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I. BASIS FOR ANALYSIS

Transport of any substance in a tidal estuary is governed by the Law of 
Conservation of Mass. Figure 1 illustrates the application of this law in an 
estuary. After discharge to the estuary, waste particles are carried down
stream, in the movement of upland ruinoff toward the ocean. This phenomenon 
is known as convection. The rate of convective mass transport across any river 
section is equal to the product of fresh water runoff, Q, and contaminant con
centration, c.  

Besides convection, particles are transported in an estuary by longitudinal 
mixing. Longitudinal mixing, or dispersion, is a complex function of reversing 
tidal currents and salinity- induced circulation. Dispersive transport occurs only 
in the presence of a concentration gradient of the material being transported.  
The rate of dispersive transport is equal to the product of the dispersion coef
ficient, E, and the negative of the longitudinal concentration gradient, dc/dx.  
The dispersion coefficient, E, is a measure of the estuary's ability to transport 
material in the presence of a concentration gradient, and is a quantitative func
tion of tidal current and salinity- induced circulation.  

The concentration profile in Figure 1 indicates how convection and disper
sion distribute estuarine contaminants. Since only contaminants that decay or, 
at best, are conserved, are being considered, the maximum contalnment concen
tration must occur at the point of introduction of the contaminant to the estuary.  
In the case of saline contamination, the salt is introduced at the mouth of the 
estuary so that the maximum salinity occurs here; in the case of discharge of 
radioactive contaminants at Indian Point, the maximum concentration of radio
activity will exist in this vicinity, as shown on Figure 1.  

The concentration in the region downstream of the point of discharge, 
(x = 0), decays less rapidly than does its counterpart in the upstream region.  
This is so because in the downstream region, dispersion, in moving material in 
the direction of decreasing concentration, aids convection. More material is 
transported downstream than upstream, so, at the same absolute distance from 
the point of discharge, the upstream concentration is lower than the downstream 
concentration.  

A mass balance over the incremental volume, AAx, in Figures 1 is written: 

Inflow - Outflow + Production =Accumulation...... .. ... ()
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Algebraic summation of the individual contributions; shown in Figure 1 to 

Equation 1 gives: 

EA dx - - EA d -+KCA A x =  . .... (2) 

in which: 

c = contaminant concentration, ML- 3 

x = distance along longitudinal axis of the estuary, L 

t = time, T 

A = cross-sectional area of the estuary, L 2 

Q = fresh water flow (upland runoff), L3 T-1 

E = longitudinal dispersion coefficient, L 2T-1 

K = first order decay constant, T -1 

The production, or in this case, decay, term is the rate at which material 
is produced or consumed by physical, chemical, biochemical or nuclear reaction 

within the volume element.  

For decay according to first order kinetics, the usual kinetics of radio

active decay, this rate of consumpiton of contaminant is equal to the product of 
the unit rate, Kc, times the volume, AAx, within which the reaction is taking 

place.  

The accumulation term completes the inventory by accounting for the net 
rate of increase or decrease of material upon summation of the rates of inflow, 
outflow and production. This is equal to the time rate of change of total con

tamination mass within the reactor volume, AAx.  

The parameters, Q, A, E and K, in most estuaries are functions of space 

and time. To avoid tenuous mathematical complexity, these parameters are 
often considered to be constants. This approach, justification of which appears 
in a later section of the report, has been selected for the analysis used in this 
report. For the case of constant Q, E, A and K, Equation 2 rearranges to: 

Fdc d- ...... (3) 
-x + Ax -X] a Ax ] dc 

Ax 

The bracketed terms are average rates of change with respect to x. The 

limit of Equation 3, as Ax approaches zero, is as follows: 

2 
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EL -~ U Kc = ! 4 
dx 2  dx dt 

U is equal to Q/A and is the average fresh water velocity. Equation 4 is 

a linear partial differential equation in x and t and is often referred to as the 

convection -diffusion equation for non -conservative substances. It has been se

lected as the defining equation for all subsequent analyses presented in this 

report.  

At this juncture, it is important to note that the concentration, c, is actu

ally a tidal smoothed, area averaged concentration. This means that rather than 

attempt to define local behavior at any point within a cross-section and during 

a tidal cycle, the analyst looks at the average concentration over an entire 

cross-section over a full tidal cycle. Justification of this procedure is giver, 

by Kent (1), Harleman and Holley (2), and Lawler (3).  

This justification proceeds by starting with the equation of continuity of a 

single chemical specie (4), in which contaminant concentration is a function of 

three space dimensions and real time. Dependence on the lateral and vertical 

space coordinates is replaced by dependence on total cross-sectional area by 
integrating over 'the total width and depth. The resulting equation is then inte

grated over a tidal cycle and change with respect to real time replaced by 

change with respect to tidal cycle units of time.  

In the course of these integrations, several new terms are generated, all 

of which contribute to the dispersion phenomenon. These are eventually re

placed by the overall dispersion flux, E d 
dx* 

Once contaminants are dispersed over the river channel, the various con

centrations at specific points within the cross-section and tidal cycle can be 

expected to be less than 20% of the tidal smoothed, area averaged value. Fig
ures 2 through 7 illustrate this for salt. The actual variation of salinity across 

various cross-sections within the reach between Indian Point and Chelsea is 

shown on Figures 2, 4 and 6. Figures 3, 5 and 7 show the sinusoidal variation 

of the area averaged salinity at these sections over a tidal cycle, as well as a 

linearized plot of this variation.  

3
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STATION - NEWBURGH 
SALINITY MEASUREMENTS 
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Figure 7
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II. SELECTION OF NUMERICAL VALUES OF PARAMETERS

Numerical values of the parameters E, U and K, which appear in the de
fining differential equation and therefore control the distribution of any contam
ination in the estuary, must be chosen for the Hudson River.  

1. FRESH WATER DISCHARGE 

Fresh water velocity, U, is obtained by dividing fresh water discharge by 
the river cross-sectional area, A. Fresh water flow into the Hudson is meas
ured at Green Island, at mile point 152, where the tributary drainage area totals 
8090 square miles. The drainage area of the Hudson Basin, tributary to the 
entire River, is approximately 13,370 square miles. Over 95% of this area is 
located north of Indian Point. Because of the inability to measure directly fresh 
water flow in tidal waters, the Green Island gage is used to establish lower 
River discharges. The ratio of tributary drainage areas between Indian Point 
and the gage is 1.57. Analysis of data developed by the United States Geological 
Survey (USGS) indicates a most probable value for yield factor of 1.22. All 
values of lower River flow referred to in this report were established using 
this ratio, i.e., lower River flow is equal to Green Island gaged flow times 1.22.  

The pattern of the long-term monthly flows, shown in Figure 8, is indica
tive of the general variation of River discharge. During the months of March 
through May, the flow averaged 29,000 cfs or almost 3.5 times the average 
discharge during the months from June through October. This is equivalent to 
the statement that the volume of fresh water discharged during the spring months 
is in excess of twice the volume discharged during the subsequent five-month 
pe riod.  

Figure 1 and Equation 4 indicate that as fresh water velocity decreases, 
given a fixed value of the longitudinal dispersion coefficient, the dispersion ef
fect increases. Therefore, contaminant concentration values in the region above 
Indian Point can be expected to increase as flow decreases. Furthermore, due 
to increased salinity intrusion during periods of low fresh water flow, the longi
tudinal dispersion coefficient, which is strongly dependent on salinity -induced 
circulation, can be expected to increase in the upper region of the River. For 
these reasons, analysis of the effect of pollutants on the River require that 
drought flows by selected in assigning values of U.  
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Figure 8
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Figure 9 shows a statistical analysis of Hudson River drought flows for 

the years 1918 through 1964. For drought durations of one week (seven consec

utive days), and one month, a plot of flow versus the percent of the time such 

flow can be expected to occur is given. For example, Figure 9 indicates, for 

a duration of one week, a flow of 2630 cfs can be expected to occur 5% of the 

time or once in 20 years.  

It should be noted that the response of the Hudson to area-wide droughts 

is significantly different from that of individual, smaller-sized basings in the 

region. The difference can be attributed to the size and number of sub-drainage 

areas within the overall basin and the degree of regulation obtained from up

River storage facilities, such as the Sacandaga and Indian Lake reservoirs.  

2. CROSS-SECTIONAL AREA 

Figure 10 shows the variation of cross-sectional area with distance above 

the Battery. Variation is erratic and as such is not amenable to simple math

ematical description; i.e., as an elementary function of distance. Between 

Indian Point and Chelsea, the area varies from a minimum of 120,000 square 

feet just north of Bear Mountain Bridge to a maximum of 175,000 square feet 

at -the mouth of Newburgh Bay. The average area over this 22 mile river reach 

is 140,000 square feet; this number has been selected as the value of the con

stant parameter, A, in Equation 3.  

3. LONGITUDINAL DISPERSION. COEFFICIENT 

The value of the longitudinal dispersion coefficient at any point within the 

salt-intruded reach of the River can be conveniently obtained by analysis of 

salinity profiles. The limiting form of Equation 2 for the case of a conservative 

substance such as salt, and non-constant values of Q, A and E, is: 

1 d [ E A 4 c _ Q ] - d c .. . . . .( 5 ) 
A dxL dx ] dt 

If the variation of salinity with x and t is known, the derivatives acand 
acx 

acmay be obtained graphically or numerically. Equation 5 can then be used 

to compute the value of E at any point within the saline reach of the River.  

This procedure requires that a number of profiles be available so that the 

tim deivtiv, T ,canbecomputed and also requires that the value of Q, now 

a time and distance dependent function, controlling the intrusion, be known. This 

5
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latter requirement poses some difficulty in evaluating Hudson River dispersion.  

