=o, 

c is the ground level concentration and expressed as, 

I(2) 

If the maximum concentration at the center-line of 

the plume is being considered (y=o), the exponential 

term in the cross-wind direction is unity. The 

plume center-line ground level concentration of the 

species is 

The concentrations calculated by Equations (1), (2) 

and.(3) are'considered short-term averages. The 

time scale, however, was not defined in the original
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derivation.(l It is open to different interpre

tations. Turner(2 ) cited examples to indicate that 

the results from the last three equations just given, 

can be regarded as average values of a short period 

from a few minutes to an hour. The wind data used in 

this model are hourly averages. Therefore, the con

centrations obtained are considered hourly average 

values.  

The long-term average concentrations can be obtained 

from Equation (1) by integrating in the crosswind 

direction, averaged over a sector width at downwind 

distance x from the source and multiplied by the 

wind rose frequency to take account of the fraction 

of time that the wind at a specific speed occurs in 

that sector.  

where f is the wind rose frequency, N is the number 

of sectors in which the wind frequency data are 

recorded, and 2-r:x/N is the sector width. Long-term 

averages are either monthly or annual depending on
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the time scale wind rose data are averaged.1 

2.2 Salt Drift Droplets Dispersion and DepositI 

Equations (1) through (4) were derived for gaseous 

specie s. Gas molecules are transported and disperseda 

as part of the plume.  

Solid particles and liquid droplets usually have 

tendencies to separate from the plume and fall to theI 

ground. Unlike gas molecules, once deposited it 

would not be reflected. The reflection term, 

exp E-(r~ IC7in the dispersion equation (Eq.  

(1)) does not exit.  

If a particle has a falling velocity vf, and is 

deposited to the ground having travelled a downwind 

distance x from the source, the time elapsed is 

tx/u, where u is the wind speed. This particleg 

fa lls from a height of vft or vfx/u. The long-term 

average salt dispersion equation is expressed as3 

(5)
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where z is the ground elevation, f is the wind rose 

frequency in one of the 16 directions, and x is the 

downwind distance from the tower.  

Values of I represent the salt drift concentrations 

in the atmosphere. The rate of ground deposition 

is: 

w = Vf~; (6) 

where w is expressed as mass per unit area per unit 

time.  

Equations (5) and (6) indicate that the falling 

velocity vf plays a major role in the salt drift 

deposition. Its magnitude is proportional to the 

droplet size. Large droplets fall faster, reach 

ground in less time and closer to the source. The 

sizes of the drift droplets from cooling towers do 

not stay constant in flight because they are trans

ported through an environment of changing humidity 

in the plume. Their sizes are further modified by 

the humidity of the ambient air after they are 

separated from the plume.
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Falling-velocity decreases as the initial size of the 

droplet is reduced by evaporation. The final falling 

velocity determines the rate of deposition. AtU 

relative humidities near saturation, the initial 

droplet size may remain constant and fall velocities 

remain un iform.I 

Theoretical expression of the rate of droplet size 

changes as a function of ambient humidity, ambient 

temperature and salinity in the droplet is given by 

Squire.(3 

2.3 Criteria of Fogging and Icing 

in determining fogging and icing potentials EquationI 

(2) is used to calculate the hourly plume. contribu-3 

tions of moisture and enthalpy to the ambient air at 

ground level. The local moisture content and 

enthalpy are the sums of the plume contributed 

quantities and the ambient values. Based on the state 

of the moist air (enthalpy and phase) at the local 

point the fog or no-fog conditions are determined.

If the local plume temperature determined from the
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enthalpy is above the saturation temperature of the 

moist air, all moisture is in the vapor phase, and 

fog does not occur. on the other hand, when the 

plume temperature is either equal or lower than the 

saturation temperature corresponding to the moisture 

content of the plume, fog condition exists. If the 

local plume temperature is below freezing, icing is 

assumed to exist.
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3.0 MODELING TECHNIQUES 

Generally, the heat being rejected to the atmosphere by 

the plume is a major parameter in formulating the plume 

rise. For fossil plumes this is manifested by the sensible 

heat. The exit temperature of the cooling tower plume is 

low compared to fossil plumes. Therefore the sensible 

heat is small. Since the large part of the heat carried 

by the plumes is in the form of latent heat, in terms of 

the total heat being rejected to the atmosphere, the latent 

heat in the plume must be considered.  

Water vapor in the cooling tower plumes stores the latent 

heat. As the plume disperses and mixes with the ambient 

air and cools to the wet bulb temperature excess moisture 

is condensed and the latent heat is manifested as a 

temperature increase. Due to this fact, the temperature in 

the plume is higher than the ambient. In determining 

fogging and icing both excess moisture and enthalpy are 

taken into account.  

3.1 Characteristic of the Mechanical Draft Cooling Towers 

at Indian Point
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Mechanical draft cooling towers consist of many cells.  

The exhaust of each is a stack ventilated by a fan.  

The cooling water flow rate for Indian Point Unit 

No. 2 is 590,000 gallons per minute, which requires 

26 cooling cells equally divided into two towers.  

