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1. .0 Introduction 

Potential, environmental effects due to operation of two natural draft cooling, 
towers at Indian Point are discussed in this report. Effects considered here 

are limited to those related to discharges from the cooling .tower exits. 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 sinall water 
droplets (drift) discharged from the towers. 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 towers are not considered.  

The data used in this report are taken from the first year (October, 1973 
through September, 1974) of operation of the 400 ft meteorological tower 
designated -as the Indian Point 4 tower. There were a total of *8006 hours 

when values of speed, direction, kT, and two levels of dew point and ambient 

temperature were recovered for the same hour, representing a minimum of 
90% recovery. of combined parameters.



2. 0 Effects of the Humid Plume 

The natural draft cooling towers used to dissipate waste. heat to th ie atmosphere0 

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

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

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

will condense upon leaving the towers and will be visible (as condensed water 

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

rated) air in the atmosphere.  

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

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

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

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

longer plumes are expected, there would probably be a naturally. occurring 

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

plumes from the overcast. The following subsections discuss potential effects 

of the humid plume.  

2. 1 Visible Plume 

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

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

site. Meteorological data collected at the site during the 12 -month period 

ending September 30, 1974 were used as input to the model. A model. descrip 

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

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

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 

assuming two tower operation, and are shown in Figures 2-1. and 2-2 for distances 

of 3 and 10 miles, respectively.



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

about 400 hours during the 12-month data period when the plume is 2 1/2 

miles long, or about 500 hours when plumes are visible for about a mile 

in that direction. Other directions have a lower frequency. Figure 2-3 

is a topographic map of the site region.  

The overhead plume 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 signif icant adverse effects on the motion of these aircraft.  

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

tower 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 towers would 

therefore only slightly increase the severity of the condition. Since 

restricted visibility due to natural causes probably occurs at the same 

time, little, if any, additional effect on flight oper;.:dons in the area is 

expected.  

2. 2 Ground Fog 

Observations of operating natural draft towers have shown that visible por

tions of the plume rarely extend downward more than half the tower height 1 '.  
(3) 

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 towe.r 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 three hours of pre

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

for in these runs (see Appendix C, Figures 2a through 2p). Thus, it is 

expected that there woul~d be no safety hazard on highw'ays from fog. Fogging 

over the river would not occur, therefore, there would be no hazard to boat 

travel on the river. About 80 hours of 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 frequency of about 1. 0%.  

2. 3 Increase in Ground Level Relative Humidity 

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

average off -site increase in relative humidity (RH). Average predicted 

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 peak 

offsite average increm'ental relative humidity increase (in To RH above 

ambient RH) was found to be . 02 to . 03%b in the north -direction between 10 aqld 

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 hors during which the relative 

humidity was increased by various amounts for several distances and for 

various combinations of ambient temperature and relative humidity. The 

highest incremental increase for any one hour was 9. 0% R1H which occurred 

when ambie nt temperature was about 56 0Fand relative humidity was 36%b 

for this hour. About 98%o of all hours had an incremental increase of less 

than 1. 0%o 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 p~otential 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 deposition 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 pmn) 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 various 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- (conservatively used as the 

representative condensate drop diameter) the collection efficiency is small 

(no greater than 44/%).  

Ice foi~mation due to condensate droplet impingement on large structures 

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

efficiency for 10 urn 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 depend on the plume water concentration, and the plume 

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

and the ambient temperata.re is 32 OF, ice formation will depend on the 

amount of water left on the object after the plume changres 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 on 

the object will freeze if the ambient air temperatitre is ! 32 0 F. When the 

plume temperature is :-f 32 0 F, ice formation will occur upon conde nsate 

droplet impingement on the object.  

Estimates ind icate that ice accumulation on 1/4 inch cylindrical structures 

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

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

2. 5 Frost Formation Due to the Humid Plume 

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

slow and'insignif icant compared to ice accumulated from condensate and 

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

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

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

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 by 

=m 41rCl(T) bt 

where 

2h 
in- upon which water vapor is deposited 

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

d =horizontal dimension of the object 

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



=t contact time 

6M 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 byTT 
repc plume surface 

+ 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 cai be seen 

from Table 2-4, the potential for ice accumulation 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 suirounding 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 the level of detection (,)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



plume. Very little information is available on this subject, thus quantitative 

estimates are not possible. A considerable effort is underway in the U. S.0 

to more accurately quantify the reaction processes and damage potentials.

01



3. 0 Drift 

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

towers w'ill be carried as small droplets in the rising air which leaves the 

tower top. This drift r ate 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) averages about i to 2 x 10 (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., 
3 

as pg/rn 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 drop 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 reference 4.  

Computer calculations using the model follow the history of representative 

drift droplets of selected initial s ize 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 local topography.
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3. 1 Salt Deposition Due to Drift 

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

ground and near ground air concentration of salt as a function of dire ction 

and distance from the Indian Point 3 cooling tower. The combined contribution 

from the Indian Point 2 and 3 c ooling towers was estimated using a computer 

model that sums and interpolates the contribution of each tower as a function 

of distance and directioa from 'the Indian Point 3 cooling tower. These estimates 

are shown in Figure 3-1 through 3-52 for selected time periods: in this case for 

the annual average and for each of the 12 months from October, 1973 through 

September, 1974., 

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

calculated since only daily rainfall measurements were taken and hourly 

data is neededi for the program.- For this reason. the calculations were 

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

The highest annual average inland offsite dry deposition rate and airborne 

concentration of salt estimated in this way is found to be 350 Kg-/Km -_month 

and 1. 5 pg/in , respectively, at 1. 2 miles SE from the tower, decreasing 

to 8 -Kg/Km -_month and 0. 04 pg/in , respectively, within 5 miles in the 
same direction. Analogous results for each of the 12 months investigated 

are summarized in Table 3-1.  

The estimates represented in Figures 3-1 through 3-52 are based on the 

following: 

a) Tower Geometry and Operating Conditions 

1. Average air exit speed: 3. 8 in/sec 

2. Basin water salinity: varies as a functioh of river 
water salinity. Monthly values used are given in Table. 3-2.  

All other conditions as described in Table 2 and Figures 

la and lb of Appendix C.  

b) Terrain Profile 

As described by Figures 2a through 2p in Appendix C 
and classified as shown in Table"3, Appendix C.



c) Mass Drift Rate 

Using a drift rate fraction of 0. 002%,' of the circulating water 

flow rate, the mass drift rate of salt from the tower for each 

month is varied with river water salinity. Table 3-2 gives 

the monthly mass drift rate of salt from the tower used in 

the calculations.  

d) Drift Drop Size Distribution 

Table 4, Appendix C, represented the assumed drift 

drop size di stribution just downstream of the eliminators 

e) Atmospheric Conditions 

Data used was that measured for each hour by instruments 

on the 400 ft. meteorolog~ical tower at Indian Point 4, for 

the period of record from October 1, 1973 through 

September 30, 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 cdew 

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

pitation measurements were-available on a daily basis.



3. 2 Ice Formation Due to Drift 

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 and 

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 same 

parameters that influence salt deposition rate by drift., These parameters 

are described above. In addition, ice accumulation oni structures depends 

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 shliape 

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

These relationships. have been characterized in the mathematical mnl-,M 

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 one 

tower, .for each of the 16 discrete sectors used to represent the ent ire com

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

Figures 3-53 (a through p) and 3-54 (a through p). Figure 3-53 (a througfh p) 
gives the estimated ice accumulation on the ground,' while Figure 3-54 

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

can be seen from'these estimates, ice accumulation resulting from operation 

of a natural draft cooling tower is not expected to exceed 0. 00 1 cmn. To 

conservatively estimate the ice accumulation resulting from operation of two 

towers (Indian Point 2 and Indian Point 3) at half the basin salt concentration 

(i. e. , at 7200 ppm instead of 14, 400 ppm), the values shown in Figures 

3-53 (a through p) and 3-43 (a through p) should be multiplied by 4. In this 

case (i. e. , two towers) the estimated ice accumulation is not expected to 

exceed 0. 004 cm.
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Table 2-1 

________Incremental Increase in Relative Humidity vs Distance 

* as a Function of Ambient Relative Humidity and Temperature - Hours of Occurrence 

FOR ALL AM41ENT RELATIVE HUMIOITY AND AMSIENT TEMPERATURE GROUPS 

PERCENT 3STANCES(METER'S)' DIRECTION N 
.0qLTA -H 5 00 .0 iio -0 0-- 2 000 - 0 5000.0 71O6166.6 220 0.O.  
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_.053 . . . ___ 0 -- 0 _ _ 0 _______2 6 23 
.i00 a 0 -0 2 4 10 9 

_ .510 0 1 5 10 6 3 0 
- .1. -Do0 0 2 0.0 
_3.010 0- 4 _ _ _ 3 0 _ _ _ _ 000 

5.000 0 0 a0 
--10.0 ________0 0 ______ a_____ 0 0 0 0 

_PEROFNT - __orSTANCESCMETERS)' DIRECTION., NNE ___ _____ 

D'ELTA RH50010. 0005000.0 iGGOO. 0 22000-0 52000.0 
_ II 'EASE _____ _ _ _ ________ 

*.010 1070 1056 1045 1 1039 1031 1002 863 
r,50 _______ __0 a_ _______ 0 2 3 12 67 

.10 0 a 0 1 1 12 3 1 (4 
_.500 __ _ _ _ _ _0 __ -- 1 14 26 24 25 63 

1. 000a 0 6. 67' 2 0 0 17 
-_3.000 ____014-_ _ _ _ _ _ _ 4_ _ __ _ _0________ 0 - -0 - --___ __ _ 1 _ 

5 .0 00 0 3 a.0 0 0 
10.020 0 0 0 001 

DEPCSNT -____ ___ __ DISTANCES(METERS)_ DIRECTION ____ NS__ ____ 

DELTA PH 500 1100.0 2000.0 5000.0 10000.0 22000.0 52000.0 
I N~ ASE R________ E_______ A_______ S________ E________ _____ 

.010 504. 504 504. 503 501 487 .326 
_ .051 00___ 0 0 -~_ _ _ _ 0 ______ _ _ _ _ _ _ _ 2 ______ 1 

.100 _ _ _ _ _ _ _ 0 0 0 0 0 217___ __ 

5 500 0 ____ ____0 ___0 1_ ______1 ___ 2 ___ 145 

1.000 00 *0 0 2111 
_3.C0 0 0 0 *C. 0 1 
5.000 0 0 00 

10. 000 ___ _0 0 0 0 0 
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Table 2- 1, continued' 

_PFOOFNT ____- ______OSTANCES(tIETERS) DIRECTION ENE 
OELT-A 064 500.0 1100.0 2000.0 5000.0 .26-.32H -T 

.010 1 8j7 187 187 .185 165 q 
__ .050 ____0 ________ 0____ ___ 0 _ ___ 0 0________ _______ 

* ~000 0 0 0 0 
.530 0 0 0 0 0 65 61 

1 .000 0 0 . 0 ? a 10 15.  
___3.00 0 0 0 _ _ __0 0- 19 19 20 

5.000 0 0 0 0
1 a0.00.0 0 __ _ _ _0 _ __0 0 01 

_ PERCENT ___ ISTANCIES(METERS) DIRECTION E._ ______ 

DELTA R 4 500.0 1100.0 2000.0 5000.0 1000060 20 0 0.0 5 2 000 .0 
___ INCREASE _9 _ __ ___ _______ ________ ____________ ____ __ ___ .019 4 246 249 228 1.61 96 I1 

.-__.050 __ _ _ _00 0 0 0 0 3 
.100 0 0 0 0* 

5_ .50 _ _0 3 _____0 0 _____ 44 42 _ _____ 53 
1.00 0 0 0 0 4. 27 -6 A 56 

___ 3.000 0 _______ 0 ___0 3 ______ 5 35 _ ____ 40 

10.000 _____0 0 a 4 10 .0 

___PERrFNT _______ ISTA NCES(METERS) DIRECTION ESE ________ 

OELTA RH 500.01.0 2000.0 5000.0 100.0 . 2260. ~2 0 V 

.510 1±8 1I 11 a7 50 584 45 
___ .050 a 0 _ _____ 0 _______ _0 _____0 _ _______ 0 ______ _ 1 

.10 0 0 0 0 0 1 0 
___ .50 0 _ _ 0 0 1 .1 t______ 5 ________6 ______ _14 

1.00 0 0 1 0 4 37 44 37 
3.00 0 ______ 0 0 0 0 3 19 20 
5.000 0 0 3 3 3 

10 .0 00 ______ 0 -__ __ 0 ~ 0 24 1. Of__ 00 

_PEqCFNT ______ ___ _____DISTANCES(METERS) DIRECTION SE______ 
DELTA RH 500.010.02 _ 

__ _INCREASE __________ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 

.00 1_63 -' 10 16-0 -- 5 5 87 6 

__ _ .050 a_ _ _ _ 0 0 _ 0 0,0 _ _ 

.130 0 00 0 0~ 
___ .500 0 1 0 _ __ 0 0 65 68 

1.300 0 0 0 0 
3.30___ 0 ___ 0 0 ______ 5 53 

7 5.000 0 0. 0 0 -00 

1000___ 00 0 _____0 0 0 0 
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Table 2-1, continued* 

PcV!'FNT DISTANCE§(METERS) DIRECTION SSE 
DELTA RHI 500.0 11 0 2000.0 5 0 00.0t0 0 0 -2 200 0.0 - -5200O00 

___INSIREASE 18168 
.CIO 18918 189,1888 
.050 __ 0 ___ ___ 0 0- 0. 0 13 
.10 0 0 0 70 0 -a 7 
.500 o-- 0 _ _ _ _ 1 _ _ _ 0 £1 _ -_ _ 0 -1 68 

I.____ a_____ _ 0 0~ 
_ 3.00 0 0___ 0 0 0- 000 

5.000 0 0 0
10 .00 ___0 0 0 0 0 0 

_ PERCENT DISTANCES (METERS) DIRECTION -S_ 
DELTA R'4 500.0 1.i00.0 -2000.50.0i0 00 - 2 0 .0 52 0.
INCREASE 

.02.0 790 774 765, 753 659 28! 236 
__ -.00~__ _ _ 0. . 0 0 1_ 1 15_ _ _ _ __6 

01300 0 a 12 30 26 
.500 0 1 9 ______ 27 _ ___ 75 ______ 350 _ __32S 

1.0000 0 4 15 3 9 73 104.  
3.000 __________ 11, 1 2 34 34 30 
5.000 0 0 0 0 0 0 
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___PER.CENT _____ ISTANJCES(METERS) DIRECTION SSW ___________ 

-6ELT4 RH 500.0 1100.0 2000.0 5000.0 10000.0 22000.0 52000.0 
_____INCREASE - ______ ______ _______ ____ ___ 

O010 699 697 643 692 685 64024 
____ .050 0 0 0 0 0 _ _____ 4 ______19 __ 

.13 0 0 0 0 1 2 19 97 
____ 50 0 0 0 4 6 7 15 340 

i.030 o 0 1. a 4 1316 
____3.000 ______ 02 __ _ _ _ _ 10____ __ 1_ _____ 3 3 _ _ 

5.000 0 0 0 0 00 
10.030 ____ __0 0 0 0 0 0 0 

_PERCE NT ______ _____ISTANCES(METERS) DIRECTION SW ____ ___ __ 

DELTA PH~ . 0.11. CO0 a20000 50. O O02003520.0 
_ _I NCR.FASE________ _______ ______ _______ _______ _______ ___ ___ ___ 

.02.0 830 830 830 830 823 801 296 
___ .050 _____ ____ 0 0 0 .0 0a 31 

.130 a 0 0 0 1 10 1710 
___ 5 0 ________ 0 _ ______ 0 0 0 1 _______ 5311 ___ 

1.00 0 0 0 0 0 12 20 
____3.000 _______0 0 a 0 _____0 1 2 

5.000 07 0 00000 
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Table 2-1, continued

PEQnCNT DISTANCES (METERS) __DIRECTION WSW 20. 20O 
DVLTA RH 000 1100.0 2000.0 7- 5000.0 100026005DO.O_ 

.010 355 355 355 355 352- 313 
__ 05 0 __ 0 00 0 9 

.139 0 0000- 1 1 
___ .5-30 0 ______ 0 __ _ _ _0 _ _ 0 1 _ ___ 11 173 

1.030 0 0 0. 0 2 81 

3.000 0 0 0 0 0 3 

_10.000 0 _ __ 0 0 0 0 0 0 

P EQ R~ r NT DISTANCES(METERS) ___DIRtE CTI10N HW______ 
bFLTA PH- 6 500.0.. 2000.0 5000.0 z000 zzu W5ai 

____ ICR F A S E 
.010 286 8~6 286 286 --- - -274 -233 

_ _ .050 - - 0 __ _0 0 -- 0 0 __ 

.100 a .3 - . 0 0 0 1_ 
5__ ~ 0 0 00 0 0 0 0 22 __ 165 

1.00 0 0 000 56 
__3.03 0 - CL_ . 31 _ 

5.0300 0 0 0 00 
__10.0)00 0 __ _0. __ _ 0 0 __ _0 __ _ 0 .0 

__PERCENT ___ __ ISTANCES(P1ETERS) DIRECTION WNW __ 

)ET M500.0 10020. 0001000 .2000 ~ 20.  
____INCRF Aeg __ ___ __ 

.010 357 356 _ 354 35_-333 - - 233 _i26 
____ .05c 0 a 0 0 0 _________ 2 26 

.10 0 0 0 0 0 I [ 
____.50 0 a 0 _ ____ 1 2 ____4 87 139 

-1.03 0 3 1 .15q - __ 

____3.03 0 0 __ ______ 10 14 _____ _13 10 
5.000 0 0 .0 0 01 

1 0.00 0 0 0 0 0 0 

___PERCE NT ____ D!STANCESCMETERS) DIR~ECTION NW ___ 

OELTa Q.N 50. 1103.3 20a. 5002 2O . 20 00.0 !520'00.0 
___INCREASE ___ ___ ___ _____ _____ 

010 a1 8,00 7.9 0~ O- 728 -S7 
N, .050 a__ 0 0 _ _0 _ _ _ 0 1 __ _ _ 2 ___ 39 

.100 0 9, U tU 4 14 69 
_ .500 _ _ __ 0 _ ____ 0 3 5 _ _ _ _ 15 _ _ _ _ __ 56 314 
1. 020 0 1 3 5 12 13 
3.00 0_________ 0 0 2 0 1 5 3 
5.0)0 0 0 0 0 a 

10.000 0~ 0 a 0 0 0 1
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Table 2-1, continued 

PFRCFNT _ __DISTANCES (METERS) DIRECTION NNW4 
. ThdLTA 2000. 5000 -- 520~ S . 0 70 T 0 2 b T 0 2 000 ( 

IN1 63 63EA638 637- 6 627 597 

.1000 0 0 0 3 32 

* ! .0j. 0 0 ___ 0 __. ____ _ _ 0_____0 

3 1.030 . 0 0 0 0 _____ 0
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Table 2- 1, continued 

- O~~~~ELTA.-RFLATIVt- HumIDITY-.-.COUNTS..0F QCCURENO_______-- - -. - . .- __ 

FOR ALL DIRECTIONS WITH REL. HUM. LESS THAN-OR EQUAL TO 60.0 PERCENT -_ __ _ 

____ WITHAMB. TEMP.- LESSTHAN OR EQUALTO 20.0 __EG.F ___ __ 

OISTANCES(METERS) 

PE RIE NT 
____DELTA RH_* - 000 __ 10.0 __ 2000.0 50000a 10000.0 ____22000.0 5200300 

INCREASE 
_____.010 q____~8 ____86 ____ 84 83 81 76 72 

.05g 0 0 0 
___ .100 _ 0 0 0 0 1 0 

.530 0 -- 0 0 36 1i 14 

3.000 3 0 4 0 0 0 0 
_____5.000 __ 0 2 -___00 0 0 0 

10000 0 a 0 00 

FOR ALL DIRECTIONS WITH QFEL. HUM. GREATER THAN 60.0 PERCENT AND LESS THAN OR EU T 70.0 PECNT 
________ WITH AM'9. TEMP. LESS THAN OR EOUAL TO 20.0 OEG.F______ 

nISTANVES( ETERS) 

____OFLTA R4 500.0 1100.0 2000.0 5000.0 10000.0 22000.0 52000.0 
INCRSASE 

_____.010 138 138 137 _______137 ______136 12711 
.0.50 'd 0 0 0 0 

__ _.100 0 0 0 0 0 
.500 0 0 a 0 1 6 15

J.000 a 0 0 1 00 3 
3.00 0 0 a 4 

_____5.000 0 a 00 0 10 
10.030 0 0 0 0 0 ~~~ 00 
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Table 2-1 , co'ntinued 
FOR ALL DIRECTIONS WITH QEL. HUM. GREATER THAN 70.0 PERCENT ANO.LESS .THAN Ott EQUAL TO a 0 .0-cNt 

WITHAM9. TEMP. LESS THAN OR EQUAL TO 20.0 OEG.F 

DISTANCES (METERS) 

PEOCESNT 
_ _-IELTA PH 50. 1005_20. 500.0 00. 22000.0 52000.0 

INCREASE.  
-- .010 - - 6q 6q 69~ 68 _ 69 65 5 _ 

.050 
55 

.100 0000 0 0 V0 

.500 0 0 0 0 2a 

__ 1.0300 0 0 0 _ _0 2 5 

3.0000 0 0 0 25 

5.000 0 0 0 2 

10.000 0 .0 0--------0 aa 

FOR ALL DIRECTIONS WITH RFL* 4UM. GREATER THAN 80.0 PERCENT AND LESS THAN ORF-ULT 85.0 PRCN 
WIT 8M. TMP.LESS THAN OR EQUAL TO 20.0 OEG.F _ ___ 

_____- --OISTA.NCESIMETERS) 

PFE NT 
___ELTA RH. 500.0 1100.0 2000-.0- 5000.0 10000.0 22000.0 52000. 0 
IN C-R FA SE 

.010 45 45 45 45 45 43 34 
.050 0 000 a 

__ .130 1)_ a__ 000_ _ _ _ _ D_ _ _ - 0 2 
.500 0 0 0 0 0 0 

___1.000 __ 0 0 ________ _ 0 - -4 

5.000 00000 2 5 

5.0000 0 0 0 0 00 
0a0 0 0 

FOR A LL DIRECTIONS WITH REL. HUM. GREATER THAN 85.0 PERCENT AND LESS THAN OR EQUAL TO 90.0 PERCENT 
___WITH AMB. TEMP. LESS THAN OR EQUAL TO 20.0 OEG.F 

DISTANCES(METERS) --- __ ______ _______ ___ _ _ _ 

PER^5NT -

__DELTA RH 500.0 1100.0 2000.0 5000.0 10000.0 22000.0 520 0 i.0 
INCREASE 

__ _ .CIO __ __ 3q 39 ___ .39- _ _ _ - 39 3q 39 __ _ _ _ 26 
.050 0 0 0 0 0 00 
.100 _ _ 0 _ _ 00 _ _ _ 00_ _ _ _ _ 0 ____ 9 
.533o 0 -- 0 0 ~09 

I~0____ ;_ 0 0 0_ _ _ _ _ __ _ _ 0 0 0 0 
3.000 0 0 .00 
5. 000 0 _____ 0 _ 0 0 _____0 ____ 00 

io~ooa 7 0 0~ 
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Table 2-1, continued 

FOR ALL OIRFCTIONS WITH RFL. HUM. GRE ATER_ THA-N_ -90.0 PE-RCE-NT -- A-ND LEC-STHAN OR- EQUALK- TO 95.0 EC 
WITH AMI. TEMP. LESS THAN OR EIUAL TO 20.0 OEG.*F

DISTANCES(METERS)

DFLT& RH 500.0 1100.0 ___2000.0 _5000.0 10000.0 ____22000.0 52000.0 
INORFASE 

__ .010 -20 20 ___ 20 20 1a. 1 7___ 
.050 0 0 0 _~0 

__ 1) 0a____ _____ ______ 0 ____ 0 0 0 
.500 000 0 

__1.000 0_ 0000 0 
3.000 0 -------- 0 0 ~ 0 1 
5.00 0.0 0 0 0 0 00 

10.010 A 00- O 0~0f 

FOR ALL DIRECTIONS WITH RCL. HUM.GREATER THAN 95.0 PERCENT AND LESS THAN OR EQUAL TO 9999.0 2ERCENT 
__WITH A.M93. TEMP._LESS THAN OR EQUAL TO 20.0 DEG.F _____ 

-- ________---.DISTANCES (METERS) 

PERCrENT 
__ 0LTA RH __530.0 1100.0 2000.0 5000.0 10000.0 22000.0 __ 52000.0 
INCREASE 

___.0910 18 18 17 17 17 16 12 
.050 0 0 0 0 000 

-. 100o 0 0 000 __01 

.500 0 0 0 0 -- I1 0 
___1 0 0 a_____0________ 0 1 ____ __ __ 

3.000 0 0 0 00 1 5 
5.0)0 0 0 0 0 0 0 0 

T -.0 ( - 0 0 0 0 0 0 

FOR ALL DIRECTIONS WITH REL. HUM. LESS THAN DR EQUAL TO 60.0 'PERCENT 
WITH A49. TEMP. GREATER THAN 20 .0 DEG.F AND LESS THAN OR EQUAL TO 3a.0 DEG.F 

- DISTANCES(METERS) 

DELTA RH 530.0 1100.0 2000.0 5000.0 10000.0 22000.0 52000.0 
IfNCRF ASE 

.0_ _____ 370 _____ 368 368 ____365 . 365 354 2 q4 ___ 

.050 0 0 0 0 0 . 0 5 
__.100 a 0 01 - 7 __ _ _5 

.500 0a 0 .54 5 
1.000 0 a 0 0 a 2 6 

3000 0 2 0 .0 3 5 
5_ 50 30 ___ ___ 0 2. 0 0 a 0 0 
00 - 0 0 a0 0 0 0~ 
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Table 2-1, continued 

6-R. _ALL 0IRCTON WITH R. HU . GREATER THmAN-60.0 PRET NDLSS THAN OR EOUAL O 70.0 'ERCENT__ 

WITH A'1I. TEMP. GREATER THAN 20.0 EG.F AND LESS THANOR EQUALTO 30.0 )EG.7___ 

D IS T A NCES (METES)_ 

7PERCENT
O LTA PH 5)0.0 0.0 . __ 2000.0 5000.0 10000.0 22000.0 52000.0 
INrOEASS 
__ .010 _ 126 -_ _ 124 - ___ 123 _ 122 ---- 123 " 3_ 114-. 93 __ 

.050 0 0 00 0 2 
__ .100 0 ___ 0 -0 0 _ ____ 0 - 1 3 

.500 000 's ~ 3 5
1.00 -. 0 _ 0 ~1 1. _ _ 0 2 _ _ 5 

3.000 0 2 2 0 0 4. 4 

50.000 0 00 

FOR ALL DIRECTIONS WITH REL. HUM. GREATER THA'N 700PERCENT AND LESS THAN OR EQUAL TO 800PCET 
-.- -_WITH-AMq. TFMP..GREATER THAN 20.0 OEG.F 'AND LESS THAN OREQUAL TO 30.0 3EG.F 

DISTANCES (METERS) 

__QLTA RH'____ 500.0 1100.0 2000.0 5000.0 10000.0 22000.0 52000.0 

- INCREASE _ 1 - ___ - _ _-_ .. - . ''-_ _ - i 7 
.0t0 97 96 92 90 _______90 83 so____ 6 
.050 a -d 0 a 0 3 

__.100 0 0 0 0 __ _ _ 0 .55 

.500 -- 0 --- 0- - - -2 6 - 78 26
__1.000 0 ____ _ 0_ 2 1 ________01 __3 

3. 00 0 -1 L 0 0 - 0
5.030 0 0o a a 0 0 0 

-i.oo0o 0 .0 0 0 

_OR,.ALL DIRECTIONS WITH REL. HUM. GR.EATE-R THAN 80.0 PERCENT AND LESS THAN OR EQUAL TO 85.0 PERCENT 
____WITH AM9. TEMP. GREATER THAN 20.0 DEG.F AND LESS THAN OR EQUAL TO 30.0 3EG.F 

DI STANCES§ (METRS)* 

P E FRC E NT 
DFL-TA PH* 500.0 1100.0. 2000.0 5000.0 10000.0 22000.0 52000.0 
PefREAE 
__ .01.0 ___33 33 33 33 33 __ _ _ _ 30 _ _ 22 

.130 0 0 0 0 

.__ . 0 __ __ _ 0 __ _ _ 0 -0 _ _ _ _ _ _ _ _ _ _ 

1.000 0 - 0 0 0 0 2 3 
3.000 a ~ 0 0 
50 30 0 __ _ _ _ _ __0 0 ___ _ _ _0 0 _ _ _0 

10.0100 0 000----0 ~ ~ 0~
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Table 2-1, continued 

F 0 AL L DIR FCT I NS WITH R EL. HUM. G REAT ER T HAN 85.0 PERCENT _ANd LES THAN OR _1!(UAL O 9. FCN 
WITH AMR* TEMP. GREATER THAN 20.0 OEG.F ANO*LESS THAN OR FQUAL TO 30.0 3 EG.F" 

DI STA NCES (M ET E:S) 

PCRCENT 
--.- DLTA R4_ 500.0 1100.0 __ 2000.0 5000.0 __ _10000.0 22000.0 52000.0 

INCREASE 
S02.0 - 4_8 ___ 48 __ 48 48 46 45 33 

.050 0 0- - V- 0 0 ?_ 
.- 3 0*____ a_____ 0 0 ___1 03 

.500 0012 
____1.000 a0 ___ _ 0.000 

3.000 a V- I-~~0 
*5.000-l 0 0 0 0 0 .0 

FOR ALL DIRECTIONS WITH REL. HUM. GREATER THAN 900PRET -ANDALMS THAN OR7 EQUAVTO"_ 45700 *CEqCFNT 
WITH AMR. TEMP. GREATER THAN 20.0' OEG.F AND LESS THAN OR EQUAL TO 30.0 IEG.F 

________- DISTANCES(METERS) 

OER^,ENT 
~DELTA RH 50C.0 -~1100.0 - ~ 2000.0 ____5000.0 10CO00 - 22000.0 52000.0 

INCREASE,-- ____ _ ___ _____ 

.010 23- 23 23 23 23 21 18 
.050 0 0 0 0 a a 0 

__ .00 __ __ __ 000 0 0 __ _ _ 0 0 
.50 0 0 0 0 0 0 01 

___ o 10 0 __0 0 . _0 0 0 1 3 
300C00 0 0 1 

5. 000 0 0 a__ __ _ 0 0 
a "0 a 0 -a 0 

FOR ALL DIRECTIONS WITH RFL. HUM. GREATER THAN 95.0 PERCENT AND LESS THAN*OR EQUAL-TO 9999.0-PERCENT 
___WITH A' 4o TEMP. GREATER THAN 20.0 OEG.F AND LESS THAN OR EQUAL TO 30.0 DEGoF 

OISTANCES (METERS) 

PER,'ENT 
__ OELT5 PH 500.0 1100.03 2000.0 5003.0 £0000.0 22000.0 52020.0 

INCRE ASE 
.010 17 17 17 17 17 17 15 

.050 0 0 -0 0 0 a 

.530 0 0 -0 0 0 a 1 
- 1.000 _ _ _ _ _ _ _ _ _ _ _ _ _ _ 0______ 0 _ _ _ _ _ 0 0 0 1 

3.300 a ~ 

10.000 0 0 '0000- 0 
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Table 2-1, continued.  

FOR ALL DIP-FCTIO-NS- -WI T H- REL.* H UtH* LESS THAN OR EQUAL TO 60.0 PERCENT 

-- WITH A143._TEMP.GREFATERTHAN __30.0 OEG.F AND LESS THAN OR EQUAL TO 4 '0.0 3FG.F 

orSTANCES(METERS) 

PERCENT 
DELTA R14 500.0 __ 1100.0 2000.0 5000.0 160000 22000.0 -. 52000.0 
rNCPEASE 

.010 ___601 ____ 600 __ 597 596 _ 594. __ 561 4.27 

.050 0 0a 0 0 110 
.iaa _ 0 a_____ 0 0a 1 3 29 

.500 00 1 4 . 4 Si 

I_ 1.O0C a a 0 0__ 2 1 1 7- 19 
3.000 0 110 

_5.090 0 0a__0 0 0 

10.000 0 0a 0 0 0 

FOR ALL DIRECTIONS WITH REL H.GRTETHN 60.0PRET- ANLSSHNOREA O--7.0 EC1T 
*WITHA'44._TFMP. GREATER THAN 30.0 OEG.F AND LESS THAN OR EQUAL TO 4.0.0 DEG.F__ 

-DITANCES (METERS) 

PFRCeNT _-__ -__ 

___DFLT A RH 5 a0. 1100.0 2000.0 5000.0 10060.0 22000.0 52000.0 
INCR5ASE 

.010 ____ 127 127 127 1271 127 £13 70 
.00 0 0 -0 
.1000 __ ._ 0 __ _ _ _ 0 -_ _ _ 0 0 2 3 

*50 0000 3 ~6
I ._ 100 0 _ _0 0 ____ ___ ___ 0 . 0 __5 10 
3.000 - 0- 0 ---- 04 
5.300 0 a 0 0 0 00 

10 .0 00 0 0 0 0 0a 2 

FOR L D1IRCTIONS WITH REL. HUM. GkFATER THAN 700PRETMN ESTAN OR EQUAL. TO 0.0PCE 
*WITH AMI. TEMP. GREATER THAN 30.0 DEG.F AND LESS THAN OR E.QUAL TO 40.0 E G. F 

-~DT- ...------.--. 6iTANCES-§-MET ERS 

PERCENT-- 7 
DELTA RH 500.0 1±00.0 2000-.0 5000-. 1000.0 22000.0 52000.0 

.010 162 162 162 162 - 157 130 -- 74 

.050 0 0 0 0oa .o 

.__ _ _ _ __0 0_ 0 0 a 0 

.530 - 0 0 0 0 0'10 5 1 

___ 1.00 _ 0 0 a 0 0 0 14 29 

3.000 -- 0 0 0 a a 
__ _5.000 0o _______ 0 ______ ________00 _____ 0 _ _ 0 

±0 00 0 0 0 0 0 0 0 
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Table 2-1, continued 

FO L IECIN IHREL9 RUM. T49ATE THAN 80.0 PeRCENT---ANO'LESSTHA--kN--OR EOtUAL-T-O- -. 9 5.0 0RCEkT 
WITH A419 TEMP. GREATER THAN 30.0 DEG.F_ AND LESS THAN OR EQ)UAL TO 40.0 3EG*F 

DISTANCES (METERS) 

PERCENT 
_DELTA Q14 530010iO. 2000.0 5000.0 10C00.0- 22000.0 52000.0 
INCOEASE -. __ 

.010 48 41 __ 48 48 __ 45 33 14 

.050 -0 0 ~ ~~~ 0 a 0 

0 o 0 0, 0 a5 

_1.000 0 __ .0 ___ 00 1 7 10 
3.030 0 0 0 2 -- -- '5__ 

0_ .0 0, 0 0 0 
10000 30 0 

-FOR ALL DIRECTIONS WITH E.HM GRARTAN 5. EeT AN ESTHN0 EDLTO 00 FCT 
WITH AM1* TEMP. GREATER THAN 30.0 DEG.F AND LESS THAN OR EQUAL TO 40.0 3EG.F 

DITSTANCES (METERS) 

OER^ENT ____ 

__DLTA QH __ 530.0 1100.0 2000.0 500.0 1G000.0 -22000.0 _52000.0 

INCOSASE ._ ____ .____ 

.010 47 47 47 -47 46 39 £9 

.05a 0 0 0 a 0.  