Fresh water flow can only be measured at Green Island, above the tidal region, 

and the attenuating effect of tidal mixing on time-variable flows is not known.  

These difficulties have been avoided by recognizing that drought flows in 

the Hudson remain relatively constant for extended periods of time; Q, and 

therefore U, are known and the steady Q gives rise to steady salinity profiles 

during these periods. Under these conditions, the net flux of salt in the River 

must be zero since there is no sink or source of salt within the estuary. Equa

tion 5 then reduces to: 

E-d - Uc =0 ...... (6) 
dx 

Rearrangement of Equation 6 yields a solution for the dispersion coefficient.  

E = U [2.303 d log c]-.' .. (7) 

Numerical values of d log c_ may be obtained by graphical differentiation 
dx 

of a semi-logarithmic plot of salinity versus distance. U(x) is equal to the flow 

associated with that profile, divided by the area, A(x), at the point in question.  

Typical steady state salinity profiles are shown in Figure 11. Values of E, 

computed as described above, are shown in Figure 12 for these and several 

other drought profiles.  

Figure 12 indicates that the dispersion coefficient at some points may in

crease as flow decreases whereas, at other points, the reverse may occur. For 

example, at mile point 20, the value of E, during the 1964 drought flow of 4100 

cfs, was 12,000 sf/sec and, during the 1959 drought flow of 8700 cfs, was 6000 

sf/sec. On the other hand, at mile point 50, E in 1964 was 4200 sf/sec and, 

in 1959, was 5000 sf/sec.  

These phenomena can be explained in terms of the mechanisms contributing 

to longitudinal dispersion. In the lower part of the saline region, under drought 

conditions (less than 12,000 cfs), salinity- induced circulation, which depends 

strongly on the salt concentration, is. the predominating mechanism, whereas, 

toward the end of the intrusion, this saline effect is less predominant and also 

less variable. The relative contribution of fresh water flow to the dispersion 

characteristics of the River increase as the absolute contribution of the salinity 

6
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decreases. Thus, increases in fresh water flow can, under some conditions, 

outweight the corresponding decrease in salinity, the net effect being an increase0 
in the dispersion coefficient.  

Under other conditions, the reverse is true and a decrease in the disper
sion coefficient in the presence of an increased flow will be observed. Details 

for these phenomena and a quantitative method for the prediction of E(x) in the 

Hudson River as a function of flow are more fully discussed in previous reports 

(5), (6).  

The determination of E as a function of x has been presented to justify the 
use and selection of constant values of E in this report. A choice of E equal 

to the maximum value of E(x) within the reach between Indian Point and Chelsea 
will result in a conservative analysis for the following reasons: 

(1) As Chelsea is approached, the true value of E will fall below this 
maximum, causing the actual contaminant concentration to be lower 
than that predicted by constant parameter analysis.  

(2) The predicted downstream flux will be less than the actual downstream 
flux because the true E values, in this region, are larger than the 
constant E. Thus, the predicted value of the fraction of total contam
ination discharge moving upstream will be greater than the actual 
value of this fraction.0 

These qualitative statements can be seen more clearly by reference to 

Figure 1.  

Figure 12 indicates that maximum E in the reach between Indian Point and 
Chelsea occurs between mile points 45 and 50. Accordingly, the values of E 
for this analysis have been selected by obtaining the average E between mile 
points 45 and 50 for any given flow. A second choice of E has been made by 
obtaining the average between mile points 43 and 65 (Indian Point and Chelsea).  

The average value of E over a finite length of River is obtained by appli
cation of the mean value theorem for derivatives to Equation 7. This yields: 

[AVG= ax_ 

303 ~ Ao lo c](8 

EAVG UAVG [2.303 A lo .c.. (9) 

A correlation of all available Hudson River salinity and flow data is shown 
on Figure 13. Values of E used in this report have been computed by application 

7
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of Equation 9 to these data. For example, at a flow of 4000 cfs, the computa

tion for average E between mile points 43 and 65 is: 

E 4000_ 2.303 (log 7000- log 2200) -1 

[ 141,300] [-43-(-65)] 5280 ] 
= 2830 sq. ft./sec 

- 8.74 sq. mile/day 

Correspondingly, for the same flow, the average E between mile points 

45 and 50 is: 

54000 7 2.303 (log 6500 log 42,00 •2.0 - lo54001

L2 
5-45-(-50) 

- 4640 sq. ft./sec 

- 14.3 sq. mile/day 

Figure 14 shows the variation, with flow, of average E, computed by Equa

tion 9 as shown above.  

8
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III. EFFECT OF CONTINUOUS DISCHARGE ON CHELSEA INTAKE 

This section analyzes the effect of a continuous discharge from Indian 

Point on water drawoff at Chelsea and is subdivided as follows:

A steady state of equilibrium analysis 

A transient analysis or approach to steady state

1. ANALYTICAL DEVELOPMENT FOR STEADY STATE CONDITION 

Figure 15 depicts the problem. The defining differential equation is given 

by Equation 4. Since this equation does not include discharge at Indian Point 

or drawoff at Chelsea, it will not define behavior across these two planes. For 

these reasons, the Hudson is divided into three regions, one above Chelsea, one 

between Chelsea and Indian Point and one below Indian Point. A solution for 

each region is obtained by application of proper boundary conditions to the gen

eral solution of Equation 4.  

The steady state form of Equation 4 is:

Ed 2 c Udc 

dx 2  dx 

The general solution of this second order, linear, ordinary 

equation is:

in which

c = Clejx + C 2 e kx 

U + VU 2 + 4KE 

2E

.(10) 

differential 

... .(11)

k =U - /U 2 + 4KE 

2E 

C 1 , C2 = arbitrary constants 

Equation 11 is the form of the general solution for each of the three re

gions. Designating River velocity above Chelsea as U1 and below Chelsea as 

U 2 , the general solution in each of the three reaches is written:

c I  = CleJlX + C 2 eklx 

cii = C3 eJ2x + C4 ek2x 

ci = C5eJ2X + C6 e k 2x

.(11a) 

.(11b) 

(llc)
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in which =U 1  U 12 + 4KEW 

k1 J 2E 

=U 2  /U2 2 + 4KE 
k2l 2E 

To evaluate the six arbitrary constants, six boundary conditions are nec

essary. These are developed as follows: 

1.The contaminant can be expected to reach negligible concentrations be

fore passing out of the estuary into the ocean. This is not due to any 

diluting effect of the ocean, but rather because the distance between 

Indian Point and New York Harbor is sufficiently long to permit vir

tually complete disappearance of contaminant originating at Indian Point 

by the time this contaminant reaches the Harbor. This means that the 

downstream end of the estuary has no influence on contaminant distri

bution in the estuary. The estuary may therefore be considered to be 

infinitely long and the 'first boundary condition may be written: 

C 111  =0 BC #1 
x = 

2. In the upstream region, convection opposes dispersion and the distance 

from Indian Point to the upper end of the estuary is even greater than 

the distance from Indian Point to the lower end. For these reasons, 

the statements concerning BC #1 are even more applicable here and 

the second boundary condition is written: 

C1  = BC #2 

3. AtogEqain1dosnot define behavior across sections at Indian 
Point and Chelsea, and discontinuity in some derivatives will occur at 

these points, the contaminant concentration itself is continuous, and 

therefore single-valued at all points. This fact gives rise to the third 

and fourth boundary conditions: 

C, A= =C1  
BC #3 

C 1, 0 7 C111I 0BC #4 
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4. To describe the behavior at the boundary between regions II and III, 

a material balance about the plane of discharge is constructed as shown 

on Figure 15. The steady state material balance is written:

[Q2
ciI - EA dcI] + qr ci + qIp cjp - qr c1I - 3 cIII

dx = Ax 
2

EAldcjI= KcAAx 

x=Ax 
2 . .. . . . (12)

in which Q2 = River flow above Indian Point 

qIp = volumetric discharge from plant 

Q3 = Q2 + qIp = net River flow below Indian Point 

cip = concentration of plant contaminants prior to introduction 
to recirculating flow 

qr = recirculating River flow through plant 

Simplifying Equation 12 and taking the limit as Ax-0 yields: 

qP IP - cix = 0= L -dx d x = 0.(13) 

In reality, virtually all of the flow from Indian Point is recirculated from 

the River. Therefore qIp «<Q 2 , and for all practical purposes Q2 = Q3. Call 
(qIp " cIp), W, the continuous load on the River, take the limit of Equation 12 

and obtain for the fifth boundary condition: 

W = EA Fd- - dr]BC #5 
Ldx dx j 

Notice that the first derivatives of the contaminant concentration are dis

continuous at the point of discharge. This behavior is shown clearly by the 

contaminant profile in Figure 1.  

5. The behavior at the boundary between regions I and II is developed 

similarly. A material balance about the plane of drawoff is constructed in Fig

ure 15 and is written:

[lcI- EA 1- qcca - 2 cI-EA dcII - KcAAx = 0 
Ax dx -a + Ax 

a - -2 2 

in which Q1 = River flow above Chelsea 

qc = drawoff at Chelsea 

Q2 = Q1 - qc River flow below Chelsea 

Ca = contaminant concentration at Chelsea 

11

(14)
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As Ax approaches zero, c I = Cii = ca and Equation 14 becomes:

dcl _ dcII 

dx x=a dx x=a BC #6

Notice, in the case of drawoff from the River, the concentration of contam

inant in the withdrawn flow is identical to the concentration of contaminant in 

the River at the point of drawoff. In the case of discharge to the River, the 

contaminant concentration in the discharged flow is much larger than in the 

River at this point. Thus, in the case of drawoff, the defining differential 

equation does not hold across the point of drawoff because the River flow is 

changed, while in the case of discharge, it does not hold because of the impo

sition of a net load on the River.  