Other parameters of the contemplated mechanical 

draft cooling towers are summarized below: 

TABLE 3.1.1 

SUMMARY OF KNOWN DESIGN PARAMETERS OF 

MECHANICAL DRAFT COOLING TOWERS AT INDIAN POINT 

UNIT No. 2 

Number of Towers 2 

Cells in Each Tower 13 

Length and Width of Each Tower (ft) 520x40 

Exhaust Fan Stack Diameter (ft) 28 

Center-to-Center Stack Spacing (ft) 40 

Height of Tower (ft) 68 

Estimated Drift Rate (% of flow rate) 0.008 

Hot Water Flow Rate of Each Cell (gpm) 22700 

The stack of each cell is considered a point source.  

Plume contributions of moisture and enthalpy from
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each stack with respect to a downwind location is 

first calculated. The tot al contributions from all 

the stacks are considered the actual amount of 

moisture and enthalpy received at the location.I 

3.2 Effective Stack Height3 

This parameter is needed in both salt drift deposit3 

and fogging and icing models. It is defined as the 

sum of the height of the cooling tower and the plumeS 

rise which is calculated by Briggs' equation: (11)9 

f-I .iJL/L A(7) 

where ~his the height of the plume center above the 

stack exit, u is the wind speed, F is known as5 

buoyancy factor, x is the downwind distance and hs 

is the stack height.  

The buoyancy factor F, of a cooling tower is depen

dent on both sensible heat and latent heat(
4 ) in3 

the plume which vary with the ambient conditions.  

An average value of 630 has been used throughout.

In Equation (7) x is replaced by (10hs) when the
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plume rises to its ultimate height. Because of the 

mechanical draft cooling tower's low profile the, 

plume rise will reach its ultimate height. within 680 

feet from the tower. Since the stack and the tower 

configurations are exactly similar, similar plume 

heights are assumed for all stacks.  

The wind speed (u) in Equation (7) is not specified.  

Logically, however, it should be the wind speed pre

vailing at the plume center. A parabolic wind profile 

has been used to obtain wind speed at higher 

elevations: 

where u is the wind speed at H, and zo is the height 

where the ground wind speed uo is recorded. Values 

of the exponent I"p" depend on stability are adopted 

from Smith.!5 

3.3 Inversion Layer and Plume Diffusion 

An inversion layer (approximately 1000 meters) is 

imposed as a lid. The plume is allowed to approach
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this lid until the concentration at the edge of the 

plume (2.15C-)(2 is 1/10 of that at the plume 

center. The downwind distance at this point isI 

designated as XI. Beyond this point, the plume 

is permitted to mix vertically. This mixing process 

is assumed to continue until the plume reaches a I 
distance equal to 2 xj. At a downwind distance3 

larger than 2 x1 . the plume loses its identity and 

completely merges with the ambient air. By means of 

this model the entire field traversed by the plume3 

is divided into three regions: In the first region, 

the plume maintains its undisturbed characteristics.3 

In the second region mixing starts from the plume 

edge, and finally the plume completely mixes in the 

the third region. The distance from the source to 

the end of the Region I is determined by solvingI 

the follo wing equations simultaneously: 

and , ki '-'+2. > )(91 

_ (10)
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where R0 = oh 

C = Zo/hs 

4 ho, calculated from Eq (7) with u--uo 

h5 = stack height 

Lm = Depth of the inversion layer 

O = vertical diffusion coefficient 

x,= downwind distance of Region I.  

The distance x, in Region I depends on the 

atmospheric conditions. Under the prevailing 

stability conditions, the entire area of study at 

Indian Point (5.0 miles x 3.7 miles) is within 

Region I.  

3.4 Dispersion Coefficients 

Horizontal and vertical dispersion coefficients as 

function of downwind distances given by Turner(2) 

are used in this model. The numerical values are 

correlated empirically for the convenience of 

computation. General forms of the coefficients in 

terms of downwind distance x are given below: 

Horizontal Coefficient:

6 y =a xb 
(1
(11)
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Vertical Coefficients:3 

Ldr=A xB + cXd -Yl1og x (12)£ 

The constants a, b, A, B, C, 01 and rare given in 

Table 3.4.1.



TABLE 3.4.1 

CORRELATION CONSTANTS OF HORIZONTAL 

& VERTICAL DISPERSION COEFFICIENTS

Atmospheric 
Stability 
Class 

A 

B 

C 

D 

E 

F

Horizontal 
Dispers ion 
Coefficients 

a b 

0,470 0 880 

0.332 0.885 

0.220 0.890 

0.140 0.896 

0.096 0.902 

0.062 0.912

Vertica

A 

0. 221x10-
3 

0.65 3 

0.111 

0. 0883 

0. 0739 

0. 0586

1 Dispersion Coefficients 

B C 

2.104 0.201x10'12  1 

1.077 139 

0.913 0 

0.858 -0.124xl10 8 

0.838 -0.343lxlQ-5 

0.797 -0.217xl10 5

2.  

0.  

4.4 

2.! 

2.