5.500 0 a - 0 0. a ~ a 0 

500____0 0 0 0 0- 0 0 

FORk ALL DIETOSWT E.HM RAER -T HA N -9 0.0 P0CE-NT -A-ND0 -LEtS-S -TH-A-N -O-R OUALTO 15-60 E RC EP4 
WITH AMI. TEMP. GREATER THAN 30.0 DEG.F AND LESS THAN OR EQUAL TO 40.0 9FG.F 

DISTANCES (METERS) 

F tEN-T 
DELTA OH 530.0 1100.0 2000.3 5000.0 10000.0 22000.0 52000.0 

.005 5 59 55 42 22 
.050 0 *0aa 0 1 

.100 00 .0 0 a_______0_______ ______ 0 
.0 0 a a 0 0 8 24 

I_ 1.0 0 0 0 0 1 6 9 
3. CO a 0 0 0333 

___5.00 0 0a 0 0 _______.0 0 
1000 .0 0 00 
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Table 2-1, contitiued 

FOR ALL DIRECTIONS WITH RcLe HUM* GREATER THAN 95.0 PERCENT ANL HN OREFUL O 99. PE'T 
WITH AM43. TEMP. GREATER THAN 30.0 _OEG.F __AND _LESS THAN OR EQUAL TO _40.0 )FG*F 

OISTANCES(MFT.ERS) _ _ _ _ _ - ___ ____ 

PS0-,rNT 
DELTA RH _____500.0 1100.0 2000.0 5000.0 10000.0 __22000.0 52000.0 
I NCRE ASE 

.010 51, __ 51 51 50 44. __ 29 - ~ 19 

.050 0 0 0 0 000 
__ 10 ______0 0 0 0 0 0 

1.300 0 0._0 _0 __ 1__ 7 12 _ 

3.000 0 0 a 5 5 3 
5.000 3 _ 0 a 0 0 0- 0

-10.000 0 0 0 0 0 

FOR ALL DIRECTIONS WITH REL. HUM. LESS THAN OR EQUAL TO 60.0 PERCENT7 -- ____ 

___WITH AMR* TEMP. GREATER THAN 40.0 OEG.F _AND LESS THAN OR EQUAL TO__ 50.0 3EG.F 

DISTANCES(METERS) 

- PFRCENT - -- - - - - - _-- -- -- _ _ 

_DFLTA RH ____500.0 1100.0 2000.0 5000.0 10000.0 22000.0 52000.0 
INCREASE 
_.010 _______552 551 550 550 545 509 _ _ 36'.  

.050 a 00 0 
_ .100 a_ 0 _ _0 0 1 630 

.500 00 1 2 4 16 11 
10 0 0 0 a 0 ___-_____0 __ 0 14 is 

3.000 a 0 255 
__5.000 _____U __ 0 ____0___ 0a 0 _____ 0 0 

10.000 a 000 

FOP ALL Di IECTONS WITH REL. HUM. GREATER THAN 600 ECENT Aq1 LESS THAN ORPULTO 7. ERCENT 
___WITH AM9. TEMP. GREATER THAN 40.0 DEG.F AND LESS THAN OR EQUAL TO 50.0 !)EG.F 

PEOQ E NT 
DELTA RH .500.0 1100.0 2000.0 5000.0 . 10000.0 22000.0 52000.0 
INCREASE 

___.010 _ _ 178 ____ 178 178 17.8 , 17,3- 154 ________99 

.050 00 0 0 0 
!130 _ _ ____ _ 0 0 0 0_ _ _ 0__-____ 2 

.530 3.0 .0 0 0 6 5 3 
1.300a 0 0 0.0 2 10 16 

-3.000 0 0 0 038 
_5.000 0 0 0 __ ______ 0 _________0 _ _____ 0 _ _ _____0 

1000 -0o oo - ____



Table 2-1, continued 

*FOR ALL DIRECTIONS WITHRFLe HU4. GREATER THAN 73.0 PER1CENT AND LFSS- THAN OR EQUAL TO 80 .0 PERCENT 

WITH rAMq._TEMP._GREATER THAN 4 '0.0 OEG.F__ AND'LESS THAN OR EQUALTO 50.0 )EG.F ___ 

- ~~OISTANCES(METERS) -___ --

PFOSENT 
-

D ELTA R'H 5,30.0' 1100.0 2000.0 _ 5000.0 -- 10CO0.0 -22000.0 - - 52000.0 

INCRe ASE 
__ .010 __171 171 171 171 _ 161 1__ 31 59 _ 

.050 0 00 a 0 03 

.100 0 0 _______ 0 _ 0 0 01 

.500-----------U T 0 0-120 

__1.000 0 0*a* ......-- 1 10 12 

3.030 0 0 08- 10 

_5.000 0 0 0 0 00 

10.000 0 a .. .. *0 0 

FOR ALL DIRECTIONS W IT H REL. HUM. G REATER THAN 80.0 PER CE NT A ND LES S THAN0OR EQUAL TO -85.0 EfRCENT 
WITH _AM9._ TEMP. GREATERTHAN 40.0 OEG.F AND LESS THAN OR EQUAL TO 50.0 )EG.F 

- DOISTANCES(METfERS) 

PERSENT 
DELTA PH ___ 500.0 1100-.0 2000.00 . 5000.00 10000.0 22000.0 _ 52000.0 

ZiNCREASE - .--- ___- _ 

___.010 79 79 79 . 77 72 63 30 

__ .130 _ 0 _____ 0 0 _ _ 0 _ _ 0 24 

.500 a0 0 ? 

___1.03a 1 ______ 0__ 0 a __ _ .0 £ __ ____6 

3.000 0 0 ~ 0 W0- -4 

5.000 0 ____ 0 0 __ 2 2 20 

1 0.030 0 0 -0 0 -F 

FOR LL DRECTONSWITHREL.HUM GRETER HAN 85. PERCENT -ANO -LESS THA fOR UVO 9. EC~ 

WITH AM9. TEMP. GREATER THAN 40.0 OIEG*F AND LESS THAN OR EQUAL TO 50.0 OEG.F 

S____-- ISTANCES(METERS) 

DELTA RH . 500.0 1100.0 2000.0 .5000.0. 10000.0 22000.0 52000.0 

-INCREASE
___.010 ________71 71 71 68 ___ 59 .46 26 

.00 a . 0 0 2 

.500 a- 0,0 .0 ~ 
1.00 0 0 0 0 3 11 13 

3.0300 0 a . 06 9 

__5.000 0 0 013 *2. 0 

10.000 0 .0 0 2 0 0 
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Table 2-1, continued 

FO' A LL 11 R FC T10NS WITI4 _HRE.4 HUN. GRE A-TE R T-HAN 90- .,0-PERCE'NT -AN D LESS T-HAN O E QU ALCf6 TO -95.-0 -15 krCEt 
wITH1 AMR. TEMP. GREATrEq THAN 40.0 DEG.F _ _AND LESS THAN OR EQUAL TO 50.0 )FG.F ___ 

DISTANCES(METERS) 

PFR!:ENT'_ _ _ _ _ _ _ __ _ _ _ 

EJLAR4 500.0 -- _ 100.0 2000.0 ___ 5000.0 __ 10000.0 __22000.0 52000.0 
INCREASE 

.010 10l too___ -A 10 0 _ _10 a__ 89 ____ _66 28 

.050 a 0 0. a 0 0 0 
-. 100 -0 _ 0 _ _ _ _ 0 0___ 0 _ _ 

.500 0 0 0. 0 4 19 
1.000 o 0 0 0:._4 _ 12 1 
3.000 0 0 0 0 .1 .3 3 

6_ 500 0 0 0 0 0 __ _ __ 0 0 
10.000 0 0 0 0 0 0 0

FOR ALL DIRECTIONS WITH RL. HUM. GREATER THAN 95.0 PERCENT AND LESS THAN OR EQUAL TO 9999.0 PERCENT 
WITH AMR._TEMP. _GREATER THAN 40.0 OEG.F_ AND LESSTHAN OR EQUAL TO 50.0 _DEG.F____ 

--.. .... .. _______ -. OISTANCESCMETERS) 

PFI-CENT 
__OFLTA PH - 500.0 1100.0 2000.0 ______5000.0 10000.0 22000.0 ___ 52000.0 
INCRE ArE 

.310 1__ 34 134 ____ 134 134 _____123 _______84 38 

.050 a 0 0 0 0 

.100 _ _-- 0 0 0 _ _ 0 _ _ 0 _ _ 1 7 

.500 0 00- 5 359 
1_ 1. 000 _ 0 0 ___ __ _ _0 __ _ a ___ 5 _ _ _ 12 7 
3.000a 0 0 0.12 

-._5.000 a 0 ____ 0 0 0 0 0 
10.000 0 0 a 0 

FOR ALL DIRECTIONS WITH REL. HUM. LESS THAN OR EQUAL TO 60.0 PERCENT 
____WITH A49. TEMP. GREATER THAN 50.0 OEG.F AND LESS THAN OR EQUAL TO 60.0 DEG.F 

DISTANCES (METERS) 

PER^,ENT--____-_ _ -____ ____ -___ 

O0cLTA R.H_ 500.0 1100.0 2000.0 5000.0 10000.0 22000.3 52000.0 
INCREASE 

__.010 ______-474 470 466 465 450 394 262 
.050 0 0 aO 0 _37 

-7.130 0 0 . 0 4. 17 142 

*.530 0 0 3 8 13 3510 

___1 3 O 0 0 5 0 6 21 21 
3.00 0 0 4. 002 
5.030 _ 0 0 .00.01 ___ I 

10.000 0 01-a 
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Table 2-1, continued 

FOR ALL DIRECTIONS WITH RSL. HUM. G~tFATER THAN 62.0 PERCENT AND LESS THAN OR El2UAL TO 70.0 PF:ZCENT 
WITH AMqo TFMP. rREATER THAN 50.0 OEGsF AND LESS THAN OR EQ~UAL TO 60.0 )EG.F 

-~O --DSTANCES (MET ERS) 

PERCENT 
-DELTA RH-----50. - 1160.0 ___ 20O.0.0 5000.0 10000.0 22000.0 5?000.0 
INCREASE _ .-- _____ ____ ____ 

__ .010 -- 123 123 123 __ 123 liq 99 60 
.000 0 0 - a 

__.100 0 0 a__ 0 1____ 

.590 0 0 0 0 14 
1.000 0 0 :. 0 0 2 6 7 
3.300 a 0. 0 0 33 
5.000 a - - 0 a. 0000 

10.000 0 0 0 0 U 0 0 

FOR ALL DIRECTIONS WITH' RE -HUMN. GREATE-R _T HAN 710 .-0 PER'CENT --A NO- L ESS THMAN O R. EQ UAL -TO -- 80. .0 WERCtENT 
-- WITH A'I~. TEMP. GREATERTHAN _50.0 DEG.F AND LESS THAN OR EQUALTO 60.0 ) EG.F __ 

D 1iTANWE S ( METR s 

PERCENT 
_DELTA RH__ 500.0 1100.0 2000.00__ 5000.0 ____ 10000.0 __ 22000.0 _ _ 52000.00 
INCREalqE 
__.010 154 184 184 -181 171 139 87 

.00 0 1 0 ~ 
.C;30 -0 ~ 0 0 .0 3 27 a 

1.3000- - 0 0 0 __ 0 ___3 -~- 11 -- 14 
3000 0 0 044 

5.000 0 ______ ___0 0 a___ ___ 1 2 0 
10 .0 a o 0- 07 

_FOR ALL DIRECTIONS WITH REL. HUM* GREATER *THAN 80.0 PERCENT AND LESS THAN OR EQUAL TO 5.0 PERCENT 
WITH At49. TEMP. GREATER THAN 50.0 -DEG.F AND LESS THAN OR EQUAL TO 60.0 DEG.F 

DISTANCES (METERS) 

PEOCENT 
-_DELTA RH 500.0 1100.0. 2000.0 5000.Q 10000.0 22000.0 52000.0 

___.gig 110 . i 11011 109- 95 84 44 
.050 0 a a '6 -a_0_ 2 

___.130 0 0 0 0 _______ 0 a 1i 
.500 0 - U 12-3 

1.030 0 0 0 5 11 £ 
3 -C 0 0 0 0 
5.0 0 0 0 1. 0 
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* 0 
Table 2- 1, continued 

FOR AL L DI1RECT I bNS -WItH 4-L HUM "RAE HN 850 PRET AD L[T§SS THANO 90. 0 -PERC E1T
WITH API9. TFMP. GREATER THAN 50.0 OEG.F ANn LESS THAN OR EQUAL TO 60.0 )EG.F 

-- ODISTANCES(METERS) - --

__ -DFLTA RH - 530.0 1100.0 2000.0 5000.0 _ 10000.0 22000.0 52000.0 

1.050 0 0 0 32 a 0o 0 
.00 _0 0 0 0 1 5 __ 0a1 

- .5000 0 0 0 0 3 14 

10.030 0 0 0 0 0 00 

FOR ALL DIRECTIONS WITH REL. HUM. GREATER THAN 90.0 PERCENT AND LES TMA OREUA TO 90 PEEN 

__ WT A9 TM. RATER THAN__,50.0 flEG.F AND-LESSTHAN-OR EQUAL TO 60.0 9EG.F 

DISTANCESCPIETERS) 

_DELTA RH ... 50.._ 100 2000.0 5000.0 10000.0 22000.0 52000.0 
INCREASE 

.00153 153 153 t52 133 106 56 
.250 0 a0 0 0 0 0

.500 0 0 0 16 25 28 
5_ o.0 o __ 0___ a- 7______ 0 - -0 ------- 1_____ 

1.000 C 0 0 2 1 

io .0 o 0 .0 0 00 0 0 

FOR ALL.DIRECTIONS WITH REL. HUM. GREATER THAN 95.0 PER.CENT AND LESS THAN OR EQUAL TO 9999.0 DERCFENT 
WITH AMR. TEMP. GREATER THAN 50.0 DEG.F AND LESS THAN OR EQUAL TO 60.0 DFG.F 

DISTANCES (METERS).  

PERCSNT 
OELTA RH 500.0 1100'.0 2000.0 5000.0 10000.0 22000.0 52000.0 

010 135 135 135 133 120 82 31 
.050 0 0 0 ~0 0 0 

t1oo _ _ _ _ _ _ _ _ 0 0 __ 0__ 0 3 29 
.500 0 0 0 13 -43 6 9 

__.000 0 0 1 1 6 3 
3.0020 0 0 0 0 £ 11 

10.000 0 .0 0 0 0 0 
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Table 2-1, continued 

FOR ALL DIRECT3NS WITH RFLs HUM. LESS THAN-OR EQUAL TO 68.0 PERCENT -___ 

WITH AM~s TEMP. GREATER THAN 60.0 OEG.F _AND LESS THAN OR EQUAL TO 70.0 DEG.F 

- -. OISTANCES(METERS)-- _ _ --.- 

DE R ,ENT 
__ FLTA RH 500.0 11002000.0 5000.00 __ 100090 22000.0 52000.0 

INCREASE 
'00400 390 386 381 367 -318 -22n 

.050 00a006 
.100 00110 24 jq 

0500 0 0 7. 17 18 38 103 

__1.000 _- 02 70 _ 4 13 13 

3.000 6 * 

10.000 0 0 0- t 

FOR ALL DIRECTIONS WITH REL. HUM. GREATER THAN 60.0 PERCENT -. AND LESS THAK OR EQUAL TO 70.0 PERCENT 

-.-. - ~ -WITH AMR. TEMP. GREATER THAN -60.0 DEG.F -AND- LESS THAN OR EQUAL TO 70.0 OEG.F -

0 1S T ANC ESCEE 

PER ^ENT -- -- - _ - --- -- - -- -

DELTA RH ___500.0 _11CO.0,. 2000.0 __5300.0 _ 10000.0 22000.0 __ 52000.0 

INCRE AS -
.010 189 188 ______188 .188 182 161 97 

.0 50 0 --- 0 0 9

:_ 100 _ 0 _ __001-0 
6 

* .000 0 - 421 6 

_ 1.030 - -. _ _ 0 __ I _ 10 _2 __ 

3.0-10 a 0 - - -0 

5;.00 0 0 __ _ _ _ 0 0 0 0 0 
a 0 

FOR AL OI RCTION ITH REL UMGRARTAN 70.0 PERCENT AN ESTA REUAL TO 80*.0 O0EqCE-CT 

WITH AMR. TEMP. GREATER THAN 60.0. OEG*F AND 'LESS THAN OR EQUAL TO 70.0 OEG.F ___ 

____- -~DISTANCES(METERS) 

DELTA RH 500.0 1100.0 -2000..0 50000. 10000.0 22000.0 52000.0 

IYNCRE ASE 
_ .010 244 . 244.______ 243 241 ______ 229 199 126 

.050 00 oI7 

__~ a10 _ _ _ _ _ ~ _ _0_ _ _ 0 _ _ 0 __ _ _ 0 .31 

.500 0s ~ 8

___1.030 _____ ___ 0 0 .0 . - 1 12 C 

3.0300 0 a0 5 .7 

5.000 a____ 0 _ __ _ 0 ________0 ______ 0 ______ 0 0 

10.00 00 .Sheet 18 of 22



* 'S 0 
Table 2-1, continued 

FOR ALL IECINS IH L HUM. GREATERTA 80.0 PERCN ~ lLSTA~~OA o 8. EC~V

WITH AM'q. TFMP. GREATER THAN 60.0 OEG.F AND LESS THAN OR EQUAL TO 70.0 DEG.F 

- OISTANCES(METERS)-

PEQC 94T - _ _ _ _ _ _ _--._ _ _ 

DELTA RH 500.00 1100.0 2000.0 5000.00___ 10000.0 22000.0 52000.0 
INCREA~qE ____ 

__.010 - 11l 171 __ 171 169 156 130 84 
.35.0 0 0 0 0 ~ 0 1
ilo0 0a__ ___ 0 0 0 0 9 

- .500 -0 -0 0 -_---
1.030 0 0 0 1 9 12 it____1 
3.J30 0 01---5- -.... 5 * 
5.000. 0 0 - 0. 0 -- 0 0 

10.000 0 0 0 -0 0 00 

FOR 4LL DIRECTIONS WITH REL HUM, GR~EATER THAN 85.0 PERCENT AND LESS THAN OR EQUAL TO 90.0 Pt! CEHT
WITH_ AN..,TEMP. GREATER THAN 60.0 DEG.F___ AND LESS THAN OR EQUAL TO_ 70.0 EG.F 

- - --- -- QSTANCES(METERSI 

- ER!,ENT'- .- . __ _ _ 

-DELTA RH 530.0 1100.0 .__ 2000.0 500000- 10000.0 ___ 22000.0 52000.0 

* .010 _ __ 195____ 19.3 194 189 181 1_______ 77 
.050 0 0 0 1 1 2 1; 

1.500 01 1 0 2 3' It9 
3.000 0 a0 a 0 .5 a~~ 
5o000 __ 0 0 1 3 a____ ___ 0 

1000 00 0 0 0 

FOR ALL DIRECTIONS WITH REL. HUM. GREATER THAN 90.0 PERCENT AND LESS THAN OR EQUAL TO 95.0 PERCENT 
____WITH AMS..TEMP. GR.SATER THAN 60.0 DEG.F AND LESS THAN OR EQUAL TO 70.0 DEG.F 

oISTANCESCMETERS) 

DEFLTA RH 500.0 1100.0 2000 ..0 5000.0 10co0.0 22000.0 52000.0 
INCRFAStE

.010 __ 206_____ 206 . 206 204 184 . 164 93__ .0000 0 0 03 

.500 0 0 G 0 6 27 55 
1.000 _ _____ 0 0 0a 6 9 
3.000 -0 a0 0 0 -6- 6 -57

15.000 0 0 . 0 0 0 a 0



Trame z-i, continued 

FOR ALL DIRECTIONS WITH RIFLe HUM. GR~EATER THAN 95.0 PERCENT AND LFSS THAN OR EQUAL TO 99q9.0 PERCENT 
WITH AMq. TFMP. GREATER THAN 60.0. DEG.F AND LESS THAN4 OR EQUAL TO .70.0 3EG.F_ 

IOTSTANCES(MtPTERS) - -- .- - - -

OELTA PH 500.0 L100.08 2000.0 5000,0 10000.0 __ 2000.0 _52000.0 _ 

rN(.'RASE 
.00_225 225 ?5222 -204 151, 51 .050 0 0a 0 

___.100 0 0 0 0 .0 0 .44 
.500 - - 000. 014~ 6 f 

10930_ 0 __ __ 0 _0 1 .5 It 5-__ 
.000 0 0 1 2- 2 

_ 5.000 0 ,0 0 -- __ 1 . 0 -- 0 0 
10.0000 ____ 

FOR ALL OIECTIONS WITH RP.HUM. LESS THAN OR EQUAL TO 60.0 PERCENT - -~- --
WITH AMq. XTEMP, GREATFR THAN 70.0 DEGeF AND' LESS THAN OR EQUAL TO. 9999.0 OEGF 

flISTANCES ttETERS) 

PE*^ FNT . _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ 

_DELTA RH __ __500.0 1100.0 2000.0 5000.0 Ioccoo. 22000. _ 52000.0 
INCREAS0E _ 

.010614 _____ 01. 589 582 _____561 478 6 _ 342 

.10 -_ __ 051 56 40 .53 0 0 0-- 92 30 5 4 126 
__ 1-000 0 ______ q 60. 6___ 5 

1.000 0 5 000~0 
5.000 0 0 0 0 0 00 

10.00 0 0 0 0 

_F'OR _&LL OIFTION IH HUM. GREATER THAN 60.0 PERCENT AND LE Sf HAN OdR EQUAL TO 70._ECE 
______ WITH AMS. TEMP. GREATER THAN 70.0 DEG.F AND LESS THAN OR EQUAL TO 9999.0 0EG.F 

orSTA NCES (WtERS) -_ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ 

- IELTA R H 500.0 1100.0 2000.0 5000.0 10000.0 22000.0 5200a.0 
INCRASE 
___.010 295 288 __ 292 2924 13 12 it .050 a 0 a ' 7 31 
_ .100 -- ____0 0 _ _1 1583 

.500 0 5 2- 2 .3 33 99 
.1.000 __ _ _ 02 00 3 2 4 
3.000 00, 01 2__ 
5.00 0 0 _____ - 0 a___ 00___ ____ 0 __ ___- 0 - _ _ 0 

1000 00 .00 0 0
Sheet 20 of 22



Table 2-1, continued 
~O AL IRCTON ~f~~L GEAEMTAN 70.0 PERCENT AND LESS THAN O0R-eQUAL-TO -- 80.0 OFICEN 

WITH AMR* TEMP. GREATER THAN 70.0 OEG.F AND LESS THAN OR EQUAL TO 9999.0 IEG*F 

-- - - - -- - ~~DISTANCES(METERS) - -_ . ..- _ _ _ 

- ER',5NT ----- -- _ _ _ _ _ _ - _ _ _ - _ _ _ _ 

OELTA RH 500.0 ____ 1100.0 __ _ 23000.0 ___ 5000.0 10000.00_ 22000.0 52000.0 
INCREASE____ __ 

- .010 -- 209 ___ 207 209 ____206 -200 169 102 
.050 0 0 0-- - 0 2 

_.100 ___ _ 00 0 0 0 2 27 
.500 - ~02 0 i 5 

_1.000 -0 .0 - _ _ 0 _ __ 2 3 8 _ _ 4 
3.000 000 0 01 
5.300 0 0 0 _ 0 0 . 0 0 

10.000 0 - ~ - 0 a 0_ - - *0 -0 0~ 

FOR ALL DIReTio-NS WITH REL-C. HUM. -GREATER THAN '8-0*.0 -P*ER'CENT - AND LESS THAN OR'1EQU4L TO 85.0 OERCEfrT 
WITH AM4. TEMP._GREATE.R THAN 70.0 OEG.F AND L-ESS THA-N OR EQUAL TO_ 9999.0 )EG.F 

DISfACS f ET E-RS-1 

PER- E:NT - -- - -- . - - - __ _ _- - - __ - -- -- - - - - .-.-

DELTA RH 500.5 1100.0 2000.0 5000.0 10000.0 __ 22000.0 52000.0 
INCREASS __--__-

.010 98 98 98 98 93 77 33 

.050 00 0 0 0 0 3 
_ _.100 _ _ _ _ _ _ _C' _ _ _ _ _ 0 __ _ _ _ 0 0a _ _ _ _ _ _0___2 

.500 00 0 a 4 16 36 
_1.000 ___a___ 00 01 __-__ 2

3.000 0 0. 0 0 0 1 a 
__5.000 _ __ ___ 0 a_____ _______ 0 0 0 0 C 

10000 0 0 a ~ 0* ~ 0 7 

OR ALL DIR-EC-TIO0NS WITH RcL,. HUH. -GREATERZ THAN 85.0 PERCENT AND LESS THAN OR Er2U.AL TO 9 00 PFR CEN T 
WITH AM9. TEMP. GREATER THAN 70.0 OEG.F AND LESS THAN OR EOUAL. TO 9999.0 )EG.F 

DISTANCES(METERS) -____ ________ 

F-R 0EN 
*DELTA RH 500.0 1100.0 2000.0 5000.0 10000.0 22000.0 52000.0 

INCRFASE 
__-.010 56 66 66 66 62 _______ 5 _ 25 

.050 0 0 0 0 0 3 

.100 - 0 0 0 iq_____00____ 0____ 1 
.500 00 0 0 2 9 is 

1.00 0 0 0 a 1 2 2 
3.000 0 a 0 L 0

10.000 0 0 0 00 

qhp 91 Af 99



Table 2-1, continued 
FOiFALL DlRF CTIO NS -r WTHR RFL. H-UM_. GEATFR HAN _90._O _PERC-ENT A N LESS THN OR EQUAL TO 95.0 DERCENT 

WITH AMI. TEMP. CRFATER THAN -70.0. OEG.F. AND LESS THAN OR EQUAL TO g99.0 9EG.F 

DISTANCES(HETERS) - - - -- __ 

_DELTA PH 500.0 _ 100.0 __2000.0 5000.0- 10000.0: ?_ 2000.0 _ _52000.0 

INCREASE__ __ 

-- - - 67 _67 67 _ 67 63 56 ___14 

- .100 0 a .0 0 ___0 _ _ 0 36 
.500 0 0 0 ___ _ 10 IF5 

1.010 0 0 __ 0 0 1 0 
-~~~~~~~~ 3.---------- ---------- a 0 -----------------

-5.000 -- - . 0 -_0 - __ _0 - ~ C 0 __0 

10'.00 0 0 0 0 

FOR ALL DIRECTIONS WITH RVL. _.H UM. GREATER THAN 95.0 P ERCENT AND L ESS THAN OR EQUAL TO 9999.0 PERC IENT-
-. ----- WITH AM9. TEMP. GRFATER THAN_ 70.0 OEG.F ___AND t~STHAN OR EQUAL TO _9999.0 F.  

DISTANCES (METERS) 

DPFLTA RH 500.0 1 100.0 2000.0 5000.0 10000.0 22000.0 52000.0 
INCREASE _ -

_4 .10 4+4 44 44 44 43 39 q 
.050 0 

__ ___00_ 0 a__0 _ 0 0 _20 
.500 __ 00- 0 0 14- 413 

1.003 0 0 00 
-3 Co 0 0, 0 .0. _ __ 0"_______ 1 ______ 

5.030 0 .. 0 0 0 0 .0 0 
10.000 0 0 a . 0 0 0 

_________________ DLTA RELATIVE MHIDITY- COUNTS OF OCCIJRENCES ___________________ 

DI _NESC_ ES ALL DIR, ALL TEMPSAL RAS 

INCREASE. 5a0.0 1100.0 2000.0 5000.0 10000.0 22000.0 52000.0 
C0I0 7847 7799 7772 7713 70663 13 
.0 50 0 0-- 0 -3 ______ 7- ________ 48 - - 33 9 
t1oo 0 a 1 8 39 148 5538 
5 .50 0 .37 80 194 759 2243 

I1o.00f 0 14 q5 1 9b 2-99-. ; 
3.000 __- 0 22 12 ______ 5 ________89 149 146co 
5.000 o 4 .0 13 1 0 

o.0 0a6 2 0 3__ 1000 0 . 0Sheet 22 of 22



-Table 2-2 3 
COLLECTION EFFICIENCY OF CYLINDRICAL AND RIBBON TYPE OBJECTS 

OF VARIOUS DIMENSIONS FOR DRIFT DROPS AS A FUNCTION OF' 

DRIFT DROP DIAMETER AND WIND SPEED() 

Wind Speed Obstacle Collection Efficiency for Drop Diameter (gin) 
Group Dimension 
(mph) (inches) 10 100 150 200 300 500

Type of structure: 

0 - 12 mph 

12 - 25 mph 

25 - 32*mph 

>32 mph

cylindrical 

1/4 0. 07 

2 

120 -

1/4 

2 

120 

1/4 

2 

120 

1/4 

2 

120

0.98 

0.76

0.21 1.0 

- 0.89

0.3'6 

0.02

1.0 

0.85

0.44 1.0 

0.04 0.9 

- .0.13

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 

10

- 0.6

0.31 0.62 0.82 

- - 0.4

- -0.35 0.7 0.84 

- - - 0.59

- -0.38 0.76

(1) Calculated from Ranz and Wong curves is presented 
Clouds,, 1971.I

0.81 

0.51 

0. 9 

0.73 

0.38 

0.95 

0.84 

0.51

0.88 0.96 

0.64 0.85 

- 0.62 

by Mason, P-hysics of

0.99 

0.86 

0.6

1.0 

0.96 

0.12 

1.0 

0.99 

0.32 

1.0 

0.99 

0.44 

1.0 

1. 0 

0.52

1. 00 

0.99 

0.32 

1. 0 

1. 0 

0.54 

1.0 

1.0 

0.60 

1.0 

1. 0 

0.64

1. 00 

1.0 

0.58 

1.0 

1. 0 

0.74 

1. 0 

1. 0 

0.84 

1. 0 

1.0 

0.86



Table 2-3,' continued 

Estimated Ice Formation Rates

Cylindrical 
Diameter ,

1/4 

3/8 

1/2 

5/8 

3/4 

7/8 

31/32

Object 
inches

Collection Efficiency 
for 10 gim 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

I



0Table 2-3 

Estimated Ice Formation Rates 

Caused by Natural Draft Tower Operation 

Condensate Droplets Contributio n 

C Ue 
I. F.= 

Pice

where

1. F.  

c.  

Pice

= ice formation, cm/hour 

= plume water concentration, 9/m 3 

=wind speed, rn/sec 

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

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

Ambient conditions: T =1 

u = 12 rn/sec (39. 4 ft/sec) 

RH = 98% 

Stability = D

c = Ig/m 3(6. 23 x10-5 lb/ft 3



Table 2-4 

Estimates of Ice Accumulation 

Caused by Plume Water Vapor Deposition on Structures 

at Temperatures Below Freezing

Conditions: Tice :10F

T plme = 12 0 F

-8 
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 x107 

8. 65 x 10- 10

3 04. 8 3. '76x 1x

3048.  

304. 8 

3048.  

304. 8

0. 635 

0. 635 

304. 8



Table 3-1 
Predicted Monthly Average Salt Deposition Rate and Near Ground Air borne Concentration of Salt 

for Each Month Resulting from Operation of Two Cooling Towers (Indian Point 2 and 3) 
at the Indian Point 3 Site: Peak Value and at Five Miles Downwind from the Indian Point 3 Tower,

Distance (miles) 
and Direction

Estimated Peak 
Deposition Rate, Near Ground Airborne 
Kg/Km2 -month Concentration, pg/in 3

Estimates at 5 miles downwind 
Deposition Rate, Near Ground Airborne 
Kg/~m_2 -month Concentration, Ug/m 3

October 

November 

December 

January 

February 

March 

April 

May 

June 

July 

August 

September 

Annual 
Average

SSE to SE 

SE 

SE 

SE 

SE 

SE 

SE 

SSE to SE 

ESE 

ESE 

ENE 

S to SE

Basis: Drift Rate: 0. 002%(the corresponding monthly 
Number of towers: two

salt drift rate as given in Table 3-2)

Month

1. 2 

1. 2 

1. 2 

1,.2 

1. 2 

1.25 

1.25 

1. 2 

1.2 

1. 2 

1. 6 

1.25

420 

1800 

320 

220 

510 

15 

12 

15 

150 

420 

250 

320 

350

2. 2 

8. 2 

1.7.  

1. 0 

3. 0 

0. 1 

0.06 

0.08 

0. 6 

2.5.  

0. 8 

1. 5

8. 0 

20. 0 

6. 0 

7. 8 

8. 0 

0. 2 

0. 2 

0.35 

5. 0 

20. 0 

30.0 

20. 0 

8. 0

0.05 

0. 075 

0.02 

0. 038 

0.04 

0. 001 

0. 001 

0. 0015 

0.03 

0.07 

0. 1 

0. 1 

0.051. 2 1.5



Table 3-2 

Expected. Monthly Salt Drift Rate 

from the Indian Point Cooling Towers

Month

January 

February 

March 

April 

May 

June 

July 

August 

September 

October 

November 

December

Basin Salt Concentration 
ppm(w) 

2100 

3100 

100 

100 

260 

4000 

7000 

7000 

7000 

7000 

7000 

2100

Salt Drift Rate 
Kg/hour/tower 

5. 7 

8. 4 

0.27 

0.27 

0.71 

10. 9 

19. 1 

19. 1 

19. 1 

i. 1, 

1q. 1 

5. 7
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Figure 2-1 47 

Isopleth of Number -of Hours Visible Plume 

Extends Distance Downwind in Each Direction 

(0 -. 3 miles) 

(Period of Record-Octobe r 1, 1973 through September 30, 1974) 
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48 
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 through September 30, 1974) 
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Figure 2-4 50 

Isopleth of Average Incremental Increase 

in Relative Humidity (RH) 

(0 - 3 miles) 

(Period of Record-October 1, 1973 through September 30, 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 September 30, 1974) 
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Figure 2-6 52 

Isopleth of Average Incremental Increase 

in Relative Humidity (111.) 

(0-50 miles) 

(Period of Record-October 1, 1973 through September 30, 1974) 

N

Values are percent RH 
increase above ambient RH1

u?5.OO -40.00 -Z0.00 - 20.00 -i0._00 0.00 Q.00 20.00 30.00 40.00 50.00 
M ILES
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Figure 2-7 

Estimated Ice Accumulation on 1/4. Inch Cylindrical Object 

for Selected Atmospheric Cond itions

1.0 

0. 8

0. 6 

0. 4 

0. 2

0 12 3 4 5 
Time, hours 3 Basis: Assumed plume water concentration as condensate = 1 g/M3 

Downwind distance -100 m 
Selected ambient conditions: Wind speed = 12 m~sec 

Temperature = 10 F

24



Figure 2-8 

Vapor Deposition (FIT]) vs Temperature 

6. 0 

5.0

4. 0' 

3.00 

2.0Tai Tic 

0~0 

Temperature (. F)
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Figure 3 - 1 

Predicted Annual Average Ground Dry Deposition Rates 
(Kg/Km2 -month) of Salt Resulting from Operation of T *wo Natural Draft 

Cooling To"'crs (Indian Point 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 - 3 miles) 

N 

20 

0. 00 
10.  

4U 20.  

6 

40.  