Substitution of Equations 1la, b, c into these six boundary conditions yields 

values for the six arbitrary constants. The explicit solutions for contaminant 

concentration becomes: 

W e ( 2 - jl) a + j( x 

I =AE (jl -k 2 )

W [ ej 2 x + 2 - j1 ) e (J2 - k2) a + k2 x] cII- AE j2k-2 + (2 -k2) (J1 k2) 

I W F 1 k2) +02_-jl eO2k2) ek2 x 
AE L02- k2) 01 - k2 ) 

For the case of no decay, K = 0, and: 

U1 

E 

j2 = U 2 

E 

k2= 0 

For this case, the concentrations at x = 0 (Indian Point) 

(Chelsea) are, respectively:

Co U (1 - e E ) + e ] 

W U2 .a 
Ca = e E

(16)

.(17)

and at x = a

.(18) 

.(19)
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For no drawoff at Chelsea, Equation 18 and 19 reduce to the simple case 

of discharge of a conservative contaminant at x = 0; i.e., U 1 = U2 , Q1 = Q2 = Q 

and:

Co = 

U 

Ca - e

. . . . . . (20) 

.(21)

The ratio of concentration at Chelsea to concentration at Indian Point is:

CChelsea Ca 1 

CIndian Point Co 1 + U-l U 2 -a 

U2 e e - 1 

For the case of no drawoff at Chelsea, this reduces to e
Ua 
E•

2. TRANSIENT CONDITION 

Subsequent to commencement of a steady, continuous discharge, a time lag 

occurs before steady state profiles, described by Equation 15 through 21, are 

established. To determine concentration build-up as a function of time as well 

as of space, an unsteady state analysis of Equation 4 must be made. Such an 

analysis has been judged necessary in this study, not only to establish the rapid

ity of approach to steady state, but also to serve as a basis for a computer 

solution of the maximum permissible continuous release when radioactive decay 

is taken into account (7).  

Analysis shows that the 100 mgd Chelsea draw has only a slight effect on 

equilibrium concentration at Chelsea. The same can be expected during the 

approach to equilibrium so that transient analysis without consideration of draw

off was used. This has been developed previously in considerable detail (8).  

The final equation for the distribution of contaminant upstream of the point of 

waste discharge is:

W 
cI(xt) = 2Q 1 + 4KE 

U2

!ExLA.1+ + 4KE xxRF~2 U2 + 4KE x PU + 1 2 E' ERFC - V 

- EXPL1 4 K)j ERFC( __ U2 +4KE 

. .. .. ... (23)
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The corresponding steady state solution, given by Equation 16 when il = j2 

(no drawoff, U 1 = U2 ), is:

W 
c I (x) = Q 1 + 4KE e 

U 2

U 1 +1/+ ! X
. . . . . . (24)

The ratio of the transient response to the equilibrium response is:

1 F __ -U
2 +4KE1 

2LERFC 4Et 4E 

EXP[2 + 2 x] ERFC Et+ 1 4 E

For the case of no decay, Equation 25 reduces to:
. . . . . . (25)

c1(x ,t) 

c1(x ,o)

LERFC 4-E t - EXP [ x]• ERFC +

. . . . . . (26)
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IV. INSTANTANEOUS RELEASE

This case represents the condition of an accidental spill of radioactive 

contaminant to the River. A slug of material is released over a short time in

terval, which for practical purposes can be assumed to be instantaneous. The 

object is to determine the time of appearance of and the value of maximum con

centration at Chelsea.  

1. PREVIOUS STUDIES 

Studies of the effect of instantaneous release of conservative substances at 

Indian Point were conducted on the Hudson River Model at the Waterways Ex

periment Station, Vicksburg, Mississippi, circa 1962 (9). Figure 16 is a re

production of Plate 30, reference 9, and shows the distribution of conservative 

dye, released over a single tidal cycle at Indian Point, for a River flow of 

12,000 cfs. Notice that the spread is asymmetrical, favoring the downstream 

direction. This documents the variable nature of the dispersion coefficient and 

the fact that it increases in the downstream direction, as shown previously in 

Figure 12. A more detailed analysis of these data, in terms of the mechanisms 

which cause E to vary, may be found in references 5 and 6.  

The occurrence of maximum upstream E values between mile points 45 

and 50 is demonstrated by Figure 16. Within this reach a decreasing slope, 

particularly for tidal cycles 15 through 30, can be seen, indicative of greater 

spreading or longitudinal dispersion. For a flow of 12,000 cfs, salinity is well 

below mile point 55, the approximate location of the mouth of Newburgh Bay, 

and therefore not available to induce circulation, i.e., increase E. Below this 

point the channel narrows, the velocity is higher, and the downstream -directed 

convection strong. However, the rate of tidal energy dissipation, besides 

salinity -induced circulation, the other major cause of dispersion, is relatively 

high and dispersion is enhanced and the dye moves up this far.  

Tidal energy dissipation in the larger expanse of the bay is relatively low; 

Without salinity -induced circulation present, dispersion becomes negligible and 

is overpowered by downstream -directed convection. Thus, at the flow of 12,000 

cfs, dye does not appear above mile point 55.  

At drought flows, of course, salinity is present for north of this point; 

significant dispersion, at these times, can be expected in the vicinity of Chelsea.
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2. CONSTANT PARAMETER ANALYSIS

Drawoff at Chelsea is not considered; the results of the continuous analysis 

indicate this is not a serious omission. Detailed analysis of the instantaneous 

release for constant River characteristics has been developed previously (8); 

a brief outline of the development is given here.  

The defining differential equation is Equation 4. The initial and boundary 

conditions are developed as shown on Page 9 and are: 

Initial Condition: CIt = 0 = 0, - CO x - oo 

Boundary Conditions #1, #2: C Ix = ± = 0, all t 

Boundary Conditions #3: C I x_ -,0 = C X+ -- 0 all t 

Boundary Conditions #4: AE - - dcx = f(t)' t > 0 

f (t) in B. C. #4 is the delta function and is written: 

f(t) = O<t<At 
0 , At<t< 

in which M = Mass of contaminant released 

The Laplace Transform Solution of Equation 4, subject to the above condi

tions, yields:

M 
C (x, t) = - e 

2A ATr E t

(x -Ut) 2 

4Et - Kt . . . . . . (27)

To compute the dilution effect only, set K = 0. Equation 27 becomes:

M 
c(x,t)2 A 4n E te

(x - Ut)2 

4Et . . . . . . (28)

The maximum value of C (x, t) at a given x is desired. Differentiate 

Equation 28 with respect to t and equate the results to zero to determine the 

time at which the maximum concentration occurs. This procedure yields: 

E 1+ 1 + 2 trtal-U 2 IE2 .. .. ... (29)
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INTRODUCTION 

The hydrological features of the Indian Point site have 

been studied in three categories; the Hudson River, ground 

water and surface water reservoirs. Flow data and the flood 

history of the Hudson River in the vicinity of the Indian Point 

plant are discussed. Ground water sources within the area are 

generally used for industrial or commnercial purposes with some 

limited residential usage on the west side of the river. The 

surface water reservoirs in the surrounding area that are 

used for water supplies and sources of alternate water supplies 

are also described.
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HUDSON RIVER 

General 

The Consolidated Edison Indian Point plant is situated on 

the east bank of the Hudson River below Peekskill, Just above 

Verplancks Point. In the general area of the plant,water from 

the Hudson River is used only for industrial cooling purposes.  

The nearest community utilizing the Hudson River for a public 

water supply at the present time is Poughkeepsie, some 30 miles 

upstream from the plant site.  

Flow 

Flow data for the Hudson River were abstracted from a 

previous report of Mr. K. Kennison, submitted to Consolidated 

Edison on November 18, 1958 (included as an appendix to the 

section on hydrology). Flood data were obtained from the Survey 

Division of the Corps of Engineers in New York City.  

In the vicinity of Indian Point, the width of the Hudson 

River ranges from 4,500 to 5,000 feet with maximum depths of 

from 55 to 75 feet. Cross sectional areas of the river from a 

point three quarters of a mile upstream from the plant site to 

a mile downstream are in the order of from 165,000 to 170,000 

square feet.
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Flow duration records of the Hudson River for a 17-year 

period preceding 1930 show the following: 

Rate of Flow Percent of Time 
c. f.s. ExceeTed 

26,o00 20% 

15,250 40% 

10,500 60% 

7,000 80% 

4,000 98% 

It is evident that even the highest rates of flow expected 

will influence depth of flow in the river to only a small degree 

in the vicinity of the plant. This is due to the relatively high 

available flow section and the width of the river. River depth 

is affected more by the tidal influence than it can be by any 

anticipated flood flows.  

The Hudson River is tidal as far upstream as Troy, some 

100 miles from Indian Point. The elevation of the water surface 

in the vicinity of the plant is so responsive to the tidal cycle 

that average rate of flow has little effect on depth of flow 

or velocity of flow.  

Flood History 

Tide elevations vary both daily and seasonally and, in 

addition, can be affected by atmospheric conditions such as can 

exist during extreme storms or hurricanes. The atmospheric con

ditions can cause a surge which, added to the normal tide, 

establishes water elevation.
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The highest water elevation at the U.S.G.S. station at 

Verplancks Point, one-half mile below Indian Point, was 7.4 feet 

above MSL (mean sea level) recorded in the year 1950. A higher 

surge occurred in 1960, but the normal tide stage was such that 

actual water elevation was somewhat less than the 1950 record.  