4 2.77 

0 0 

0 

03 0.326 

50 0.162 

46 0.159
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3.5 Downwind and Crosswind Distance 

Based on the actual location each cooling tower cell 

is given a set of coordinates (up, vi) on the UTM 

coordinate system. The area of study in the vicinity 

of the cooling tower site is divided into h x Km 

grids. Each grid point has a set of coordinates 

(Uj, Vj, zj). Uj, Vj are the UTM (Universal Trans

verse Mercator) coordinates in kilometers, and Zj 

is the elevation at the grid point in meters.  

The distance and direction between the cells with 

respect to a grid point are obtained from their 

respective coordinates. The difference between the 

wind and source-grid directions, as well as the 

source-grid distance are used to obtain the cross

wind and downwind distances. The downwind distance 

x, is then used to compute the dispersion 

coefficients r , 

3.6 Topography 

The Indian Point vicinity is quite hilly. Ground 

elevation varies from slightly above sea level to
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over a thousand feet at Dunderberg Mountain, within 

two miles of the cooling tower site. Terrain 

features have been incorporated in the model 

calculations. The elevation at each grid point 

throughout the area considered in the model is 

tabulated as input data to the model.  

The elevation at each grid point is given in Table 

3.6.1.
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'TABLE 3.6.1

droun4 Elevation. 4) At the 
(x, .y, K~ilometers;

Vicinity of Indian Point 
z =meters)

Y:45 67.000 
y:45 7*000 
Y:4567. 000, 
Y=4567. 000 
Y=14567. 000 
Y=4567. 000 
Yt4567. 000 
Y=4567.600 
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X;-589.500 

X;:59.000 

X-589500 
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XZ597, 000 
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X=589, 500 
X=597.o0 
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X=586 . 000 
X=586, 500 
X:5907.. 00 
X: 580.500 
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5;86 00 

X:5 5 00 
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18.29 
6.10 
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3005 

0.2 

36,.48 
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Z= 3.o05 

Z= 0.  
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Z= 9.o14 
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Z= 24.38 
Zz 30.48 
Z= 45.79.  
Z= 79.P5 

ZZ 76,.0 
Z= 30.48 

Z= 30,48 
Z~ 18.29) 
4= .9. 14 
4= 18.29 

Z: 27,43 
7: 51.82 

Z=103, 63 
Z :- 30.48 
Z= 0.  
Z: 0.  
Z= 0.  
Z: 0 
Z= 30.48



TABLE 3.6.1 

r0. ound IlevationsUM~ At the Vicinity of mIndan Point 
(x, y - Kilometers; z = meters)
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Y=4970. 000 

Y=4570. oo0 

Y=4570, 500 
Y--4570 *500 
Y 45701.5,0 0 
Y=4570. 500 
Y=4570 .500 
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1=. 0.  
A: n.  
2= 0.  
Z= 0.  
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Ground Elevations t thie Vicinity 'ofi'jd * .; 'i 
(x, y =Kilometers; z = 39tes.)
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3.7 Salt Drift in Cooling Tower Plumes 

Several sets of entrainment data, droplet sizes and 

mass fraction distributions, were obtained from the 

literature. They vary in a wide range. The lack of 

reproducibility may be due to the lack of correlation 

between different types of drift eliminators used in 

cooling towers. It is known, however, that the 

mechanical-draft cooling towers have higher d rift 

rate than the hyperbolic natural draft cooling towers.  

In this model 60a uniform rate of 0.008% (8 x 10-5) of 

the circulating water has been used. It is unclear 

whether there exist any typical distributions dis

tinctive for natural draft and mechanical draft 

cooling towers. The data used in this model study 

are given in Table 3.7.1(6)
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TABLE 3.7.1 

SIZE AND MASS DISTRIBUTIONS OF 

SALT DRIFT IN COOLING TOWER PLUMES 

Droplet Diameter Mass 

_______________Fraction 

below 50 0.202 

50-100 0.455 

100-200 0.324 

over 200 0.030 

The amount of salt in the drift droplets transported 

from the tower is directly related to the Hudson 

River salinity and the blowdown cycle. Assuming 

blowdown once every two cycles, the salt concentration 

in the drift will be twice the river salinity, which 

(12, 13) 
varies with the fresh water flow rate. The river 

salinity varies from a peak of 3900 ppm in August to 

a minimum below 100 ppm during spring months. The 

monthly average values of drift salinity used in the 

model are given in Table 3.7.2.
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TABLE 3.7.2

DRIFT SALINITY USED IN 
MODEL CALCULATIONS 

Drift Salinity 

Month (PPM) 

January 2100 

February 3100 

March 100 

April 100 

May 260 

June 4000 

July 7000 

August 7000 

September 7000 

October 7000 

November 7000 

December 2100

The amount of deposits on the ground depend on the falling 

velocity (or terminal velocity) which in turn depends on 

the droplet size. The droplet size is constantly changing 

when it falls in an unsaturated atmosphere.
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To follow the history of each droplet from the tower 

exit to the ground, correcting for the size and velo

city at each step is quit e time consuming.  

(7) 
Results by Hosler et al were adopted for this study.  