1.40 -1 .6 .- 1-.20 .- 0-60 0.00 0.90 1.10 -1.80 41.40 3.00 
MILES

Basis: Drift Rate: 0. 002%o 
Number of towers: two
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Figure 3-2 

Predicted Annual Average Ground Dry Deposition Rates 
(Kg/Km2 -month) of Salt Resulting from Operation of Two Natural Draft 

Cooling To"'ers (Indian Point 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 - 10 miles) 

N

C, 
0

0

.MILES

Basis: Drift Rate: 0. 002% 
Number of towers: two

. 1.
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Figure 3-3 

Predicted Annual Average Near Ground Airborne Concentrati on 
(jjg/m 3 ) of Salt Resulting from Operation of Two Natural Draft 

Cooling Towers (Indian Point -2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 - 3 miles) 

N

MILES

Basis: Drift Rate: 0. 002%7, 
Number of towers: two 

Note: Divide number on plot by 100 to get pg/nP



Figure 3-4 

Predicted Annual Average Near Ground Airborne Concentration 
(pg/rn3 ) of Salt Resulting from Operation of Two Natural Draft 

Cooling Towers (Indian Point, 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 - 10 miles) 

N

MILES

Basis: Drift Rate: 0. 002%,7 
Number of towers: two

Note: Divide number on plot by 100 to get pg/rn'



Figure 3-5 

'Pre'dicted Octobcr AMonthly Average Ground Dry Deposition Rates 
(K,/ m2 -m Onth) of Sal t Resulting from Operation of Two. Natural Draft 

Coolingy Towers hindian Point 2 and 3) as a Function of Distance 
and Direction from the findian Point 3 Tower 

(0 -3 miles)

OCTOBER

NLI- -

. 8 -- 1.80 i. -0 --0.6 0.00 0.6 1.2 1.064 

MILES 

Basis: Drift Rate: 0. 002%o (19. 1 Kg salIt/hour/tower) 
Number of towers: two



Figure 3-6 

Predicted October Mon 'thly Averag(-,e Ground Dry Deposition Rates 
(Kg/Yn 2 -monjth) of.Salt Rbsultihog from Operation of Two Natural Draft 

Cooli-ng Towers (Indian Point 2 and 3') as a Function of Distance 
and Direction from thc Indian Point 3 Tower 

(-10 miles) 

N

OCTOBER

o .00 
MILES

Basis: Drift Rate: 0. 002(7 (19. 1 Kg salt /h1our/towe r) 
Number of towers: two
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Figure 3-7 

Predicted October Monthly Average Near Ground Airborne Concentration 
(pig/m 3 ) of. Salt Resulting from Operation of Two Natural Draft 

Cooling Towers (Indian Point 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 - 3 miles) 

N 

O0 O 3ER 

46.  

.6.  

48.  

-. 0 -1 .80 -1.210 -0.60 0.00 0.80 1.110 1'.80 2.40 3.00 

MILES 
Basis: Drift Rate: 0. 002% (19. 1 Kg salt./hour/tower) 

Number of towers: two 
Note: Divide number on plot by 100 to get .jig/rn3



Figure 3-8 

Predicted October Monthly Average Near Ground Airborne Concentration 
(Wi/rn3 ) of Salt Resulting from Ope ration of Two Natural Draft 

Coolingr Towers (Indian Point 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 - 10 miles) 

N-

OCT OEER

0*.00 
MILES

2*.00

Basis: Drift Rate: 0. 002%o (19. 1 Kg salt/hour/tower) 
Number of towers: two 

Note: Divide number on plot by 100 to get .ig/mn
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Figure 3-9 

Predicted November Monthly Average Ground Dry Deposition Rates 
(Kg/Kmn2 -month) of Salt Resulting from Operation of Two Natural Draft 

Cooling Towers (Indian Point 2 and 3) as a Functi ' n of Distance 
and Direction from the Indian P'oint 3 Tower 

(0 - 3 miles) 

N

3.000.00 

MILES

Basis: Drift Rate: 0. 002% (19. 1 Kg -salt/hour/tower) 
Number of towers: two
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Figure 3-10 

Predicted November Monthly Average Ground Dry Deposition Rates 

(Kg/1Kmx2 _monjth) of Salt Resulting from Operation of Two Natural Draft 

Cooling Towers (Indian Point 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 - 10 miles)

NO V E MB13ER 

0 .00

MILES

Basis: Drift Rate: 0. 002%o (19. 1 Kg salt /hour /to we r) 
.Number of towers: two

01



Figure 3-11 

Predicted November Monthly Average Near Ground Airborne Concentration 
(tig/m 3) of Salt Resulting from Operation of Two Natural D raft 

Cooling Towers (Indian Point 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 - 3 miles) 

N.  

NOVEMBER

-1 .90 -1.ZO0 -0.00 0.00 0.60 1.20 1.80 

MILES 
Basis: Drift Rate: 0. 002%1 (19.A Kg salt/hour/tower) 

Number of towers: two 

Note: Divide number on plot by 100 to get jig/rn3
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Figure 3-12 

Predicted November Monthly'Average Near Ground Airborne Concentration 
(Wi/rn 3) of Salt Resulting from Operation of Two Natural Draft 

Cooling Towers (Indian Point 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 - 10 miles) 
N

.00 -. 09 -2.00 C-09 2.00 4.00 5.00 

MILES 

Basis: Drift Rate: 0. 002% (19. 1 Kg salt/hour/tower) 
Number of towers: two 

Note: Divide number on plot by 100 to get jig/rn 3

8. 1 00

NOV EML ER 

10.00

0

0
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Figure.3-13 

Predicted December Monthly Average Ground Dry Deposition Rates 
(Kg/yKm 2 -month) of Salt Resulting from Operation of Two Natural Draft 

Cooling Towers (Indian Point 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 - 3 miles)

DE CEMfBER

MILES

Basis: Drift Rate: 0. 002%o (5. 7 Kg salt/hour/tower) 
Number of towers: two
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Figure 3-14 

Predicted December Monthly Average Ground Dry Deposition'Rates 
(Kg/Kni2 -moiith) of Salt Reskilting from Operation of Two Natural Draft 

Cooling Towers (Indian Point 2 and 3) as~a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 - 10 miles)

DECEMJBER

0

.00 0.00 

MILES

Basis: Drift Rate: 0. 002% (5. 7 Kg salt/hour/tower) 
Number of towers: two

0



Figure 3-15 

Predicted' December Monthly Average Near Ground- Ai'borne Concentration 
('g/rn3 ) of Salt Resulting from Operation of Two Natural Draft 

Cooling Towers (Indian, Point 2 and 3) as a Function of Distance 
and Direction. from the Indian Point 3 Tower 

(0 - 3 miles) 

N 

DECE11BER

2i~ 01~ -b .6o 0.00 0.60 1 -,1 

MILES 

Basis: Drift Rate: 0. 002% (5. 71 Kg salt/hour/tower) 
Number of towers: two 

Note: Divide number on plot by 100 to get u/



Figure 3-16 

Predicted December Monthly Average Near Ground Airborne Concentration 
(gg/rn 3 ) of Salt Resulting from Operation of Two' NaturalI Draft

Cooling Towers (Indian Point 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 - 10 miles)

-6 .00 -4 .00 -,2.00 0.00 2.00 4.00 (i.UU 

MILES 

Basis: Drift Rate: 0. 002% (5. 7 Kg salt/hour/tower) 
Number of towers: two 

Note: Divide number on plot by 100 to getmgm

DECEMBER 

10 .00

0



Figure 3-17 

Predicted: January :.Monthly Average Ground Dry Deposition Rates 
(Kg/Km2 -month) of Salt Resulting from Operation of Two Natural Draft 

Cooling Towers (Indian Point 2 and 3),as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 - 3 miles) 

N

J AN'U' 0,Y

0" .aC 
MILES

Basis:* Drift Rate: 0. 002% (5. 7 Kg salt/hour/tower) 
Num-ber of towers: two
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Figure 3-18 

Predicted January Monthly Average Ground Dry Deposition Rates 
(Kg/Kmjj 2 -mjonthj) of Salt Resulting~ from Operation of Two Natural Draft 

Cooling Towers (Indian Point 2 and 3) as a Function of Distance 
and Direction fromn the Indian Point 3 Tower 

(0 - 10 miles) 

N

JANUARY

0.00 
MILES

Basis: Drift Rate: 0. 002% ( 5. 7 Kg salt/hiour/tower) 
Number of towers: two



Figure 3-19 

Predicted .January Monthly Average Near Ground Airborne Concentration 
(wi/m 3 ,) of Salt Resulting from Operation of Two Natural Draft 

Cooling Towers (Indian Point 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 - 3 miles) 
N

JA NUAR Y

0 -10 -1~ 0.80 0 ..00 0.60 1.Z20 I.OU 
MILES 

*Basis: Dr-ift Rate: 0. 002%7 ( 5. 7 Kg salt/hour/tower) 
Number of towers: two 

Note: Divide number on plot by 100 to get jig/rn



Figure 3-20 

Predicted January Monthly Average Near Ground Airborne Concentration 
(ug/m3 ) of Salt Resulting from Operation of Two Natural Draft 

Cooling Towers (Indian Point 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 - 10 miles) 
N

JA1N UA RY

0

-6.00 -4 .00 Gv0 0.00 11.00 4.00 6.00 

MILES 

Basis: D rift Rate:- 0. 002% ( 5. '7 Kg salt/hour/tower) 
Number of towers: two 

Note: Divide number on plot. by 100 to get pg/rn

.S4

. .1 1



Figure 3-21 

Predicted February Monthly Averagc- Ground Dry Deposition Rates 
(Kg/Kmdj 2 -jmonjth) of Salt Resulting from Operation o 'f Two Natural Draft 

Cooling Towers (Indian Point 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 - 3 miles) 

N

FEBRUARY

o .00 

MILES

Basis: Drift Rate: 0. 002%p ( 8. 4 Kg salt /hour/tower) 
Number of towers: two



Figure 3-22 

Predicted February Montly Average Ground Dry Deposition Rates 
(KgKm-moth ofSat Rsut$ rm Operation of 'Two Natural Dt'aft 

Cooling Towers (Indian Point 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 - 10 miles) 

N

F EBR UARY

0

0 .00 

MILES

Basis: Drift Rate: 0. 002% (8. 4 Kg salt/hour/tower) 
Number of towers: two



Figure 3-23 

Predicted February Monthly Average Near Ground Airborne Concentration 
(M.g/m 3 ) of Salt Resulting from Operation of Two Natural Draft 

Cooling Towers (Indian Point. 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 - 3 miles) 

N 

Op FEBRUAR~Y

-1I.80 -'1.2 0 -0 .60 0'.00 0*.60 1'.Z0 I1.80 
MI LES 

Basis: Drift Rate: 0. 002%6 ( 8. 4 Kg salt/hour/tower) 
Number of towers: two 

Note: Divide number on plot by 100 to get pg/m3



Figure 3-24 

Predicted February Monthly Average Near Ground Airhorne Concentration 
(gg/rn3 ) of Salt Resulting from Operation of Two Natural Draft 

Cooling Towers (Indian Point 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower

01

(0 -. 10 miles)

FEBRUARY

0 

0
6.00 -. 00 -2.00 0'.00 2.00 4.00 6.00 

MILES 

Basis: Drift Rate: 0. 002% ( 8. 4 Kg salt/hour/tower) 
Number of towers: two 

Note: Divide number on plot by 100 to get uag/rm



Fligure.3-25 

Predicted March 'Monthly Average Ground Dry Deposition Rates 
(Kg/Km2 -mojntl) of Salt Resulting from Operation of Two Natural Draft 

Cooling Towers (Indian Point 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 -3 miles) 

N

MARCH 

1.000*.00 
MILES

Basis: Drift Rate: 0. 002%6 (0. 27 Kgr salt /hour/towe r) 
Number of towers: two



Figure 3-26 

Predicted March Monthly'Average Ground Dry Deposition Rates 
(Kg/ /Kni 2 -monjth) of Salt Resulting, from Operation of Two Natural Draft 

Cooling Towers (Indian Point 2 and 3:) as a Function of Distance 
and Direct ion from the Indian Point 3 Tower 

(0-10 miles) 
N 

iIRRCH

0

0.00 

MILES

Basis: Drift Rate: 0. 002% (0. 27 Kg9 salt /hour /to wer) 
Number of towers: two
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Figure 3-27 

Predicted March Monthly Average Near Ground Airborne Concentration 
(jig/rn3 ) of Salt Resulting from Operation of Two Natural Draft 

Cooling Towers (Indian Point 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 - 3 miles)

IIRRC H

-.0 -'1.20 -0 .60 0.00 a0.50 L~ L.VU 

MILES 

Basis: Drift Rate: 0. 002%/O (0. 27 Kg salt /hour/tower) 
Number of towers: two 

Note: Divide number on plot by 100 to get jig/m 3



Figure. 3-28 

Predicted March Monthly Average Near Ground Airborne Concentration 
(Wi/rn3 ) of Salt Resulting from ,Operation of Two Natural Dr Iaft 

Cooling Towers (Indian Point 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 - 10 miles)

)0 -5.0 00 0 -. 0 0.00 2.00 4.00 b.-UU 
MILES 

Basis: Drift Rate: 0. 002%b (0. 27 Kg, salt/hour/tower) 

Number'of towers: two 

Note* Divide number on plot by. 100 to get gig/rn
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Figure 3-29 

Predicted April Monthly Average Ground Dry Deposition Rates 
(Kg/Km2 -jmonth) of Salt Resulting from Op)eration of Tw6 Natural Draft 

Cooling Towers (Indian Point 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 - 3 miles) 
N

FR IL

MILES

Basis: Drift Rate: 0. 002%10 (0. 27 Kgr salt/hiour/tower) 
Number of towers: two



Figure 3-30 

Predicted April Monthly AveragL4e Ground Dry Deposition Rates 
(Kg/K 2 -monthi) of Salt Resulting from Operation of Two Natural Dra ft 
Cooling Towers (Indian Point 2 and 3) as a Function of Distance 

and Direction from the Indian Point 3 Tower 

(0 -10 miles) 

RPRIL 

.2 
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.0 

.. 0 

89.00 -6.00 -4.00 -2.00 0.00 2.00 4.00 6'.00 8.00 10.00 

MILES

Basis: Drift Rate: 0. 002% (0. 27 Kg salt/hiour/tower) 
Number of towers: two

S84

0
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Figure 3-31 

Predicted April Monthly. Average Near Ground Airborne Concentration 
(gig/rn3 ) of Salt Resulting from Operation of Two Natural Draft 

Cooling Towers (Indian Point 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 -3 miles) 
N 

APRIL

40 '80-b .6o 0.00 - 0.50 1 .~U I O 
~O -.80 1.20MILES 

Basis: Drift Rate: 0. 002% (0.27 Kg salt/hour/tower) 
Number of towers: two3 

Note: Divide number on plot by 100 to get 0ig/In3



Figure 3-32 

Predicted April Monthly Average Near Ground Airborne Concentration 
(gig/rn3 ) of Salt Resulting from Operation of Two Natural Draft 

Cooling Towers (Indian Point 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 - 10 miles)

-*.O -,0 -. 0 .00 2.00 4.00 b.UU 

MILES 

Basis: Drift Rate: 0. 002% (0. 27 Kg saIt /hour /tower) 
Number of towers: two 

Note: Divide number on plot by 100 to get m/
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Figure 3-33 

Predicted May Monthly Average Ground Dry Deposition Rates 
(Kg Kim2 -month) of Salt Resulting from Operation of Two Natural Draft 

Cooling Towers (Indian Point 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 - 3 miles) 
N

M r,

MILES

Basis: Drift Rate: 0. 002% (0. 71 Kg salt/hour/tower) 
Number of towers: two
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Figure 3-34 

Predicted May Monthly Average Ground Dry Deposition Rates 
(Kg/Km11 2 -month) of Salt Resultig from. Operation of Two Natural D~raft 

Cooling Towers (Indian Point 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 - 10 miles)

rIRY

n .00 

MILES

Basis: Drift Rate: 0. 002% (0. 71 Kg salt/hour/towver) 
.Number of towers: two

0



Figure 3-35 

Predicted May Monthly Average Near Ground Airborne Concentration 
(g/rn 3) of Salt Resulting from Operation of Two Natural Draft 

Cooling Towers (Indian Point 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 - 3 miles) 
N

MARY

.6

218 1.0 -. 60 0.00 0-60' i.:U 

MILES 

Basis: Drift Rate: 0. 002%o (0. 71 Kg salt/hour/tower) 
Number of towers: two 

Note: Divide number on plot by 100 to get u/
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Figure 3-36 

Predicted May Monthly Average Near Ground Airborne Concentration 
(WA/m 3 ) of Salt Resulting, from Operation of Two Natural:Draft 

Cooling Towers (Indi an Point 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 - 10 miles) 
N 

MRY

.00 -. 00 7-00 0.00 

MILES 

Basis: Drift Rate: 0. 002% (0. 71 
Number of towers: two

Kg salt/hour/tower) 

- .- ..

Note: Divide number on plot by 100 to get mzg/m
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Figure.3-37 

Predicted June Monthly Averagre Ground Dry Deposition Rates 
(Kg/FKm 2 -mojjth) of Salt Resulting from Operation of Two Natural Draft 

Cooling Towers (Indian Poinit 2 and 3) as a Function of Distance 
and Direction from the bidian Point 3 Tower 

(0 - 3 miles) 
N

JUNE

MILES

Basis: Drift Rate: 0. 002% (10. 9 Kg salt/hour/tower) 
Number of towers: two



Figure 3-38 

Predicted June Monthly Averag,-,e Ground Dry Deposition Rates 
(Kg/Kni2 -month) of Salt Resulting fr om Ope ration of Two Natural Draft 

Cooling Towers (Indian Point 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower

(0 - 10 miles) 

N

JUNE

0.00 

MILES

Bagis: Drift-,Rate: 0. 002%o (10. 9 Kg salt/hour/tower) 
Number of towers: two
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Figure 3-39 

Predicted June Monthly Average Near Ground Airborne Concentration 
(gr 3 ) of Salt Resulting fro m Operation of Two Natural Draft 

Cooling Towers (Indian Point 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 - 3 miles) 
N

JUNE 

3.00
MILES

Basis: Drift Rate: 0. 002%o (10. 9 Kg salt/hour/tower) 
Number of towers: two 

Note: Divide number on plot by 100 to get Mg/rn



Figure 3-40 

Predicted June Monthly Average Near Ground Airborne Concentration 
(pg/rn 3 ) of Salt Resulting from Operation of Two Natural Draft 

Cooling Towers (Indian Point 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 - 10 miles) 

N 

JUNE

S1

-. 00 -4 .00 ~0 0 0'.00 2.00 4.00 6.00 

MILES 

Basis: Drift Rate: 0. 002% (10.A Kg salt/hour/tower) 
Number of towers: two 

Note: Divide number on plot by 100 to get Mig/m 3

S
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Figure 3-41 

Predicted ,July Monthly Average Ground Dry Deposition Rates 
(Kg/Km12 -month) of Salt Resulting from Operation of Two Natural Draft 

Cooling Towers (Indian Point 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 - 3 miles) 
N

JULY

0.00 

MILES

Basis: Drift Rate: 0. 002% (19. 1 Kg salt /hour /tower) 
Number of towers: two



Figure 3-42 

Predicted July Monthly Average Ground Dry Deposition Rates 
(Kg/Krnj2 -monjth) of Salt Resulting- from Operation of Two Natural Draft 

Cooling Towers (Indian Point 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 -10 miles) 
N

0.00 

MILES

Basis: Drift Rate: 0. 002%7 (19. 1 Kg salt /hour/tower) 
Number of towers: two
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Figure 3-43 

Predicted July Monthly Average Near Ground Airborne Concentration 
(Dpg,'m3 ) of Salt Resulting from Operation of Two Natural Draft 

Cooling Towers (Indian Point 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 - 3 miles) 

8.  

4.6 

-2.40 - 48 .. 0 -. i . 0 06 . 0 18 . 0 3 0 

4IE 

Bai0DitRt:..02 1.1Kgsl/ortwr 

Numbe of ower:4tw 

Note Diidenumer n pot y 10 t ge t2/rn
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Figure 3-44 

Predicted July Monthly Average Near Ground Airborne Concentration 
(pg/rn 3 ). of Salt Resulting from Operation of Two Natural Draft 

Cooling Towers (Indian Point 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 - 10 miles) 
- N

-6.00 -4.00 -2.00 0.00 2.00 4 UUJ b.UU 

MILES 

Basis: D rift Rate: 0. 002% (19. 1 Kgr salt/hour/tower) 
Number of towers: Iwo 

Note: Divide number on plot by 100 to get pg/rn 3

JUL Y 

(2.  

10.-00
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Figure 3-45 

Predicted August Monthly Average Ground Dry Deposition Rates 
(Kg/VKm 2 -month) of Silt Resulting from Operation of Two Natural Draft 

Cooling Towers (Indian Point 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 - 3 miles) 

N 

AUGCUS T

0.00 

MILES

Basis: Drift Rate: 0. 002%7 (19. 1 Kg salt./hour/tower) 
Number of towers: two



1,00

Figure 3-46 

Predicted August Monthly Averag e Ground Dry Depositioni Rates 
(Kg/Kmj2 -nionth) of Salt Resulting from Operation of Two Natural Draft 

Cooling Towers (Indian Point 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 - 10 miles) 
N

A UGUST

0

0.00 

MILES

Basis: Drift Rate: 0. 002% (19. 1 Kgr salt/hiour/tower).  
Number of towers: two

40
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Figure 3-47 

Predicted August Monthly Average Near Ground Airborne Concentr ation 
(ig /rn3 ) of Salt Resulting from Operation of 'Two Natural Draft 

Cooling Towers (Indian Point 2 and 3) as a Function of Distance 
and'Direction from the Indian Point 3 Tower 

(0 - 3 miles) 
N 

AUGUST

-'1.50 -1 .20 -0.60 0.00 0.50 1.20 i. j 

MILES 

Basis: Drift Rate: 0. 002% (19.41 Kg salt/hour/tower) 
Number of towers: two 

Note: Divide number on plot by 100 to get pg/m 3
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Figure 3-48 

Predicted August Monthly Average Near Ground Airborne Concentration 
(jWi/m 3) of Salt Resulting from Operation of Two Natural Draft 

Cooling Towers (Indian Point 2 and 3) ais a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 - 10 miles) 
N

AUGCUS T

-500 -400 -200 0.00 2.0 .UU 

MIL.ES 

Basis: Drift Rate:. 0. 002% ' (19. 1 Kg salt/hour/tower) 
Number of towers: two 

Note:.Divide number on plot by 100 to get oig/m 3
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Figure .3-49 

Predicted September Montly.Ave rage Ground Dry Deposition Rates 
(Kgr/VKn 2 -montj) of Salt Resulting from Operation of Two Natural Draft 

Cooling Towers (Indian Point 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 - 3 miles) 
N 

S P TEV F R

o 0.00 
MILES

Basis: Drift Rate: 0. 002% (19. 1 Kg. salt/hour/tower) 
Number of towers: two
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Figure 3-50 

Predicted September Monthly Average Ground.Dry Deposition Rates 
(Kg/k-m2 -monjth) of Salt Resulting- from Operation of Two Natural.1 Draft 

Cooling- Towers (Indian Point 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 - 10 miles) 
N 

SEPTEMIBER

0

MILES

Basis: Drift Rate: 0. 002%7, (19. 1 Kg salt /hour*/tower) 
Number of towers: two

0J
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Figure 3-51 

Prdite Spember Monthly Average Near Ground Airborne Concentration 
(gi/rn3)of Salt Resulting from Operation of Two Natural Draft 

Cooling Towers (Indian Point 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 - 3 'miles)

SE PT ENUf3ER

0 -,1.8o ,.0 -L.Z -. 60 0.00 0.60 1 .Z0 1 

MILES 

Basis: Drift 'Rate: 0. 002% (19. 1 Kg salt /hour/towe r) 
Number of towers: two 

Note: Divide number on plot by 100 to get gm
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Figure 3-52 

Predicted September Monthly Average Near Ground Airborne Concentration 
(gjg/m 3) of Salt Resulting from Operation of Two Natural Draft 

Cooling Towers (Indian Point 2 and 3) as a Function of Distance 
and Direction from the Indian Point 3 Tower 

(0 -10 miles) 
N

S EPT EMlBE R

0

-6.00 -4.00 -2.00 0.00 .2.00 4.00 6.00 

MILES 

Basis: Drift Rate: 0. 002%7 (19. -1 Kgr salt/hour/tower) 
Number of towers.: two 

Note, Divide number on plot by. 100 to get A/
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Figure 3-53 

(a - p) 

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

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

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

Legend
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Figure 3-532 

Direction N. January
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Figure 3-53b 

Direction NNE January
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Figure 3-53c, 

Direction NE January
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Figure 3-53d

Direction ENE January
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Figure 3-53eL 

Direction E January
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Figure 3-53f
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Figure,3-53g 

Direction SE January
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Figure 3-53h

Direction SSE January
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Figure 3-534 

Direction S January
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Figure 3-53j 

Direction SSW January
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Figure 3-53k 

Direction SW January
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Figure 3-5311 

Direction WSW January
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Figure 3-53mi 

Direction W January

-~ F --- - .- F'F

0.  

Cd 

C.D 

1-q

.1
.4 F 

F', F F 
I, .  

I I' 
F'' 

I'' 

*'If F 
F 'F 

I--'Ftm

10. 00

i1 F

F.  

.1

20. 00

-i 

.1~.

F.' 

F ,

F F

Ii

7

30. 00

F;., 

-,.-~ 4 F 'F

-t

1~' 

F'

1~~

F F

40. 00

I F

1~ 
'-'1 I 

L

L

H

* F.

F F F 
F* F,

I

1.1 
F F

F F 

II

t~~l ~r---t

50. 00
Time (hours)

F

I I

1
1

t 

ill

t '-.4 

71 

1' 
'I 
IF

F F 

Fl 

,F F 

I'

70. 00
F F F0

0.00



Figure 3-53n 

Direction WNW January
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Figure 3-53o 

Direction NW January
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Figure 3-5 3p.  

Direction NNW January
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Figure 3-54 

(a -p) 

Ice Accumulation on S tructures vs Time for the Month of January 

Due to Operation of a Natural Draft Tower at the Indian Point 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 t 
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hrough 6 refer to: 
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Figure 3-54a 

Direction N January
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Figure 3-54b 

Direction NNE January
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Figure 3-54C 

Direction NE January
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0Figure 3-54d 

Direction ENE January
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Figure 3-54e 
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0Figure 3-.54f 
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Figure 3-54g 
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Direction SW January

0 

0 
I-

- a 

.1

.iJ ~.-I

1t 4 
I a 
* - I a- a 

- - 'a 

I I

I ~ 
4.  

if

10 0L

Ia I- I 4-a

1 I

I 

*1 -.

t-.1~

I Li -.

* i -

* '.4 
I 1-4 

.4 ,

20.00 30.00 40. 00 50.00 60.00. 70. 00 
Time (hours)

-1 - 'a LH1" t - 1 

-4. I-.-I~~ 

'--1

+-44Ai ~ L 9 1-- -- r A 

-4 r' - r- tH -- Ti

Il TiI Lla PTI 
4-1_ 4 - 1 1 

4-4- i

1-- ' L [ - -TV 
a~ 4 4 t

il f 
___ _ _ __ ____ __ l r ! ~ -i-F

I.. . . . . . . ---------- ;



136
0

Figure 3-541

Direction WSW January
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Figure 3-54mi
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Appendix A 

MATHEMATICAL MODEL FOR CALCULATION

OF LENGTH OF VISIBLE PLUME, GROUND FOG POTENTIAL, 

AND INCREASE IN RELATIVE HUMIDITY 

A. 1 Introduction 

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

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

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

plume, the water vapor may condense and then re-evaporate, and the 

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 form 

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

light.  

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

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

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

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

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

effluents. The e ssentiaql~differe nce is that the water undergoes phase changes 

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

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

disperses similarly.  

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

adapted to describe the condensation and evaporation behavior. The Halitsky 

(1966) non-condensing transverse jet plu me model has'been chosen as the* 

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

presented in Section A. 3, a simple Gaussian plume is allowed to grow from 

the end of the jet region.



A. 2 Non-Condensing Plume Model0 

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 (yielding concentration distributions in the plume) is described 

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

(196'7). The application 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 dispersed 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 define d as the contarninant 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 defined0



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.  

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

excess concentrations and temperatures calculated from the assumptions 

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

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

experiments using low turbulence air streams. The equivalent jet 

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

air stream closely resembles a low turbulence atmospheric condition.  

The behavior of the jet in. more turbulent atmospheres is not expected' 

to be radically different close to the orifice, but the rate of growth of 

the jet should be larger as turbulent energy diffuses radially inward 

with distance downwind. This would produce more rapid decay of 

concentration and temperature.  

A. 3 Treatment of Condensing Plumes 

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

mass concentration was replaced by water concentration, and sensible heat 

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

(gins H 2 0 /volume-of mixture) is used to denote total water, whether 

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

H 2 0 vapor/volume of mixture) or mixing ratio (gins H 20 vapor/glm air).  

It is assumed that water and enthalpy are independently diffused according to 

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 calculating increases in 

relative humidity where conden sation does not occur, the ambient atmospheric 

humidity is subtracted from the local plume humidity at the point of interest.



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 rotationally symmetrical a r R R2 /Fr as given by 
Equation 25 of the paper.  

Subsequent Igr owth of the plume was introduced by adding to a r the a yanda 
values appropriate to the give n stability condition and the downwind distance 
measured from Station 2.  

A complete description of the -com puter model, including equations, is 

contained in the reference :Calabrese (1974).



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 assuming 

constant wind speed and direction during any given hour, 

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

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

determined for each downwind distance using the Briggs plume rise formu

lations and the plume dispersion model discussed herein. Both enthalpy 

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

positions of interest.  

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

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, fogging was assumed 

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

that the plume centerline intersects the ground, the calculation is equivalent 

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

in the Gaussian plume model wo uld give double the axial concentration at 

that point.) 

A. 6 Application of the Condensing Plume Model 

The model. is used to calculate the visible length of plume for each 

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

temperature, dew point temperature and wind data measured at several 

elevations on a mete orological tower at the site, and typical cooling tower 

emission characteristics.



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 dis tribution of Pasquill stability 
classes according to specified ranges of average temperature gradient.  

The hourly vertical profiles of ambient and dew point temperatur e,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

Ambient 
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 on 

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

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

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 obstructions 

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

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

A. 7 Accounting for Two Tow~er Operation 

For calculating the effect of two tower operation, the effluents from both 

towers are assumed to be discharged from a single tower with an effective 

discharge area equal to the total area of both towers. However,, for plume 

rise calculations, only the buioyancy flux for one tower is used. These 

assumptions tend to overestimate plume length since, in reality, some 

dilution of each individual plume will take place before the plumes merge.
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Appendix B

1.0, SALT DRIFT MODEL - DESCRIPTION 

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

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, a 
typical saline droplet of initial diameter D Poand concentration co will find 

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 tower with the air 
(described by equation of motion).  

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

represents a statistical average.  

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

air temperature and remains approximately constant through the 

tower.  

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

air inside the tower is 100%.  

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

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, 'section 2.. 1,. pages 5, 6).  

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

released to the drop, raising its temperature.  

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

the total, atmospheric, pressure.  

The-mole fr .action of the water around the drop is given by the vapor pressure 

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 Dp > Dp 

and has a velocity'z. At the top of the tower, on the outside, the following 

conditions exist: 

1. A wind speed ax in a given horizontal direction, K.  

2. The air leaving the tower is buoyant (T g>T ambient air' Pg - Pambient 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 -uz.  

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 

momientum and buoyancy and grow by entrainment-of ambient air. It is assumed 
(1) 

that plume height predictions by Slawson and Csanady for stable low'wind 

speeds and Briggs (2for 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 Csanady ()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 cert ain 

distance the~n it leaves the plume, enters the ambient air and continues 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 F igure 

2. L.2 on. page 8.



2. The plume exerts an upward vertical drag force on the drop, while 
gravity exerts a downward vertical force (see figure 2. l.'2)'. The drop 

will move upward with the plume until the gravity force, overcomes 

the decreasing drag force within plume. At this time, the 

,particle starts falling out of the plume. As the drop leaves the 

plume, I= = 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 d iffusionwill occur from 
(to) the plume air to (from) the, drop surroundings, depending on the 

relative humidity and temperature of the plume. While. the mole 

fraction of the water vapor in the air is greater than the'mole 

fraction of the water vapor around the drop, mass transfer will 
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.  

It is -necessary to check whether the dro .p is inside the plume-or in the ambient 
air as a function of distance from the tower, in order to correct for-relative 
humidity and temperature changes. This is done by calculating the drop 
coordinates (height and distance) and the plume height and radius. If* 
(HP - RP) < HZ and/or (HP + RP) > HZ for the same distance XD, the drop is in 
the plume. Otherwise the drop is in the ambient air. (See page 31 for nomenclature) 

The'drop outside the plume experiences the following conditions: 

1. The wind velocity ux continues to exert a horizontal force 
described above on page 1. 2.  

2. Gravity -exert s a vertical force downward on the drop. The drop 
is assumed to fall at terminal velocity 10 seconds after it leaves 
the plume. The terminal velocity of the falling drop 'varies 'with changres 
in the drop size and concentration (density) until steady state (equilibrium) 

is reached between drop and environment.



-4

3. Ambient air relative humidity is RHA.  

4. Ambient air temperature is T a 

5. 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 single statistically average droplets 

of diameter D In order to find the statistical distribution in space of all 
P0 

the droplets represented by the droplet of diameter D ,it is necessary to 
P0 

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 2.13. 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/C% 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 adju sting 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. 1 General-Equations 

Motion of a single drop in a gas flow field is given by:

PL V~dt 

change in motion 
of drop caused by 
all the forces 
acting on it, 
Newton's Law

PL67
I -l'(a-v) 

2gc
-.a

gravity force on 
drop

1Pg 42 CD

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 

dt 

rate of 
mass 
transfer
of A to 
the stream 
over the 
entire 
surface 

where:

kxm (1TD p2)( Ao - x A) 

rate of mass transfer by 
diffusion

o drag coefficient D 

24 

Re 

-18 

(N Re) ...................  

-0. 44 ................  

*See Page 31 for Nomenclature.

+ x I (dA + B 
Ao A + !dt/ 

rate of mass transfer 
due to bulk flow

For: 
N Re

2 <N <1000 
-Re < 

1000 < N Re< 200, 000

e 

any 
other 
force
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k =mass transfer coefficient for drops (4 ) 
xm 

(Pg I " .3AB) / NS 1/3] 
L Re 

N =Reynold's number 
Re 

D Dp I uair - v dropl Pg 

4air 

N SC Schmidt number 

A heat balance around the drop gives: 

T -T - /AB A 
drop kir Pair 

net heat net heat transfer by 
transfer by diffusion 
conduction 

And from continuity: 

where: 

*D = drop diameter 

M0 = mass of salt in drop 

m = mass of water in drop
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IFigure 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 Acting *on a Droplet

INSIDE THE TOWER
UZ(HT) VZ(t)

C D IUZ VzI 

D p(t)

OUTSIDE THE TOWER 

,(a) Inside the Plum~e UZ(ND, t)
VZ (XD, t)

lux 

Wind

(b) Outside the Plume
D(t)

Wind

C DI UZ -vzI

Caft J-wV

CD V-V~Z

c D PX *vxI

V.