In an earlier period, before 1935, the highest recorded elevation 

was 4.75 ft. above MSL at Verplancks Point on August 24, 1933.  

Mean water elevations at Verplancks Point are just below 

1.0 (MSL). The mean range of water depth stages is about 3.0 ft..  

With high runoff in the Hudson River Basin, the mean range at 

times averages a half a foot higher during the spring period.  

The highest river elevation, recorded in 1950, was about 

6.5 feet higher than average river levels, or some 5.0 feet higher 

than average high river stages. Considering past flood history and 

the fact that flood stages are primarily the effect of tidal in

fluence, flooding of the Indian Point plant site appears to be 

a highly unlikely possibility.  

Contamination Potential 

The hazards of contamination of water supplies by discharge 

of water borne wastes from the Consolidated Edison Indian Point 

plant are almost minimal. In the reach of the Hudson River 

that could be affected, river water is used only for industrial 

cooling.
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It should be mentioned that the City of New York is now 

in the process of constructing a river water pumping station at 

Chelsea in Putnam County below Poughkeepsie. The intent is to 

pump Hudson River water into the City system.
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WELLS-AN]) GROUND WATER0 

General 

Within a five-mile radius of the plant the only public 

water supply using ground water is the Stony Point system of 

Utilities and Industries located in Rockland County across the 

river from Indian Point. Reports on ground water resources within 

this five-mile radius indicate the existence of numerous other 

wells. These wells are for industrial and commercial usage and 

for individual water supplies for private residences. Residential 

usage, however, is almost entirely confined to the area on the 

west side of the Hudson River.  

Ground Water Geology 

Water bearing strata in the area within a five-mile radius 

of Indian Point can be divided into unconsolidated surface de

posits and consolidated bedrock. Unconsolidated deposits cover 

most of the bedrock in this area and range in thickness from a 

few feet in the hills to several hundred feet in the larger 

valleys. Unconsolidated deposits range from clays, which produce 

oniy meager quantities of water, to coarse sand and gravel 

capable of yielding several hundred gallons per minute to a well.  

The bedrock underlies the unconsolidated deposits and, 

where these are absent, crops out at the surface. Ground water 

in bedrock occurs principally in fractures and solution channels.
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Thus, the water bearing characteristics are generally 

similar, although the rocks'differ widely in mineral composition 

and water yield.  

Bedrock in Westchester County is, for the most part, meta

morphic in character and includes schist and gneiss, with smaller 

amounts of limestone, quartzite and slate. Small injections of 

granite can also be found. Only minimal yields of ground water 

can be obtained from bedrock formations in Westchester County.  

Consolidated rocks are the chief source of water in Rockland 

County. Principal rock units include the following: 

a) Newark Group - sandstone, shale and conglomerate.  

b) Palisade Diabase - diabase with some basalt.  

c) Cambrian and Ordovician Rocks - quartzite, limestone 
and dolomite.  

d) Precambrian Rocks - granite, gneiss, with some schist 
and diorite.  

The Newark group provides the greatest source of ground 

water supply in Rockland County. The other units of bedrock 

yield only minimal quantities, as in Westchester County.  

A small area of Orange County lies within the 5-mile radius 

being considered. Wells in this area have been drilled in bed

rock formations similar to those in Westchester County where the 

water yield is small.
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Well Supplies 0 
As mentioned before, the only public water supply served 

by wells in the 5-mile radius of Indian Point is the Stony Point 

System. This system serves the Villages of Haverstraw and West 

Haverstraw as well as portions of the Towns of Haverstraw and 

Stony Point. The Stony Point supply wells are located in strati

fied drift, an unconsolidated formation. These wells are rela

tively shallow, the greatest depth about 35 ft. Total yield of 

the wells to the system averages about 550 gpm.  

Other wells in Rockland County, in the area being considered, 

include some wells for commercial and industrial use and many 

private wells serving individual residences. These wells are 

located in bedrock for the most part and range from 100 to 300 ft.  

in depth. Consumption of water from wells serving private homes 

will vary from 100 to 1,000 gpd (gallons per day), depending on 

the number of persons using the supply and the facilities using 

water.  

There are only a few wells still in use in Westchester 

County within the 5-mile radius. Almost all the wells within 2 

to 3 miles of Indian Point have been abandoned and connections 

have been made to public water systems for supply. At the 

fringes of the area a few private wells are used for individual 

residences. These wells are mostly in unconsolidated deposits 

with depths less than 50 ft. Some wells exist in bedrock with 

depths varying up to several hundred feet.
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A small portion of the community of Fort Montgomery in 

Orange County lies within 5 miles off the plant. Homes in this, 

community are served entirely by individual private wells in 

bedrock. Depth of the wells vary up to several hundreds off feet.  

Contamination Potential 

The bedrock formation is such that it is highly unlikely 

that wastes percolating into the ground from the Indian Point 

site will-reach the water bearing formations used for water supply 

on the west side of the river in Rockland and Orange Counties.  

Most off the wells in Westchester County are shallow, in uncon

solidated formations with ground surface elevations considerably 

higher than at the plant site. This situation would preclude 

the possibility off contamination of the supply through ground 

water flow. Bedrock wells in Westchester County are similarly 

at higher elevations and, for the most part, are drilled in 

different rock formations than exists at the plant site.
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SURFACE WATER RESERVOIRS0 

General 

The major sources of water supply in the Indian Point 

area are lakes and surface water reservoirs. The reservoirs 

within a 15-mile radius of the plant site are tabulated in Tables 

1-7 along with the users, capacities and distances from Indian 

Point. A detailed analysis of' the reservoirs within 5 miles of 

the plant describes alternate sources of supply to those communi

ties served by the reservoirs.  

City of Peekskill1-Camp Field Reservoir 

The 5LI-million gall on Camp Field Reservoir of the City of 

Peekskill system, located 2.9 miles from Indian Point, is a raw

water receiving basin for the water treatment plant. Water is 

pumped into this basin from Peekskill Hollow Brook. For the 

most part, the water supply is the continuous flow of this 

brook. At times of low flow the supply can be supplemented by 

releasing water into the stream from holding reservoirs in 

Wicopee (Putnam County) some 11.7 miles from Indian Point or 

froM the Catskill Aqueduct off the City of New York, located a 

short distance upstream from the pump intake.  

The City of Peekskill system is divided into two service 

pressure areas. Water for the low-pressure area flows by gravity 

from Camp Field Reservoir through a bank of slow-sand filters
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into the system. No additional storage is provided for this 

section of the system. Water for the high-service area flows 

from the reservoir through two diatomaceous earth filters by 

gravity and then is'pumped to a pair of elevated storage tanks 

with a total capacity of 800,000 gallons. The high-service 

system serves approximately 25 percent of the Peekskill area.  

The remaining area, including Standard Brands and most of the 

other industrial consumers, is served by the low-pressure system.  

Total water consumiption in Peekskill averages about 5 mgd.  

The largest single user is Standard Brands, at an average rate 

of 1.5 mgd. All 'water is supplied from Peekskill Hollow Brook.  

Two connections to other systems are available for emergency 

conditions. One is the above-mentioned Catskill Aqueduct con

nection which discharges into Peekskill Hollow Brook. This flow 

must be processed through the two treatment facilities for use.  

The other emergency connection is to the Montrose Water District 

system which can supply between 1.0 and 1.25 mgd from the 

Catskill Aqueduct to the low-service section of the Peekskill 

system.  

Since no piping is installed to bypass Camp Field Reservoir, 

contamination of this basin would deprive Peekskill of its 

normal source of supply. Installation of a bypass would involve 

some 800 lin. ft. of 211-in, pipe between the inlet force mains 

and the outlet lines to the two filter facilities. With such a
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bypass, it would be possible to take water directly to the 

filters from Peekskill Hollow Brook after the passage of con

taminated water in the event of prolonged contamination of Camp 

Field Reservoir. It might be necessary to accelerate flushing 

out of the brook and the impoundment at the pumping station in 

such a situation by releasing water from either the Catskill 

Aqueduct or the Wicopee reservoirs.  

Peekskill most likely could not depend on the Montrose 

connection alone. This can supply less than one-half the normal 

demands of the low-service system even with the assumption that 

Standard Brands would not operate during the emergency. The high

service system has only 800,000-gallon storage, which would last 

less than 24 hours after shutting down the Peekskill Hollow Brook 

supply.  

As presently arranged, the City of Peekskill would be 

practically deprived of a water supply with elimination of 

Peekskill Hollow Brook as a source. A study will soon be made 

under the auspices of the Westchester County Water Agency and 

the State of New York to determine the feasibility of connecting 

the Peekskill system to a proposed transmission main crossing 

northern Westchester County from the Delaware Aqueduct of the 

City of New York. This proposal could furnish an independent 

source of water in sufficient supply to serve all the needs of 

the City of Peekskill in the event of an emergency.
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Palisades Interstate Park Commission - Queensboro Lake 

Queensboro Lake, some 5 miles from Indian Point, serves as 

the year-round water supply for Bear Mountain Inn. The inn 

facilities include the offices of the Palisades Interstate Park 

Commission as well as a hotel and restaurant. Three other lakes 

feed into Queensboro Lake through stream flow or by pipe con

nection. Only Queensboro Lake is connected directly to the water 

system and no bypass is available to route water around the lake 

from a more distant location.  

In case of contamination of Queensboro Lake, Bear Mountain 

Inn would be deprived of its water supply. A neighboring com

munity, Fort Montgomery, is served entirely by individual private 

wells. This would seem to indicate that installation of an 

emergency well supply for Bear Mountain Inn would be feasible.  