The falling velocity as a function of droplet radius 

and ambient relative humidity is presented in Figure 

3.7.1.  

3.8 Moisture and Enthalpy Content in Cooling Tower Plume 

A difference in absolute humidity (mass of moisture 

per unit mass of dry air) between air inlet and exit 

is the net evaporation in a unit mass of dry air.  

Similarly, the net enthalpy increase is defined as 

the difference of enthalpy between the air inlet and 

exit. The total amount of evaporation, and heat 

being rejected to the atmosphere are obtained by 

determining the total amount of dry air through the 

tower, utilizing the mass ratio of hot water to 

dry air, [JIG.  

The ratio L/G is the slope of the operating line on 

an enthalpy-temperature diagram. The design L/G
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ratio cannot be applied to extreme conditions. An 

approximate method was used in this model.  

The sum of inlet air wet bulb temperature and the 

design approach is the cold water temperature. The 

hot water temperature is the sum of cold water 

temperature and the design range. By keeping the 

design approach and range constant, the hot water 

temperature can be readily determined. The difference 

between the hot water and air exit temperatures was 

assumed constant. With the temperatures of water and 

air determined, the ratio of L/G is then determined 

by the heat balance.  

To determine the moisture content from the saturation 

temperature an equation to calculate the water vapor 

pressure as a function of temperature is necessary.  

The following equation was selected for the purpose.!8 

/0 (T) 7 exo/94 -1 o r) (13) 

where pressure p is in mm Hg and T in degree Kelvin.  

This truncated equation for water vapor pressure is 

reasonably accurate in the temperature range of
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cooling tower plume. In a comparison with the.  

(9) 
experimental data between -100 and 80.OC, the 

deviation was found-to be 5-10%.  

An equation representing the heat of evaporation as 

a function of temperature was obtained from the 

steam table f
10 ) 

where ,\ (T) is the heat of evaporation in cal/gram 
and T is in degree Kelvin.  

The mass of moisture per unit mass of dry air is ex

pressed as: 

Kr9~~ ~(Tr) rP,(7-) 7 (5 

where m (T) is the mass of moisture per unit mass of 

dry air as a function of temperature. Pa is the at

mospheric pressure, and p (T) is the partial pressure 

of water at a temperature T calculated from Equation 

(13).
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Equations (13) through (15) are used to calculate the 

enthalpy content at the inlet and exit. The specific 

heats of dry air and water vapor are assumed constants.  

The enthalpy is expressed as: 

A 7, , ) o. - 7T-.) 4 AT)J-2731 (16) 

Where T is the dry bulb temperature, Td is the dew 

point, To is a reference temperature taken as 00F 

(or 2550K) and Tw is the wet bulb temperature. When 

Equation (16) applied to the exit condition, the 

exit temperature Te, replaces T and Td. At the air 

inlet, T and Td are used in equation'(16)to obtain 

expressions of hi (T) and hi (Tw) with unknown Tw to 

be determined. Since hi (T) = hi (Tw), the value 

of Tw can be obtained by iteration from the following 

equation: 

- -273)](17)

3.9 Determination of Fogging and Icing Potentials
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At a receptor downwind from the'coo-ling towers the 

excess moisture and enthalpy transported by the 

plumes are mixed with the ambient air increasing the 

humidity as well as temperature.. Therefore conditions 

of fogging or icing must be determined by both the 

moisture content and the enthalpy content of the 

plume-ambient air mixture at the receptor.  

Ambient air temperature is used as a first approxi

mation of the plume temperature to initiate the 

iterations. Based on the enthalpy content h at a 

receptor the wet bulb temperature Tw of the plume 

mixture can be determined. Using this wet bulb 

temperature and the moisture content at the same 

receptor another enthalpy value h', is determined.  

If h'<h there is no fog. A plume temperature is 

then determined by Equation (16) with m, h, Tw 

known.  

If h is found to be less than or equal to h', the 

moisture in the plume air mixture exists in a two 

phase equilibrium. Fog will occur in both cases.
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When the temperatures determined for the fogging 

cases are below freezing, icing, instead of fogging 

will occur.  

The amount of liquid water in the plume is also com

puted if an estimation of fog visibility is desired.
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4.0 METEOROLOGICAL INPUT 

Meteorological data recorded at the 400 foot tower are used 

in determining the fogging and. icing potentials. Hourly 

data of atmospheric pressure, temperature, dew point, wind 

speed, and wind direction were the meteorological input of 

the model.  

The temperature difference recorded between 400 and 33 

feet levels were used to obtain the temperature gradient, 

deg. K per 100 m, which is used to determine the atmos

pheric stability classes based on values given in the AEC 

Safety Guide 23.  

monthly average wind rose frequency was used for the salt 

drift deposits calculations.  

Adetailed discussion of the meteorological data is given 

in Section 6.2.
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5.0 RESULTS AND DISCUSSIONS OF RESULTS 

Based on the model discussed in the previous sections the 

environmental effects due to plumes from mechanical draft 

cooling towers at Indian Point, have been evaluated. These 

effects are quantified in terms of salt drift deposits, in

duced fogging and icing.  