0

6S
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2. 2 Application of the General Equations 

(1) Inside the tower

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:

d~vz 3
P LD p D

Rate of growth and mass transfer to the drop surface is given by:

3.0.
xm 2/

x Alx Ac 
Ai Aai

-D IUz -'z I p 
p g 

~AB) 

2 g D(AB11+0.3NR1/
NSc]

Tg9-T drp
'JAB4 

- F 
g

HZ =ZEvz

- de

where:

N Re

k xm

and:

~AA* Pg

Puz - 'VZ. I (-UZ - vz



-10-

(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:

3

_3

PLD p

.g C M~z - z I (Mz --Vz) 
pLD p D

x

Growth! evaporation and mass transfer to/from the drop surface:

_3. 0 

- 1/3- ( x XA AC4/3 
xm 2/3

is

D hUx --vxI P 

D Iz - - zL r 
- p g

DL 
p

+0.3 N Re1/2

and:

T - T drop

at

where:

N Rex 

NRez 

NSC

k X
Ns'/3]

1AB 4 
g

.Ax A Pg

c
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HZ =EV-z At +HT 

XD =Evx - At

- )SNZ . ux

1/3 
0m ( p~ 

(IMLC

RP =. 0. 4(HP -HT) +SDIA/2 

For Stable Low Wind Speeds (< 6. 0 mph)

+ ~ 1 fl+1
2 2 2 LN

. (2n -1) + (_1 )fl cos
N*1/3 

uxL

+ HT , (n =1., 2.,y ... )

/rpc T

*0.4 
F/ux = 6550. /ux

d a 
daz-

- 3. 32 x10-4

1/3

(-1)P (2 - 2) 1/3

F 

- RP2 ux -N

, n = 1, 2, ..

sin (~)
For all other wind speeds: 

HP = _6. 7(XD) 23 +H 
ux

- 17. 8XD71/'3

n
HjP= 

F 

L= 

2 
N=

M
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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 trajectory (HZ andXD, i. e. , particle coordinates) 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 c alculate HZ/aS 

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 ID 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 
Soure 

Distance

Normal Distribution 
ofDropeoncentration

<.XD

XD+

Water Vapor 
Plume Axis

Drop Axis

-Ground Level.
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Figure 2. 3. 2 

Cross Section of Concentration in the Vertical

Deposition Between 
XD and XDI

Fractional Area = Fractional C 
Deposited from 0 to XDN

(HZ/Orz)j +

--(lz/a )

'7
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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 

tower) remains constant.  

3. No drop breakup or coalescence.  

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.  

~.Plume height is described by Slawson and Csanady's equation for stable low 

wind speeds (wind speeds 6 6 mph) and by Brigg's equation for all other 
conditions.  

7: Plume rise estimates assumed no buoyancy effect due to the rel ease 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 -H eoit oX 

dH t ei eoct oX 
10 HT.  

9. Viscosity, thermnal 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 tower 

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

-LHT 

= SDIA 

-Q 

Tair 
-D 

=-RHA 

- PA 

HM 

- FM

Vapor pressure of drop solution = VPD 

4.57'1 -0537) ex 1946 -5310 4.579~ - c~ex~. -273 + Td

Mole fraction of drop solution in air VPD

Density of drop =PL =f(c) =table ofPL versus c

Plume height = f (ux, XD, stability class) - given in section 5. B. 2. 2, page

Plume radius: for XD: 0- 10OHT 

10 HOLT

RP =0. 4 (HP -HT) +SDA/2.  
'.0

Correction factor for wind'speed =SNZ =f (stability group)



Dependent Variables (continued)

In side Tower Plume Ambient 

Air vertical velocity~iz f (Q, SDIA, HT) 17. 8 ux 1/3 0 

Air horizontal velocity 0 tx (HP,0 HM) flx (HP, HM) 

Air temperature Tt = f (T. RHA) T =f (T I RHA, XD) Ta (input) 
__ __ _ __ _ __ _ __ __ _ __ _ __ gair gp aa 

Relative humidity RHG (assumed =100%) .RHP =f (RHA, XD) RHA (input) 

Partial pressure of water in air= 

RH 4. 579 exp{19. 2746T P. P. G. P. P. P. P. P.A.  

Density of air 

l-/ (T + 2 7 3)(2 -8 3 1 1 +4. 561 18PA 
<L I~ 29(760P g ________9______a 

Mole fraction of water in air PPG/PA PPP/PA PPA/PA 

Diffusion coefficient of water in air 
=f(T) ~ABADD 

Thermal conductivity of air k k k 

Visco city of air = f(T) __________________________ 

' Latent heat of vaporization of drop ~$ 

solution =f(T ) 

Temperature of drop T -T P1,x Tg - T - A Ap T -T -AB_ ~~ 
g drop Tg p drop k gp a drop C 6'a.

0



2. 6 Wind Interaction with Tower Wake 

2. 6. 1 Physical Process Modeled 

Wind tunnel test re'sults (5) 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 t he 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 

procedure is described below.  

2. 6. 2. CalculationalI 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 concentration 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 axi by a number such that c axis, normalized 
0. 4 , divide c grudby the same number to obtain c ground, normalized 

ordinate).  

4. In a normal probability table, look up the abscisa, HZ/ar, 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, 

stability group) using the method described in previous sections.  

7. Calculate HZ/a and look up in the normal probability table the ordinate 

corresponding to this abscisa. Call this ordinate cg9 d, n' 

8. The ground concentration corresponding to a drop D at a distance XD, is: p

cground, dropD
g 9d, n 

9,. n

c * PDIA . c 
00

where:

C experimental ground concentration fraction at XD for 
0 ~theambientpaameters 

= initial salt concentration in tower 

PDIA =(mass) fr action of drift drop of size D pat top of tower
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Figure 2. 6. 1 

Method for Calculating Ground Concentration Due to Tower Wake

distribution of plume concentration 

distribution of drop concentration

2CD, distance.
Cg, n
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2. 7 Salt Deposition - Virtual Source 

The diffusi on 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 

'point source distance when determining values of a~ and ar . The empirical 
y z 

correlation described below was derived from photograph observations of plume 

growth at the Paradise plant of TVA.  

Salt Deposition-Virtual Source 

Virtual source estimate for a z 
2 

Atl10HTmeters; r, (8 RP )r =iab 
0 

where: 

Stability class C , a = 2b 

D a a=3b 

E a a4b 

and: 

a ~a/2 , a =b/2 
y z 

For example, for HT = 150 meters, and RP0  42 meters 

Virtual Source Stability Class 

XD = -0. 7 km, C 

-3. 7 km D 

-7. 0km E



-.22 -2-..8 Washo.u It by Rain 

2. 8. 1 Mathematical Model 

Definition of:

Washout: 

Collection Efficiency: 

Washout Coefficient:

Scavenging of the salt drift droplet below the cloud level 

by falling rain, snowflakes, etc.  

Ratio of collision to geometric cross section. For 

drift drops, the collision efficiency of raindrops is 

unity.  

Fraction of horizontal area swept by rain in a unit time'

=A = gr~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 fractiori drift in plume at any time t is given by: 

Q exp (-At) = exp ( .A.. XD) 
0 i 

Total fraction of drift deposited in ground, in annulus between XD INand XD 
IN I N + 1

FQ THM 

~FRR - FHR. -exp ux (XD(N) - XD0) -exp A(XD(N + 1) -XDO]]

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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w 
FRR 

FHR 

UFREQ 

TMR 

THIR 

THM

= fall velocity of rain -6 in/sec 

= fraction of rainfall at the given rainfall rate 

= fraction of time that rain falls at the given rainfall rate 

= fraction frequency of occurrance of wind speed 

= total monthly rainfall 

= total hours of rainfall per month 

= total hours per month

SFQ = FRR - FHR [exp, [A-- (XD(N)-XD) - exp [A L(XD(N±+1) -XDl 
RR I Lx Ld Iux O 0.

The total salt deposition in a given sector K is given by:

Qsector
* 07SF1Q. -FRSEC (K) 

A

where: 

FRSEC(K) = fraction monthly rainfall inK sector 

= salt drift rate 

A =area of annulus between XD(N) and XD(N + 1) 

Q =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......... RR vsA 

* Table .......... RR vsFRR 

* Table ....... RR vSFHR 

* XD (Distance from tower)



2~ 9 Ice Formation 2 

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 function 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 'CCLI 

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. conditions (wind speed, 
relative humidity, stability).  

2. For each hour of weather data, and for ambient air ground level 

temperature V 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 amin (-!32 F. - AT f), the water deposited in the 

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 accumulation 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 shape 

and dimension is calculated at each selected- distance.
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m =u U X, Qd%"D 

where 

u x = wind speed 

.d=water air concentration due to a drop of diameter 
d at the distance under consideration, as a function 

of weather condition, 

c'dD = collection efficiency of object of (cylindrical, ribbon) 

shape and dimension d for drop of diameter D 
3. The freezing point depression is calculated at each distance.  

IfT Tambient (32 0 - 6 Tf ), the wyater deposited on the 

structure is assumed to freeze. That is, it is assumed that the 

structure temperature is equal to the ambient air ground level 

temperature.  

4. Once freezing has occurred, the ice will be melted if for two 

consecutive hours the ambient air ground level temperature is 

>330 F 

5. Output from the program are plots of ice accumulation versus time for 

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).
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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: 

SUMCOL:

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 output 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.  

uses XQCOOL output to estimate salt deposition 

rates and airborne concentration of salt resulting 

from operation of several cooling towers.

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 determ-ine ice accumulation on the ground vs time at each 

of the 16 discrete sectors used to represent the compass at 

at selected distances from the cooling tower.  

uses COOLER output with *site hourly 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 

At selected distances from the cooling tower.
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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

PA 

C 
0 

SDIA 

TA 

HT.  

RHA 

DP 

Diffusion Group 

ux * 

PDIA 
Terrain prof He

Data Internal to Program 

* Table .......... L VS C 

* Table .......... uz vs HT 

e kA 

AB 

* Table .......... T vsTa 

* Table .......... RHP vs RHA vs XD 

* Table .......... (HZ/cr ) vs Area (Normal Probability Distribution) 
z
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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.
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3. 2..1. Calculational Procedure - Dry Deposition 

1. For each charaderistic drop diameter, wind speed, ambient relative 

humidity and diffusion group, salt deposition rate and air salt concentration 

fractions are estimated by COOLER and RAINDEP (described in previous 

sections).  

2. Summat ion over drop diameter, gives total deposition versus distance 

from the tower as a function of wind speed, relative humidit y and stability 

group.  

3. Each hour of the year relates to one of the groups in (2) with addition of 

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 and 

yearly deposition rate (as M/L 2 - mo nth) and air salt concentration 

(M/L 3) is obtained by the summation over the various wind speeds, 
relative humidity and diffusion groups, multiplied by Q0 /(annulus area

number of months) as a function of distance from the tower.  

For. each sector: 

Prb(NO Monthly Average Deposition rate 
Annulus Arje-a Prb() in sector, k /(km 2 

-month) 

-ux, RHA D g 
month 

Season Ave. - monthly deposition k/(m2_onh 
Deposition months in season kg-mnh 
Rate 

Yearly Ave. _ monthly deposition k(m2 mnh 
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 month air concentration, 

ux, RHA D 
month 0 

Seasonal Average Air Monthly Air Concentration 
Concentration, gg/m 3  N.Months in Season 

Annual Averago Air Z Monthly Air Concentration 
-Concentration, Wig/m 3 =1 

3. 2.. 2 Wet Deposition - Calculational Procedure 

1. Calculate SFQ for each of the different wind speeds as a function of distance 

from tower'. Store as matrix SFQ versus ux versus distance.  

2. For each hour of rain, relate to corresponding wind speed in SFQ matrix,9 
and introduce wind direction.  

3. Multiply SFQ by the hourly rainfall and divide by total hours of the month.  

4. Summation of step 3 for each month period, in each direction, gives salt 

deposition in each sector.  

Output 

Isopleths of salt deposition as a function of distance from the tower.



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 Weather Data

(1) akecondition also included.
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I*

Wind Speed Representative Stability Relative 
(mph) Wind Classes Direction Temperature Humidity 

0-3 ax =1.0 rn/sec C, D, E 16 S 72 0 F >75, 90% 
=75, 65% 

4-6 ux =2.3 rn/sec C, D, E 16S5 72 0 F >76, 90%'Y 
n757 65% 

7-9 ax 3.5 m/sec C, D, E 16S- 72 0 F >759 90% 
-759 65% 

10-12 rx5.O0m/sec C,DE 16S 720F >75, 90% 
n751 65% 

13-18 =x 7. 0 rn/sec D 16 S ~ 72 OF >75, 90%7 
<75, 65.% 

19-25.u =10. 0 in/sec D 16S 720F >759 90% 
<75, 65% 

26-32() Ux= 13. 0 in/sec D 16S 72. 0 >759 90% 
<.759 65% 

i:3 Tx16.0i7s ec D 16S 7j 0 F > 75, 90%/ 
___ ___ _ _ ___ ___ __ ___ __ ___ ___ ___ ___ __ 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.
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NOMENCLATURE 

c = salt concentration in drop, dimensionless 

C =specific heat H/M-T 
p 

C D =drag coefficient, dimensionless 

D = drop diameter, L 

a diffusion coefficient of water vapor-air, LA/ 
cAB 4 

F =flux of buoyancy, LA/ 

9c = gravitational conversion factor, M-L/(mass force -. t2 

9L ~ = gravity force, L/t2 

HT = tower height, L 

HP = plume height, L 

HZ = vertical distance of drop (i. e. , drop height), L 

=latent heat,' H/M 

k xm= mass transfer coefficient, M/L 2t 

k = thermal conductivity, H/LtT 

L =buoyancy length scale, L 

m 0 mass of salt in drop, M 

mIn mass of water in drop, M 

N RE Reynold's number, dimensionless 

N =e Schmidt number, dimensionless 

PDIA =(mass) fraction of drift drop of size D at top of tower 
dimensionless, n P 

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, MAt 

Q 0 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 

'% lute
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VPD 

X AM' 
XA

-vapor pressure of drop solution, P 

-mole fraction of drop solution in air = VPD/PA, dimensionless 
-mole fraction of water in air = PP( )/PA, dimengioniless 

-X Ai - x AJ/(1 - x Ai), dimensionless 

-entrainment constant 
-sector

0S
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Appendix C 

SITE SPECIFIC INFORMATION FOR COOING TOWER1 ANALYSES 

This appendix contains information relative to the sp,,,ecific site and cooling 

tower configuration being evaluated. The cont(oija, are listed below.  

Tables 

1 Joint Frequency of Occurrence of 400 ft ;:ind 33 ft Wind Speed, Wind 

Direction, Relative Humidity, Ambient. T1emperature and Stability. Based* 

on Indian Point 4 Tower Data from O.':Ihober, 1973 through September, 1974.  

2 Cooling Tower Geometry and O raijCOndition s Assumed for Analysis 

3 Groups Used to Classify Each Hourly M.easured Atmaosp .heric Condition 

4 Assumed Mass Distribution in Selectc-l' D1rop Size Groups 

5 Representative Values for Atmospherc G" Couping 

6 Joint Frequency of Occurrence of Weather Conditions Obtained from the 

Indian Point 4 Meteorological Tower (4100 ft level) for the Period of 

Record from October 1, 1973 through S,;ptember 30, 1974 

Figure s 

1 Cooling Tower Operating Characterist ics Assumed for Analysis: 

a: Exit Air Temperature vs Ambient Dry Bulb Temperature as a 

Function of Relative Humidity 

b: Air Flow Rate and Exit Air Velocity v~s Ambient Dry Bulb Temperature 

as a Function of Ambient Relitive lumnidity 

2 Terrain Profiles for 16 Direction Sectoi-s, 0-5 Miles from the 
(a P)Indian Point Site



Table 1 

Joint Frequency of Occurrence of 400 ft and 33ift Wind Speed, Wind Direction, 
Relative Humidity, Ambient Temperature and Stability 

Based on Indian Point 4 Tower Data from October, 1973 through September, 1974 

ALL DELTA TEMPERATURE GROUPS (400 ft) 

-- -- RELATIVE HUMIDITY GREATER THAN 0.0 AND LESS THAN OR EQUAL TO. 60.0 
AMBIENT TEMPERATURE GREATER THAN 0*.0 AND LESS THAN OR EQUAL TO 30.0 

SED N NNE N E ENE E ESE SE SSE S SSW Sw WSW N WNW NW NNW TOTALC 
0 C 0 0 0 .0 0 a a 0 0 0 _ 0 0 a 0 a 0 

1-3 "17 -5 -7 8 4 1 1 4 i1 7 9 3 4 2 9 3 95 
4-7 311 39 -27 6 2 -- 0 1 0 0 13 9 0 2 a 37 44 218 

-1 8 14 7 0 0 " 0 0 0, 0 0 0 4 40 38±21 
±13-18 0 0 0 0 0 0 0 0 _0 _ 0 0 a 0 7 2 9 
19- 24 0 0 0 0 0 0 0 0 0 0- 0 0 0 0 0 0 - 0

253 0 0 0 C 0 0 C 0 a 0 0 0- 0 0 0__ 
32+' c 0 C 0 0 -0 0, 0- 0- 0 0 0 0 0 0 
TOTAL 65 __58 4 1 _14 _ _6 _1 _ 2 __4 11 .20 _ 18 3 6 14 93 *87 443 

-RELATIVE HUMIDITY GkEATEP THAN 0.0 AND LESS THAN OR EQUAL, TO 60.0 .

AMBIENT TEMPERATURE-GREATER THAN 30.0 AND LESS THAN OR EQUAL TO 45.0, 
__S PEE D N4 NNE NE -ENE - El -ESE SE -. SS.E S_,-.-s - _5 SW.. WSW N WNW-,N.-. NNW-- -TOTAL..  

a 7_ -0 G a 0 0 0 0 .0 0 0 0 0 C 0 0 0 a 
-1-3 40 1 12 7 3 1 3 4 10 14 16 9 ±3 13 6 8 160 

41 - 51-- 5 1 T-- __f1 0 _0 1. i6 -_-21i 21_ 9__ 914-39 6 3 -4f 3-55 
8-12 33 22 6 0 0 0. 0 a 1 6 _.2 __3 8 41 138 ~89 319 

i3-18 5 0 .1 0 0 - 0 0* 0 0 7 0 0 7 '0 0- 5 30 19-60 
19-21. 1 0 0 0 0 0 . 0 0 a a_0 0 0 0a 0 1 _ 0 _ 2 

_25-32-_ 0 _C 0 -0 ' 0 - 0 0 0 0 d0'-'d ' C G 0 30 0 
32+ 0 0 0 0 0 0 0- 0 0 0 0 0 0 0 0 0 0__ 

-TObTkL_ 13 C _Y' -4_ C- 7- 4 1--- 3 5 271 9 2 5 98 208 157 896 

RELATIVE HUMIDITY GREATER THAN 0.3 AND LESS THAN OR EQUAL TO 60.0 
AM31ENT TEMPERATURE GREATER THAN 45.0 AND LESS THAN OR EQUAL TO 60.0 

SPEED N NNE _NE ENE E ESE: SE -SSE S'_ SS14 SW_ WSW N__ WNW- NW -NNW TOTAL 
j C 0 0 C. 0 0: 0 0 a 1 *0 a 0 a a 0 1 

4-3 37 64 4........ U 40' 15 17 ..2 ±7 191 
-7 .4 _37 32 6 5 1 1 4 30- 30 21 10 18 32 39 37 347 
8-2 9 26 2 0 0 a.C 0 0 - - 14 - 7_16 6' 11_-_ 18 48 47 ' 192 -

13-18 C 0 0 0 a 0 0 -0 a I 1 0a 3 16 7 29 
i9-24 -C C -0 0 _0 0 0 0 -- 0_ - 0 0_ 0 0 0 * 0 . , "
25-32 C C 0 0 0 0 0 0 0 a0 0 . 0 0 0 0 a 0 
32* 03_ - _0 -C 0. ! -- 0 00 ~0 - 0 -- C 0 0-6 
TOTAL- 57 63 4 8 1.1 8 .5-. 5 4 7 1 6 ..G1 55 .22 41.. 65 117 98a- 76.1.  

RELATI.VE HUMIDITY' 9REATER' THAN 0.0 ANO LESS THAN OR EQUAL TO* 60.  
AMBIENT, TEMPERATURE GREATE.R THAN 6G.0 1 AND 'LESS THAN'OR EQUAL T0999.0

SPE ED0 N NNE NE ENE E ESE SE SSE S SSW Sw WSW N WNW NW NNW TOTAL 
0~~-~0 C 00 0a - -0 0 0 0 0, 0 

1-3 41 34 10C 6 4 5 5 11 46 41 .28 __19 33 16 19 12 330 
4-7 4.3 76 32 15 7 2 0 659 797 62 . 0 34 -36 37 28 566 
5-1.2 1 .0 9 1 0 0. 0 0 1 i8 24 _11 3 .2 1.7 11 108 

131 1 0 0 0 0 0 0 0 0 a 3. 0 0 1 3 1 9 
19-24 0 a 0 0 a 0 0 0 00 0 0 0 0 0- 0 
25- 2 0 - 0 0 .- __C_ _ d 0 0__ G __ 10 0 0 0 '+- 0 0i 0 0 0 
32+ C .0 0 0 0 0 0 0 0 0 0 _ C 0 0 0 0 0 

-TOTAL '86 120 51 ',22 1 -- 7 5' 17 6 18 1-37 60 '70-- -55 76 511 

Sheet 1 of 8



Table 1, continued

ALL DELTA TEMPERATURE GROUPS 140ft)
- RELATI VE HumifIY GREATER THA 60.0 AND ESS THAN O EQ UA L T 0 8 5.  

AMBIENT TEMPERATURE GREATER THAN 0.0 AND LESS THAN DR EQUAL TO 30.0 
SPEED N NNE -- NE ENE E ESE SE SSE- S - SSW SW -WSW N WNW NW 'NNW.* TOTAL 

0 I a 0 0 0 a_ 0a00 0 0 0 1 
1-3 21- -±9 27 9 6 . 4 3 8 i8 293. 7 4 6 '2 4 17 
4-7 18 73 65 12 0 0 -. *0 *0 __0 10 6 0 0 7 22 9 222 

8-2 4 6 9 0 0 0 0 0 0 0 0~ 0 0 2 1 
13-18 C 3 0 a a 0 0 0 a 0 .0 - 0 a a 1 3 7 
19-24 -C 0 0 0 0 0 0 00 0 0. a- 0 C -0 0 0 0 

_ 25-32 0 0 -- 0 0 0 _ 0 _ 0 0 0 .0 0 0 C 0 0 0 a 
32+ 0 0 0 0 0 0- 0 0, 0 0 0 a 0 0 0 0 
TOTAL 44 157 10 1 2 21 __9 6 4 3 8 28 29 7 4 15 36 22 494 

RELATIVE HUMIDITY GREATER THAN 60.0 AND LESS THAN OR EQUAL TO 85.0.  
AMBIENT TYEMPERATURE GREATER THAN .. 30.0 _AND LESS THAN OR 'EQUAL. TO 45.0 

SPEED N- NNE NE ENE E ESE SE SSE' S _ SSW SW _ WSW W W NW NW NNW - T.OTAL 
j - 1- - 0 * C 0_ 0 0 -- 1- 0 1- 0 - 0 0 0a - 0 3 

1-3 54 26 36 £7 11 3 7 16 18 20 24 11 20 8 3 5 279 
4m-7 C, 3 1 _4 8 ---- 5 ~ 5 0 4 -1 9~ 1_6 _--i7_2 06 
8-12 6 26 20 4 0 '0 0 0 0 0 0 3 2 2 26 9 98 

1-8 0-3 -_ 0 0 -0 0 0 0 0 0 0 6 3 23 
_19-24 v 0 _ 0 0 0 0 0 -7 0 0 0 0 0 0 0 a 0 _ 

25-32 C 0 0 0 00 0 C_ 0 0 07 0 0 a__0 0- a 0 0
32f- C a 0 0 0 0 0, 0 0 a 0 0 0 0 0 0 0 

--'T0T-AL - i1 83 17 44 17 6 2 9 4 0 0 ± 3 1 f3~9 

-- RELATIVE HUM-IDITY' GREATERk THAN -6.0 -AND LESS 'T44N OR EQUAL TO 85.0 
AMBIENT TEMPERATU.RE GREATER THAN 45.0 AND LESS THAN DR EQUAL TO 60.0.  

-SPEED N_ - NNE NE' 'ENE- 'ESE SESE- S__ SSW -SW --- WSW _W WNW NW_ NNW TOTAC_ 
0 0 0 a a a 0 0. 1 0 0 0 a 2 

- - - 32 £9 iC--370"-- N'_511 8 7 7___ 1~4 7 5 38 
4-7 .. 1 __ 45 __87 41 13 5 2 3 9 £8 12 3 3 10 _12 _11 290 

~8-12_- 2__ .8 .715' 3 ~i-_ 0 0 0 £_ i___4 6 1 1 _ _I __f -4 . 4* 
13-18. C 0 __0 0 0-0 0 0 0 0 0 0 0 0 2 1 3 

19-24- 0.0_..0 -0 .~ - - 7b a C a -- - --- 0 .0 0 
25-32 0 0 0 0 0 0 0 a 0 0 0 a 0 a 0 0 a 
~24 o o-- -* a o - oo -- o 0 T 
TOTAL 50 72 _£52 __78 29 17 10 20 47 41 __47 22 18 _21 _22 __21 _667 __ 

RELATIVE HUMIDITY GREATER THAN 60 .3 AND LESS THAN OR EQUAL TO .85.0 _ 

A3IENT TEM1PERATURE GREATER THAN-'* 6C 00AND -LESS THAN OR' EQUAL-T0999g.0-------_ __ 

SPEED N NNE NE ENE E -ESE SE SSE S SSW SW WSW W WNW NW NNW TOTAL 
0 0 0 0 0 ~ 0 0' 

1-3 78 47 54. 34 22 14 21 27 80 115 112 41 23 9 6 5 688 
4.-7 14~ 62 88-22 -7'.- 6 12 -28__862_+_ 77___10 10 2 ~0 421: 
8-12 _ 1 -- 7 12 - 0 0 a 0 ___0 _ 4 3 4 0 1 0 2 0 6 

13-18 C C 0 C 0 0 C 0 0 C .0 a 0 a 
19-24 C 0 0 *0 0 0 0 0 0 0 0 0 0 0 0 0 0 

3 24 0 0 0 a p 0 0 0 0 0 0 0 0 0 0 C 
TO0TAL 93 £117- 15 5 -56 29-- 20 22_295 2 21 223_+__5±_ - 34 19 f 0 -5 -1-72-
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Table 1, continued

ALL DELTA TEMPEATUJRE GROUPS (4007t< 

RELATIVE HUMIDITY GREATER THAN 85-.0 AND LESS THAN OR EQUAL TO 95.0 
~SED AMBIENT -TEMPERATURE GREATER THAN 0.0 AND LESS THA N OR EAUAL _TO. 30. C.

SED N NNE NE ENE E ESE SE SSE S SSW SW WSW U WNW NW NNW TOTAL 
i 1 0 _ _ 0_ _ 0 0 0 0 0 00 0 _ _ 0 0 

1-3 10 .13 10 3 2 a. 1 1 2 0 . 4 0 £ 0 1 0 49 
-4-7 430 27~ -0 a 0 0~~ 0 0 a C 0 a 0 a 61 

C 6 4 0 0 0 0. ' 0 0 0 6 0 0. 1 0 3 
13-18 _ 0 _ 13 - 2 0a 0 _ 0 a a 0 a 0 0 _ 0 _ 0 0 15____ 
19- 24 C. 2' a- 0 0 0 0- 0 *-0 0 0 .  

2- 5-------- 0 2- 0 0 _ 0 0 0 _0 0 0 _ 0 _ 0 ____ 

32w- C 0 0 0 G . 0 0 0 0 0 
TOTAL 15 84 44. 3 2 1 1~ ± 2 a 4 0 1 0 2 0 160 

RELATIVE HUMIDITY 'GREATER THAN- 85.0-AND LE SS T H.AN O R EQUAL T.O 95._0 _ __ 

AMBIENT TEMPERATURE GREATER THAN 30.0 AND LESS THAN OR EQUAL TO 45.0 
SPEED __N __NNE NE ENE E ESE SE SSE S __SSW Sw WSW W WNW NW NNW TOTAL 

4 00 0 0 0 0 0 a 4 
_173 32 - 16 _ 30 3 --- --3 - -1 8 4 1 4 0 0 0 3 i 108_ _ _ 

4-7 9 28 34 16 a 0 1 0 0 1 0 C 0 0 1 1 91 
8-12 __5 11 _ 1.9 3 0 0 0 0 _ 0 0 0 0 0 0 1 a_ 39 

13-18 ---- 0 0 0 0 0 0 0 0 0D 
19-24 0 0 0 0 _0 a__ 0 0 0 a 0 0 0 0 0 ____0 ___ 0 
25-32 C 0 0 0 0 0 0 0 0 0 a a 0 a 0 0 0 
32+ __ _ 0 0 0 0 0 0 0 0 0 0 0 .0 0 0 0 0 
tT-L -50 558 21 3 3- 2- - 2 4 0 0 242 

RELATIVE' HUMIDITY GREATER THAN _85.D AND LESS THAN OR EQUAL TO 95.0 
___AMBIENT TE4PERATURE GREATER_ THAN 45.0 AND LESS THAN OR EQUAL TO 60.0 __ 

SPEED N -NNE- -NE ENE- E -ESE*- SE S SS S SW S WS U WN N NW TOA 
3 0 0 0 0 0 0 *D 0- __ _ 0 0 -C 0 0. a _ _ 0 _ 

±- 7 1 53 *28 13 6 7 1 4 25 17 15 2 G 5 4 .2 249 
__4:7 2 17 __ 71 _ 24 ____1 __ 1 1 2 12 9 3 3 - 1 0 0 0 147 

d-12 C 5 6 5 1 0~ 0a 2 4 0 00 0 a 0 23 
13-18 0 0 ___ 0 2 _0 ___0 0 1 0 0 C 0 0 0a _ 3 ___ 

19 -2 4- " C " '0' _ _-0 -0 7 * '- d -0 -- 0 0 --- - 0 0--,* - 0 - 0 - - 1 
25-32 0 0 0 0 0 0 0 0 0 a G 0 _ _ 0 0___ C 0 0 _ _ 

32 0 0 0 3 0 000 0 0 0 0 - 0 0 
TOTAL __39 43 __130 59 15 7 8 16 __39 3 1 18 _ 5 1 __5 _ 5 _2 _423 _ 

RELATIVE HUMID -ITY GREATER THAN: 85.0 AND LESS THAN OR EQUAL -TO _ 95.0 
AMBI1ENT -TEMPER ATURE GREATER THAN 0C.0 AND LESS THAN DR EQUAL T0999.0 

SPEED N NNE* NE EtNE E .ESE SE SSE S SSW SW WSW W WNW NW. NNW TOTAL 
__ 1 -a 0_ _ *0- 0- -0 0 0- 0 0_ 6 - -d0 , -0 0 0 0- 1 
1-3 42 17 49 _32 __17 9. 13 16 37 51 .42 14 9 5 4 _ 2 359 
4-7 2 10 -- 64 20 . 1 0 1 0 3 24 18 ± 0 1 0 2 14 
8-12 -+ Z 6 +8_ . 0 0 0 0 0 a 0 a 0 0 0 15 

13-18 C 0 0 a 0 0 0 00 0 00 0 0 
19-24 __ 0 0 0 0 0 0 0 0 a 0 0 0 . 0 _ _ 0 0 G__ 

253 0 0 0 .0 0 0 0 30 000 0 
32 4 0 L. 0 0 1) 0 0 0 0 0. 0 0 C _ 0 0 0 0 

4TtL_ i5 - 33 -1 1--- 5 2 18- 9 4 6 _4 0 7 6 _ 6 0-- 15 -4 _ - 4 -52 - -
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Table 1, continued

ALL DELTA*TEMPERATURE GROUP*S '(400 ft) 
RELA'TIVE-HUMIDITY G REATER.THAN7 945.06 A"ND 'LES THAN OR EQUAL't TO 99.0 

-. AMBIENT TEMPERATURE GREATER THAN 0.0 AND LESS THAN OR EQUAL TO 30.0 
SPEED N NNE NE ENE E- ESE SE'- SSE S '55*W -SW WSW W WNW -NW NNW' TOTAL' 

3 C G 0 0 0. 0 0 0 0 0 0 0 0 0 0 0 
1:3 1 9 9 2 4 Z 0 G 0---'C 1. 1 a I a 1 0 31 

7 0 7 15 1 0 0 o 0 0 1 0 0 0 0. 0 0 24 
6- C-02 0 00> 0 0 ,O U.0 - 1 0 3 

13-18 C 0 a 0 0 a a a0 0 0* 0 .0 0 a 0 a 
1.9-24- 0 0 0 0 0 0 0 -_ 0 00 0,- 0 0 0 0 0 0 
25-32 0 0 a. 0 0 0 0 0 0 0 G 0 0 .0 0 0 0 

32* Cd 0- 0 a 0 0 0 0 0 0 0 0 0 0 a 
TOTAL 1 18 24 3 4 z _ 0 a a .2 1 0 1 0 2 a__ 58 

RELATIVE HUMIDITY GREATER THAN §5.0 AND LESS THAN OR EQUAL TO. 4999.0-_ 
- - AMBIlENT- TEMPERATURE GREATER THAN 30.0' AND IESS THAN OR EQUAL TO 45.0 

SPEED N NNE NE ENE E ESE SE SSE S SSW SW WSW W WNW NW NNW TOTAL 
a C o a 0 0 ~ 0 0 o0 -- 0- 0 0 0 0 .1 0 

-1-3 39 13 20 8 7 3 - 7 12 9 10o i-0 12 8 4 2 5 £69 
' 39 7' 6-~i 0 : ----------- O0 0~ 29, 

__8-12 1 _ 1 _ 1 0 0 a 0 _ 0 0. 0 Q 0 0 0 4 
C3_8 1 C 0a 0, 0 .1 a 2 

1 9-24 0 a 0 C 0 a G a 0 0 0 a 0 0. a 
2 5 -3 2 - 0 0 -- 0 C a-- o 0 a a 0 0 0 0 0 a 
32+ 0 0 a 0 0 0 0a 0 0 0 0 0 0 a 0 0 0 

--TOT AL L -23 28' 14 ~7 4 71 13 9. 0 - 10 13 -iC 0 4 4 5 205 

-.. .. RELATIVE- HUMIDItTY -GREATER. THAN 95.0 A-ND LESS-.THAN OR EQUAL TO 999.b 
AMBIENT TEMPERATURE GREATER THAN 45.0 AND LESS THAN OR EQUAL TO 60.0 

_SPEE0 N NNE -NE ENE E ESE SE 'SSE S SSW SW, WSW W WNW NW NNW TOTAL 
-3 C C 0 0 0 0 a. 0 0 0 0 0 0 a a 

-4-7 3 -~2 7 5 0. 2 0 ± 7 10 1 1 0 0 1 41 
812 5 0 .1 1 a 1 0 0 1, 9 0 0 -0 0 0 0 13 

13-18 C- 0 0 a a 0 0 0 0 0 0 0 a 0 .0 0 
19-24'- C '0 0 C' 0 0 0 0 0 -. 0 0 0 0-. 0 .0 a 0 
25-32 - 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.  