Stony Point Water System - Utilities and Industries 

The Stony Point supply of Utilities and Industries, an 

investor-owned water company, serves the towns of Stony Point 

and Haverstraw as well as the villages of Haverstraw and West 

Haverstraw. Total average consumption is about 1.8 mgd with 

1.0 mgd from a surface supply and 0.8 mgd from wells.  

The impounding reservoir of the surface supply of 4.5 

million gallon capacity is located some 3.5 miles from Indian 

Point. With contamination of this supply, the system would be 

left with only the wells which furnish about 45 percent of total 

consumption.
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Negotiations are now under way for purchase of the Stony 

Point supply by the Spring Valley Water Company, an investor

owned utility serving most of the remaining areas of Rockland 

County. This company derives water from a well system of 13 to 

15 mgd capacity and up to 7 mgd from Do Forest Lake outflow some 

10.8 miles from Indian Point. Plans have been completed for 

construction this fall of a connection between the Spring Valley 

Water Company system and the Stony Point system. This connection 

will furnish well water from the Spring Valley supply to the 

Stony Point network.  

As far as can be ascertained from public records, the 

above three systems comprise the only surface water usage within 

a 5-mile radius of the Indian Point power plant except for in

dustrial cooling water usage of the Hudson River. All other 

supplies are reported as originating in wells or from surface 

storage outside the 5-mile limit.
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WATER STORAGE RESERVOIRS 

WITHIN 15 MILE RADIUS OF INDIAN POINT 

WESTCHESTER COUNTY

Code 

W-8 

w-18 

w-14 

W-13 

W-13 

W-1 

W-10 

W-11 

W-11 

W-5 

W-6 

W-1A

User 

Ossining WB.  

New Rochelle Wat. Co.  

Pocantico Hills Est.  

Tarrytown 

Tarrytown 

New York City 
(See List) 

New Castle Wat. Co.  

Mt. Kisco 

Mt. Kisco 

Amawalk-Shenorock WD.  

Lincoln Hall School 

NYC (See List)

TABLE 1

Capacity 
Million Gallons 

101 

200 

40* 

313 

1.75 & 1.10 

65,300 (Inside 15 
mi.) 

25 * 

950 

10 * 

90 * 

25 * 

10,000 (Included in 
W-1)

Reservoir 

Indian Brook 

Pocantico Lake 

Fergusons Lake 

Tarrytown Res.  

Open Res. - 2 

Croton Res.  

Whippoorwill La.  

Byram Lake 

Open Res.  

Lake Shenorock 

Open Res.  

Amawalk 

Camp Field Res.

Distance Surface 
Miles Acres 

6.5 17 

11.9 63 

13.5 28 

14.o 85 

14.o 1 

4059

13.3 

15.0 

14.0 

11.1 

11.9 

11.6 

2.9

8 

133 

2 

16 

6 

588

* Estimated

Peekskillw-4



WATER STORAGE RESERVOIRS 

WITIN 15 MILE RADIUS OF INDIAN POINT 

PUTNAM COUNTY

Reservoir 

Lake Mahopac 

Oscawanna Lake 

Pelton Pond 

Cold Spring 

Cargill Res.  

Mt. Beacon Res.  

Melzingk Res.  

Wicopee 

Lake Secor

User 

See List 

See List 

X.Y.S. Fahnestock 
Park 

Cold Spring 

Beacon 

Beacon 

Beacon 

Peekskill 

Carmel WD #5

TABLE 2

Capacity 
Million Gallons 

5,000 * 

3,500 * 

125 * 

150 * 

160 

180 

60 

1, 200 

350 *

Distance 
Miles 

12.7 

9.5 

14.0 

13.0 

15.0 

14-5 

13.3 

11.7 

10.8

* Estimated

0

Code 

P-20 

P-10 

P-21 

P-6 

B-3 

B-2 

B-i 

W-4 

P-5

Surface 
Acres 

577 

362 

11 

25 

22 

17 

8 

166 

50

0



WATER STORAGE RESERVOIRS 

WITHIN 15 MILE RADIUS OF INDIAN POINT 

ORANGE COUNTY

ReservoirCode 

0-11 

0-4 

0-12 

0-20 

o-16 

o-16 

0-17 

0-10

Echo Lake

User

U.S. M.A.  

Highland Falls i

Lusk Res.  

Intake Res.  
Bog Meadow 
Little Bog 
Jims Pond 

Turkey Hill La.  
Nawahunta La.  

Silvermine La.  

Queensboro La.  

Lake Stahahe 

Summit Lake 
Barnes La.  
Te'ata La.  
Upper Twin La.  
Lower Twin La.  
Nassawiepa La.  

Lake Tiorati 

Cromwell Lake 

Walton Lake 

Lake Mombasha

Chester 

Monroe

Arden Farms

Capacity 
Million Gallons 

50 *

2.5 
80 
4.5 4o

150 
22 

465 
56 

230 

110 
24 
77 

109 

104

1,500

300

1,750

40 *

TABLE 3

Distance 
Miles

7.5 

6.5 
8.3 

5.9 
6.7 

6.0 
5.0 

11.1 

8.3 
8.0 
7.7 
7.7 
7.6 
7.7 

6.7 

11.2 

14.6 

13.0

9.5

Surface 
Acres

84 
37 

90 

34 
18 
32 
24 
26 
29 

296 

55

129 

324 

30 .

Sterling Forest 60 *

Palisades Int. Park 
it It II 

Palisades Int. Park 

I, It It 

Palisades Int. Park 

Palisades Int. Park 
Pal.Int.Pk. & U.S.M.A.  
Pal. Int. Pk.  
II It II 

II if II 

if It !1 

Pal.Int. Pk., Tiorati 
& Cohasset 

Woodbury

0-2 

0-5 

0-1

0-7 Oy • Res. 13.7 42



TABLE 3 (CONTID)
ORANGE COUNTY (CONTID.)

Reservoir User
Capacity 

Million Gallons
Distance Surface 
Miles Acres

0-8&9 Tuxedo Lake

Aleck Meadow 
Arthur's Pond

Tuxedo & Tuxedo Pk.  

Cornwall 
Cornwall

0

Code

0-3

2,500

23 
115

14.5

9.2 
9.2

294 

9 
20

0 Estimated

0



WATER STORAGE RESERVOIRS TABLE 4 

WITHIN 15 MILE RADIUS OF INDIAN POINT 

ROCKLAND COUNTY

Reservoir 

Lake Sebago 

Lake Welch 

Breakneck Pond 

Sec. & Third Res.  

Open Res.  

Hillburn Res.  

DeForest Lake

User 

Sebago Lake, Pal.  
Int. Pk.  

Welch Lake 

Breakneck Lake, 
Pal. Int. Pk.  

Letchworth Vill.  

Utilities & Ind.  

Hillburn 

Hackensack Wat. Co.  
Spring Val. Wat. Co.

Capacity 
Million Gallons 

1,100

1,000 

100 

100 
4.5 

1.0 

5,500

Distance Surface 
Miles Acres 

lo.8 300

7.2 

9.2 

8.5 

.3.5 

14.7 

1O.8

Code 

R-14 

R-18 

R-13 

R-3 

R-1 

R-7 

R-6

209 

63 

4o 
5 

4 

960 

H
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TABLE 5 

MULTIPLE USERS OF WATER SUPPLY SYSTEMS 

WITHIN 15 MILE RADIUS OF INDIAN POINT 

WESTCHESTER COUNTY 

New Croton Aqueduct (New York City) 

Ossining Water Board 

Sing Sing Prison 

Village of North Tarrytown 

New Rochelle Water Company 

Village of Bronxville 

Town of Eastchester 

Village of North Pelham 

Village of Pelham 

Village of Pelham Manor 

Village of Tuckahoe 

Village of Irvington 

Village of Briarcliff Manor 

New Castle Water District #1 

Village of Tarrytown 

Old Croton Aqueduct (New York City) 

Ossining Water Board 

Village of Ossining 

Town of Ossining 

Sing Sing Prison

S-22
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TABLE 5 (CONTID.) 

Kensico Reservoir (New York City) 

City of White Plains 

North Castle District #1 

Westchester Joint Water Works No. 1 

Village of Mamaroneck 

Town of Harrison 

Town of Mamaroneck 

City of Rye 

City of New Rochelle 

Village of Larchmont 

Village of Scarsdale 

Village of Pelham Manor 

Harrison District #1 

Catskill Aqueduct (New York City) 

Grasslands (Westchester Co.) 

Hawthorne Improvement District 

Hawthorne 

Town of Mt. Pleasant 

Valhalla W D 

Valhalla 

Town of Mt. Pleasant 

City of Yonkers 

Village of Scarsdale 

New Rochelle Wat. Co. (same as Pocantico Lake)

S-23



TABLE 5 (CONT'D.) 

Amawalk Reservoir (New York City) 

Yorktown W S D D 

Amawalk Heights W D 

Town of Somers 

Town of Yorktown (13 Water Districts) 

Peekskill System (City of Peekskill) 

City of Peekskill 

Village of Buchanan 

Town of Cortlandt 

Indian Brook Reservoir (Ossining Water Board) 

Village of Ossining 

Town of Ossining 

Sing Sing Prison 

Whippoorwill Lake (New Castle Water Co.) 

Town of New Castle (Part) 

Town of North Castle (Part) 

Pocantico Lake (New Rochelle Water Co.) 

Village of Ardsley 

Village of Dobbs Ferry 

Town of Greenburgh 

Village of Hastings 

Village of Scarsdale 

Village of Eastchester

-22-
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TABLE 5 (CONT'D.) 