Salt drift deposits are computed as annual, and monthly 

averages using wind rose frequency data. The monthly, and 

daily accumulations were compiled from hourly calculations 

utilizing hourly meteorological data.  

Fogging and icing are calculated based on hourly wind and 

temperature data. The results are expressed as number of 

hours of occurrences in each month. Naturally occurring 

fogging and icing were excluded. Fogging and icing are 

determined on the basis of over saturation at the plume 

temperature. Temperatures above freezing with liquid 

water present in the amount equal or over 1 x 10Q5 gram 

per gram dry air is the condition for fog. If the plume 

temperature is below freezing icing will occur.

5.1 Annual Average Salt Deposit
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The annual average salt deposits were calculated on 

two different grid scales. Outside the plant 

boundary, a grid system of 1/2 x 1/2 Km was used, 

encompassing an area of 6 Km x 8 Km surrounding the 

cooling tower site. Inside the plant boundary, a 

grid system of lO0m x lO0m was used. The smaller 

grids were used to evaluate the near-field salt 

deposit which is due to the fall out of large droplets.  

These results are relevant in considering-the corro

sive effects of' salt solutions on transmission lines 

and equipment.  

Figures 5.1.1 and 5.1.2 present the salt deposit 

distributions inside the plant boundaries. Under 

high relative humidities (over 90%) a peak of 20,000 

Kg/Km2/Mo occurs over the reactor building of Unit 

No. 2 which is approximately 500 feet from the 

cooling tower. At relative humidities 50-90%, a 

peak of 1500 Kg/Km2/Mo is also located at Unit No. 2 

reactor building.  

Figures 5.1.3 and 5.1.4 are the salt deposits cal

culated with the larger grid size for the areas
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surrounding the Indian Point Station, representing 

the far-field effects of cooling tower plumes. Under 

high humidity conditions, a peak of 10,000 Kg/Km
2/Mo.  

appears half-way between Broadway and the two nuclear 

reactor buildings, and covers an area of approximate

ly 15 acres. Under humidities between 50% and 90% a 

peak of 400 Kg/Km2/Mo. appears approximately 3/4 Km 

to the south southwest of the cooling tower site.  

If the frequency of occurrence of the higher and 

lower relative humidity regimes are 15% and 70% 

respectively, the annual average salt deposit near 

Unit No. 2 reactor building will be approximately 

2000 Kg/Km2/Mo. This value may be used for economic 

assessment of salt drift effects.  

5.2 Monthly Average Salt Deposits 

Monthly salt drift deposits were calculated in two 

relative humidity regimes for each month from 

October 1973 through August 1974 using the monthly 

wind rose data. Data for September 1974 was not 

available. The wind rose data for September 1973 

from the 100' meteorological tower was used.
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Salt concentrations in the drift depend on the 

salinity of the Hudson River. Variations of the 

river salinity were taken into account in computing 

salt deposits.  

Figures 5.2.1 through 5.2.24 present salt drift 

deposits in the area surrounding Indian Point.  

Because of low salinity in the Hudson River at 

Indian Point during Spring, salt deposits are small, 

especially at relative humidities of 50-90%.  

River salinity attains its highest concentration in 

August at 3900 ppm. The salt deposit from cooling 

tower drift also reaches a peak of 45,000 Kg/Km2/Mo 

at relative humidities over 90%/.  

Area enclosed by this peak, however, is very small 

and located in the river. The land area covered by 

the 7,000 Kg/Km2/Mo and over is in the order of 200 

acres, mostly located inside the plant boundaries.  

In the subsequent months from early fall through 

December, maximum deposits very from 30,000 Kg/Km2/Mo 

to 3100 Kg/Km2/Mo under high relative humidities.
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While the magnitudes of these depositions are large3 

it should be noted that the areas covered are small.  

on the other hand, the maximum of deposits under 

relative humidities 50 - 90% are further away from3 

the site and cover larger areas.  

Salt deposits under relative humidities below 50% 

are very small and they are not included.  

During the one year period from October,1973 to 

September 1974 the actual frequency of the ambient3 

relative humidities at Indian Point is computed. The 

results are summarized in Table 5.2.1.
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TABLE 5.2.1 

MONTHLY VARIATIONS OF AMBIENT 
RELATIVE HUMIDITIES AT INDIAN POINT 
FROM OCTOBER 1973 TO SEPTEMBER 1974

Month 

January 

February 

March 

April 

May 

June 

July 

August 

September 

October 

November 

December

Percentage Occurrence of the following 
Relative Humidity Ranges 

over 90% 509% Less than 50% 

20.0 67.4 12.6 

9.1 62.3 28.6 

17.9 39.0 43.1 

14.8 45.2 40.0 

20.8 49.6 29.6 

23.4 67.3 9.3 

9.6 68.7 21.7 

19.2 65.8 15.0 

22.6 68.1 9.3 

14.5 65.3 20.2 

11.7 49.8 38.5 

18.7 67.9 13.4
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Based on the information in Table 5.2.1, an actualI 