~3+C ~ 0~0--0 -. 0 -0 a. O 0 -0 a 0 -- 0 0 
TOTAL 1i 23 __26 18. 3 9 9 _ 12 __ 7 _30 __12 7 5 3 2 3 25 

RELATIVE HUMIDITY' GREATE'R THAN 95.0 AND LESS THAN OR EQUAL TO 999.0 
--- - MOIENf. TEM4PERATURE GREATER THAN 60.0 AND LESS THAN OR EQ.UAL T0999.0 

SPEED N NNE NE ENE *E ESE SE SSE S SSR SW WSW W WNW NW NNW TOTAL 
- _ - ,, C _-0 0- 0 ------ C .- -- 0 - , 0 ._. - . 0 ~ 0 a 0d 

i-3 29 7 28 24 ±45 7 16 11 25 30 18 8 2 1 2 4 227 
4-7 1i 4 10. 2 1~ 0 0 0 1 11 7 0 C 0 0 0 37 
8-12 C I G a-0 01 0 C 2 .1 __0 -0 0 0 0 0 16 

13-18 0 0 0 0 a 0 .0:0- 0 0 0 0 0 0 0 0 0 
19-24 C. 0 0 .0 a a 0 0 0 a 0 0 0. 0 0 0 0 

253 0 aO~00 0 0 0 0 - 0 0 0 0n 
32+ a0 0 0 C 0 0 0 0 _ _0 a 0 0 0 0 0 0 0 
TOTAL~ 3C,7 12 38 26 16 i 6 1__ 28-. 42 25'. 8 2 1 2 4 268 
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Table 1, continued 

ALL DELTA TEMPERATURE GROUPS (3-3 ft) 

AMBIENT TEM~PERATURE GREATER THAN 0.0 AND LESS THAN OR EQUAL TO 3060 L StPEED - N -NNE NE . ENE E ESE:- SE. SSE- Si S SW_ "WSW W WNW NW NNW TOTA 
C 0 6 0 0 0 0 C 0 0 .0 0 0 0 0 0 0 

1-3 - 5 2 3 2-7 -2 '1 3 1 - 0 4 6 4 2......1 - 2 1 4 
4-7 8 12 8 6 -- 2 3 0~ 1 a *l 2 3 4 2 2 _5 -~11 80 
-8-12 i ,-_7F 19~ 10 0 3.To 0- - 0 0, 0-- 4 3- - 1 0 --- _ 3 2'. 321_ 

13-18 29 32 8 0 0 a 0 0 0_0__ 4 _ -..6 0 0 3 -57 37 176 
19-24 1 - 0 -1 0 0 . 0 -. C- 0 .0 0 0 a C 3 _20__ 18- 52 
25-32 3 0 0 0 0 0 0 0 0 0 a 0 0 0 9 1 13___ 
.3 2 0 0 0 :0 0 0 0 0'- 0- 0-- 0 G 0 0 1 1 
TOTAL 62 .65 30 .8 4 6. 1 1 15 16 16 7 5 12 117 101 466 

-RELATIVE HUMIDITY GREATER THAN 0.0 AND LESS- THAN OR EQUAL TO 60.0 
AMBIENT TEMPERATURE GREATER THAN* 30.0 -AND LESS THAN OR EQUAL TO 45.0 

SPEED N NNE NE ENE E ESE SE SSE S SSW SW WSW W WNW NW NNW TOTAL 
a C 0 0 o d 0o0 o a 0 0 0 0 

.1-3 4 1 2 2 0 1 1 0 3 8 5S 2 4 0 1 0 34 
4-r -11. 1-i2 11ff- _0_73_____ 7-i 18 70 -1 7± 7 
8-1.2 27 36 .21 a 1 3.' 0 1 12 19 . 17 3 12 21 55 41 267 _ 

713-18 29 -20 5 *1 -_ 0 - ---0 0 0--5--10- 4 3. 8 26 85 74 -27 0---
19-24 -19 -6 -0 0 a 0 -- 0 0 0 1 3 0 1 12 52 55 149 
25-32 8 1 0 G 0 0 6 0 0 0 0 0 1 8 29 13 66G 
32+ 1 0 0 0 0 0 0 0 0 0 0 0 0 5 4 3 13 

__T 0T A L_ _99 _'_76__39 _3 4 4 3f F 71 2 9 3199f 

RELATIVE HUMIDITY* GREATER THAN 0.0 AND LESS THAN OR EQUAL TO 60.0 
AMBIENT TEMPERATURE GREATER THAN 45.0 AND LESS THAN DR EQUAL TO 60.0 

SPEED _N " NNE- NE ENE E ESE SE SSE - __S-' SSW SWWSW........WNW -.- NW -NNW - ToTL
3 0 0 0 0 0 0. 0 0- 0 0 0 0 0 0 0 0. 0 
-- 13 ~0 ~ ------ -a 2. _0~ 0__, 4 51 - 42 

4-7 15 11 12 3 _ 2 0 0 3 17 20 22 12 9 9 10 9 154 
--- 17 42 _11 .1 '4* _0 3 __ 423 '__25_-_14__- - 6---------9 - 5 22 204

_13-318 24 27 13 *0 I 0 a 1 19 16 1.8 18 9 22 .44 36 248 
19-24 '16 6 1~ C -0 0- 0 0 10.-o- 1. 5 6 -6 15 20 34 -- 130
25-32 2 0 0 0 0 0 G 0 0 a 6 6 6 15 10 11 44 
324+_ C ----- V-.- 0-__ -0 __ _ _ 0. ..... 0- 1 _2 3 
TOTAL 86 86 39 4 7 0 4 10 74 _ 66 81 46 37 72 1C4 117 833 

RELATIVE HUMIDITY GREATER THAN 0.0 AND LESS THAN OR EQUALTo_ 60.0 
AMB!ENT TEMPERATURE GREATER-THAN 60.-0 AND -LES-S THAN OR EQUACTO999.0 

SPEE-D. N NNE NE ENE E ESE SE SSE S SSW SW WSW W WNW NW NNW TOTAL 
- 0 -o' ~ o0a 0 0 0 0 0 o o 

1-3 1 C 5 7 5 3* 2 2 0 7 6' 13 8 12 4 7 3 94 
4.-7 4.0 36 9' 6 _0 5 _2. 5, __37_'_35_ 28~ 18 22 -17 17 - 15 292 
8-12 3b 35 12 5 5 4,' 4 4+ 45 22 30 25 26 27 39 22 341.  

1.3-16 29 -30 4- 0 2 1 2 0 5 3.9 4 33 3. '_ 34- 34 31 _311 
19-24 8 6 2 C6 1 0 1 0 22 5 15 9 3 9 14. 7 102 
25-32 a 7-__ 2 0 0 -2 o5 _2 2 

_32+ 0 C 0 0 0 0, 0 0. 0 0 0 9 C 0 C 0 C' 
TOTAL 12 11 4 16 1 _12 11. 9 -148- 87 -1 3 6 9 5 -77- '91 'i 16 - . 3 6 
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Table 1, continued

ALL DELTA TEMPERATURE GR'OUPS *"(33 ft) 
RELATIVE HUMIDITY GREATER THAN 60.0 AND LESS THAN OR EQUAL TO 85.0 

AMBI.ENT TEMPERATURE GREATER THAN 0.0 AND LES.S.THAN OR EQUAL TO 30.0 
-SPEED N NNE -NE ENE E ES E S E SS 'E S SSW SW WSW W WNW NW NNW TOTAL 

_ 0 _ 1 _ 0 0 0 _ 0 _ 0 C a 0 0 0 _ 0 G 0 0 0 __ 1 
id 1 2 3 . 0 2- ,- 3- 2 3-- 5 5 8 6 4 - '-4 4- - 5 - 66 

47 9 __21 13 1. .4 1 3 2 8 7 16 6 6 0 7 4 1185_ 
8-1il2 16- 56 4 6 0 0. 2 i22237 1i -- 3.-- 32. 11- 6-- l 149 

13-18 15 62 0 c .0 0 0 _0 0 __1 __9 0 a 4 21. 15 127 
19-24 5 23 0 .0 0 .0 a 0. 0 0 0 a 0 -0 24 1 53 
25-32. 0 0 0 0 0 0 _ 0 0 0 0 .0 3_ 1_ 7 _ 
32+ - c 0 a 0 0 0 a 5 1 6 _TOTAL _56 167 20 11 _6 .4 5 5 15 25 56.- 13 "13 11 82 _ 38 527 

RELATIVE HUMIDITY GREATER THAN -60.0--AND LESS THAN OR EQUAL TO, 85.0 ...
AMBIENT TEMPERATURE GREATER THAN 30.0 AND LESS THAN OR EQUAL TO 45.0 

_ PEED 0 N NNE N NE ENE E __ESE. S E S SE __ S 55W 'SW- WSW._ W WNW NW NNW TOTAL 
j C 0 0 0 0 0 0 0 a 0 0 C 1 00 0 0 

1-3 -6 - 2~ 1 -1 3 C i4 5 6 4 2 4 3 4 2 48 __ 
'4 7 8 8- 3 -- 7 0 27 3 0 1 5 - -7 3 18 

8-12 -15-_ 26 16 5 _0_ 0 1_2--12 16' 1--7 _6 3 11 8 10 148 
13-18 13 26 14 4 3 0 0 2 0 1 .0 0 7 29 20 119 

1-4 2 _ 9 _2 _1 _ 0 __ 0 _ 0 0 0 _0 _ 0 0 __0 5 -22 7 4 
2 5- 3 1 5- 1- 0 -0 ------ 0 07 - 0 0 0a 0 - 0 -1 8 - 0 16 
32+ _ 0_ 0 0 0 0 0 0~~ 00 0 a .0 0~ 0 0 0 0 0 

TOTL ~. 75-~43 14 '3 10 10 17 47 195- 8-1 2 -78 4 2 59 

RELATIVE HUMIDITY GREATER THAN 60.0 AND LESS THAN OR EQUAL TO 85.0' 
_A M3I ENT TEMPERATURE GREAT ER THAN 45.0 A ND LESS THAN OR EQUAL TO 60.0 SPEED N NN E N E ENE E ESE SE SSE S SSW ',SW- WSW -'W -WNW N W- "N NW TOTAL 

'0 0 0 - j ~ ~ ~0 c 0 a 0 1 
1-3- 125-75111 7 2. -5-1168-7-8 13 5 1 -95-

__4-7 15- 24 14 8 5 __4 5 10 26 22 25 7' 4 4 6 3 182 
8-12 15 26 34 4 4 6 4 3 33 25 18 9 6 5 6 6 204 

131 __7 _ 29 *19 8 ___4 __3 2 2 20 10 8 1 0 4 7 7 131l__ 
19-24 1 4 1 0 i .1 0 0 2+ 2.......1 1 2. 1 1 20 
25-32 C 2 0 0 0 C c c 2 1 0 0 G 2 -1 2 10 
32+ G 2 0 C 0 0- 0 0 0 C. 0 0 1 5 

_TOTAL _51 -90 73 3±1 22 16 17 2 C 95 .68 60 26 12 20 26 21 648.  

-AIET RELATIVE HUMIDITY GREATER THAN 69.0 AND LESS THAN OR EQUAL TO 85.0 
ABETTEMPERATURE GREATER THAN 60.0 AND LESS THAN OR EQUAL T0999.0 

SPEED N NNE N= ENE E ESE SE SSE S SSW -- ''- -- SW WSW W __WNW _NW NNW TOTAL 
i b -- ' - -- -- + - -'- d - -0 c0 C '

1-3 25 16 i 2 1-5 9 12 15 8 22 21 21 ±6 9 9 8 4 222 7-4-? 3: 30 4.0 i9 a 9 12? 53 5! '.5 29 24. 10 13 ±.2 392 
-12 20 48 19 4 7 1 10-15 5 44 73 23 17 12 11 7 7 

13-18 17' 31 11 C 0 cI i 1 35 22. 49 11 9 4 6 6 233 
19-24 C 8 3 c 0 a_ c 0 8 0 15 2. 2 2 5 a 45 
-2 C 20------- l 0 0 0 0. 0 1 ~2 7.  
32+ 0 c a 0 0 0 0 0 0 0 C 0 C 0 
TOT.'L 96 -135 85 38 24' 28- 35- 37 -----72 1,38 2'4 81 62 37 44 31 1249 
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Table 1, continued 

ALL DELTA TEMPERATURE GROUPS (3 3 ft) 
- ~ - RELATIVE HUMIDITY GREATER THAN 85.0 NDLESS 'THAN OR EQUAL T6 953.0 

AMBIENT TEMPERATURE GREATER THAN 0.0 AND LESS THA- R QALT 3.  

SPE N E EE E ESE SE SSE S SSW- SW WSW W WNW NW NNW TOTAL 
* 0 0 0 0 0 C 0 0_ 0 0 0 0 0 0 0. 0 a 0 
1-3 - 0 0 a 0 1 .0 1 1 1' 0, 0 4 0 0 0. a 8 

-4-7 C 9 4 0 2 0. 0 0 0 2 3 0 a 0 a 0 20 
8-12 1C 20 47" 0 *'0...........0 o'. 0 0 .2 0 0 0 1- *0 0 37 
i3-18 -5 23 .0 0 0 0 0 . 0 0 2 0 0 0 0 2 0 32 
19-24 0 16 0 0 0 0 G 0 0 0 a G 0 0 1. 9 17 
25-32 0 3 0- 0 0 0 0 0 0 a 0 0 0 0 0 a 3 
324- 0 1. 0 0. d 0 0 0 0 0 0 0 0 0 0 0. 0 1 
TOTAL 15 __72 8 0 3 a 0 I 1 1 __6 .. 3 4 0 1 3 0 118 

RELATIVE HUMIDITY GREATER THAN 85.0 AND LESS THAN OR EQUAL TO 95.0 
AM3IENT TEMPERATURE GREATER THAN 30.0"AND LESTHAN DR EQUAL TO 45.0 

SPEED IN NNE NE E tE E ESE SE SSE S SSW SW WSW W WNW NW NNW. TOTAL 
a 0 0 0 0 0 0 0 a 0 0: 0 0 0 0 a a 

1-3 ± 0 1 1 1 1. C 1 0 11 1 1 .1 0 a 14 
4-7? .. 3~ 3 ------------6--87-'3 65 *3 0 1' 0. 0 4- 4 
8-121 3 2 2 2 -2 0 0 0 3 *2 0 1 - 1 . 0 1 1 20 

13-18 C 4 7 0 a a 1' 1 0- 0* a 0 a 0 1 a 14 
19-2'4 0 3 5 1 2 0 0 0 0 .0 .0 0 C 0 .0 0 11 
25-32 C 0 U, 3 0 0** 0 0 0 a 0 G 0 0 0 0 
32+ 0 0 0 0 0 0 0 0 0 a 0 0 0 a 0 0 0 

_TTrAL__ 12 -13 '16 5 5' -3-------7 12 7 4 2 - 3 1 - 2 5 102 

RELATIVE HUMIDITY G-REATER THAN 85.0CAN LESS- THAN OR EQUAL TO 95.0 
AMBIENT TEMPERATURE GREATERTHAN 45.0 AND LESS THAN OR EQUAL TO 6G.0 

'SPEED N NN4E NE ENE E ESE' SE- SSE'- S SSW SW WSW- W WNW NW NNW -TOTAL 
j I a_ 0 C G 0 0. C 0 0 0 0 C 0 0 0 1 

7-3 -1 4--- 5 ~ ~3 2 4 .' 1449* 
4-7 4 9 9 6 __ 1 2 8 14 . 7 .20 11t 4 2 0 2 1 109 
8-12 1 6 14 1 0 1 .3 3 i. 9' .6 1*~ C. 0 .0 0 56' 

13-18 5 _ 29 8 0 _0 0 ± 0. .3 6 2 1 0 0 a 1 56 
1i9-24*- 0 6 1 1 3 0 1 a 0 1 3 0 0 0 0 a 1 17 
25-32 C 0 C 0 5 0 a 0 2 4 1 0 0 0 0 0 12 
32 -~ C 0 0' C 0 0 1 2 0- 0 0 0 1 0 4 
TOTAL 19 50 32 12 23 7 15 19 _31 51 23 8 6 0 4 4 304.  

RELATIVE HUMIDITY GREATER THAN 85.C AND LESS THAN OR EQUAL.TO 95.0 
AMBIENT TEMPERATURE GREATER- THAN *60.0 AND L-ESS.THAN OR EQUAL T-0999.0 

SPEED N NN E NE ENE E. ESE SE SSE S SSW SW WSW W WNW NW NNW TOTAL 
.-3 *- - 1- ,,0 o , 0 7- 0- _ -0 00 -0 0 0 0 0 - , 0 I 

_1-3 13 2 8 9 1 4 4 to 9 13 .13 10 ±0 5 3 3 117 
4.-7 0- -9 - 11 4. 1- 2' - ' 8 -10 19 24* 28 10 ± 1 1 0 139 
8-12 3 11 7 2 2 1 3 2 11 27 41 7 4 1 3 1 126 

13-18 2 1± 4 0 0- 0 0 0 3 - 9 13 0 a 0 1 0 43 
19 -2. -* 6 1 0 0 0 .0 0 1 3 3 0 0 0 0 0 14 
-25-3Z -£1 '0- -- ' 0 1-ooo -o ± 0 G- 0........0 3 

3 1 0 C 0 a 0 0 0 0 0 t 0 0 0 0 0 1 
T OT AL- 31' 39 31 15 4 7 15 '22 43' "76' 99 27 -15 7 9 4 444
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Table 1, continued 

ALL DELTA TEMPERATURE GROUPS (33 ft) 
R~ELATIVE HUMIDITY GREATER THAN 95.0 AND LESS THAN OR EQUAL TO 999.0 

-PED AMBIENT TEMPERATuRE GREATER THAN 0.0 AND LESS THAN-DR EQUAL TO 30.0 
N NNE NE ENE E ESE SE SSE 'S SSW SW WSW W WNW NW NNW TOTAL' 

0 C 0 0 a 0 a0 0 0 _ 0 a 0 a a a 0 0 
1-3 2 2 0 a 0 0- 1 7-1 -2 1 a .0 0 0 0 10 
4-7 C. 4_ 9 2 2 a a 0 0 a 1_ 0 0 0 0 18 _ 

6-12 1 9--- , a- - -i -~a a *a a o~ --* 0 0 0 00 18 -
3-8 C 28 2 0 a a 0 0 0 a 0 0 2 a 32 

19-24 60 2 0 0 0 0 0 0 0 a a G 0 0 1 0 3 
25-32 1w 5 0 a U a 0 _ a a a a U .0 a 0 a 5 
.32+ 0 as 0 0 0 C 0 0 0 0 0 0 a 1 0- 16 
TOTAL 3 _ 65 18a 2 _2 .0 0 1 a 2 3 1_ 0 __a 4 0 102 

RELATIVE HUMIDITY 'GREATER THAN 95.0 AND LESS THAN OR EQUAL TO 999.0 
- AMBIENT TEMPERATUPE GREATER THAN 30.0 AND LESS THAN OR EQUAL TO 45.0 

_SPEED N NNE NE ENE E ESE SE SSE. S SSW SW. WSW W WNW NW NNW TOTAL 
C. 0 0 0 0 0 0 0 0 a a a0 

1-3 4 0a 1 4 a a 1 2 2 a 0 18 
4 -7 C . 5 2130 8 3- 2 0 3 75 
B -12 0 -1 __4 8 1 *1 1 1 9 3. 1 1 0 0 0 L 32 

13-18 2 2 6 4 1 0 60-'- 1-- 4 a- a-0 0 0 0 0 0 20 
19-24 2 _ 0 1 0 a 0 0, 0 0. 0 a 0 _1 0 - 0 0 4 

-25-32- C, .0 0 C 0 0. 0 b00--6-- 0 0 0 0 0 0 1 
-3 2 C. 0 a C. 3 0 0 0 0 0 C u 6 0 a 

T OTAL- e 6- -- 17 - ~ 0 1 5 5 2 3 2 133 

RELATIVE HUMIDITY GREATER THAN 95.0 AND LESS THAN OR EQUAL TO 999.0 
AMBIENT TEMPERATURE GREATER THAN 45.0 AND LESS THAN OR _EQUAL TO 60.0,.  

SPEED N NNE NE ENE E ESE -SE SSE- S 55 'SW-- SW' WSW W WNW - NW NNW TOTAL
3 1 0 0 11 a 0 a a 0. a a a a _ 0 1 

131 1 1 0 3 2 2 4 3 3 4 0 L. 2 0 3 
5-7 1 3 9 15 11 20 15 11 0 a a 0 110" 

8-12 0 5 5 2 1 1 2 - 6 26 9 5 0 C 0 - 0 1 63 
13-18 a C 4 1 1 0 a 0 1 7 7 2 U G 0 0 0 23 
19-24 4 0 0 0 a 0 C a 4 5 0 0 0 , 0 -- 0 0 10
25-32 G 1 0 C 1 3 0 0 6 3 C 0 __C _0 G 0 11 _ 

-32+ - - G 0 - 0--- 0. 0- - -0.- -~ 0 G 0 0 0 0 060 
__TTL_ 5 16 14 9 5 1.3 19 .20 71 43 21._ 4 0 1 _ 2 1 254 

RELATIVE HUMIDITY GREATER THAN 95.0 AND LESS THAN OR EQUAL TO 999.0 
AMBIENT TEMPERATURE GREATER THAN 60.0 AND LESS THAN OR EQUAL T0999.0 

SPEED N NNE N E ENE E ESE S E SSE S SSW SW WSW W NW NW NNW TOTAL 
3 *oa~ o ~ o a- a o o 0 a 

1-3 4 0 1 2 3 1 2 1 2 _ 3 4 2 3 2 5 0 -35 

4-7 1 7 3 -2 2 2 - 3 4 9 L4 6 2 -0 - 0 -0 52 
8-12 2 3 0 C 0a ' 9 6_ 1 2 10 I 1 0 a 0 47 

13-18 -- C -- C a 0 * 2--1 4 2 -2 0 0 0 0' 0 -15 
19-24 0 0 0 0 a . 0 0 0 0, 0 -0 0 0 __0 £__ 

25-32 a a a a 0 0 0 0 0 0 3 0 0 0 0 
_32+ C 0 0 0 0. 0 0 0 3 0 0 0 a_ 0 0 a 3 

TfOT AL --- -8 5 5' 4 151 16 1 0 - 9 - 6 2 .5 0 -153 
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Table 2 

COOLING TOWER GEOMETRY AND OPERATING CONDITIONS 

ASSUMED FOR THE ANALYSIS

Tower Geometry 

Height, meters: 

Top 'exit diameter, meters:

172. 0 

94. 5

Design Conditions 

Water flow rate, gpm: 

Heat load, BTU/hr: 

Wet bulb temperature, 0F: 

Relative humidity, %7: 

0 

Range temperature, 0F: 

Drift rate, %7: 

Plant factor and power, 0b

600, 000.0 

7. 5 x 1 

74. 0 

16. 0 

25. 0 

0. 002 

100. 0



Table 3' 

GROUPS USED TO CLASSIFY EACH HOURLY 

MEASURED ATMOSPHERIC CONDITION

Atmospheric No. of 
Condition Groups Group Classification

Wind Direction .16 Sectors

Wind Speed

Stability Class

Relative Humidity 2

N, NNE, NE, ENE, E, ESE, SE, SSE, 

S, SSW, SW, WSW, W, WNW, NW, NNW

0 - 3. 0 mph 
3. 0+ - 6. 0 
6.0+ - 9.0 
9. 0+ - 12. 0 

12.0+ -18.'0 
18. 0+ - 25. 0 
25. 0-+ - 32. 0 

> 32. 0 
Wake Conditions for 

Pasquill Category C 
D 
E 

> 75% 
- '75%

Winds 26 mph~l1 )

Terrain Profile 3 ~ SSE, S, SSW .Represented by SSE 

ENE, NE, NNE, SEI ESE, SW, E 
Represented by E 

WNW, NNW, NW, W, WSW, N 
Represented by WNW 

(1) For hours when wind speeds > 25 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 miicrons 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. (See Appendix B, 
reference 6. )



Table 5 

REPRESENTATIVE VALUES FOR ATMOSPHERIC GROUPING

Wind Speed Representative Stabil4i Relative Representative 
(mph) Wind (m/sec) ClasstV) Humidity (%1) Relative Humidity (To)

0 - 3(1)

4-6 

7-9

101- 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 

C, D9 E 

C, D, E 

C, D, E 

D 

D 

D 

.D

90 
65

> 75 
:- 7 5 

> 75 
:- 75

> 75 
i- 7 5 

> 75 
* 75 

> 75 
* 75 

> 75 
* 75 

> 75 
;5 75

(1) Calms represented as 0. 5 mph with a wind-direction of the first subsequent 

non-calm hour.

(2) Definition of Pasquill Category used: 

C = Unstable, 10( f) !- 0. 8

D = Neutral -0. 8 10 ZA 'F 
100f 

E = Stable b T (F) > -0.  100 ft

--0. 3

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 September 30, 1974 

CONED- INDIAN POINT 3-ANNUAL AVERAGE TOTAL 

DIFFUSION GROUP 3 

SPEED LE 3.0.  EL A IVE ___N NE-. .NE. _.ENE E EE- SE_. SSEL _,S SSW _SL4S .J .__Ng I N CI..OA 
MUMIDITY 

_ L.E 75.0- .
0..~ o- .. 0__ .__ 0 0..0__ 0~ ±O.5os LEIOD100£ 0 0 0 3 0 ± ± ±0 0 0 0 0 0 8.  

DER-zFNT ±.2.5 12.5 0.0 0.0 37.5 0.0 12.5 1,2.5 ±2*5' 0.0 0.'0 0.0 .0.0 0.0 0.0 0.0 .TTLj 3.** 1. Ai L .. 0 0____ 0 0 0 -0__ 

RStATIVE N NNE NE ENE E ESE SE SSE S SSW SW WSW W WNW NW NNW PONT TOTAL 

LE,.02 2 2 ± 0 0 0 0 1. 1 0 0 3 65.0 13 0E 75.. 00 2 ~ 2 2±o__0..a z 0 00 __ LF1OO.03 0 a 0 0 0 0 0 .0 0 0 0 0 0 0 0.0 0 
- P E PaE N T 7Ol0n~ 10-0 15- ...f _.i. o 0o nn -. 0j.0.J0 0 0.0.0150 __ TOTAL 2 4 2 ± 0 ± 0 0 4 2 1 0. 0 0 0 3 2 

SPEED LE 9.0 

MU'4IOITY 
E 1 50. 2 ± . _ _ 1 0 . 8 ___ __ 0__ . 2 79.7 47 LEiOO.CO 2 2 ± 0a 0 0. 0 3 2 . 0 .0 0 0 ± 20.3 ±2 L LE10 0. 0 0. 0 0 .. 00. 0.. 0__ 0 a.. 00 0. 0~ 0 0 0.0.. 0-....  PER:ENT 13.6 23.7 3.4 0.0 3.4 0.0 0.0 1.7 35.6 ±191.7 0.0 0.0 0.0 0.0 5.1 
T.O..0TAL A J AL 7L 1 . 2 L0 0 -O .Q. 3 539 

_____-* .---- -- __ SPEED4.E. - ._ _ _ __ _ _ _ _ _ - ---- RELATIVE N NNE NE ENE 1E ESE SE SSE S SSW SW .WSW W WNW NW NNO PONT TOTAL 
si UM_ 

_ _ _ __ _ _ _ _ __ _ _ _ _ _ 
1__ 1. 

_ _ -- __ _ __ _ __ LF 75.00 4 17 2. 0 0 1 0 .0 13 4 0 1 1 5 2 .3 85.5 53 -L E I CD0. 00 -- G --- 1 0 ._-a - -- __3----.O0 04 
*5__ LS190.00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.00 

T 0T .4L 4 21 3 '0 0 ± 0 0 16 5 0 1 ± 5 2 3 62



SPEED LE 18.0 b,(~U . )UIL'~ 
i: LS.SE.~__ ATHS~Y~ IV FN4W N4W NCTT 

HUMMrITY 
LF-- 5-. 0 a0 .. 0 __Q__ 0 -0 0 0 0 -0 0 0 0 0 - 0-- 0 00 
LSIOG-00 a a 0 0 0 06 0 0 0 0 0 . 0 0 0 0 0 0.0 0 

_LE100.C0 ___ . ~ 0..._ _ 0 __ 0 .0 ___0 0 0 a 0 0 0 __ 0 _0.0 0 
Pr R^ P E NT 0.0 0.0 0.0 0.0 .0 0 0.0co 0.0 0.0 0.0 0.0 0.00 0.0 0.0 0.0 0.0 

TOJITAL_____ _ 0 0 0 0 a _ ~* _ 00__ 

IZ EL ATIVE N NNE Ns ENE E ESE SE SSE S SSW SW WSW W WNW NW NNW PCNT TOTAL - _ _ 

HUIDITY.. 0b- 0 oo-0 00 0 

* LE 75.00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0 0 

TOTAL 0 0 o 0 0 a a 0 0 0 0 0 0 0 0 0

-RELA TI.VE NJL. ENN L N EENE- r 
-HUMI)ITY 

* LEiOC.00 0 0 0 0 o 

- PER" ENT 0.0 0.0 0.0 0.0 0.0

-RELATIVE N NNE NE 
U.4T WI- Y1 

LE 75.00 0 0 0 
SI DO.0 a --ao o nG 

L E 100CO 0 0 0 
pl? N T 2r 

- TOTAL. 0 0

ENE

0

SPEED 

0..  

00 
coo

LE 32.0 
SE.S rE

SP.EEflLE9 ~90...

E ESE SE SSE 

0 0. a 0 

0 0 0 0 

o a, 0

S

3 0 0. a 0 0 0 0 0.0 0 
a 0 0 0 09 - 0 0 __0.0 0 

0 0.0 0.0 .0.0 0.0 0.0 0.0 0.0 
____.0 ____.00-0 ___ 

SSW SW WSW H WNW NW NNW PCNT TOTAL 

0 0 0 0 0. 0 a 0.0 0 
n n n 0 - 0 - 0 - 0 _ ___ 

0 0 0 0 0 0 0. 0 0.0. 0 
~~ .~0J00 0 

0 0 0 0 0 0 a 0 0
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Table 6; continued 

CONED- INDIAN POINT 3-ANNUAL AVERAGE TOTAL 

OIFFUSION GROUP 4 

SPEED LE 3.0 
R ~ E L A VN N F NE ENE21 E SE _.S F SSESSSWS.--W-.WSW-WW-NW- NW _NNPLPCNT_TOTALL.  

- HUM~IDITY 
I F__75.00 'S . ± 3 32 ii&. Al. 1--_3 .54931 
LE100.00 3 4 .7 9 15 7 6 6 9 17 9 10 3 .2 2 3 50.5 £12.  

P PE R SF tT 5.0 4.5 6.8 5.'. 11-3 4,.5 4.1 3.6 9.0 13.5 11.3 8.6 4. 5 1.8 2.3 4.1 

* RELATIVE N NNE NE ENE r: ESE SE SSE S SSW SW WSW W WNW NW NNW PCNT TOTAL
-______ ~ l W'M2TI_____-__ ________ -. __ 

- LE 75.00 41 43 26 16 9 4 1 8 49 54 35 18 17 10 14 16 64.0 361 
L~i0.C06. 3 2l £. .5 ___ Z~5.~5 __ 2 ___ 2.6 ___2..J._ __ 36.0._203 

L LE10 0.0 0 0 0 0 0 0 0 00 0 0 0 0 0 0 0 0 0000 

TOTAL 47 56 46 34. 24 13 23 23 74 .77 61 2 9 0 1 8 6.  

-SPEED LE 9.0 
RE_______ELATVENN L.-N E TNE.E--.ES.E .SF__S SSRSSL.-_.SW.JS YW NN_!CTOTTAL_ 

* HUMIDITY 
- - - LE-75.00 - 31- 5.-. 6 .3 --. 5. 5 . . 6 25..- -28 _8 _ 16. -27 - 30__.__5__ 62.9____354 '..  

LFI00*00 9 46 37 9 8 4 1 2 13 27 19 £6. 0 4 2 2 1 37.1 209.  
----- L E10 0. 00 - - -, ___- 00 0-.0..--.-. -v-a.a-- 0 __ an...~ 0...0___ 0 0.. - 0. 0.00...  

PEO ENT 7.1 17.4 13.9 2.7 3.7 1.6 3.0 3.4 11.2 7.8 7.8 1.4 -3.6 5.2 5.7 .4.6 
--- TJOTAL - L0-,9. .5. 5.. ± ~ . 1 i.. 3 4..4 0. 2. 32 ._.- 26._ 563.:_ 

---- --.. - --- --- -SPEEDAE ..12..0 ~~ 
RFLATIVE N NNE NE IEWE E ESE SE SSE S SSW, SW WSW U WNW NW NNWI PCNT TOTAL 

*LE 75.00 36 91 40 8 8 6 5 4 26 24 25 16 11 27 70 56 75.1 453
-LEL10.00 . 5. _48.9 -i 2. 6.~ 9~ 5 __17 __1 0 . 4 -1 _3 _24 .915 0 
LE100.00 0 0 a 0 0 0 0 0 a 0 0 0 0 0 0 0 0.0o 

-- PER' ,E NT .8.3L .. A5.5i3.1575.Z 2.8 1.8 5.1 11.8 9.8
TOTAL 41 139 69 9 9 8 13 9 45 *30 42 17 11 31 71 59 603 
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/ ~~~Table 6, continued -- -

SPEED LE' 18.0 
RSLATIVEN-- NNE --- NE -INE -E-ESE.SE- ..- S.-S---S ___SW _WS.- -W WNW NW. NNW FPCNT TO.AL 
HUMIMTY 
L F 5DJ20..8 7 ___4 4 5 9 73 12± 64 36- I00O 273 214 78.1 1421 

LEiGO.00 23 154 47 11 5 a 5 5 38 .35 36 3 4. 4 ±6 1 1. 9 
L____ E 0O 0- 0---. _____0 ____0 .. 0 0 - 0 0__ 0.. 0_o 0 0 _ _ .  