Tarrytown Reservoir 

Village of -Tarrytown 

Glenville W D 

Town of Greenburgh 

Eastview 

Town of Mount Pleasant 

Village of North Tarrytown

S-25



TABLE 6

MULTIPLE USERS OF WATER SUPPLY SYSTEMS 

WITHIN 15 MILE RADIUS OF INDIAN POINT 

PUTNAM COUNTY 

Lake Oscawanna 

Hiawatha Improvement Co.  

Hilltop W D 

Wildwood Knolls W D 

Oscawanna Lake (Private Homes) 

Lake Mahopac 

Lake Gardens 

Lake Mahopac Woods 

Mahopac Hills 

Mahopac Old Village 

Lake Mahopac (Private Homes) 

Lake Mahopac Ridge 

Lake View Park 

Mahopac School

S-26
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TABLE 7 

MULTIPLE USERS OF WATER SUPPLY SYSTEMS 

WITHIN 15 MILE RADIUS OF INDIAN POINT 

ROCKLAND COUNTY 

De Forest Lake 

Hackensack Water Co.  

Spring Valley Water Co.  

Town of Clarkstown (Part) 

Town of Ramapo 

Town of Orangetown 

Nyack 

Village of Nyack 

Village of South Nyack 

Upper Nyack 

Town of Clarkstown (Part) 

Stony Point Supply (Utilities and Industries) 

Town of Stony Point 

Town of Haverstraw 

Village of Haverstraw 

Village of West Haverstraw

S-27



KARL R. KENNISON 
CIVIL AND HYDRAULIC IINOINIUn 

,61 CLINTON AVe.. UNOOKLYN. N. V.  

Mr. 0. R. Milne Nov. 18, 1955 
Mechanical Engineer 
Cons. Edison Co. of N. Y.  
4 Irving Place 
Now York 3, N. Y.  

Dear Sir : 

You have described to me the general features of 

th9 atomic-energy power plant which you are planning to construct 

on the east bank of the Hudson River below Peekskill. I under

stand that you wish me to report on such hydrologic features of 

the site as may affect your plans.  

From the information that you have made available to 

me I conclude that the most useful information I can give you is 

that which relates to the amount and character of the flow in the 

river. At the proposed site the river has a width of about 4500 

to 5000 feet, a maximum depth of 55 to 75 feet at loes than 1000 

feet off shore, and a cross-sectional area of about 165,000 to 

170#000 square feet. Sheet 1 shows a number of cross sections 

of the river, plotted from the U.S.C.&G.S. charts,. at intervals 

of 1500 feet, from 3750 feet upstream to 5250 feet downstream 

from the proposed plant.  

At this site the effect of the tides is all important 

and so far outweighs any other consideration that, at least for 

present purposes, the information already available on the day

by-day variation of the runoff from the tributary watershed is 

adequate.  

On Sheet 2 I have plotted an approximate flow-duration 

curve from data I had already calculated covering a period of

S-28
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17 years.  

An average rate of about 26000 cfa may be expected to be 
exceeded 20 % of the time 

" " "t " 15250 " if 40% " "' 
it " t 10500 " o f 60 % it t I" 

it it " " " 7000 " " t 80 % " " " 
For say 2 % of the time the rate may be as low a3 4000 ofa 

However as above indicated the ebb and flow of the 

tide is the all important consideration. The river is tidal to 

as far upstream as Troy. Its hourly behavior in the tidal range 

varies throughout its length. The U. S. Coast & Oeodetic Survey 

has tabulated a great deal of information from which a general 

picture of conditions off the shore at the proposed site can be 

obtained.  

On Sheet 3 I have plotted the data, as they are ap

plicable to this particular site. This indicates that the 

elevation of the water surface is so responsive to the tidal 

cycle that the average rate of flow, or runoff from the tributary 

watershed, has relatively little effect on the velocity past the 

site. I conclude that it is this velocity and the resulting 

volume of flow available for mixing and dilution in which you 

are primarily interested. In the limited time at my disposal 

I can only draw general conclusions. These may be adequate for 

present purposes. You could obtain better information by running 

a series of tests on surface and sub-surface floats, at varying 

distances off shore, throughout the tidal cycle.  

The velocity recorded by the U.S.C.&G.S. is that in 

midstream at or near the surface. In order to be on the safe side 

in drawing conclusions, I have assumed that 80 % of this velocity 

represents the average vertically from surface to bottom, and 

S-29 that 80 % also represents the average horizontally from side to



side, hence that roughly 64 % represents the average over the 

entire cross section. I have also assumed that 15 % of the total 

cross section, or a stretch about five or six hundred feet wide 

off shore, is all that should be used in considering the initial 

mixing or diluting effect. In making this assumption I am govern

ed to some extent by Hazen's studies relative to the off-shore 

distance of Poughkeepsie's water intake to avoid direct contami

nation by its sewage. I have further assumed that the velocity 

in this off-shore stretch is only 60% of the midstream velocity# 

hence that roughly 48% represents the average over the cross sea

tion of this off-shore stretch.  

On Sheet 4 I have shown the result of these assump

tions, which, as above stated, are believed to be on the safe side 

in considering the direct effect of mixing or dilution of your 

wastes. This emphasizes the all-important effect of the tides, 

the quantity available for dilution varying in about three hours 

from a maximum of eight or ten million gallons per minute to 

nothing.  

Although you will have to put up with this variation' 

as far as your continuous cooling water circulation is concerned, 

it does point to the desirability of Incorporating in your design 

a method of controlling the time for the discharge into the cool

ing water outlet of any and all waste that is to any extent radio

active. I would say that this should be done in any event for 

the drainage from your routine and emergency demineralizers, and 

it might well be done also for drainage from all areas liable to 

accidental contamination.  

From your estimate of the extent of dilution already S- 30
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accomplished in the demineralizer waste overflow, I trust you 

can get an approximate figure for the dilution that may result 

in the river off shore, and can compare this with what you may 

find necessary or desirable for adequate protection of fish life 

or of the fish eating public.  

As far as the effect on public water supplies is con

cerned, the use of the Hudson River for water supply, other than 

condenser cooling, is very limited. The nearest municipality 

involved is Poughkeepsie, 30 miles or more upstream, and even at 

that distance threatened at times with the problem of salinity.  

There is no likelihood that in the future any nearer municipality 

will take its domestic water supply from the Hudson. In fact 

the tendency is the other way, and the more remote municipalities 

of Catskill and Hudson have abandoned earlier supplies taken from 

the river.  

As far as the effect on ground water is concerned, 

you have acquired an ample area of surrounding land. I can see 

no possibility of any deleterious effect.  

I trust that this information which I have assembled 

in the limited time available will be helpful to you. If from 

these approximate figures there appears to be any question as to 

the adequacy of the safety factor in dilution, you may, as above 

stated, require additional information from float tests.  

From what you have told me about your proposed de

signs and methods of operation, I suspect that there is no real 

question of safety but only one of public relations - the avoidance 

of even the appearance of danger.  

Very truly yours, 

S-31



KARL R. KENNISON 
CIVIL AND HYDRAULIC INGINESR 

361 CLINTON AVE.. BROOKLYN. N. Y.
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1. Introduction 

1.1 Description of Topography 

Indian Point Park, site of the proposed power plant, is located 

some two milesSW of the town •of Peekskill which is the most densely popu

lated area in the immediate vicinity of the site. Indian Point, itself, is 

on the east bank of the Hudson River which runs NE-SW at this point but 

makes a sharp right angled turn some 2 miles NE of the Point (see Fig. 1).  

The west bank of the Hudson is flanked by the steep, heavily wooded slopes 

of the Dunderberg and Ramapo peaks (heights close to 1,000 ft.) which extend 

further to the west by other names and gradually rise to slightly higher 

peaks.  

The general orientation of this mass of high ground is NE to SW.  

One mile NW of the site, Dunderberg bulges to the east, and north of Dunder

berg and the site, high ground reaching 900 ft. forms the east bank of the 

Hudson as the river makes a sharp turn to the northwest. To the NE of the 

site, the narrow beds of the Canapus and Peekskill creeks lie generally in 

a NNE to NE orientation. To the east of the site peaks are generally lower 

than those to the north and west. Spitzenberg and Blue Mts average about 

600 ft. in height and there is a weak, poorly defined series of ridges which 

again seem to run in a NNE direction. The river south of the site makes 

another sharp bend to the southeast and then widens as it flows past Croton 

and Haverstraw.  

1.2 Meteorological Effects of Topography 

The site then lies in a bowl surrounded on almost all sides by 

high ground ranging from 600 to 1000 ft. Although the heights of the 

orographic features are relatively small when compared to classical Alpine 

or western United States valley studies, the topographrsurrounding the present



site is nevertheless pronounced enough to decisively influence the 

meteorology of the valley. We may expect the topography to exert its influence 

in the folloing ways.  

a) The orientation of the ridges serves to channel the air flow 

in the valley into preferred directions. We would therefore expect the fre

quency distribution of wind direction to be more peaked than it would be 

over level terrain.  

b) The ridges act as a barrier to the descent of faster moving 

air to ground levels and for this reason wind speeds in the valley 

should be lower than over level terrain, 

c) The differing radiational characteristics of the valley, 

valley sides and plain at the mouth of the valley combined with the 

sheltering effect of the ridges give rise to thermally induced local air 

circulations. These circulations, if present, should have a well marked 

diurnal period and should be seasonally dependent. When present in a pure 

and highly developed form, the thermally induced currents have well-defined 

vertical branches with systematic ascending or descending currents along 

the valley sides and center.  

d) When prevailing winds are strong and normal to the ridges 

some sort of quasi- stationary eddy wind system may develop in the valley.  