maximumw value of monthly average salt deposit can be3 

estimated by summing up the contributions due to each 

humidity range. For example,*during October 19733 

ambient relative humidities over 90% and 50-90%3 

occurred 14.5% and 65.3% respectively. The correspond

ing maxima calculated for these two relative humidity3 

ranges, if each persists f or the entire month, are3 

20,000 and 1,200 Kg/Km2/Mo. Taking 14.5 and 65.3 

percent of the respective values, a sum of 3684 Kg/ 

KM2/Mo is obtained. This value-differs by approxi-

mately 10% from the exact maximum monthly average 

salt deposit for October 1973, 4,000 Kg/Km2/Mo.3 

5.3 Daily and Monthly Accumulations3 

Daily and monthly accumulations were obtained from 

hourly calculations based on hourly data of atmos-3 

pheric pressure, ambient temperature, dew point, 

wind speed and wind direction. This is done only 

for the month of October 1973, in order to compare3 

with model results for a natural draft cooling 

tower. The results are presented in Figures 5.3.1 

and 5.3.2.3
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5.4 Fogging Potentials 

For the one year period beginning October 1973 and 

ending at September 1974 the plumes from mechanical 

draft cooling towers were found to induce a total of 

82 hours of fog. The monthly results, expressed as 

hours of fog, are presented in Figure 5.4.1 through 

Figure 5.4.12.  

Because of persistent freezing conditions only a few 

hours of fog independent of icing can occur in 

January and February. The fog in January appears to 

be associated with. northeast winds while in February 

fog occurrence may be related to southerly and 

easterly winds.  

Starting March 1, the area affected by fog increases 

in extent. In May, the cooling tower plumes induce 

fog to the north, south, and west of the site. one 

third of the hours of fog occur in the Dunderberg 

Mountain area, approximately 1000 feet above sea 

level.  

The fog pattern in June is similar to that of May, 

but the hours of occurrence are reduced. In July
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fog occurs in the Dunderberg area and, also west of 

Lovett-Station.3 

As expected, very few fog hours occur in late summer3 

and autumn. Fogging and icing are about equally 

divided in December.  

5.5 Icing PotentialsU 

Icing induced by plumes from mechanical draft cooling1 

Towers is presented in Figure 5.5.1 through Figure3 

5.5.5.  

Icing is completely absent from May through October.  

The possibility of icing exists for November through 

April but in this study during the sample year 1973-3 

1974 reveals no icing in November, and-one hour of 

icing in April which occurs near the quarry, and 

St. Patricks Church curving around the Verplank3 

Point to enclosed a part of the town.  

Icing occurs more frequently in'winter. During 

January alone, a maximum of more than 30 hours have 

been registered in the model calculations.
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As shown in Figure 5.5-.2,-the 30-hour contour covers 

a wide area both on -land 'and in the river. It 

encloses the south tip 'of the town- of Verplank and 

part of Stony Point including a section of Route 9W.  

The 20-hour and 10-hour contours enc lose the same 

locations but cover a more extended area.  

Based on the modeling calculations the freezing pre

cipitation or ice fog can continue for eight hours.  

The visibility could fall below 100 feet when 

fogging occurs. Slippery conditions may become 

extremely hazardous because of the heavy icing and 

its high persistence.  

Heavy icing occurs most frequently southwest of the 

cooling tower site. Very little icing is indicated 

north of the site. Only one hour of potential icing 

may be possible in Peekskill.  

The icing potential in February can be as high as 

40 hours as indicated in Figure 5.5.3, but the 

area is very small. The area enclosed by the con

tours of 25-10 hours icing potentials mainly covers
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Verplank and part of Stony Point. This could cause 

hazardous conditions on local roads and interrupt 

community activities.
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FIGURE 3-7-1 
EFFECTS OF SALT DRIFT DROPLET SIZE 

AND RELATIVE HUMIDITY 
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INTRODUCTION 

The Indian Point Nuclear Generating Station is situated among 

steep rolling hills on the Hudson River near Peekskill, New York. The 

plant site is located within an area of terrain ranging in elevation 

between 20 and 100 feet. Blue Mountain Reservation, a Westchester County 

park, is located 1-1/2 miles east of the plant and includes Blue Mountain, 

which has an elevation of 680 feet. This is the highest point in the 

vicinity of the site, east of the Hudson River.. On the west side of the 

Hudson River, within a two-mile radius of the plant, the terrain varies 

in elevation from 20 feet near the river to over 1,000 feet on Dunderberg 

Mountain, which is part of the Palisades Interstate Park.  

The predominant land use within a two-mile radius of the Indian 

Point Nuclear Generating Facility is residential, recreational and 

commercial. Residential areas flank the site on the north and south. Land 

used for recreational purposes covers large areas near the site and includes 

the Palisades Interstate Park and Blue Mountain Reservation. Very little 

of the land within a two-mile radius of the site is used for agriculture; 

however, there is some abandoned farm land immediately to the east.  