PERCENT 9.6 19.7 5.8 1.0 .7 92 .5 .5 7.4 5.9 8.6 3.7 2.2 5.7 15.9 12.5 

RELATIVE N NNE NE ENE E ESE SE SSE S SSW SW WSW W WNW NW NNW PCNT TOTAL

LE 75.00 61 49. a 0 ± 1 1 0 41 8 52 ±9 13 57 166 127 83.3 604 
LE0.0 7- '.5 .11 3 6 ±-- 9. ±.. 2 3 -. a a- . 4 16.7 121 

LE±00.00 0. 0 a 0 0 .0 0 0 0 0 0 0 o o 0 0 0.0 0.  
PERCENT-94 14.3 . 6 04 .0..3 -3Ise__2l.7. .j.9j9-2401 .-

TOTAL 68 104 19 3 7 2 2 0 50 -20 55 19 14 57 174 131 72-f 

SPEED LE 32.0 
-____RELATIVE. L--NNE- -- EE ELSEE S-SSW . SM-4S-W -. H Wu -. NW .IN4CNT-TOTAL
HUMIDITY 
LE 750 i..3 . 0 - __.0 Z ~ .-.... 2-16.- 53, - 27..76.4---126' 

LEIOO-00 0 12 0 0 6 0 0 0 9 8 2 0 0 1 0 ± 23.6 39 

.= ---- LEIGO. .00 - 0 -0. I. - - a- o--0__ . . 0- 0 0.0 __ O 
PFRCIENT 6.7 -9.1 0.0 0.0 3.6 0.0 0.0 0.0 6.1 4.8 8.5 .6 1.2 10.3 32.1 17*0 

~~~-~--TOT-AL- ------ 1--5------ 0-----6-----0----- 0 .- 8 .- 4-.- .1 5 3. ... 53.. 28-. - 5 

__________ _____ ____- .-. SPESPEE- -99-9.0 ~_ _ _ _ _ _ _ _ _ 

*RELATIVE N NNE NE ENE E. ESE SE SSE S SSW. SW WSW W WNW NW NNW PCNT TOTAL: 

0: 75.00 ± a 0 0 0 0 0 0 0 0 0 0 5 7 .835.i6 .2± 

LEISO*OO 0 0 0 0 0 a 0 0 0 0 0 0 - 0 0 0 0 0.0o.  
_____P ERC ENT -t 4-3 aS 0 -%J0 0-9.. -.0 6.. *.J.5 .5..~ 

TOTAL 2 ±8 0 0 .1 0 0 0 . 9 3 0 0 0 5 ±2 9 5 
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_______Table 6, continued 

CONED- INDIAN POINT 3-ANNUAL AVERAGE TOTAL 

N . DIFFUSION GROUP 5 

SPEED LE 3.0 
-EELATIVE..N.... NESEN---E-- -SE._ .- SSE S SSW----S W1IW NW._N.W_ NH CNT~ TOTAL--.' 

H4U4ITY 
LE .75 0 .± £. 8 2.i5- 5...3. I 32 4 __8..2 4 1 . 95 5 ~ ..  
LE1 00 00 1g 13 14 19 42 15 18 20 39 33 32 32 28 17 15 6 50.5 362 

Pc-t01ENT 4.3 3.5 4.5 5.7 12.1 4.2 4.3 4.3 9.9 ±0.2 .9.8 7.7. 7.3 4.6 5.7 2.0 
_ _TOTAL-_. _~--31_. 25-32 1 7.30 3±.fj 7£ z.___ 5 2 3 L1.  

* RELATIVE N NNE NE ENE E ESE SE'- SSE s SSW Sw WSW W WNW NW NNW PCNT TOTAL 

LF 75.00 42 33 36 18 10 1± 12 21 53 59 67 40 39 24 36 28 52.8 529 
LEI0.00 -- 1 ~36 34± 262£2t._-57__74_73.3 _ .7 7_ 4. 47.2-.- 472___ 

- LSIOC.00 0 0 0 0 0 0 a 0 0 a0 0 0 0 0 0 0 0.0 0 
* ~ R F ki T -L5. a-. .A9 . 0-..3- 3..3 6_3.. 2---- ..... 0 ~33....i. 6 55 5-2.. 2j .. .2 ____ 

TOTAL 58 69 70 33 36 32 36 50 110 ±33 '144 75 52 28 43 32 100± 

SPEED LE 9.0 
* RELATIME fJ NNE Nf...SSE S 5.S S1L$ L.SW w W WNW W NNW PCNT TOTAL 

HU4fI)ITY 

LEiGO.00 £0 34 16 11 13 7 r 16 51 59 66 14 10 3 3 7 40.6 '327

-
0 !ER^ENT .6.2 9.6 6.0 2.1 2.1 1.2 1.5 3.0 13.5 13*8 15.7 5.5 5.2 2.7 6.0 6.00

-TfLI 50l7A L7~± A 2 ± 9 ~ 44_41_2 48 48.8 805 

____-- .- ~SPEEDO.-L---12- L__.---- ... - . --

RELATIVE N NNE NE ENS F ESE SE SSE S SSW SW WSW W4 WNW NW NNW PCNT TOTAL 

LE 75.00 39 4 2 4 2 0 4 5 28 48 56 26 23 20 45 32 63*1 357 
LFiOO.0 CO 1-£ .9 __± 2 2 - . g ~----- _4.-3. .2 
L E 100 . 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0 0 

TO TAL 55 62 22 6 4 1 9 14 82 8i 106 33 27 24 51 36 613 
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Table 6, continued 
SPEED LE 18.0 

_______ ~~~~- ESE.S-.S. S.S ... W S W _ WNW..__ ,NW ,.NNW PCNT_ ItOTAL 

______LE 75.0... .0. 0_ 0 .0 a a -0 0 __ ___0__ 0 0 000- -c_ 

LEiOD .00 0 0 0 0 a 0 0 0 0 0 0 0 0 0 0 0 Goo 0 

_______~io000 0. 0 0 0 __ 0 0- 0 0_ _ 0 0 0 0 .0 

PERCENT 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 0.0 0.0 

TOTAL-- . 0 O O O _ 0 0 .0 0 .0 a 0 0.

-___ __- -- ~ -- . -_ ___ SPEEO-L. 2-5-A0 __ 

RELATIVE .N NNE NEi ENE E ESE SE SSE S SSW SW -WSW W WNW NW NNW PCNT TOTAL 

-. .LE 75.00 0 0 0 0 0a 0 0 A0 0 0 0 0 0a 0 0.0 0 

LEiO0.00 0 0 0 0 0 a .0 0 0 .0 0 0 0 0 a 0 0.10 0 

*TOTAL 0 0 0 0 0 0 0 0 0 .0 0 0 0 0 0 .0 0 

SPEED LE 32.0 

_____ ELAT-IVE NJ NNE--N N ENE-. F F- E SE s sS-- - .- W - .- NW -NNW PONT -19TAM 
*HUMIITY 

I F-7500 .l - 0--11 -0 a a__ _0 .--. D 0 - 1 0 0__ . 0.- _00 0.0 .0 

LS 10 -00 0 a 0 0 0 0 0 0 0 .0 0 0 0 0 0 0 000 -0 

L E-1 a 0 0 0 00.0....0-n 0 0 a 0 - 000 0 0___0 0 -000 

-PERSENT 0.0 0.0 0.0 0.0 0.0 0.0- 0.0 0.,0 '0.0 0.0 0.0 0.0 00 0.0 0.0 000 

IfI TA Ii 0 D0 _ n ___ 0 0 __ -0- - .0. _ * 

S~~~~~~~~~~~PE F 0 LES9~ _______ ______________ n 

RELATIVE N NNE NE ENE 1E ESE SE SSE S SSW SW WSW W WNW NW NNW PCNT TOTAL.  
_____ __ ..HUMIDITY---________ __ _________ __ _ _ 

-LE 75.00 0 0 0 0 0 0 0 0 0 0 0 0 0 a 0 0.0 0 

L El f0 _____[L (I. n A -0____ ___ a. ___....... __0 -. 0 __0...0 a. _ 

*LEI0 C 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 00 
9 0- 0--L Q 0 0 0 t . 0 00- --- A4 0 .00 0.-0 0.0 -0.0 0.0 

TOTAL 0 0 0 a 0 a 0 0 0 0 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 

as a Function of Ambient Relative -Hum idity 
(Con. Ed. Indian Point No. 3 Natural Draft Tower)
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Figure lb 

Cooling Tower Operating Characteristices Assumed for Analysis: 
Air Flow Rate and Exit Air Velocity vs Ambient Dry Bulb Temperature 

as a Funct ion of Ambient- Relative Humidity 
(Con. Ed. Indian Point No. 3 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 3 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

Richard V. Calabrese 

University of Massachusetts 
Amherst, Mass.,

J1ames Halitsky 

University of Massachusetts 
Amherst, Mass.

Keith Woodard 

Pickard, Lowe and Assoc., Inc.  
Washington, D. C.

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 r6-evaporate *as further-I 
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 pluire. 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 olumes. 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 only. Hanna 
(1972), SlaWSon et a] (1973), and Stephen and 
Moroz (1972) have developed theoretical models 
which, although realistic in their aiproacn, do 
not account for variation of enthalpy and 
moisture in the plume cross section and therefore 
only yield information about the length of the 

I

visible plume. Wessels and Wisse (1971) have 
considered the dispersion of Excess plume 
enthalpy *using 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 effe 'cts 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 amnbient 
values determined from the profiles of temperature 
and moisture at the point of interest. Tnermno
dynamic considerations then allow prediction of 
temperature, liquid water, and water vaoor dis
tributions in the plume. Predictions for the 
combined plume of several towers at one site are 
achieved by considering an approximate .  
mequivalent 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, -j, with 
the, results being related to the quant ities of



Interest later. Halitsky (1966) developed an 
empirical rocel 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.  

Accordin'g 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 
whiose radius, R c, diminishes to zero at the end 

of this region, where axial distance S -Sl. The 

velocity in the inner cone is equal to the tower 
exit velocity, VON 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 ra te Be 
to radius Rat the end of the zone of 

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 
terminates- at S .wi-th radiusR 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 0,~ The concentration distributions in.  
planes normal to the plume centerline are assumed 
to be triangular.  

The values ofSl, R1 1 BeeSP 2'R2, 
and 0 1 are 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 <1.5), 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 plurre begins at 
the end of the zone of establishment.

the zone 
Sion for

If conservation of mass is applie 
of establishment, the following expr 
RImay be derived:

.0

R1/ 0 [6l(IM~l1/2V 

It is recommuended 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. I shows that at mn - 0.2, 
R I a R 0. Therefore it is assumed that for 

Mc0.2 no jet plume exists. The application ol 
the conservation equation in this region also 
allows calculation of the radius of the inner 
cone from the known value of the plume radius, 
using the following equation:

6(-)~2 2[R 4_4RR 3 +3R 4 
6RRC) 0o C C (2) 

+ ER4 + 2RRC'-2R3R -R c4/ 

Observations of cooling tower plumes 
reveal -that the initial jet region is hot 
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

Ry W Ra/a 2
; zaR oz/ory

where R, OYand 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 

((z-h)2 + y 2R 
2R 2  1/2 

ReZ 2 (4) 
S(z-h)Z2 + y2R 2 

The corresponding radi 'us of the inner cone, Rc', 
may be described in a similar manner., 

With these definitions, the dilution, 
D(-*O* )may be written as follows:.  

In zone of establishment:

D* b 1C Re 
c

D- b ,Re 
In established jet region:

D=Da/[l-b/R') b < R

D=_ bRe 
where D a is the axial dilution given by Halitsky's 

Eq. 4 and b(-[y2 + (z-h)2]1/2) is the radial 
distance from the plume axis to the point (y,z) 
of interest.

In The Jet plume must now be matched 
with the simple Gaussian plume at station S = S 
in order for the dispersion model to be complete.  

I) Diffusion in the simple plume is described by

Re

IR Y0 f y. () 

{exp [ k _ h )J exp [ y.~ (±1 2}
If the radii of the Gaussian plume are defined 
as the distance wnere the concentration falls 
to five percent of its centerline value, the 
following expressions result': 

RYaVF! R2Z Iff (8)

0.

0

a 
e s



If Eqs. 6, 7 and 8 are used to match the axial 
concentrations at S - S2. the simple plume will 

expand from station S 2 according to

Gy- R2 eIr4O+ 0; &z R Z2 /v'+ UZI '(9)

where a' and olare the Pasquill sigma values 
yi 

taken at the-distance S-S 2.  

3. PLUME RISE 

The shape of the plume centerline is 
described by the generalized Briggs plume rise 
formul as
b - + a F 1/3 X 2/3 V-1 

aW a *(3/2y 2)1 /3

(10)

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 (196g). 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 

X 9 .4V, (g/T) (38/.3z) (12) 

where T is the ambient temperature at tower height 
and ae/3z is the gradient of potential tempera
ture in the atmosphere. The buoyancy flux is 
defined by 

F a (1-00/p)gV 0R 0
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 di ,stance law is assumed to 
apply, as suggested by Slawson et al (1973), a 
suitable value of y may be selected to 'Drovide 
a.better fit. A knowledge of both X and h Allows 
calculation of the axial distance, S.  
4. CALCULATION OF PLUMIE PROPERTIES 

Before considering the calculation of 
plume properties, from dispersed cuantities 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~tL)Pmw 

where r. and t. are the 
ratios respectively.  
is then 
N - p(r +.E)/(l+r+ i)

(14) 

vapor and liquid mixing 
The moisture concentration

(15)

The enthalpy, definedon a wet basis, is, for 
unsaturated conditions 

N. [C1 (T-TR) + r CPL(TD.TR) 

I . (16) 
Vr A 'r rC1 CT-rD ))(lr) 

where the heat of vaporization,,x , is a function 
of theldew point temperature. T The reference 

temratrelTR*is usually takp; as zero degrees 
F. For saturated conditions, the dry bulb and dew 
point temperatures are equal. If liquid water is 
present 

X - ([C pa + (r+L)C pt](T-T R) + rl)/(l+r~t) (17) 

The intial excess concentrations of 
Moisture and enthalpy are then defined by 

Re a Ml- M(h ) (18) 
He - + No - V(hs) H(hs (19 

where M h ). p(h5) H(h ) are the ambient values 

of moi sture concentration, density, and enthalpy 
evaluated at the height of the tower. When 
these 'excess quantities are dispersed according 
to thef appropriate dilution factors and added 
to thelIbackground concentrations evaluated at 
the appropriate height above ground, z, we 
obtaini the moisture concentration (M ) and 
enthalpy concentration. (p H ) in the~plume 

14 l4/D + M(z) p p (20) 

p H p H 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 
functi I n of the dew point as described, by the 
volal humidity chart. Therefore simultaneous 
soluti~n of these equations allows calculation of 
Tp* TDp,. rpt and Z.,,.  

I -The visible plume-is characterized 
by I, > 0 and r - r , where r5 is the situration 

vapor mixing ratio at tll plume temperature, T.  

The in Ivisible plume is described by Lp=0 and 

1PZ' In the invisible plume the relative 

h umidijtv is 

RH s(2 
+ rp) j m ~)(2 

maa 
5. ADDITIONAL CONSIDERATIONS 

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
sideri ng the rise of the plume relative to the 
local Igrade. The model is used as previously 
described but the plume height, h, in Eq. 7
is reolaced by the height of the plume center
line above the local grade at the downwind 
position of interest. Eq. 10 is still used to 
obtalrA the plume centerline but the result must 
be viewed as the height of the plume centerline 
above the tower base only. The use of this model



in hilly areas IAgnores the fact -that ,:the:Wiwid;,may 
follow, the-contour s- of the l and. H ow ever such arn 
e4stima'te will be -con serv .ative in. thati it does n ot 

,account for the. additional- dilution afforded by 
the -interact ion of the wind-with the local 
topgraphy.  

Very seldom will. there be a 
situation inv which only one cooling tower is.in 
operation. Therefore the case where the plumes 
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 e .quivalent 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 
plume..  

Consider the case of n towers and 
U1t subscript-E represent the equivalent jet.  

.The radius of the equivalent jet, RE$ 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

The momentumn balance is 

! [Cp0A V )V0) ] (oEAEYE)VE 

The mass balance on moisture is 

a V rr- +L0 L1 .+ 0Qr 
0 0 1 

PE EVE ~1+ 2LE

(23) 

(24)

where 
'I 

QaAEVE - I (A~v) 

Th e seconditerm on 'the I ft 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, 
I(p0A V H~t ) +0P Q H P A V HE 

a1 0E 1
(26)

The densities and enthalpies can be related to 
temperatures and mixing ratios with Eqs. 14 to 17.  
Therefore Eqs. 24 to 26 can be solved simultane
ously for T Es TDE, r EILE andVE These

-calculated qantitiescnb substi tuted for 
the single. tower values and. the equivalent, 
jet can be treafted as a single. tower. for us-e 
in the dispersion model.  

*6. EXAMIPLE CAL.CULATIONS kID DISCUSSION 

calculations Were performed for a 
270 MW4 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 =17.9m,cell exit velocity 
6.76 in/sec, circulating water flow rate 
183,330 GPM, and heat dissipated in tower 
1.9 x.10~ B TU/hr.. The tower exit conditions, 
which are a function of ambient temperature and 
humidity, were calculated Using the method 
of Leung and Mloore (1971) . Reference ambient 

*conditions were taken at the elevation of the 
tower exit. The temperature laose rate was 
assumed equal to -0.03, -.01, and +.027 C/in for 
stabilities B, D, and F respectively. Relative 
humidity was assumed constant with height. The 
equivalen't jet area was .chosen such that d = 1.  

Fig. 1 shows the length of the visible 
plume as a function of ambient temperature and 
relative humidity for stabilities B, D, and 
F and wind speeds of 2, S., 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 dependence 
on wind speed is not so obvious. For unstable 
and neutral conditions, light winds allow the 
plume to ris e 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 atmosohere 
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'imrportance 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 Q'-2.5 a,.  
of the invisible plumes for a 0 stability 
atmosphere, 40OF ambient temperature, 90 percent 
relative humidity, and a wind speed of 5 in/sec.  
The corresponding liquid water concentration

9
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Figre 2. PLUME ZC-UNDARIES AND AXIAL LIQUID WATER CONSCENTRATION 

(T-40 F, Rlaiive Humidity - 9~0%. V-5 rn/s. D Stability

along the axis is also shoivn. Condmsation is 
seen to occur very close to the tr.wer exit.  
Although not shown in Fig. 2, Vie invisible 
plume extends very far dow.-nwind. h the case 
given, the relative hu-midity at tnle plame center
line is still one percent above a:bicrt 8000 
meters dowinwind. For cooling tx~stctdon 
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 Wer 
Kichanical towers, having lower erlission hejghts, 
are much more susceptible to cr,,und level fogging 
than the larger natural-draft tow7ers. If towers 
are located in hilIly areas thle increase in 
ground level relative humidity can be consider
able.  

7. COMPARISON OF MODEL PREDICTIO NS WI TH 
OBSERVATIONS 
At present, only limited data on 

lengths of visible plumes are avrilable in the 
literature. Most are fragm~entary z.nd therefore 
of little use for model verificatiun. To the 
authors' knowledge,. no data are aviable for 
the invisible plure region. Slaw4son et al (1973) 
have reported a few observations of the length 
of the visible plumie for strong vrnid conditions 
at the Paradise Steam Plant. The resul ts of 
four of these observations are cc.!::ared with 
values predicted by the mndel in TiAI,* 1.

Ambient profiles of temperature and moisture 
were not reported so it was necessary to assume 
atmospheric stability and temperature lapse rates 
(-.02 and -.01 C/an 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 a, the 
equivalent jet area ratio, when more than one 
tower was in operation (given by n in Table 1).  
j 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 temoerature 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 inforeiation 
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.

0



TABLE I 

COMPARISON OF OBSERVED AND PREDICTED PLUME'LENGTHS 
DATA OF SLAWSON ET AL (1973)

m0 V 
Date Time rn/sec

0 
F

T_ PH(*I~ V' 
F gin/kg % r/sec

2/10/71 0653 
0750 

3/2/71 1010 
1050 

3/4/71 0640 
0720

1 2.5 79.0 13.4 .0.87 

2 2.5 73.6 44.9 4.54

51.0 11.6 D

72.4

1 2.5 72.3 19.1 1.88 85.7

7.3 0

532-566 'I 

106-167 1 
2

7.0. 0 300-465 1

91f/' ~2 0900 3 3.8 95.9 .69.0 13.0 

Cal culiated from reported virtual tempi 
Calculated from T and r 
Assumed since no data reported 
gradients of temperature and moisture 
also assumed

Om 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 numiber of tests on 
mechanical draft towers at the PEPCO Benning 
Road site, but the data were released so recently 
that sufficient tize has not been available to 
compare. observations with our model predictions.  
It is hoped that this will be done in the near 
future.  

L. CONCLUSIONS 

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.  
Tlemodel 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 comoined 
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.

85.3 5.0 C 200 1 
0815-0942) 

3 
erature

KOHENCLATURE 

A - area of emission aperture 
a 0 coefficient in Briggs plume rise 

formula 
b a distance from plume axis to a point 

t(y'z) in the plume cross section 
C... a specific. heat of dry air

C pt specific heat of liquid water 
C *specific heat of water vapor 
Pv 
D dilution 
F *buoyancy flux 
H enthalpy of humid air on wet basis 
g acceleration due to gravity 
h *height of plume centerline 

h height of cooling tower 

I liquid water-mixing ratio 
14 concentration of moisture 
in * molecular weight of air 

rn~ *molecular weight of water 

n * number of cooling towers 
Q * volumetric flow rate 

R *boundary radius 
W boundary radius in flattened jet plume 
.RG universal gas constant 

W4 U relative humidity 
r a water vapor mixing ratio 
S a longitudinal coordinate along curved 

plume axis 
T a temperature 

T * reference temperature for enthalpy, 

T dewpoint temperature 

V - velocity 
I downwind coordinate 
Y lateral or crosswind coordinate, normal 

to wind and direction of emission 
Z vertical coordinate, normal to wind in 

direction of emission 
s * equivalent jet area ratio

Stab( 3 3 Observed 
Length 

In

Jet Area 
Ratio a

Predicted 
Length 

in

150 
115 

1500



0 * tangent of angle between Jet plume 
boundary and axis at a given station 

y * plume entrainment coefficient 
I *beat of vaporization of water 
p *fluid density 

a *0 a standard deviations of Gaussian concen
~~tration distributions 
= concentration of an arbitrary property 

(amount/vol ume) 
Subscripts 
none - in ambient background or atmosphere 
a a on plume axis 
c 0 in Inner cone 
E a in equivalent-jet 
* 0 excess quantity or in zone of establish

mient 
J * in established jet 

p in nplume 
Y in crosswind direction 
9 in vertical direction 

a *in tower emission aperture 
1 *juncture of zone of establishment and 

established jet 
2 *juncture of established jet and simple 

plume 
REFERENCES 

Baker, K. G. (T967) Chem. and Process Eng., 56-58 
Briggs, G.A. (1969) Plume Rise, U.S. Atomic 
* Energy-Commission No. TID-.25075-.  
Csanady, G.T. (1971) J. Appl. Ilet. 10, 36-42.  
Nalitsky, J. (.1966) Air and' Wlat. Pol~t. Int. J.  

10, 821-43.  
Halltsky, J. (1967) Atm. Env. 1', 183.  
Iialitsky, 3.1(1968) Atm. Env. IT, 419-22.  

*Manna, S.R. (1972), J. Appl. Miet. 11, 793-99.  
Kaylor, F. B., Petrillo, J.L., TsaTY.J. (1973) 

CEP Cooling. Tower Symposi=m Series, pp. 36-42.  
Leung, P., Moore, R.E. (1971) J. Power Div. ASCE 

Proc. 97, 749-66.  
Meyer, J..W., Eagles, T.W., Kohlenstein, L.C.,' 

Kagan, J.A., Stanbro, W-.D. (1974) Mechanical 
Draft Cooling Tower Visi ble Plume Behavior: 
Measurements, Models, Predictions, presented 
at Cooling Tower Environ'etit-1974, March 4-6, 
1974, University of Maryland.  

Slawson, P.R., Coleman, J.H., Frey, J.W. (1973) 
Some Observations of Cooling Tcv~er Plume 
Behavior at the Paradise Steam Plant, 
Tennessee Valley Authority, Muscle Shoals, 
Alabama.  

Stephen, D. W., Moroz, W.J. (1972) Eng. Research 
Bull. B-107, Pennsylvania State University.  

Turner, 0. B. (1969) Workbook of AtmoSpheric 
-Dispersion Estimates, Public Health Service 
Pub.-No. 999-AP-26., 

Wessels, H.R.A., Wisse, J.A. (1971) Atm. Env. 5, 
743-50.  

Wigley, T.M.L., Slawson, P.R. (1971) 3. Appl, Met.  
10, 253-59.  

VWiey,'T.M.L., Slawson, P.R. (1972) J. Appl.  
Met. 11, 335-40.

0' 

0



APPENDIX B: consolidated Edison Companv of New 
York, Inc., "A Model Study of Cooling 
Tower Plume Induced Fogging, Icing 
and salt Drift Deposits at Indian Point 
tUnit NO. 3,"1 December, 1975.



A MODEL STUDY OF SALT DRIFT DEPOSITS, 

INDUCED FOGGING AND ICING BY PLUMES 

FROM FOUR POSTULATED TYPES 

OF COOLING TOWERS AT INDIAN POINT 

UNIT NO.3 

January 1976 

NUCLEAR AND EMISSIONS CONTROL ENGINEERING DEPARTMENT 

CONSOLIDATED EDISON COMPANY OF NEW YORK, INC.



- ii -

SUMMARY 

Environmental effects arising from operations of either 

of the four postulated types of cooling towers at Indian 

Point Unit No. 3 have been investigated by means of 

mathematical modeling techniques. These four types of 

postulated cooling towers are linear wet,linear wet/dry, 

round mechanical and fan assisted natural draft cooling towers.  

The effects are quantized in terms of salt drift deposits, 

plume induced fogging and icing in an eighteen square mile 

surrounding area. Maximum salt deposits can reach 6000 Kg,/Km 2/Mo.  

in August. The hours of i nduced fogging and icing vary 

-.- t one type of cooling tower to another. The potential 

L:ogging and icing abating characteristics of wet/dry 

mechanical draft cooling towers is demonstrated. The 

relatively novel design such as fan assisted natural draft 

cooling tower is found to be environmentally advantageous 

over the linear and round wet towers based upon results 

obtained in this study.
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1.0 INTRODUCTION 

Plumes being investigated here are those from four 

different types of cooling towers, namely wet, wet/dry,

round wet mr chanical draft cooling towers and fan 

assisted natural draft cooling towers. Plumes from the 

wet mechanical, draft cooling towers are saturated 

with water vapor and laden with entrained liquid drift 

droplets. Plumes from wet/dry cooling towers are un

saturated arid containing less drift droplets. The fogging 

and icing abatement characteristics of the wet/dry 

design is particularly noteworthy. When the probability 

of inducing fog and ice is totally absent, the wet cooling 

section alone can be operated to take over the full 

heat load. This versatility is an important feature in 

view of the derating which would incur to the generators.  

Water vapor in cooling tower plumes is a potential source 

of induced ground fog and a visible cloud at higher 

elevations. In frigid climates the excess moisture may 

be precipitated as ice. Both fog and ice are potentially 

detrimental to transportation and communications by 

reducing visibility and by causing slippery conditions 

on roadways and bridges. The plume may block visibility 

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 makeup 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 af-CKGROUND OF THE MODEL 

Theoretical considecrations of the model are generally 

similar to thj-e 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 nearby towns, major roads 

and waterways.  

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 expressed by an equation known as the dispersion 

equation: 

-nC 2 rruo-o x(r.2. {exp [L~H 2 + exp ~(+)] 1 

where y is the crosswind dimension and z is the 

vertical dimension. The standard deviationsoOyo and Oz,
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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 is expressed as: 

C: -exp~Y-~~expQH 2 ) 
TT U0Oz 2aj2  2a- (2) 

if the maximum concentration at the center-line of 

the plume is being considered (y=o), the exponential 

term in the crosswind direction is unity. The 

plume center-line ground level concentration of the 

species is: 

C= exp( - H2 (3) 
alT Gf U 20iz 

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. ()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 per iod 

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 w idth at downwind 

distance x from the source, and multiplied by the 

wind rose frequency to take account of th e fraction 

of time that the wind at a specific speed occurs in 

that sector.  

Ca: foex [(z-H)2]ep(zHJ 
VEW uo(2Tr x/N) I,,p 2 az 2 l iex !z Hcj) (4) 

where f is the wind rose frequency, N is the numb er 

of sectors in which the wind frequency data are 

recorded, and 2 7rx/N is the sector width. Long-term 

averages are either monthly or annual depending on
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the time scale that wind rose data are averaged.  

2.2 Salt Drift Droplets Dispersion and Deposit 

Equations (1) through (4).were derived for gaseous 

species. Gas molecules are, transported and dispersed 

as part of the plume.  

Solid particles and liquid droplets usually have 

tendencies to separate from the plume and fall to tho.  

ground. Unlike gas molecules, once deposited it 

would -not be reflected. The reflection term, 

exp[~(+H2/2i2 in the dispersion equation (Eq.  

(1)does not exist.  

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 

t--x/u, where u is the wind speed. This particle 

falls from a height of vft or vfx/u. The 

average salt dispersion equation is -expressed as 

'~~~V _______ -
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where z is the ground elevation, and x is the 

downwind distance from the tower.  

Values of-x represent the salt drift concentr ations 

in the atmosphere. The rate of ground deposition 

is: 

W=Vfx. (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 the 

ground in less time and are 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 re duced by evaporation. The final falling 

velocity determines the rate of deposition. At 

relative humidities near saturation, the initial 

droplet size may remain constant and falling velocities 

remain uniform.  

Theoretical expression of the rate of droplet size 

changes as a function of ambient humidity, ambient 

temperature and salinity in the droplet and is given by 

(3) 
Squire.  

2.3 Criteria of Fogging and.Icing 

in determining fogging and icing potentials Equation 

(2) is used to calculate the hourly plume contribu

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 tem~perature 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 pcorresponding 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 pl umes 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 

beat. 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 consists of many 

cells. The exhaust of each is a stack ventilated 

by a fan. The cooling water flow rate for Indihan Point 

Unit No. 3 is 630,000 gallons per minute, which requires 

26 cooling cells equally divided into two towers.  

Other parameters of the four postulated types of 

cooling towers are summarized in Table 3.1.1:



TABLE 3.1.1 

SUMMARY OF KNOWN DESIGN PARAMETERS 

OF' THE POSTULATED COOLING TOWERS AT 
.INDIAN POINT UNIT NO. 3

Linear Wet 
Mcchanical 
Draft Tower

Linear Wet/Dry 
Me chan ical 
Draft Tower

Round Wet 
Mech. Draft

Fan Assisted 
Natural Draft.

Numbbr of Towers 

Cell in each Tower 

Length & Width or 

Dia., of each (ft.) 

Center to Center 

Stack Spacing (ft.) 

Exhaust Fan Stack 

Diameter 

Height of Tower (ft.) 

Estimated Drift Rate 
(% of flow rate) 

.Hot Water Flow Rate 
(gpm) /cell

3 

9,9,8_ 

520x75 

40

28 

68 

0.005 

24, 200

3 

9,10,9 

360x75

40 

28 

68 

0.005

2 

13 

2850

40 

30 

67 

0.005

22,500 24,200

20 00

400 

2000~ 

205 

0. 0025 

315,000



- 12

Each individual fan stack is regarded as a source. The 

finite dimension of each source is identified by considering 

an equivalent point source of the same strength located 

upwind at a virtual distance from the actual source.  

The moisture and enthalpy contributed by the plume to a down

wind receptor is the sum of the contributions from each in

dividual source.  

3.2 Effective Stack Height 

This parameter is needed in both salt drift deposit 

and fogging and icing models., It is defined as the 

sum of the height of the cooling tower and-the plume 

rise which is calculated by Briggs' equation: (11) 

1.6 F+ 1/3+I.6x 2/3(7 

where'hh is the height of the plume center above the 

stack exit, u is the wind speed, F is known as 

buoyancy factor, x is the downwind distan ce 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 ) in 

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: 

U UO (H/z0)p (8) 

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 "lp", depending on stability, are adopted 

from Smith.5 

3.3 Mixing Height and Plume Diffusion 

A mixing height (approximately 1000 meters) is 

imposed as a lid. The plume is allowed to-approach
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this l id until the concentration at the edge of the0 

plume (2.1545)(2) is 1/10 of that at .the plume.  

center. The downwind distance at this point is 

designated as x1. Beyond this point, the plume 

is permitted to mix vertically. This mixing process 

is assumed to continue until the plume reaches a 

distance equal to 2 xj. At a downwind distance 

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 plume* 

is divided into three regions. In the first region, 

the plume maintains its-undisturbed characteristics.  

in the second region mixing starts from the plume 

edge, and finally the plume completely mixe s in the 

the third region. The distance from the source to.  

the end of the Region I is determined by solving' 

the following equations simultaneously: 

Lm hS(R+I)+ 2.15 az (x7,)(9 

and

R (R+ )'=ROC' 
(10
(10)
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where R0 = os 

C =Zo/hs 

Ah. calculated from Eq.(7) 'with u--uO 

. 5 stack height 

Lm = Depth of the inversion layer: 

r =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 asy' 

functions 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: 

try = (1x)
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Vertical Coefficients: 

uAxB + CX01 Yiog x (12) 

The constants a, b, A, B, C, Cand rare given in 

Table 3.4.1.



0

TABLE - -34. 1 

CORR.ELATION CONSTANTS OF HORIZONTAL 

& VERTICAL DISPERSION COEFFICIENTS

Atmospheric 
Stability 
Class 

A 

B 

C 

D 

E 

F

Horizontal 
Dispersion 
Coefficients 

a b 

0.470 0.88' 

0.332 0.88 

0.220 0.89 

0.140 0.89' 

0.096 0.90 

0.062 0.91

Vertical

A 

0.221xl10
3 

0.653 

0.111 

0.0883 

0.0739 

0. 0586

0 

5 

0 

6 

2 

2

Dispersion Coefficients 

B C 

2.104 0.201xl1 

1.077 139 

0.913 0 

0.858 -0.124x10-8 

0.838 -0.343x10-5 

0.797 -0.217x10-5

2.4 

1.0 

0 

4.03 

2.50 

2.46

IL 
2.77 

0 

0 

0.326 

0.162 

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 (ui, vi) on the UTM 

coordinate system. The area of study in the vicinity 

of the cooling tower site is divided into x h KCm 

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 dispets-i.on 

coefficients dy and Cz 

3.6 Topography 

The Indian point vicinity is quite hilly. Ground 

elevation varies f'rom 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 

Gzound.Elevations ()in the Vicinity of Indian Point 
(x*, y = Kilometers; z'== meters)

Y=4565,000 
YZ4565. 000 