This type of wind system may be very turbulent and in a rough statistical 

sense may also have preferred regions of sustained positive or negative, 

vertical currents.  

e) The effect of these valley systems on diffusion rates are 

largely unknown. Moreover, the vertical circulation branches - if they exist

can redistribute diffusing material in the verti cal in a manner which is 

quite inconsistent with values of the traditional vertical diffusion co

efficients derived from studies over level terrain.



1.3 Objectives of Project 

The objectives of the present study are to evaluate the effect 

of topography on the diffusion climatology of the site. This involves 

collection of data describing the wind distribution in the vertical and 

horizontal, temperature gradients and interpretation of this data in term 

of diffusion from a ground and elevated source.  

2. Equipment 

2.1 Wind Measuring Equipment 

The project has on hand now five Bendix-friez Aerovanes, the 

outputsof which are recorded continuously on twin chart recorders and are the 

primary source of our climatological wind data. Two highly sensitive 

Beckman Whitley anemometers are used for low level wind determinations and 

for special studies. Two very sensitive bivanes developed at M.I.T. (see 

Fig. 2) are used to determine the three dimensional wind direction. The 

bivanes when used with the Beckman Whitleys form a compatible system for 

quantitative determination of vertical currents. The output of both the 

Beckman and bivane can be recorded continuously (but not regularly) on 

standard 0-1 ma Esterline Angus recorders, four of which are in our posession 

now.  

Also available to the project are two theodolites for use in double 
theodolite 

/pibal ascents. It is hoped that the angular readings of the theodolites 

when following balloons can be recorded photalraphically at discrete inter

vals, thus making possible regularly scheduled ascents despite manpower 

limitations.  

2.2 Temperature Measuring Equipment 

Temperature is measured by Type A - Brown Resistance Thermometers.  

'When placed in specially designed wells, the time constant of these thermometers
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is about 3 minutes in a wind of 20 fps. The bulbs are placed in shielded, 

gold leafed cylinders and are aspirated at about 20 fps. The output of the 

reslatance bulb. is recorded OA a 4 channel Brown Electronik Recorder, while 

differences in the output of matched bulbs are recorded on a 6 channel Brown 

Eleotronik recorder. The recording cycle is 2 minutes for the four channel 

recorder (channels sampled at 30 second intervals) and 3 minutes for the six 

channel temperature difference recorder. Four of these bulbs are now in our 

possession, Ten others are still on order with delivery now expected by 

mid-December.  

2.3 Smoke Oenrating Squiepment 

The Chemical Corps has kindly loaned the project an M2Al smoke 

generator. The generator operates at a capacity of 50 gallons per hour and 

should enable us to collect smoke trajectory observations in all but the 

strongest wind conditions. For use with the generator, the project has 

acquired a 700 cfm blower (at 1.5 psi) powered by a 7-1/2 hp 220 V. motor.  

3. Observation Sites 

3.1 Meteorological Tower 

Figure 1 is a map- of the area showing the principal observation 

points. The underlined names are sites of more or less contiguous obser

vations. The meteorological tower is the focal point of all observations 

made in the valley. The tower is a 310 ft guyed trylon type (sides about 

42 inches) with an inside ladder. The base of the tower is about 110 ft 

above river level. Seven 10 ft booms are mounted horizontally at 50 ft 

intervals for support of the meteorological instruments. Aerovanes are 

mounted on alternate booms at heights of 210, 310 and 410 ft above river 

level while Brown resistance bulbs will be mounted at 50 ft intervals, 

(see Fig. 2). A five inch galvanized pipe runs up one corner of the tower. B



The smoke generator and blower are mounted at the foot of the tower and 

during operations the smoke is forced up the pipe by the blower. Ports are 

provided at about 300, 350 and 410 ft above river level enabling us to vary 

the height of emission of the smoke trail as conditions warrant. The output 

of the meteorological instrumemts are recorded in the Trailer, shown in Fig. 4.  

3.2 Off-Tower Anemometer Sites 

The U. S. Maritime Commission has kindly granted us permission to 

use several of the Reserve Fleet ships anchored in tho Hudson off Stony Ft.  

as anemometer sites. Usable observations have been gontinuoualy recorded on 

the Hall and Jones (see Fig. 1) since 1 Sept. The anemometer on the Hall 

was removed 1 Nov. for installation on the tower. The Jones anemometer will 

operate continuously for the remainder of the project. It has a good ex

posure, close to the middle of the river, and presumably removed from the 

slope currents of the Dunderberg peak to the west.  

A Beckman-Whitley anemometer began operation 15 NQv. on the roof 

of a dock on the east side of the river. The Jones and Dock observations 

(at about 70 ft above river) will fill in the detailp of the flow close to 

the valley.  

An aerovane will shortly be mounted on the roof of the main building 

of the Peekokill Military Academy (elevation about 200 ft). This i the 

approximate site of a U3WB station which made regular hourly obaervations 

during 1932, 1933 and part of 1934. Reactivation of the station wIl enable 

us to get the maximum information from the old records.  

3.3 Obronoloa of Available Observations: 

In summary, pertinent data available to the project for cltmAto

logical purposes as of 1 Dec, follow:
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Site 

Hall 
Jones 
Dock 
Tower 

Water 
Peekskill Military 

Academy 

*Estimated'date

Ht. (above river) 

70 
70 
50 

210 
310 
410 

T(410-T(260) 
T(160)-T(260) 

at 50 ft intervals 
0 
200 
200 

of installation.

ind 

Wind 
Wind 
Wind 
Wind 
Wind 
Wind 

Temp. diff.  
Temp. diff.  

" ,, 

Temp.  
Wind 
Wind

Dates of Availability 

1 Sept - 30 Oct.  
1 Sept on 
15 Nov. on 
1 Nov.  
1 Nov.  
1 Nov.  
8 Dec.* 
8 Dec,' 

10 Jan.* 
10 Jan.* 
Jan. 1932-Sept.1934 
8 Dec.*

4. Discussion of Data 

4.1 Diurnal Variation of Wind Direction 

The most striking feature of the two months of Jones data which have 

been analyzed thus far is the diurnal variation of wind direction. At sunset 

There is a pronounced tendency for the wind to shift to NE. At sunrise there 

is again a tendency for the winds to shift to SW. On some days the shift is 

very abrupt and occurs just about at sunrise and sunset. On other days the 

shift is not'so abrupt and may not take place till after midnight and then only 

after an hour or two of calm winds. NE wind on occasion, persist until noon 

before southwesterly flow begins. On still other days, of course , the pre

vailing winds are so strong as to swamp any possible valley effect, and on 

those days there is no diurnal shift in wind direction.  

A northeast wind parallels the valley orientation at the plant site 

and is directed down river towards the mouth of the Hudson. If we define the 

axis of the valley as a line running OOe-220 and compute wind components 

along the axis of the valley and in the cross-valley direction, the diurnal 

variation of wind direction becomes quite apparent. Figure 5 is a plot of the 

median values of the up and down valley component of the wind as a function of



time of day. The down valley component reaches its peak median value at about 

0600 while the up-valley component reaches its peak median value at about 1600.  

The peak median value of the nocturnal down wind component is 5 mph while the 

peak value of the daytime median wind is about 3 mph. These peak values merely 

refleot the fact that statistically the night time northeasterly flow occurs 
southwesterly 

more frequently than does its/daytime counterpart.  

This is clearly seen in Figure 6 where the frequency distribution (calms 

omitted) of wind components along the axis of the valley (6a) and in the cross 

valley direction (6b) is shown for night (solid line) and day (dashed line).  

The distribution of the axial component is strongly bimodal for both night and 

day. At night the most frequent component is down valley (northeast) about 

6 mph. A secondary mode is up-valley at about 5 mph but its freuency is about 

1/3 the down valley frequency. In the daytime the principal mode becomes up

valley but a substantial down valley frequency is still observed. It is 

evident that two regimes are operating, one associated with the valley influence 

under relatively weak synoptic flow conditions, and one associated-with rather 

strong synoptic flow which Alternately swamps the day and nightime valley 

influences. A third and weaker regime also operates, namely, a tendency for 

persistence of northeasterly winds until about noon on some days and a tendency 

for northeasterly winds to begin rather late at night on still other days. The 

latter regime is undoubtedly associated with cloudiness and other air mass 

radiational conditions.  

The distribution of the cross-valley component (Fig. 6b) is very 

sharply peaked around zero at night indicating that during a great many 

nights the flow is substantially along the axis of the valley. In the day

time the zero peak is considerably reduced and the distribution broadens 

indicating a considerable cross-valley component which is generally super

imposed on the up-valley daytim, flow, All in all, comparison of the two,



distributions indicate that night time stability conditions have the effect of 

channeling the flow along the axis of the valley, while in the daytime the 

channeling effect of the valley aides is not as evident,being partially over

come by descent of air from above the valley ridge lines. This can be clearly 

seen when we compare the r.m.s. wind component along the axis of the valley 

with the r.m.s, wind component in the cross-valley direction. At night the 

r.m.s. along-valley component is about twice the cross-valley r.m.s. value.  

During the day, the r.m.s. value of both components are about the same.  

4.2. Distribution of Wind With Height and Across-Valley.  

The observations discussed above were made on board the Jones 

anchored in midriver where presumably the down valley wind should exist in 

its purest form. There are two months of simultaneous data available from 

the Hall, anchored close to the west shoreline of the Hudson. Although not 

yet ready for presentation, preliminary analysis of the differences between 

the Jones and Hall indicate very little difference in the broad features of 

the flow pattern.  

The project was fortunate in being able to acquire (from the U.S.  

Weather Bureau) a 2-3/4 year series of data made at the Peekskill Military 

Academy, Jan. 1932-Sept. 1934. As nearly as can be ascertained at the present 

time, these observations were made at a point at least 200 ft. above river 

level and about 2 miles NE of the site. Essentially the same diurnal 

variation of wind direction as discussed above was found with the old data.  