VEGETATIVE DESCRIPTION 

The Indian Point site is characterized by species of Eastern 

Deciduous Hardwood (Figure 1). The vegetation regionally is quite thick 

and has a dense canopy. The Eastern Deciduous forest is usually composed 

of several dominant stand types superior to an understory of less dense 

and well developed stands. The understory vegetation is moderately dense
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where breaks in the forest canopy permit the shade-intolerant species to 

.ecome well established. The vegetation cover of the area has attained the 

codominant climax stand maturity characteristic. of the Eastern Hardwood 

forest. Organic deposition in the form of'leaf litter and decomposing humus 

provide a nutrient rich floor for the support of many diversified vegetation 

types.  

The dominant and codominant trees found in this area are Eastern 

Hemlock, Red Oak, White Oak, Chestnut Oak, and Shagbark Hickory, among 

others. Dominant and codominiant trees range from 55' to 65 feet in height 

with diameter at breast height (d.b.h.) ranging from 18 to 36 inches.  

The understory relationships in the Eastern Deciduous Hardwoods are a 

ground canopy of Witch-hazel, Flowering Dogwood and Hickories, and a second 

canopy of Eastern Hemlock and Witch-hazel. The forest floor is composed of 

up to a 2-inch layer of organic material and varying amounts of shrubs and 

herbs such as Witch-hazel, Indian Pipes and Virginia Creeper.  

The remainder of the vegetation in the region surrounding the site 

consists of meadows, marshland and agricultural lands (Figure 1).  

VEGETATIVE SA1MPLIiqG 

Quantitative sampling was conducted at two locations (Areas 1 

and 2) to the south and southeast of the site. The sampled areas are 

indicated by the triangles in Figure 1. An additional location (Area 3) 

was sampled qualitatively.  

Area 1 is located 450 feet at 3150 from the west corner of the 

smtall pond and is 10 feet square (Figure 1).
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The major species identified are listed in Table 1, and the number 

of trees that have a 3-inch and larger'-diameter at breast height (d.b.h.) are: 

Species Common Name Tally Percient_ of Total 

Hamamelis virginiana Common Witch-hazel 3 9 
Quercus alba White Oak 1 3 
Tsuga Canadensis Eastern Hemlock 16 49 
Fraxinus americana White Ash 3 9 
Betula nigra River Birch 6 18 
Quercus rubra Red Oak. 4 12 

The canopy cover for the preceding stand types was estimated to 

be 95 percent. This canopy had a coniferous to deciduous ratio of 1:1. The 

height and average d.b.h. of the dominant and codominant trees within the 

sampling area was found to be: 

Species Name Height Average d.b.h.  

Quercus alba -White Oak 64' 36" 
Tsuga canadensis Eastern Hemlock 64' 22" 
Quercus rubra Red Oak 61' 22"1 

The organic composition of the forest floor consisted of 1 inch of 

leaf and branch material over a layer of Hemlock needles over a thick 3/4 inch 

layer of partially decomposed humus. Five percent of the ground was occupied 

by shrubs and herbs. The ground cover species were Witch-hazel, Indian Pipes 

and Virginia Creeper. It was observed that towards more moist points in the 

area, the synusia becomes more densely composed of seedling and sapling 

Hemlocks.  

In this sampling area, both Oak and Hemlock predominate as the over

story dominant stand types. This is based on relative tree numbers on the site 

in addition to the canopy dominance displayed by the Oak and the Hemlock 

species. Birch and Hickory are found on the site with the Hickory being more 

pronounced. The two understory relationships found were a ground canopy composed



Table 1: Botanical Species Found In Area One.

Vegetation Scientific Name Common Name 

Trees Hamamelis virginiana Witch- hazel 

Quercus alba White oak 

Quercus rubra Red oak 

Tsuga canadensis Eastern hemlock 

Fraxinus americana White ash 

Betula nigra River birch 

Platanus occidental is Sycamore 

Liriodendron tulipfera Yellow poplar 

Carya ovata Shagba rk hickory 

Fagus grandifolia American beech 

Shrubs Monotropa uniflora Indian pipe 

Parthenocissus quinquefol ia Virginia creeper 

Prunus virginiana Choke cherry 

Acer rubrum Red maple 

Sassafras albidum Sassafras 

Rhus radicans Poison ivy 

Cayptograma crispa Wood fern 

Lonicera villosa Honeysuckle 

Rubus odoratus Raspberry 

Rhus glabra Smooth sumac
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of Witch-hazel and Flowering Dogwood and a second canopy composed of Eastern 

Hemlock and Witch-hazel. New growth under the dominant stand canopy is 

limited -to Hemlock saplings and seedlings and there is a high degree of 

homogeneity throughout this stand. Near the more mesic to hydric sites, there 

is an increase in the shrub and herbaceous plant development. The stand 

appears to be in a climax-service climax condition and has not been subject 

to recent alteration of a mechanical nature. There were no visible signs 

of thinning, cultivation or other manipulation in this sample area.  

Area 2 is located approximately 2/10 mile southwest of the inter

section of Broadway and Bleakley Streets on Broadway (Figure 1). All the 

species identified are listed in Table 2, and the number of trees 3 inches 

d.b.h. and greater are given as follows: 

Species Name Tally Percent of Total 

Quercus primus Chestnut Oak 2 25 
Carya ovata Shagbark Hickory 2 25 
Quercus rubra Red Oak 4 50 

All the trees in this area were deciduous.  