Y:4565. 000 
Y=4565.000 
Y14565. 000 
Y:4565.000j 
Y:4S65.000 
Y=4565, 000 
1:4565.00 
Y=4565,000 
yZ4565. 000 
1=4565, 000 
1:4565.000 

1:4565.50 
Y=4565.500 
1:4565.500 
1:49565.900 
Y:4565.900 
Y1456S. 500 
Y=4565.500 

1:4565.500 
Y=4569. 900 

Y=4565,500 
Y:456950(i 
Y:4S65.900l 

Y=4F966, '000 
Y:4966. 000 
Y=4566, 000 

Y=56000 

Y=4566.000 
Y:4S66.000 
YZ4566. 000 
1:4566.000 
Y=4566. 000) 
Y=4566. 000 
Y=4566.000, 

Y=4566. 000 
1:4566.000 

Y:4566.900 
Y=4566. 500 
Y=4566.500 
Y=4566.500 
1:4966.9i0 
Y=4566.500 
Y=456r&. 500 
1=4566.S00 
1:4966.900n 
Y:4966.5)00 
Y:4566.900O 
Y=4566. 500 
1=4566. 500 

Y:4567.000 
Y=4967. 006 

1:4567.000

X=585. 000 
x=585. 500 
X=586. 000 
X=586. 500 
x=587. 000 
X=587. 500 
X=588. 0000 
X=588. 500 
X=589, n0n 
X=589. 500o 
X=590. 000 
X=59n.*500 
X=591 .00n 

X=585. 500 
X=586. 000 
X=5A6. g00 
X=567. 000 
X=587. 500 
X=588, 06n 
X=568. 500 
X=589. 000 

X=59Q.0. i 
X=590.900n 
X=9cq1 .00 

X=5A5. 000 
X=5A5.500 

X=586. 500 
'(:987. 000 
(:567. 500 
X=58A~ 00(1 
X=588: F)o 
X=5sq. 000 
X=589. 500 
X=590 .000 
X=590.'50 
X=591,* 00 

X=5A5. non 
X=585. 50 t) 
X=R6. 0 0On 
X =5A46. 5O0 
x=S87.nn, ', 
X=:587. 500 

.*X=589. 001i 
X=58R. 500 
X=5A9.n 0 

X=58o .500i 

X=q.00 

X=SR6. n00

Z= 36.58 
Z= 9.14 
1: 0.  
Z= 0.  
1: 0.  
2= 0.  
Z= 0.  
2: 3.0n5 
7= 36.5A 
2= 36.58 
Z: 54.86 

Z: 30.4k 
Z= P 4. 3 F 
Z= 30.4A 

7: 0.  
Z= 36.9 
Z= 3.05 
Z= 18.:)9 
7z 33.53 
Z= 15.24 
Z= 45.7P 
7= 45.79 

Z= 30.48 
Z= 15e24.  
Z= 30.48 
1= 0.  
Z= 0 
7= 0 
2= 36.5A 
Z= 9.14 
Z= 21.34 
Z= 30.48 
Zz 39.6;) 

Z2= 45.72 
Z =48.77 

Z =64.01 
Z:= 60.96 
Z = n.  
,?z 0.  
Z= ft.  
Z: 0.  
I= 15.2;4 
Z: =P1.34, 
7 = 18.29 
7 = 30.48 
2: 12.19 
Z: 18 .9 
1 42.67 

Z: 60.9q6 
Z: 3.05 
/z n.



TABLE .-3.6.1

Ground Elevationa Wz In th 
(x, y =Kilometers;

e Vicinity of Indian Point 
z = meters)

Y=4567.000 
Y=4567.n001
Y=4567. 0 0< 
Y=4567. 005 
Y=4567. 000 
Y=4567. 000 
Y=4567.000i 
Y=4567. 000 
Y=4567. 000 
Y=4567. 000 

Y=4567. 500 
Y=4567. 500 
Y=49i67. 500' 
Y=4S67. 900, 

Y=4967. 500 
Y=4567. 500 

Y=4567.5900 
Y=4567, 500 

Y=4567. 900 
Y=4567. 500 
Y=4567, 500 
Y=4567. 500 
Y=4567.5nu 

Y=456A. 000 
Y=4568. 000 
Y=4568. 000 
Y=4568. 000 
Y=4S68. 000 
Y=4568. 000 
Y=456A. 000 
Y='4568. 000 
Y=4568.M00 
Y=458,.000 
Y=4568. Afj 
Y=4568. 000 
Y=4568. 000 

yZ4S68. 500 
Y=45968.5900 
Y=4566. 500 

Y=4568. 500 
.Y=456.500 
Y=4568. 500 
Y=4566.500 
Y=4569. 90n 
Y=4568.9i0 
Y=4r)68.500 
Y=456A. 500 
Y=456.500 
Y=4568. 500 

Y=4569.000 
Y=4569. 000 
Y=4569.00 
Y=4569. 000 

Y=4569. 000 
Y=4569. 000 
Y=4569.000

X=566. 500 
X=587. 00-1 
)(;587.500l 
x=5ss. nw) 
X=585. 50 n 
X=589. 000 
X=5A9. 500 
X=590 .OGr 
X=590 .500n 
X=591 .0n0 

4=585. 0 00 
X=565. 500 
X=586. 000 
X=986. 500 

X=589 0 00r 

X=589. 000 

X=590 .000 
X=590. 900 

)C:591. 000

X=585. 000 
(:S85. 900 
X=586.0o0 
X=566. 500 
)(=5A~7 00( 
X=567. 500 
X=59A. 000 
X=5hA. 500 
X:589.0n 
X=5R9.500 

X=590.*500 

X=5 Am. 000 

X=586. 006 

X=586. 500 
X=S87. 000 
X=587. 500 
X=58A. 0110 
X=58A. 50
X(=5Aq.0fl(j 
X=589. Son 
X=590. 000 

4X=590. 5on 
X=591.050 

X=589.000 
X=585. 500 
X=586. 000 
X=5R6. 500 
X(=587. 000 
X=587. 500 
X=586.000u

1= 0.  
Z= 18.29 
Z= 6.10 
Z= 9.14 
7= 27.43 
Z= 30.4A 
Z= 30.48 
Z= 33.51 
Zz 54.86 
Z= 45.7;) 

7= 36.58 
Z= 3.n5 
Z= 0.  
1= 0.  
Z= 18.29 
Z= 18.29 
7= 9.14 
Z= 24.38 
Z= 30.48 
2= 16.58 
Z= 36.58 
Z= 67.n6 
7= 60.96 

1103.63 
Z= 3.05 

2= 0.  
Z= 30.4A 
Z= 30.48 
1: 18.29 
Z= 9.14 
Z= 18.29 
Z= 24.38 
2= 30.4A 
Z= 45.79 
Z= 79.25' 

Z= 76.20 
7= 30.48 

1= 0.  

Z= 30.48 
Z18.29 

Z= 18.29 
Z= 24.38 
Z= 27.43 
7= 51.82 
Z=1 15. AP 

Z=103. 63 
Z= 30.48 
Z= n.  
Z= 0.  
Z2 0.  
Z2 0.  
Z= 30.48
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TABLE 3.6.1 

Ground Elevations(O) In the Vicinity of In~an point 
(x, y = Kilometers; z =,meters)

Y=4569. oor 
Y=4569. 000 

Y:L4569. 000 
Yz4569. 000 
Y=4569.000 
Y=4569. 000 

Y4569. 500 
Y=4569. 500 
Y=4569. 500 
y:4F)69 ,5on 
Y:4569. 500 
Y=4561;, SOO0 
Y=4569. 500 
Y=4569.506r 
Y=4569. 500 
Y=4569. 500 
Y=4569. 500 
Y=4569. 500 
Y=4S69. 500 

Y=4 70. 00 

Y=4570. 000 
Y:L+570. 00* 

Y=4570 000 
Y=4570.000 
YZ4570. 000 
Y470. 000 
Y=4570 .000 
Y=4570.*000 
Y=4570. 000 

Y=457n090"i 

Y=4570. 900i 
Y=4570 .500 
Y=4570 * 00 
Y=4570. 500 
Y=4570. 500 
Y=4570. 500 
Y=4570. 500 
Y=4,570. 500 
Y=4570. 500 
Y=4570. 500 
Y=4570. 500 
Y4570. 500 

Y=4570.00 

YL&571 .000 
Y=4571. 000 
Y=4571 ,000) 
Y=4571,.000 
Y=4571 .000 
Y=4571 .000 
Y=4571,.000 

Y=4571.*n~o 
Y=4571 . 0n 
Y=4571 * 000

X5AS8 500 X=5A9. 00i6 
X=589. 500 
X=590.000 
X=590,*500 
X=5)1 9000 

X=585, 000 
X=595. 500 
X=586.0(10 

)C=5A7. 00') 
X~gi7.5no 
)t=586. 00() 
X -5 AS. 5061 
X=589. 000 
X=58q'500 

X=590. 500 
X=:591 .0 

X=585. 000 
X=5A~5. SQO 

X=986. not.  
X=586. 500 
X= A7. 000 
M(587.500 

X=588.000 
X=5AA, 500 
XZ589. a00 
x=5A9. 500 

)=590.5 00 

X=591 900kI 

K:585. 000 
X:585. 500 
X=586.060 

X=587. 000 
X=587. 500 
x=586.0on 

X:589. 000 
X:S5i9. 500 
X=590. 000 

X=591 .000 

X=5A5. 000 
Xz585. 50'i 
X=586. 00';i 
X=586. 500 
X=587. 000 
X=57. 500 
X=5AR.000 
)(58A. 500 
X=589. 0011 
X=589. 50il 
X=SC90. 000

Z= 18.29 2Z 9.1L4 

Z= 24.3A 
Z= 24.38, 
1= 60.96 
Z2 88.39 

Z=140.21 
Z= 97.54 
Z= 15.24 
7 n.  
Z= 0.  
Z= 0.  
7= 15o24~ 
Z= 0.  
7z 9.1L4 
7=- 36.58 

= 4A. 77 
Z= 42.67 
Z=12 8. 02 

Z= 45.72 

Z= 0.  

2= 0.  
7= 0.  
Z= 6.10 
Z= 27.43 
Z= 42.67 
Z= 70.10 
2= 76.20 

Z=268o22 
7z237.74 
201 . 17 

2:100.5A 
Z: 6.10 
Z2 0.  
2: 0.  
1= 0.  
Z= 0.  
Z2 9.14 
Z2 51.82 
2= 73. 15 
Z= 91.44 

Z=274.32 
7=225.*55 
Z=243.84 
7=Pn4.P2 
2:103.63' 

Z= 0.  
z= n .  
1= 0.  
2: 6.1n 
Z= 42.67
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TABLE 3.6.1 

Ground Elevations (z in the Vicinity of Indian Point 

(x,. y =Kilometers; z =meters)

Y=4i571 . 0 0 
Y=4971 .00(i

1=4S71.506 
Y=4571 .506 
Y=4571 .500 
Y=4571 .500 

Y=4571. .50 0 
Y=4571 .500 
Y=4571 . 500 
Y=4571. 500 
Y=4571 .500 
Y=4571 .500 
Y=4571 .500 
Yz4571 .506 
Y=4571. 500 

Y=4r57P.006 
Y=4S72.bon 
Y=457P. 0011 
Y=457P. 000 
Y=4S72. 000 
Y=457P.OnG 
Y=4572. 000 
Y=457P. 000 
Y=4572.000 
Y=457P.000 

Y=457P.00, 
Y=4572.000 
YZ4572.000 

Y=4572. 500 
Y=4572. 500 

Y=4572. 500 
Y=4572. 500 
Y=4S72.500O 
Y=4572.50G 
Y=4I572. 50 0 
Y=457P. 500 
Y=4572. 500 
Y=4572. 500 
Y=457P. 500 
Y=457.500 

YL4579. 500 

Y=4573. 000 
Y=4573. 000 
Y=4573.C00 
.Y=4573. 000 
Y=4S73. 0 0 1i 
YL4S73. 0011 
Y=4S73. OC0 

Y=4573. O0i) 
Y=473. 000 

Y=4573.0Ofil 
Y=4973. 006 

YZ4573.000 
Y=4573.0O(u

X=90500 
X =591 . (J(II 

X=5 85. 00 0 
x =9 5. 50 0 
'(=5R6. 006 
X=5A6.500 

X=587, 000 
'=5A7.500 
X=58. 00 
x=5A8. 5006 
X=589, 000 
'=5A9, 500 
X590. 0011 
X=590. 50 1 
X=591 . no!) 

X=585. 00-i 
X =585. 50 0 
X=58. 0001 

X=597. 000 
X=597. 500 
X=588. non 
X5R8.500 
X=589. Ono 
X=589. 506 
X=590. 000 
)(=590 .500 
X=591 .000 

X=565. 000 
X=5A5. 500n 
x 58m. n 0l 
X 5 A6. 5 00 
X 5 A7. 00n0 
'(=587.50ii 
X=Si8. 000 
'(58R. 500 
'=589.0non 
X=589. 500 
X=590. * 0f 

*=90 506 
'=591.00on 

X=5A5. 000 
XZ585. 500 
'=586.000 
X=z586. 500" 
X=-567. 060 
'(:5A7.500O 
X=5WFL. Ow-, 
'=58..50.0 
Xz589. oo& 

X=5A9.50ot 
X=590.001i) 

X=590. 500 
X=591.*006

2= 97.54 
7:128, 02 

Z= A5.34~ 
Z=201.1 7 
Z= 91 .44 
2=1 5A.50 

2 =91,44 
Z= 0.  
Z= n0.  
AZ 0.  
1= 0.  
7Z 42.67 
I=: 42.67 
Z=: 45.72 
Z= 51.82 

1= 3.05 
Z= 3.05 

7: 0.  
= 0.  

Z= 0.  
Z= 0.  
7= 6.10 
Z= 0.  
1:: 0.  
Z= 6n. 96 

A: A2. 3n 
Z=: 54.86 
1=103. (.3

3.0n5 
3.05 
6.*1n0 
0.  

0.  
9.14 

57.91 
12.19 
60.Q 6 
0.  

73 .15 
45.72 
79.25

Z= 0.  
2= 12.1C4 
Zz 0.  
Z= 36.5F) 

7=1 98. 12 
1=I 03. 63 
Z=1 21. q2 
2: 24.3A 
2: 76.2n 
Z= 33.53 
Z= 6. 1n 
Z= 30.48 
Z= 54.86
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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 a higher drift' 

rate than the hyperbolic natural draft cooling towers.  

In this model a uniform rate of 0.005% (5.0 x 10- 5 of 

the circulating water has been used (0.0025% for fan 

assisted natural draft cooling towers). It is unclear 

whether there exist any typical-distributions distinctive 

for natural draft and mechanical draft cooling towers.  

The data used in this model study are given in Table
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TABLE 3.7.1 

SIZE AND MASS DISTRIBUTIONS OF 

SALT DRIFT IN COOLING TOWER PLUMES 

Droplet Diameter Mass 

(micronsDA) fraction 

below 50 0.200 

50-100 0.450 

100-200 0.320 

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 at.Indian Point 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 CALCUIATIONS 

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 20

-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 quite 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, L/G.  

The ratio L/G is the slope of the operating line on 

an enthalpy-temper~ture diagram. The design L/G
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ratio is given for a design temperature and humidity.  

At any other ambient conditions, the design L/G ratio 

is corrected to a .new value by considering the density 

changes of t he ambient air under the design and the given 

conditions.  

Tne sum of inlet air wet bulb temperature and the approach 

is the cold water temperature. The hot water temperature 

is the sum of cold water temperature and the range. The 

enthalpy of the exit effluent is the sum of the enthalpy 

of the ambient air and an enthalpy increase d ue to the 

product of L/G ratio and range. The effluent enthalpy 

is a function of the exit temperature between the hot 

water and air exit temperatures which can be evaluated 

by iteration utilizing the procedures discussed in the following 

paragraphs.  

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 this Purpose: (8) 

P T)z 4.579 exp (19.46 -53 100,T)(3 

where pressure p is in mm Hg and T in degrees Kelvin.  

This truncated equation for water vapor pressure is 

reasornab1v accu~rate in the temerue raz o
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cooling tower plume. In a comparison with the..  

experimental data~9 between -100 and BO0C, the 

deviation was found to be 5-10%.  

An equati on representing the heat of evaporation as 

a function of temperature was obtained from the 

steam table:!0 

X(T)=75 2 . 3 9 -0.566T.(4 

where A (T) is the heat. of evaporation in cal/gran 
and T is in degrees Kelvin.  

The mass of moisture per unit mass of dry air is ex

pressed as:.  

m (T) 0.622 p (T)/[%6- P(T)] (5 

where m (T) is the mass of moisture per unit mass of 

dry air as a function of temperature. ~ais 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: 

h (T): 0.24( T-TO) + m(Td) [o.4 5(T-Td) + (Td) (Td -273)] (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) is applied to the exit condition, the 

exit temperature Te replaces T and Td. Athair 
e ttea 

inlet, T and Td are used in Equation (l6)to obtain express-.  

ions of entnalpyh1 (T) and hi (Tw) with* unknown'Tw to'..  

be determined. Since hi(T) =hi(Tw), the va.lue 

of Tw can be obtained by iteration from the following 

equation: 

0. 24 (T-Tw) + m(Td) [0:.45 (T-Td)+XI(Td)-(Td-273)] 
- m(T,)[rX (T.) -(T. -?7)7 (17) 

3.9. Determination of Fogging and Icing Potentials.
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At a receptor downwind from the cooling 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 

receptors 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 and 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.  

3.10 Estiroation oat -v"isibilitv 

When fog. ci:rndition . exists an esti.:.Iate of v7isibility can 

be rciade based uponi thi-e conde-sed maoisture in the air.  

T'I Lecretical the visibility can be shown to depend on the 

radius ;.C) -u L t.e fog droplets an: th'e mass f tile 

condensed i.oisture in a unit coli.-.e of air, (14) 

wc!.ere Iis t: e. visi:)iiity or visuali range, r thne radius 

of the droplets, itt the riass ot liquid water content o

air and E is the ;orig .tness contrast t'Iiresholcl of t:-ie eye.  

iZ r roprdser-Ls aix uverage radluH uj- t%;e fog droplets, 

Wnicrt remains constant tor tI-Ae saii'ie type of fog, ihquation 

kits) ca'- O- rewriILen a , 

V (19)
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when K being 2/3 in (1/ff is considered as a 

proportionality constant, and ris the average radius 

of the fog droplets.  

Based on the data given in one of the physical 

(15) 
Models of cooling tower induced fog the visibility 

can be calculated as a function of condensed moisture 

in the ambient air-plume mixture.' The lowest threshold 

of the condensed moisture content in the modeling cal

-5 
culation is 1 x 10 gram water per gram dry air. This 

threshold corresponds to a visibility of 4000 meter (2k 

miles) .
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4.0 ME-TEOROLOGICAL INPUT 

Meteorological data recorded at the 400 foot tower were 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 differences recorded between 400 and 33 

foot 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.
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5.0 Results and Discussion of Re-sults 

The model discussed in the previous sections 

was used to evaluate the environmental effect of four 

types of cooling towers, all rely on mechanical fans to 

obtain draft'necessary for performance. They are: 

(1) Linear wet mechanical draft cooling tower: 

(2) Linear wet/dry mechanical draft cooling tower 

(3) Round wet mechanical draft cooling tower 

(4) Fan assisted natural draft cooling tower 

The physical characteristics of each. type has 

been given in Table 3.1.1.  

The environmental effects of the cooling tower.  

plume is two fold: first, the deposition of drift droplets 

entrained by the effluent containing dissolved minerals, 

such as chlorides could result in botanical injury. S'pcond, 

the continuous injection of large amo unt of water vapor 

to a small area confined by a valley terrain can upset 

the natural thermal balance modifying the local micrometeorology 

and resulting in increased incidences of fogging and icing.  

Generally speaking both plume induced fog and ice 

contain condensed moisture. As fog the condensed moisture 

is in the form of small droplets, the average size of which 

depends on the types of fog and the amount of supersaturation.  

The liquid droplets can continue to exist in a supercooling
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state to a-temperature as low as -100 C (1). Since 

supercooling is basically an unstable state, the supercooled 

c:roplets are turned to ice particles as soon as they strike 

a sub-freezing surface or interrupted by the dust nuclei 

in the atmosphere. Because of this unstable nature of 

supercooling it is assumed that the freezing point separates 

the fogging and icing.  

Both salt deposits and fogging and icing were calculated 

based on hourly meteorological data. No precipitation 

data is available, therefore no allowance was made-for 

raining days. All monthly depositions were accumulated for the 

entire month with no consideration of wash out by rain.  

In the induced fogging and icing calculations all wind data were 

included to obtain the monthly maximum number of hours of 

fogging or icing. Under variable conditions a zero degree 

wind direction was assigned to the data; while a small wind 

velocity (0.5 mph) was assumed for the calm condition. Plume 

induced fogging and icing is also included when the ambient 

air is saturated (relative humidity is 100%). The predicted 

fog hours are excluded when the visibility meter indicates 

visibilities less than 1500 feet for these hours. All

predicted fog with visibility greater than 2 miles are
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excluded. The results presented in the following sections 

can be regarded as the absolute upper limit of fogging or 

icing hours.  

5.1 Salt Drift Deposits 

Instead of computing the salt deposits monthly 

,or the one year period October, 1973 to September, 1974 one 

representative month for each season was selected: 

Spring - May 

Summer - August 

Autumn -November 

Winter - February 

The river salinity in the three spring months is less 

than 100 ppm. The value of drift deposits calculated for May 

which could cause plant damage over a very small area 

.Lns'gnificant in comparison with other months. Therefore., 

May is-excluded in th presentation.  

Figure 5.1.1 txi-nrough Z5.1.3 are the salt deposits 

resulited from operating the linear wet mechanical draft cooling 

towers in the three r-,presentative months of summer (August), 

autumn (November), and winter (FIebruary)-.  

A peak of 6000 Kg,/Km 2/Month of dry salt (as NaCl) 

deposits was calculated fcr August which is the highest value
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compared to the values obtained for November and 

2 
February. These are 3000 and 1200 Kg/Km /Mo. respectively.  

Although the August peak is highest the land area 

covered is very small where vegetations are scarce. Up to 

3000 Kg/Km2. /Mo. the drift deposits are limited to the 

vicinity covering less than half square kilometer. Another 

2 
peak value of 750 Kg/Km /Mo mostly fallen on water, occurs 

approximately 2 kilometers south of tower site. (Figure 5.1.1) 

The twin peak of salt deposits disappeared in 

22 

th e 2000 Kg/Km 2/mo isopleth fall main ly within the 

boundaries of the plant site. (Figure 5.1.2) 

The peak deposits occurring in February is much 

smaller (1200 Kg/Km 2/mo) which f alls on the quarry, 1 kilometer 

southwest of the tower site. (Figure 5.1.3) 

Figures 5.1.4 through 5.1.6 are the salt deposits 

in the three seasonal representative months for the linear 

wet/dry mechanical draft cooling Lowers. A wet/dry ratio 

of 15/85 percent was postulated for the tower operation.  

With the 15 percent unsaturation the salt deposits were found 

to have be,:rn reduced appreciably be essentially unchanged from 

the wet tower in the m~onth of August (Figure 5.1.4).
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Peak deposits for November and February are reduced 

2 
to 2700 and 840 Kg/Km /mo. respectively, compared to 3000 

and 1200 Kg'/Km 2/mo. for the linear wet mechanical draft 

cooling towers in the same months.  

Figures 5.1.7 through 5.1.9 present the isopleths 

of salt drift deposits from the two postulated round 

mechanical draft cooling towers for Unit No.'3. The pattern 

of the salt deposits fcr August was found to be quite different 

compared to those obtained for the linear mechanical draft 

cooling towers. A single pea k of 8760 Kg/Km 2/mo. located 

mainly in the river off the west edge of the plant site.  

Most of the salt deposits isopleths appear to be oriented 

according to the principal wind vectors in the Indian Point 

area.  

For the round mechanical cooling tower October instead 

of November was selected to represent the autumn season, as 

2 
indicated in Figure 5.1.8. A peak of 5000 Kg/Km /mo. was 

calculated which falls in the vicinity of the natural draft 

cooling tower for Unit No. 2, mainly in the river. Another 

2 
peak of 3610 Kg/Km /mo. is located approximately 1 kilometer 

southeast of the tower site covering a small area less than 

1/10 square kilometer.
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2 
A peak deposit of 3090 Kg/Km /mo. was calculated 

for February which falls in the river off the tower site.  

Figures 5.1.10 through 5.1.12 present the salt 

deposits due to operations of the two postulated fan 

assisted natural draft cooling towers for Unit No. 3.  

Due to the higher tower height the patterns of salt 

deposits are distinctly different from other types of tower.  

Several peaks appear along the principal wind vector. The 

maximum for August is 1070 Kg/Km 2/mo. located in the river 

approximately 1 kilometer west off the site.  

Two maxima 1325 and 1488 Kg/Km 2/mo respectively 

located approximately 1 and 2.5 kilometers south of the 

tower site. The areas covered by these maxima are less 

than 1/10 of a square kilometer and the 1488 Kg/Km 2/MO.  

maximum falls in the water.  

The maximum salt c2, posits for February is 630 Kg/Km 2/MO 

partly located in the river southwest of the tower site.  

The 100 Kg/Km 2 /Mo isopleth representing the minimum threshold 

of plant damage covers a net landi area approximately square 

kilometer.  

Due to the differences in tower heights and 

configurations, the hourly maximum salt deposits and 

atmospheric concentrations are quite different. A comparison 

is made below:



Round Mechanical 
Draft Cooling Tower

Fan Assisted Natural 
Draft Coolinq Tower

Max. Atm.  
Salt Conc.  

Season u m

Winter 

Spring 

Summer 

Autumn

547

1101 

1040

Max. hourly 
salt Deposition, 
Kg/Km 2/Mo

1043

2100 

198:3

Max. Atm 
Salt Conc.  

u 3

Max. hourly 
salt Deposition

3 27 624

147 

234

281 

446

0
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.The values for the round mechanical draft cooling 

towers are of the same order of magnitude for the linear 

wet and wet/dry mechanical-draft cooling towers. Therefore, 

the tabulated values represent all three types of mechanical 

draft cooling towers. The values indicate that fan assisted 

natural draft cooling towers contribute much less ground.  

level salt deposits as well as atmospheric salt concentrations.  

5.2 Plume Induced Fog by Linear Wet Mechanical 

Draft Cooling Tower 

Figures 5.2.1 through 5.2.6 present the predicted 

frequency (Hours/month) of fog occurrences due to p lumes 

from linear wet mechanical draft cooling towers, representing 

the one year period from winter 1973 to Autumn 1974.  

Since fogging (and also icing) is more critical for 

th e winter months no representative month was used. The 

fogging frequencies were predicted for each of the three winter 

months. The spring, summer and autumn are represented by 

April, June and October respectively.  

The patterns of the fog occurrences closely correspond 

to the wind patterns with above freezing temperatures.  

Figure 5.2.1 indicates that the principal wind pattern 

were either south or northeast with more frequently southerlies.  

Due to this wind component a maximu m of 11 hours/mo is
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predicted. This maximum number of hours of fog occurs 

approximately 4 kilometers north of the tower site. The 

northeast wind component contributes to a maximum of 7 hours/mo 

approximately 2 kilometers southwest of the tower site. The 

5 hours-of fog predicted approximately 3.5 kilometers south 

of the tower site could have been due to variable winds-or 

calm conditions.  

Figure 5.2.2 presents the location and frequency of.  

predicted fog for January (1974). It clearly indicates 

that the main cause of the plume induced fog in January 

is due to the wind component from northeast.  

As indicated in Figure 5.2.3 only 3 hours of fog is 

contributed by the cooling tower plumes. It appears to be 

mainly due to the wind from southwest.  

The main contributor of cooling tower induced fog in 

April (Figure 5.2.4) appears to be the northeast wind which 

accumulated a maximum frequency of 13 hours/mo. This maximum 

occurs over the abandoned quarry approximately 1 kilometer 

southwest of the tower site.  

The wind rose pattern in June indicates that low wind 

speed regime at 1-3 mph is relatively more prominant than 

spring and winter in all wind directions. This might explain 

why there are peak frequencies isolated in small areas occurring
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to the south, north and east of the tower site as indicated 

in Figure 5.2.5. A maximum frequency of 8 hours/mo. covering 

a very large area was predicted approximately 1.5 kilometers 

north of the tower site.  

Figure 5.2.6 presents the predicted pattern of fog 

occurrences in October due to cooling tower plumes. A maximum 

of 7 hours/mo. can occur. It is located both southeast 

and southwest of the tower site.  

The results are summarized below: 

Predicted Fog 
(Hours/mo.) 

December 11 
January .  
February 3 
April 13 
June 8 
October 7 

5.3 Plume Induced Fog by.Linear Wet/Dry Mechanical 
Draft Cooling Towers at Three Wet/Dry Proportions 

As presented in Figures 5.3.1 through 5.3.10 fog induced 

by plumes from operations of the postulated wet/dry 

mechanical draft cooling towers at 100%, 92.5% and 85% wet 

cooling loads is predicted.  

Comparing Figure 5.3.1 and Figure 5.2.2 it clearly 

indicates that when wet/dry towers are operated as a wet
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mechanical cooling tower the plume induced fog is essentially 

identic al to that by the wet mechanical tower. Increasing 

the dry load from 0% to 7.5% (Figure 5.3.2 through 5.3.3) 

then to 15% (Figure 5.3.6 through 5.3.10) there is an 

appreciable reduction of induced fog. Comparing Figures 

5.3.2, 5.3.6 with Figures 5.2.1 for the hours of induced 

fog in December a 63% reduction of fog was achieved with 

dry cooling load of 15%. Despite a large increase to 15% 

dry load the effect on induced fog in January is negligible.  

The induced fog in January was eliminated when a 30% 

dry load was used in the prediction. Comparing Figures 5.3.4.  

with Figure 5.2.3, a 7.5% dry load would reduce the induced 

fog by 1/'3 at the maximum. Further increase of the dry 

load to l Fv ihe induced fog in February is completely eliminated.  

A maximum of 4 hours of fog was predicted in April for 

a dry-load of 15%, as indicated in-Figure 3.3.8. It is a 

reduction of almost 70% compared to the 13 hours of fog in

duced by linear wet mechanical towers in the same month. A 

50% reduction of induced fog was predicted for June when 

Figure 5.3.9 is compared with Figure 5.2.5.  

Reduction of the induced fog in October is predicted 

only in the area southwest of the tower site as indicated 

in Figure 5.3 .10 (compared to Figure 5.2.6). However,
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the area enclosed by the maximum hours of fog to the 

southeast of the tower site is reduced appreciably..  

A summary of the results are tabulated below: 

Predicted Plume Induced Fog By 
Wet/Dry Mech. Cooling Tower, Hours/Mo.  

Wet/Dry 
Month 100/0% 92.5/7.5% 85/15% 

Max. Max. Max.  

December 11 6 5 
January 3 3 3 
February 3 2 0 
April 13 *4 

June 8 *5 

October' 7 7 7 

*Not predicted 

5.4 Plume Induced Fog by Round Mechanical Draft 
Cooling Tower Plumes 

Except for the circular bases the round mechanical cooling 

tower is fundamentally a multiple cell configuration similar 

to wet mechanical draft cooling towers. Months of January, 

April, July and October were taken to represent the four 

seasons in the one-year study period. The results are summarized 

below:
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Predicted Hours of Induced Fog 
(Hours/Mo.) 

Maximum 

January 2 

April 5 

July 1 

October 5 

The predicted fog for each season was estimated 

b ased on the predictions of the representative months.
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5.5 Plume Induced Icing by Linear Wet Mechanical 

Draft.Cooling Towers 

Icing is more critical in winter. Based on the simple 

criterion previously discussed icing is assumed when the 

moisture in the plume is condensed at temperatures below 

freezing.-3upercooled droplets is an unstable state. In a 

dust and other. nuclei contaminated environment supercooling 

may not prevail and the end results would be ice formation.  

As presented in Figures 5.6.1 through 5.6.4 operation 

of linear wet mechanical draft cooling towers resulted in a 

num~ber of hours of icing in the winter month and the early 

spring. The results are summarized below: 

Predicted Icing (Hours/Mo.) 

Month Maximum 

December 20 

January 2.0 

February 30 

April 3 

5.6 Plume Induced Icing by Linear Wet/Dry 

Mechanical Draft Cooling Towers 

When operated at 100% wet cooling load, the wet/dry 

cooling tower plumes induced a maximum of 24 hours of icing 

in January, as shown in'Figure 5. 7.1.. Compared to a maximum 

of 20 hours of icing in the same month for linear wet 

mechanical the difference might be attributable to the 

differences in configuration and the number of cells.
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Compared to the wet plumes, the initial 7.5% dry 

load reduced the induced icing in December from 20 hours/mo, 

to 7 hours/mo. With 15% dry load the hours of icing is 

further reduced to 4 hours./mo, in December.  

Reductions of icing hours by plumes from wet/dry 

towers in January and February are not as effective as 

in December. In January, the 20 hours/mo icing due to 

wet tower plumes is reduced to 17 hours/mo at 7.5% dry load.  

The 30 hours/mo of icing due to wet plumes predicted for 

February is reduced to 17 hours,'mo, by 7.5% dry load, and 

further reduced to 6 hours/mo. when the dry load is 

increased to 15%.  

The 3 hours/mo icing predicted for April was reduced 

to 1 hour/mo for a dry load of 15%.  

The results are summarized as the following: 

Predicted Icing by wet/Dry Mech.  

Wet/Dry Cooling Towers (Hours/Mo.)

Month .100p2% 92.5/7.5% 85/15% 
Max. Max. Max.  

December (20) 7 4 

January 24 17 10 

February (30) 17 6 

April 3 *1 

*Prediction not made.  
()icing induced by wet cooling towers.
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5.7 Plume Induced Icing By Round Mechanical 
Draft Cooling Towers 

The plume induced icing by round mechanical cooling 

towers was predicted for winter and spring. Winter season is 

represented by January, 22 hours/mo. of icing was predicted.  

Spring is represented by April, 2 hours/mo of icing was 

predicted. The minimum number of hours of icing for these 

two months are 11 and 1 hour/mo. respectively.  

5.8 Plume Induced Fogging and Icing by Fan 
Assisted Natural Draft Cooling Towers 

For the cooling load of Unit No. 3 two fan assisted 

natural draft cooling towers were postulated. On account of the 

higher structure (.200 feet )and larger buoyancy factor 

(approximately 10 m 4/sec 3compared to 700-900 m 4/sec 3for 

the mechanical draft cooling towers) the plume should behave 

resembling the natural draft cooling tower.  

The results are summarized below:
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Predicted Plume Induced Fog & Ice 
(Hours/Mo.)

FoggingMonth 

December 
January 
February 
March 
April 
May 
June 
July 
August 
September 
October 
November

1 
2 
1 
3 
4 
(3) 
(2) 
2

Icing 

3 
3 
2 
0 
0 
0 
0 
0 
0 
0 
0 
0

The number in parenthesis are estimated values. Since 

the number of hours of fog is small graphic presentations 

were not prepared.

40

40
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FIGURE 5.1.1 
ACCUMULATED SALT DRIFT DEPOSITS 

Kg/Km2/Mo, AUGUST 1974 
WET MEC HANICAL DRAFT COOLING TOWERS



85 1Kmn 67V 50 B 5 s 90 91 

FIGURE 5.1.2 

ACCUMULATED SALT DRIFT DEPOSITS 
Kg /Km2 /Mo, NOVEMBER 1973 

WET MECHANICAL DRAFT COOLING TOWERS



FIGURE, 5.1.3 

ACCUMULATED SALT DRIFT DEPOSITS 
Kg/Km2/ Mo, FEBRUARY 1974 

WET MECHANICAL DRAFT COOLING TOWERS
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FIGURE 5. 1.4 

ACCUMULATED SALT DRIFT DEPOSITS 
Kg/Km2/Mo, AUGUST 1974 

WET (85 %) / DRY ( 15 %) MECHANICAL 
DRAFT COOLING TOWERS



FIGURE 5.1.5 
ACCUMULATED SALT DRIFT DEPOSITS 

Kg /Km 2/ Mo, NOVEMBER 1973 
WET (85 %) / DRY (15 %) MECHANICAL 

DRAFT COOLING TOWERS
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FIGURE 5.1.9 
ACCUMULATED SALT DRIFT DEPOSITS 

Kg/Km /Mo, FEBRUARY 1974 
ROUND WET MECHANICAL 
DRAFT COOLING TOWERS



FIGURE 5.1.10 
ACCUMULATED SALT DRIFT DEPOSITS 

Kg/Km2/mo, AUGUST 1974 
FAN ASSISTED NATURAL 
DRAFT COOLING TOWERS
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FIGURE 5.1.11 
ACCUMULATED SALT DRIFT DEPOSITS 

Kg/Km2/ Mo, OCTOBER 1973 
FAN ASSISTED NATURAL 
DRAFT COOLING TOWERS
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FIGURE 5.2.3 
PLUME INDUCED FOG 

HOURS/ Mo, FEBRUAR 1974 
WET MECHANICAL DRAFT COOLING TOWERS
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FIGURE 5.2.4 

PLUME INDUCED FOG 
HOURS/Mo, APRIL 1974 

WET MECHANICAL DRAFT COOLING TOWERS
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FIGURE 5. 2.5 
PLUME INDUCED FOG 

HOURS/Mo, JUNE 1974 
WET MECHANICAL DRAFT COOLING TOWERS



' 3 6 

ftound Fi.h 1.1-nd.  

I rr fting 

ell 
3333 

72 68 Roa Hlook 
2 c 

'5 

7 
Mid 2 

4 

8? 

_V Peek 

71 

Jones Pt 

Vh Onela 

loint 
!30.  

2 F 
'? 6 mt St 

01 
ht" 

Travis 
P'.  12 3Z 59 

Dolphn 
21 4 

70-- 6 A 

13 UNIT No.2 1 

NATURAL DRAFT 831ndiln p 
COOLING TOWER 3 so 

/0 0 

NIT N .3 pill 
WETUMECH 06RAFT 

69 .O" NG TOWERS 

so 

21 
To- )1, 

3 61 D u an.  

68
3 

Pfze, 
P -t J, St 

5 

nCK 

67 ol eyor 

pla V 11 
Poi 

7nso.  

5 

3 
4 

7 
Stony 66 

3 int 99 

e 

ght 

os 
3 2 mt 

Stony Poin 
Pile 

es 
456 la 

as I Km 86 87 as 3 89 

FIGURE 5.2.6 

PLUME INDUCED FOG 
HOURS/Mo, OCTOBER 1973 

WET MECHANICAL DRAFT COOLING TOWERS



90 91

-e 2,

;30

FIGURE 5.3.1 
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HOURS/Mo, JANUARY 1974 
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FIGURE 5.3.2 

PLUME INDUCED FOG 
HOURS/ Mo, DECEMBER 1973

WET (92.5 %) / DRY (7.5 %) MECHANICAL 
DRAFT COOLING TOWERS



7" 882 1 
FIGURE 5.3.3 

PLUME INDUCED FOG 
HOURS/Mo, JANUARY 1974 

WET (92.5 %) / DRY (7.5 %) MECHANICAL 
DRAFT COOLING TOWERS



PLUME INDUCED FOG 
HOURS/Mo, FEBRUARY 1974 

WET (92.5 %) / DRY (7.5 %) MECHANICAL 
DRAFT COOLING TOWERS
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FIGURE 5.3.5 

PLUME INDUCED FOG 
HOURS/Mo, OCTOBER 1973 

WET (92.5 %) / DRY (7.5 %) MECHANICAL 
DRAFT COOLING TOWERS



PLUME INDUCED FOG 
HOURS/Mo, DECEMBER 1973 

WET (85 %) / DRY ( 15 %) MECHANICAL 
DRAFT COOLING TOWERS



FIGURE 5.3.7 

PLUME INDUCED FOG 
HOURS/Mo, ~JANUARY 1974 

WET (85 %) / DRY ( 15 %) MECHANICAL 
DRAFT COOLING TOWERS
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FIGURE 5.3.8 

PLUME INDUCED FOG 
HOURS/Mo, APRIL 1974 

WET (85 %) / DRY ( 15 %) MECHANICAL 
DRAFT COOLING TOWERS
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FIGURE 5.3.9 
PLUME INDUCED FOG 

HOURS/Mo, JUNE 1974 
WET (85 %)!/ DRY ( 15 %) MECHANICAL 

DRAFT COOLING TOWERS
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FIGURE 5.3. 10 

PLUME INDUCED FOG 
HOURS/ Mo, OCTOBER 1973 

WET (85 %) / DRY ( 15 %) MECHANICAL 
DRAFT COOLING TOWERS
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FIGURE 6.4.2 

PLUME INDUCED FOG 
HOURS/ Mo) APRIL 1974 

ROUND WET MECHANICAL 
DRAFT COOLING TOWERS



FIGURE 5.4. 3 

PLUME INDUCED FOG 
HOURS / Mo, OCTOBER 1973 

ROUND WET MECHANICAL 
DRAFT COOLING TOWERS



FIGURE 5.5.1 

PLUME INDUCED ICING 
HOURS/Mo, DECEMBER 1973 

WET MECHANICAL DRAFT COOLING TOWERS
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FIGURE 5.6.1 
PLUME INDUCED ICING 
HOURS/ Mo, JANUARY 1974 

WET (100%) /DRY (0%) MECHANICAL 
DRAFT COOLING TOWERS



FIGURE 5.6.2 
PLUME INDUCED ICING 
HOURS/Mo, DECEMBER 1973 

WET (9 2.5 %) / DRY (7.5 %) MECHANICAL 
DRAFT COOLING TOWERS
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PLUME INDUCED ICING 
HOURS/Mo, FEBRUARY 1974 
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FIGURE 5.6.5 
PLUME INDUCED ICING 

HOURS/ Mo, DECEMBER 1973 
WET (85 %) / DRY ( 15 %) MECHANICAL.  

DRAFT COOLING TOWERS
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PLUME INDUCED ICING 
HOURS/Mo, JANUARY 1974 

WET ( 85%) / DRY ( 15 %) MECHANICAL.  
DRAFT COOLING TOWERS
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PLUME INDUCED ICING 
HOURS/ Mo, FEBRUARY 1974 

WET (85 %) / DRY (15 %) MECHANICAL 
DRAFT COOLING TOWERS
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FIGURE 5.6.8 
PLUME INDUCED ICING 

*HOURS/ Mo, APRIL 1974 
WET (85 %) / DRY ( 15 %) MECHANICAL 

DRAFT COOLING TOWERS
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PLUME INDUCED ICING 
HOURS/Mo, JANUARY 1974 

ROUND WET MECHANICAL 
DRAFT COOLING TOWERS
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APPENDIX A

Accumulated salt drift deposits for October 1973 resulting 
from operations of natural draft cooling towers at Units No.  
2 and No. 3 as well as from operations of natural draft 
cooling tower at Unit No. 2 in combination with linear wet and 
linear wet/dry mechanical draft cooling towers at Unit No. 3 
respectively, are included here.

Figure A-l 

Figure A-2 

Figure A-3

Salt Accumulation, October 1973 
Unit 2 - Natural Draft Cooling Tower 
Unit 3 - Natural Draft Cooling Tower 

Salt Accumulation, October 1973 
Unit 2 - Natural Draft Cooling Tower 
Unit 3 - Linear Wet Mechanical Draft 

Cooling Towers 

Salt Accumulation, October 1973 
Unit 2 - Natural Draft Cooling Tower 
Unit 3 - Linear Wet/Dry Mechanical Draft 

Cooling Towers
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FTGURE A-1 

SALT ACCUMULATION OCTOBER 1973 Kg/ Km2) 
UNIT - NATURAL DRAFT WET TOWER 
UNIT - NATURAL DRAFT WET TOWER 

DRIFT SALINITY 7000 ppm



FIGURE A

SALT ACCUMULATION OCTOBER 1973 ( Kg/Kin 2) 
UNIT 2- NATURAL DRAFT WET TOWER 
UNIT 3- LINEAR MECHANICAL DRAFT WET TOWER 
DRIFT SALINITY 7000 ppm



SALT ACCUMULATION OCTOBER 1973 ( Kg /Kinm 
UNIT 2- NATURAL DRAFT WET TOWER 
UNIT 3- WET (850/) / DRY (15%/) MECHANICAL DRAFT TOWER 
DRIFT SALINITY 7000 ppm
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FIGURE A-4 
SALT ACCUMULATION OCTOBER 1973 ( Kg/Kin2) 
UNIT 2 - NATURAL DRAFT WET TOWER 
UNIT 3- FAN ASSISTED NATURAL DRAFT WET TOWER 
DRIFT SALINITY 7000 ppm
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SUMMARY 

A study was made to estimate the sound emissions from four types 
of proposed cooling towers at Indian Point Unit No. 3 assuming 
that a natural draft tower had been built and was in operation 
at Unit No. 2 

The sound emissions from two types of natural draft towers and 
two types of mechanical towers were predicted and compared to 
the expected community ambient noise climate with the operation 
of a tower at Unit No. 2.  

Along the north plant site property line, noise emissions from 
any type of Unit'No. 3 cooling tower will not exceed noise 
limits of the Buchanan zoning code.  

Along the east property line north of the Broadway and Bleakley 
Avenue intersection, either type of natural draft or mechanical 
draft Unit No. 3 cooling tower will rnot cause noise levels to 
exceed the Buchanan code limits. South of this intersection, 
either type of natural draft Unit No. 3 cooling tower will not 
emit noise in excess of the Buchanan code limits at the plant site 
property line (Broadway).  

Wet mechanical Unit No. 3 towers will produce noise levels in 
excess of code limits over approximately 1000 feet of property 
line centered about a point 2000 feet south of the Broadway
Bleakley Avenue intersection. Noise emission from wet/dry 
mechanical draft Unit No. 3 towers will result in zoning code 
noise limit exceedance extending the full length of the Broadway 
property line south of a point 700 feet south of this intersection.  

operation of either Unit No. 3 natural draft cooling tower will 
not increase the residential area exposed to day-night sound levels 
in excess of 60 dB. For the 55 to 60 dB day-night range the 
exposed residential area will increase by 2 to 4 acres. A wet 
mechanical Unit No. 3 tower bank will increase residential area 
exposed to the day-night sound level of over 60 dB by three acres 
and over 55 dB by 10 acres. The greatest effect is realized with 
the operation of a wet/dry Unit No. 3 which will increase the 
day-night sound level of over 60 dB by four acres and over 55 dB 
day-night sound level by 26 acres.  

Off-site construction traffic noise is expected to duplicate that 
of the Unit No. 2 tower, regardless of tower type since the same 
routes will be used for construction vehicular traffic. The
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increases in day-night sound level due to Unit No. 3 off-site 
construction will be 54 and 89 acres for day-night levels exceed
ing 55 dB and 60 dB, respectively.  

There will be no significant increase in community noise from 
on-site construction activity.
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INTRODUCTION 

There may be a need to install cooling towers at Indian Point 
Unit No. 3 in addition to those which have been proposed for 
Indian Point Unit No. 2. An earlier study prepared by Ostergaard 
Associates evaluated the sound emissions from the construction 
and operation of either natural draft or mechanical towers at 
Indian Point Unit No. 2 (see Reference 1) which presented the 
results of the impact in the form of curves of constant day-night 
sound levels.  

Dimensions and other data concerning cooling towers for Unit No. 3, 
as supplied by Consolidated Edison Company of New York describe 
towers having a water capacity of 600 000 gpm. The proposed 
towers may be of natural draft or mechanical draft design.  

The construction activity on and off the site would be similar 
to that for the towers at Indian Point Unit No. 2.  

This study examines the sound emissions from tower operation, 
on and off-site construction activity, for Unit No. 3 tower.  

The incremental changes in community noise caused by alternative 
types of cooling towers at Unit No. 3 were compared to community 
noise with a natural draft cross-flow tower operating at 
Unit No. 2.  

The sound emissions of the towers at Units No. 2 and 3 are also 
compared to the municipal regulation. This regulation is described 
in detail in the earlier report and has not been modified as 
of the date of this report.
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I. ANALYSIS 

A. General Considerations 

As a basis for determining the significance of the addition of 
cooling towers at Indian Point Unit No. 3, the average day-night 
sound level contours developed for a cross-flow type natural 
draft cooling tower at Indian Point Unit No. 2 combined with 
the average day-night ambient determined in earlier studies were 
used. The original study analyzed community areas within a 
distance of 2 000 meters from the tower location for Unit No. 2.  
This study included community areas within 2 000 meters from both 
towers. The contours developed in the earlier study had to be 
extrapolated based upon sound level measurements at select 
locations and the principal traffic routes judged to be noise 
sources. These extrapolations reflect day-night community noise 
levels controlled by vehicular traffic.  

Figure 1 shows the day-night sound level contours of the ambient 
community noise together with the emissions from Unit No. 2 
natural draft cooling tower. This is the contour map against 
which all other comparisons were made.  

B. Cooling Towers 

For construction and operation periods, sound emissions from four 
types of cooling towers were evaluated and their effect on adjacent 
community areas was predicted. Tower type 1 is a natural draft 
cross-flow wet design and hyperbolic in shape. The tower is 
rated for 600 000 gpm with a 460 feet base diameter, an overall 
height of 490 feet and an air intake height of 40 feet.  

Tower type 2 is similar and is a counter-flow type having the same 
general size and operating characteristics as tower type 1.  

Tower type 3 is an induced-draft mechanical cooling tower array 
consisting of three banks of cells. Two banks consisting of 
eight cells are 320 feet long and the third bank of nine cells.  
is 360 feet long. Their width and height are 70 and 68 feet, 
respectively. The air intake height is approximately 40 feet.  

Tower type 4 is also an induced-draft mechanical cooling tower but 
is a wet-dry tower. This consists of three banks of cells having 
nine cells in two banks and 10 cells in the third bank. The 
length of each of the two banks is 430 feet and the'length of 
the third bank is 480 feet. Each bank has a height of 74 feet, 
a width of 70 feet and an air intake of approximately 40 feet.  

The natural draft type towers are located on the east bank of the 
Hudson.River with the tower rim approximately 500 feet or more

-1-
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southwesterly of Nuclear R eactor Unit No. 3 

The wet type mechanical towers are in an array with the three 
banks lined up parallel to each other in a north-south direction.  
The first bank is approximately 180 feet from the river and 
approximately 360 feet from Turbo-generator Building No. 3. The 
banks are separated from each other and are perpendicular to a 
line running approximately east-west.  

The wet-dry mechanical towers are also in an array of three 
parallel banks running in a north-south direction. The first bank 
is approximately 120 feet from the river and approximately 360 
feet from Turbo-generator Building No. 3. The banks are separated 
from each other and are perpendicular to a line running approxi
mately east-west.  

Cross-Flow Natural Draft 

The sound emissions for the cross-flow type tower were predicted 
using methods described in an earlier report3. The contours 
for the tower were developed with the effects of air absorption 
and the barriers provided by the cut and hills easterly of the 
tower. Details of these calculations are presented in the 
earlier reports.  

Figure 2 shows the A-weighted sound levels contours for the Unit 
No. 3 cross-flow atmospheric tower with both air absorption and 
the effects of the barriers. Because of the high land and the 
cut necessary for tower installation, a complete barrier is 
realized over an arc of 200 degrees of the tower rim which 
extands from approximately a northeasterly direction to south
westerly direction. This barrier is fully effective since it 
shields the complete air inlet height over almost 180 degrees.  

The reflection of sound off the cut in the hillside will not 
add materially to the sound emitted in the direction of the 
Hudson River. The sound which hits the cut will be generally 
reflected upward.  

The A-weighted contours for the cross-flow tower are adjusted to 
give the day-n 'ight sound level, Ldn, assuming that the towers are 
operated for 24 hours a day. The Ldn contours shown in Figure 3 
take into account the atmospheric absorption and the influence of 
the hillside and power plant barriers.  

Counter-Flow Natural Draft 

As was done for the cross-flow tower, sound level contours were 
developed'for the counter-flow tower. This tower has much the0
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same barrier effects as the cross-f low tower and is provided with 
substantial shielding by the hillside and the power plant. The 
A-weighted contours for the counter-flow tower are shown in 
Figure 4. Shown in Figure 5 are the day-night sound level 
contours for the same tower taking into account the barrier and.  
atmospheric effects.  

Mechanical Wet Towers 

The sound emissions from the three induced-draft wet mechanical 
cooling tower banks were calculated using the methods presented 
in the earlier reports1'". The directional sound level patterns 
for each individual tower bank were developed and the levels for 
each of the three tower banks combined to form a single radiation 
pattern by adjusting the sound pattern of each bank for barrier 
effects before combining into a single pattern. Figure 6 shows 
the A-weighted sound level patterns of the three banks of 
mechanical wet towers taking into account the barrier effects and 
atmospheric absorption.  

The day-night equivalent sound levels for these towers were also 
developed and are shown in Figure 7.  

Mechanical Wet-Dry Towers 

Based upon information in Reference 4, the mechanical wet-dry 
towers were estimated to be three decibels higher in sound output 
than the wet towers. Considering tower size, radiational patterns 
were developed for each individual tower bank, attenuation effects 
applied to each individual tower for atmospheric and barrier 
effect, and the radiation patterns combined to produce a single 
A-weighted sound level contour for the towers. Figure 8 shows 
this radiation pattern. The day-night sound level pattern for 
that same tower is shown in Figure 9.  

C. Off-Site Construction Traffic 

Due to the sizable difference in quantities of rock and soil 
removal and delivery of concrete for the construction of the 
alternative types of towers for Unit No. 3, each is discussed 
independently. It is assumed that preparation of the land and 
construction of the Unit No. 3 tower will not be done during the 
concurrent 12-month period as Unit No. 2.  

Natural Draft Cooling Towers 

Site preparation is scheduled over a period of 12 months for 
excavation using 20 cubic yard trucks at the rate of six trucks 
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per hour for'eight-hour work'periods. During the excavation 
phase, 48 full' and,-48,.empty 'trucks will pass a given point on 
Bleakley Avenue during a daily eight-hour period. It is expected 
that removed rock'.and' soil will be carted from the excavation 
site, across Br .oadway,' east on Bleakley, and on'to Route 9 for 
distribution north and south.  

As in the case of the Unit No. 2.natural draft tower, construction 
concrete trucks will have the same impact as the excavation trucks 
for periods of approximately 12 hours per week during the one
year period scheduled for the pouring of foundations.  

Because of the riee'dA for a -monolithic basin, a .24-hour continuous 
pour period will require, a steady stream of concrete truck 
traffic over a pe r iod of. 92. hours..  

The pouring. of the 'shell, will require the continuous daily 
delivery of concrete for a five-foot per day erection rate.  
Trucks hauling 11 cubic yards eadch will make 23 full load and 
23 empty runs per day over three months to com-plete the shell.  

Mechanical Draft Cooling Towers

Site preparation for this type of cooling tower involves the 
removal of rock and soil over the one-year site preparation 
period. During excavation periods of eight-hour duration, 48 
full and 48 empty trucks will 1 pass a given point on'Bleakley 
Avenue.  

D.; On-Site Construction 

The on-sF ite donstruction noi'se would be similar 'to' tha t described 
for the towers proposed for Indian Point Unit No. 2. Because 
of this construction similarity there will be no significant 
day-night sound level increase from the unit at No. 3 as was the 
case for Unit No. 2..
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II. SOUND EMISSION OF*COMBINED 
UNITS NO. 2 and NO. 3 

A. Municipal Regulations

Buchanan 

In the region of the Broadway-Bleakley Avenue intersection, the addi
tion of cooling tower facilities at Unit No. 3 will not materially 
increase the dB(A) sound levels over that of only the Unit No. 2 
cross-flow atmospheric cooling tower in operation, as shown in 
Table I. However, for all combinations, octave band sound emissions 
from the towers, as measured at Broadway and Bleakley Avenue, will 
exceed the existing Buchanan Zoning Code generally, in frequency 
bands 1 000 Hz through 8 000 Hz as well as for A-weight sound level.

At an intermediate location along the eastern boundary of the plant 
property, at a point 2 000 feet south of the intersection of Broadway 
and Bleakley Avenue, the noise emission for the combined operation of 
cross-flow tower at Unit.No. 2 and a Unit No. 3 cross-flow or 
counter-flow tower will not exceed the maximum noise limit s of the 
Buchanan Zoning Code. However, for each of the two types of mechani
cal draft towers at Unit No. 3 these code limits will be exceeded in 

* one or more octave bands and, as well, A-weight sound limits for 
both types of mechanical towers.

At the intersection of Broadway and the southern .property line of the 
plant, the noise emission from any type of tower at Unit No. 3, other 
than the wet/dry mechanical towers, plus the noise emission from the 
Unit No. 2 cross-flow tower, does not exceed the Buchanan Zoning Code 
octave band or A-weight maximum noise levels. In the case of a 
Unit No. 3 wet/dry mechanical tower, with the Unit No. 2 tower opera
ting, the Buchanan Zoning Code limits are exceeded in four octave 
bands, as shown in Table I.  

North of the Broadway and Bleakley Avenue intersection and at the 
north property line, 1 480 feet north of Unit No. 2 cross-flow tower 
center, the Buchanan Zoning Code noise limits are exceeded for a 
Unit No. 2 cross-flow tower and any type of-UnitNo. 3 tower. The 
impact at these locations is almost completely influenced by the 
Unit No. 2 noise emission. octave band incremental sound pressure 
levels and A-weight sound levels are presented in Table I.  

At the southern property line which is adjacent to a "planned industry" 
zone, the maximum noise levels due to Unit No. 3 cooling towers have 
been estimated. These maximum levels, which occur near-the shoreline, 
are: cross-flow or counter-flow tower -- 66 dB(A); wet mechanical 
tower -- 72 dB(A); wet/dry mechanical tower -- 76 dB(A).  
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southern property line of the plant site. Within 1 000 meters of 
the tower centers, 36.5 percent of the total area described in 
Table II will be in the 55 to 60 dB range of Ldn, an increase 
of 0.1 percentage points over the levels of the ambient and 
cross-flow tower operating at Unit No. 2. Less than one percent 
(0.9) of the residential area in the region will fall in the 
greater than 60 decibel Ldn range, with no increase in percen
tage points over the current levels with Unit No. 2 operating 
alone.  

Counter-Flow Tower 

The contours of Figure 5 were combined with the expected tower 
levels due to the operation of Unit No. 2 to form the map shown 
in Figure 12. With the counter-flow tower in operation, 37.7 
percentage of the total area described in Table 11, 1 000 meter 
radius, will be in the 55 to 60 dB range of day-night sound 
levels which is a 1.3 percentage point increase-over the conditions without the Unit No. 3 tower in operation. For residential 
areas within 1 000 meters, there will be no increase in day-night 
sound levels having values greater than 60 decibels. Table III 
shows the area in acres involved.  

-Mechanical Wet Tower 

With the contours shown in Figure 7 for the wet mechanical towers 
combined with the contours of the ambient and Unit No. 2 tower 
operation, the resulting contours are shown in Figure 13.  
The impact of the Unit No! 3 wet mechanical tower within 1 000 
meters is such that the total area with an Ldn greater than 
60 decibels is increased by 0.7 percentage points. For an 
Ldn of 55-60 dB the increase is 5.3 percentage points. A 
complete description of change in area can be seen in Table II for percentage Ldn and in Table III for actual areas involved.  

Mechanical Wet-Dry Towers 

The mechanical wet/dry tower contours of Figure 9 representing 
the sound emissions are combined with the emissions of Unit No. 2 tower and the ambient to form the sound contour pattern 
shown in Figure 14. A comparison of the total areas involved 
indicates that the area within 1 000 meters which is greater than 
60 decibels will be increased by 1.3 percentage points and 
for the 55 to 60 Ldn range the percentage point increase will 
be 13.3. A complete description of area changes in terms of 
acres is given in Table III.

-7-
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D. Off-Site Construction Traffic 

Assuming that the tower for Unit No. 3 is not built at the 
same time as the tower for Unit No. 2, the impact from the 
off-site construction traffic will be the same as reported 
earlier in Report No. 1111G-1.  

Should the two towers be constructed simultaneously, the day
night sound level will increase approximately three decibels 
due to the doubled truck traffic., 

E. On-Site Construction 

During the period of rock removal and general land preparation 
of Unit No. 3 cooling tower, sound level from construction 
equipment is expected to be approximately 57 dB(A) at the nearest 
residential area (Broadway and Bleakley Avenue). This is equiva
lent to an Leq of 53 dB based upon a six-hour rock drilling 
period during a 15-hour construction day.  

Foundation and shell construction, and other on-site mechanical 
activity, is expected to create a sound level at Broadway and 
Bleakley Avenues of 54 dB(A) when all equipment is operating.  
This equates to an Leq of 50 dB for the daytime period.  

Contours for the construction noise were not plotted because 
the estimated levels near the property boundary were less than 
L1 for the present noise climate and would be lower further from 

the plant.  

F. Effect on Bordering Residential Areas 

In terms of incremental increases in residential area exposed 
to average day-night sound levels of over 55 decibels, the 
effect of noise emissions from the operation of.Unit No. 2 and 
Unit No. 3 cooling towers is shown in Table IV including off
site construction traffic effects.
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TABLE I 

A-Weight and Octave Band Sound Levels at Various Consolidated Edison 
Company Indian Point Property Line Locations for a Natural Draft Unit 
No. 2 Crossflow Cooling Tower Operating Alone and Incremental Effect 
with One of Four Other Types of Unit No. 3 Towers.

Buchanan 
Zoning 
Code

Predicted Maximum Tower Sound Emission 
Impacting Relevant Property Boundary Lines

North Property Line**

Sound Pressure Level

North of Broadway & 
Bleakley Aves.*** 

- dB re 0.00002 N/rn 2

Incremental Effect 
with Unit No. 3 

XF CF W

Unit #2 
Only 

_W/D XF 

0 29 
0 32 
0 35 
0 38 
0 40 
0 (41) 
0 (45) 
0 (48) 

0 (51)

Incremental Effect 
with Unit No. 3 

XF CF W 

+1 +4 +13 
+1 +3 + 9 
+1 +3 + 5 
+2 +4 + 2 
(+2) (+2) (+ 1) ( 
(+2) (+2) (0) 
(+1) (+1) (0) 
(+1) (+1) (0)

(+1) (+1)

V/D 

*16 
+12 
+ 7 
+ 3 
+- 1) 
+- 1) 
(0) 
(0) 

(0)

*Computed from octave band levels.  
**1480 Ft. north of Unit No. 2 crossflow tower 
center at boundary line between park land 
deeded to town of Buchanan and Consolidated 
Edison Company.  

***On Broadway 450 Ft. north of intersection 
with Bleakley Avenue.

(Continued)

XF = crossflow natural draft 
CF = counterf low natural draft 
W/D = wet/dry mechanical draft 
W = wet mechanical draft 

() = exceeds code

Is

Octave 
Band 

Hz.

63 
.125 
250 
500 

1 000 
2 000 
4 000 
8 000 

A-wt.

62.5 
54 
49 
44 
40 
39 
35 
35 

48*

Unit #2 
Only 
XF 

38 
41 
44 

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

(59)



TABLE I (otd

Octave Buchanan 
Band Zoning 
Hz. Code

Unit #2 
only 
XF

63 
125 
250 
5 0.0 

1 000 
2 000 
4 000 
8 000 

A-wt.

62.5 
54 
49 
44 
40 
39 
35 
35 

48*

Predicted Maximum Tower Sound Emission 
Impacting Relevant Property Boundary Lines

South of Broadway & 
Bleakley Aves.** 
Sound Pressure Level 

Incremental Effect
wit 

XF 

+1 
+3 
+5 
+4 
+4 
+4 
+5 

.144)

:h Unit No. 3 
CF W

+5 +5

+33 
+33 

(+3 0) 
(+2 6) 
(+2 0) 
(+16) 
(+11) 

0 

(+15)

- dB re 

Unit #2
only 

W/D XF

+38 
(+37) 
(+33) 
(+2 8) 
(+22) 
(+19) 
(+14) 
+ 3 

(+18.)

Broadway at 
South Property Line*** 
0.00002 N/rn2

Incremental Effect 
with Unit No. 3

XF CF

0 
+2 
+4 
+4 
+3 
+3 
+4 
+4

+4 
+7 
+9 

+11 
+9 
+9 
+7 
0

w W/D

+29 
+28 
+26 
+23 
+18 
+12 
+ 7 

0

+4 +6 +12

+36 
+35 
+31 

(+2 8) 
(+21) 
(+18) 
(+12) 
+ 1 

+17

*Computed from octave band levels.  

**On Broadway 2000 Ft. south of 
intersection with Bleakley Ave.  

***Intersection of Broadway and 
Consolidated Edison southern 
property line.

XF = crossf low natural draft 
CF = counterf low natural draft 
W = wet mechanical draft 

W/D = wet/dry mechanical draft 
() = exceeds code

(cont'd)
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TABLE II 

Percent of Land Area within Contours of Constant Noise Levels for; a 
Unit No. 2 Crossflow Tower imposed on the Present Area Noise Climate, 
the addition of a Unit No. 3 Crossflow Tower, the addition of a Unit No.  
3 Counterf low Tower, the addition of Unit No. 3 Banks of Wet Mechanical 
Towers, and the addition of Unit No. 3 Banks of Wet-and-Dry Mechanical 
Towers. The Area includes East Shore and West Shore Land exclusive of 
the Indian Point Plant Site of Consolidated Edison.t 

Unit 2 Crossf low ICrossflow ICrossf low Crossf low Crossf low 
Ldn-dB JUni None Crossflow lCounterf low Wet Mechanical W/D Mechanical

*T I **R I T I R I T I R I T I RI T I R

Percent of Area within 1000 Meters of Tower Centers

0.9 
23.2 
12.5 
33.0 
30.4 
0

3.4 
36.5 
15.0 
15.3 
29.8 

0

0.9 
26.5 
14.2 
28.0 
30.4 

0

3.4 
37.7 
15.6 
19.6 
23.7 

0

0.9 
27.3 
14.5 
28.0 
29.3 

0

4.0 
41.7 
25.2 
23.9 
5.;2

5.4 
23.2 
28.5 
37.5 

5.4 
0

4.6 
49.7 
37.1 

8.6 
0 
0

7.1 
28.6 
64. 3 

0 
0 
0

Percent of Area Between 1000 and 2000 Meters of Tower Centers

>60 0 0 0 0 0 0 0 0 0 
55-60 52.4 49.0 53.6 49.0 53.2 49.1 53.7 49.8 56.2 
50-55 22.4 24.6 24.8 24.8 24.5 24.7 22.9 24.9 25.9 
45-50 16.4 17.8 16.9 18.2 16.1 18.2 19.3 17.9 14.2 
40-45 8.4 8.6 4.7 8.0 6.2 8.0 4.1 7.4 3.7 

<40 0.4 0 0 0 0 0 0 0 0O 

*Total Area 
**Residential Area 
tExciusive of the planned industry zone south of the Indian Point facility.

>60 
55-60 
5 0-55 
4 5-50 
40-45 

<40

3.3 
36.4 
10.8 
13.8 
22.9 
12.8

0 
51.0 
27.5 
14.8 

6.7 
0



TABLE III0 

Land Area in Acres within Cont 'ours of Constant Noise Levels for; a Unit No. 2 --I 
Crossflow Tower imposed on the Present Area Noise Climate, the addition of a __ 

Unit No. 3 Crossflow Tower, the addition of a Unit No. 3 Counterf low Tower, the 
addition of Unit No. 3 Banks of Wet Mechanical Towers, and the addition of Unit> 
No..3 Banks of Wet-and-Dry.Mechanical Towers. The Area includes All East Shore and> 
West Shore Land Exclusive of the Indian Point Plant Site of Consolidated Edison.  

Unit 2 Crossf low Crossf low Crossf low Crossflow Crsfo>I 
it 2 C,,fo Ldn-dB I Unit 3 None. Crossflow Counterf low Wet Mechanicall W/D Mechanical 0

TI

.>60 
55-6 0 
50-55 
45-50 
40-4 5 

<40

RI RI TI *R I T I
Acres within 1000 Meters of Tower Centers 

(Total Area: 305.2 acres; total residential area: 64.2 acres) 
10.3 0.6 10.3 0.6 10. 3 0.6 12.2 3.4 14.0 

111.0 14.9 111.4 17.0 115.2 17.5 127.3 14.9 151.7.  
33.0 8.0 .45.9 9.1 47.7 9.3 76.8 18.3 113.3 
42.0 21.2 46.8 18.0 59.9 18.0 73.0 24.2 26.2 
69. 9 .19.5 90.8 19.5 72.1 18.8 15.9 3.4 0 
39.0 0 0 0 0 0. 0 0 0

4.6 
18. 3 
411.3 

0 
0 
0

Acres Between 1000 and 2000 Meters of Tower Centers 
(Total Area: 1681.7 acres; total residential area: 909.3 acres)

. 0 
881.2 
3.76..6 

141.0 
6.5

-0 
445.5 
223.7 
162.2 

77.9 
0

0 
900.2 
417.6 
284.9 

79.0 
0

0 
445.5 
225.5 
165. 0 

73.3 
0

.0 
895.1 
411.8 
335.8 
39.0 

0

0 
446.5 
225.0 
165.5 

72.7 
0

0 
902.5 
384.9 
324.7 

69.6 
. 0

0 
452.8 
226.4 
163.2 

66.9 
0

0 
944.3 
435.0 
239.3 

63.1 
0

0 
463.9 
250.2 
134.7 

60.5 
0

>60 
55-60.  
50-55 
45-5O 
40 -45 
(40

* Total Area 
**Residential Area

**R



TABLE III 

Land Area inAcres within Contours of Constant Noise Levels for; a Unit No. 2 
Crossflow Tower imposed on the Present Area Noise Climate, the addition of a 
Unit No. 3 Crossf low Tower, the addition of a Unit No. 3 Counterf low Tower, the 
addition of Unit No. 3 Banks of Wet Mechanical Towers, and the addition of Unit 
No. 3 Banks of Wet-and-Dry Mechanical Towers. The Area includes All East Shore and 
West Shore Landi Exclusive of the Indian Point Planit Site of Consolidated -Edison.t

Unit 2 .Crossf low Crossflow Crossflow Crossf low 'Crossflow 

Ln-dB Unit 3 None Cross.flow Counterf low. Wet Mechanical W/D Mechanical 

*T **R T R T. R R T R 

Acres within, 1 .000 Meters. of Tower-Centers, 
(Total.Area: 305.2 acres; total residential area: 64.2 acres) 

>60 10.3 0.6 10.3 0.6 10.3 0 .6 12.2 3.4 1404.6 
55-60 111.0 14.9 111.4 17.0 115.2 17.5 127.3 14.9 151.7 18.3 
50-55 33.0 0 45.9 -9.1 .47.7 9.3 7.6.8 18.3 113.3 41.3 
45-50 42.0 21.2 46.8 18.0 59.9 18.0 I73.0. 24.2 26.2 0 
40-45 69.9 19.5 90.8 19.5 72. 1 18.8 15.9 .3.4 0 0 

<40 39.0 .0 0 .0 -0 V0 0 0 0 

Acres Between 1000 and 2000 Meters of Tower Centers 
(Total Area: 1681.7 acres; total residential area: 909.3 acres) 

>60 0 0 0 0 0 0 0 0 0 0 
55-60 881.2 44-5.5 900.2 445.5 895.1 446.5 902.5 452.8 944.3 463.9 
50-55 376.6 223.7 417.6 225.5 411.8 225.0 384.9 226.4 435.0 250.2 

45-50 276'.4 162.2 284.9 165.0 335.8 165.5 324.7 163.2 239.3 134.7 
40-45 141.0 77.9 79.0 73.3 39.0 72.7 69.6 66.9 63.1 60.5 

(40 6.5 0 0 0 0 0 0 0 0 01 

*Total Area 
**Residential Area 
tExciusive of the planned industry zone south of the Indian Point facility.

I



TABLE IV 

Incremental Increases in Residential Areas Exposed to 
Average Day-Night Sound Levels in Excess of 55 dB due 
to the Operation of Different Unit No. 3 Cooling Towers.  

(Total Acreage = 974*)

L d 

55-60 60-65** > 55**

AMBIENT COMMUNITY AND:

AREA EXPOSED TO AVERAGE 
DAY-NIGHT SOUND 
LEVELS, ACRES

INCREASE IN AREA EXPOSED 
TO DAY-NIGHT SOUND 

LEVELS, ACRES

Unit No. 2 Cooling Tower

Unit No. 2 and Natural 
Draft Cross-Flow Unit 
No. 3 

Unit No. 2 and Natural 
Draft Counter-Flow 
Unit No. 3 

Unit No. -2 and Mechanical 
Wet Unit No.-3 

Unit No. 2 and Mechanical 
Wet/Dry Unit No. 3 

off-site Construction 
Traffic

460.4 

462.5 

464.0 

467.7 

482.2

0.6 

0.6 

0.6 

3.4 

4.6

2.1 

3.6

10. L~ 

25.8

*Area within 2000 meters of Unit Nos. 2 and 3 Cooling Tower6 
**Estimated upper limit of range = 65 dB 
***Within 2000 meters of Unit No. 2 Cooling Tower

L d 

> 6O**

2.8 

4.0
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