For the dominant tree, the Red Oak (Quercus rubra), the average 

height was 56 feet and the average diameter (d.b.h.) was 18,inches.  

Sixty percent of the ground in this area was covered by vegetation 

in the form of shrubs and herbs. The floor litter was composed of 1/2 inch 

of partially decomposed leaf and twig material, 1/3 inch of decomposed 

humus supported by fibrous humus layer over a pure decomposed humus layer.  

The overall density of overstory in this area is low, but the foliar 

growth is dense and has a shrubby thic .ket appearance. Species found were the 

Chestnut Oak, Flowering Dogwood and a few scattered Hickories. These species



Table 2: Botanical.Species Found In Area Two.

Vegetation Scientific Name Common Name 

Trees Cornus alternifolia Flowering Dogwood 

Quercus rubra Red oak 

Quercus prinus Chestnut oak 

Sasafras albidum Sassifras 

Quercus alba White oak 

Carya ovata Shagbark hickory 

'Liriodendron tulipifera Yellow poplar 

Populus grandidentata Big tooth aspen.  

Ulmus americana American elm 

Catalpa blgnonioides Catalpa 

Betula nigra River birch 

Tsuga canadensis Eastern hemlock, 
Carpinus carol iniana Ironwood 

Acer saccharum Sugar maple 

Prunus serotina Beach cherry 

Populus deltoides Eastern cottonwood 

Robinia pseudo-acacia Black locust 

Platanus occidental is American sycamore

Rhus radicans 

Vitis aestivalis 

Prunus virginiana 

Selloginella spp.  

Vaccinium caesariense 

Rose spp.  

Smilaciana stellata 

Plantago rugelli

Poison ivy 

Wild grape 

Choke cherry 

Club moss 

Blueberry 

Wild rose 

False salmons seal 

Planta in

Shrubs

Table 2:



Table 2: (Cont.)

Vegetation Scientific Name Common Name 

Shrubs Leucothoe racemosa Swany sweetbells 

Rhus typhina S,taghorn sumac 

Achi'Ilea millefolium Yarrow 

Oenothera biennis Primrose 

Lithospermum canescens Puccoon 

Poe arvense Bluegrass



provide a homogeneous ground cover. The area is characterized by a lack of 

true tree reproduction (i.e., seedlings and saplings). The reproduction which 

can be found on the site is in the form of oak brush. This situation is common 

of the area to-the southeast of Broadway. Where there is a break in the3 

forest canopy the density of the shrub and wood yegetation increases., There 

is evidence of disturbance to the area in the form of thinning and clearing3 

(10-20 years ago) and as a direct result of this, succession is not sequential.  

The development of a transmission line corridor through the area has served 

to provide a source fo r vegetation alteration. The section within Area 2 to 

the northwest of Broadway is a heterogeneous composition of hardwood species.  

This area is quite moist and there are. several codominant species; Hemlock and3 

Yellow poplar although River oak is still a prominent species.  

Area 3 had no quantitative sampling, but vegetation types were noted.  

Basically, the area is a White pine plantation with a few other species also3 

found such as Black ash, Red spruce, Black cherry and Maple. On the margin 

surrounding this area the occurrence of shrub and herb species increases.3 

There was no occurrence of a synusia within the pure White pine plantation.  

Some ground cover, in the form of Virginia creeper and poison ivy was foundI 

underlying the dispersed deciduous species.U 

Table 3 is a combined species list for all the sampling areas. This 

list includes the major species found and, in addition, some of the specific3 

understory vegetation.



Table 3: Major Species Found in Sampling Areas One, Two, and Three 

Vegetation Scientific Name Common Name 

Trees Pyrus coronaria Crabapple 

Pinus strobus White pine 

Acer saccharum Sugar maple 

Picea rubens Red spruce 

Acer rubrum Red maple 

Sal ix sp.. Willow sp.  

Robinia pseudo-acacia Clack locust 

Catalpa bignonioides Catalpa 

Prunus serotina Black cherry 

Carpinus caroliniana Ironwood 

Fraxinus nigra Blacl. aski 

Pinus sylvestris Scotch pine 

Populus deltoides E. cottonwood 

Nyssa sylvatica Sour-gum 

Shrubs Parthenocissus quinquefol ia Virginia creeper 

Cornus alternifolia Flowering dogwood 

Rhus glabra Smooth sumac 

Rhus radicans Poison ivy 

Vitis aestivalis Wild grape 

Ailanthus altissima Tree of Heaven
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Table 3: .(Continued).

Vegetation Scientific Name -Common Name 

Shrubs Amelanchier intermedia Swamp juneberry 

Aralia hispida SarsaparilIla 

Daucus carota Queen Anne's lace 

Vicia angustifolia Vetch 

Artemisia tridentata Sage 

Leucothoe racemosa Swamp sweetbel is 

Polygonum pensylvanicum Smartweed 

Melliotus officinalis Melilotus 

Smilax lasioneuron Smilax
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