In addition to this, preliminary examination of tower winds for Nov. indicate 

that on at least some occasions the diurnal trend in wind direction is in 

evidence up to 420 ft. above river level. The tentative conclusion is that 

the down valley wind fills the breadth of the valley and on at least some 

occasions extends to over 400 ft. above river level.



4.3. Seasonal Dependence of Down-Valley Winds 

To illustrate the seasonal dependence of night time northeasterly 

flow we have calculated the percent frequency that N4NE to ENE winds were 

observed at Peekskill Military Academy, 1932-1934 as a function of time of 

day for the various seasons, The results are shown in Figure 7, As was to 

be expected, the diurnal variation of northeasterly winds roaches a maximum 

amplitude during Buzmer and a minimum wu~itude during winter. This result 

can be explained as due principall.y to the generally stronger snynoptic flow 

during vinter than during suer. A secondary reason is perhaps the change 

in cloudiness and radiational conditions from sumer to winter. The dashed 

line plot of Fig, 7 represents the percent frequency of occurrence of both 

calm and NNE to ENE winds. The reason for this presentation is that calm 

is an arbitrary designation depending on instrumental and observ'er thresh

holds.* Considering the equipment in use in 1932 we believe that a large 

number of the recorded night time calms were characterized by a slow drift 

of air from the NE. This supposition is strengthened by the fact that a 

similar count for the Jones Sept - Oct. data indicates a maximum night time 

incidence of about 70% for NNE to ENE flow, 

The frequency distribution of wind speed and direction by wind 

speed class and by night and day for the various seasons is presented in 

Tables 1 thru 14. The data is from the U.S. Weather Bureau station at 

Peekskill Military Academy (1932-1934. Day and night were arbitrarily 

defined with respect to sunrise and sunset of the middle of each month. It 

is believed that in this form the interpretation of the frequency distribution 

of wind in terms of diffusion parameters is facilitated. For example, the 

night time class of wind from any direction with speed 1-4 mph is undoubtedly
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characterized by a strong inversion. To assist in this kind of interpretation0 

we have also available (but not presented in this report) the distribution of 

cloudiness for each class in Tables 1-4. Before making definite interpretations, 

however, we prefer to correlate the towr temperature measurements with the 

wind data we will shortly begin receiving from the Peekskill Military Academy.  

5. Conclusions and Future Plans 

5.1. Conclusions 

We now have a fairly good idea of the general flow patterns at our 

observation points. Still unknown, is the distribution with height of the 

flow patterns we have discussed in the previous section. The meteorologically 

unique feature of the valley is, of course,, the substantial night time 

incidence of northeasterly winds. This valley phenomenon is of great importance 

to our study primarily because low, wind speed and presumably stable thermal 

stratification are associated with the night time winds. These conditions 

usually result in a narrow plume of relatively high concentration. However, 

because of the possibility - still unexplored - of sustained up or down 

vertical velocities it is still too early to make statements about ground 

concentrations.  

In many ways it is fortunate that the night time winds are usually 

directed down valley away from Peekukll, Ch the other hand, it becomes of 

paramount importance to evaluate the effect of the bend of the river south 

of the site on the trajectories of sources emanating from Indian Point Park.  

it is also of great importance to evaluate the diffusive conditions associated 

with the day time up-valley winds which have a tendency to carry diffusing 

materials to Peekskill, This procedure must also be carried out for the 

occasions when night time flow associated with general weather conditions 

in directed up-valley.
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5.2. Future Plans 

Our future plans follow directly from our tentative conclusions and 

these are generally to evaluate trajectories and diffusive conditions under 

critical wind condition regimes. This will be done with the aid of our smoke 

installation, and as far as is consistent with horisontal visibility conditions, 

with quasi constant level balloon trajectories.  

As winter draws on, it is apparent that our opportunity for studying 

the up and down valley winds will be curtailed. HoOwver, the generally 

stronger winter winds will afford us opportunity to examine the structure 

of possible eddy winds in the neighborhood of the site. These winds - if they 

exist at the proper height - may be instrumental in carrying smoke to the 

ground.  

In the meanwhile we must complete our instrumental installation, 

iron out the bugs in the smoke system, and continue with the accumulation 

and analysis of climatological data.
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TABLE I - Frequency distribution of wind speed for winter months 
(by day and night) as observed at Peekskill Military Academy, 1932-34.

Direction 

N 

NNE 

NE 

ENE 

ESE 

SE 

SSE S 

SSW 

SW 

W 

NW 

WNW 

NW 

TOTAL

Calm

Total

DAY 

1-4 5-10 710 

.020 .031 .029 

.004 .003 .003 

.048 .047 .035 

.006 .020 .031 

.017 .009 .001 

.002 .002 

.021 .006 .001 

- .oo5 .002 

.022 .020 .003 

.005 .028 .011 

.048 .051 .021 

.002 .015 .012 

.031 .028 .019 

.001 .028 .034 

.o14  .048 .103 

.002 .021 .034 

.243 .362 .339

Total 

.080 

.010, 

.130 

.057 

.027 

.004 

.028 

.007 

.45 

.044 

.120 

.029 

.078 

.o63 

.165 

.o57 

.944 

.o56 

1.000

.o88 

1.000Total

N IGHT 

Speed (mph) 
1-4 5-10 ;10 Total 

.009 .019 .021 .049 

.oo4 .oo4 .003 .011 

.077 .085 .029 .191 

.006 .028 .022 .056 

.038 .006 .001 .045 

.oo4 .002 - .006 

.016 .005 - .021 

.002 .004 - .006 

.028 .o16 .001 .o45 

.005 .026 .011 .042 

.043 .045 .011 .099 

.002 .001 .005 .oo8 

.017 .020 .007 .044 

.003 .017 .025 .045 

.013 .077 .094 .184 

.004 .021 .035 06o 

.271 .376 .215 .912
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TABLE II - Frequency distribution of wind speed for Spring months 
(by day and night) as observed at Peekskill Military Academy 1932-34.

Direction

DAY 

iS~eed (mph) 
1-4_ 5-10 > 10 

•018 .029 .020 

.003 .o14 .003 

.035 .055 .007 

.oo4 .030 .026 

.012 .013 .002 

.002 .007 .002 

.018 .019 .003 

.007 .o14 .oo6 

.036 .039 .014 

.012 .A48 .021 

•0149 .074 .010 

.007 .008 .005 

.040 .o26 .oo6 

.005 .028 .024 

.022 .A46 .A45 

.002 .016 .012 

.272 .466 .206 

Total

N 

NNE 

NE 

ENE 

E 

ESE 

SE 

SSE 

S 

SSW 

SW 

WSW 

W 

WNW 

NW 

NNW 

TOTAL 

Calm

Total 

.067 

.020 

.097 

.060 

.027 

011 

.040 

.027 

.089 

.O81 

.133 

.020 

,072 

.057 

.113 

.030 

.944 

.056 

1000

NIGHT 

Speed (mph) 

1-4 5-10 -10 Total 

.021 .023 .012 .o56 

.004 .009 .001 .014 

.127 .065 .010 .202 

.010 .032 .015 .057 

.041 .016 .004 .061 

.004 .oo6 - .010 

.029 .014 .002 .o45 

.OO8 .o19 .002 .029 

.0140 .036 .002 .078 

.010 .044 .010 .064 

.042 .037 .007 .086 

.002 .001 .002 .005 

.019 .011 .002 .032 

.002 .010 .021 .033 

.012 .023 .014 .049 

.002 .o14 .012 .028 

.373 .360 .116 .849 

.151 

Total 1.000
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TABLE III - Frequency distribution of wind speeds for Summer months 
(by day and night) as observed at Peekskill Military Academy, 1932-34.

Direction 

N 

NNE 

NE 

ENE 

E 

ESE 

SE 

SSE 

S 

SSW 

SW 

WSW 

W 

WNW 

NW 

NNW 

TOTAL 

Calm

DAY 

Speed (mph) 
1- 5-10 >10 

.022 .030 .011 

.003 .008 

.064 .080 .013 

.o08 .o34 .016 

.o14 .007 .001 

.002 .004 .001 

.017 .010 

.003 .009 .003 

.036 .040 .008 

.010 .060 .019 

.069 .078 .006 

.006 .013 

.026 .019 

.oo5 026 .008 

.026 .063 .025 

.005 .o14 .013 

.316 .495 .124 

Total

Total 

.063 

.0u1 

.157 

.058 

.022 

.007 

.027 

.015 

.o84 

.089 

.153 

.019 

.o45 

.039 

.114 

.032 

.935 

.o65 

16000

1-4 

.025 

.002 

.200 

.010 

.051 

.004 

.026 

.009 

.060 

.014 

.042 

.004 

.018 

.001 

.014 

.003 

.483

N IGHT 

Sed(mph) 
5-10 0 Total 

.017 .oo6 .048 

.007 - .009 

.078 o0o6 .284 

,021 .009 .o4o 

.011 .001 .063 

.003 - .007 

.015 .002 .043 

.007 .001 .017 

.031 .002 .093 

.030 .005 .o49 

.041 .002 .o85 

.001 - .005 

.OO5 - .023 

.007 .001 .009 

.041 ,012 .067 

.009 .009 .021 

.324 .056 .863 

.137 

Total 1.000
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TABLE IV - Frequency distribution of wind speeds for Fall months 
(by day and night) as observed at Peekskill Military Academy, 1932-33.

Direction 

N 

NNE 

NE 

ENE 

E 

ESE 

SE 

SSE 

S 

SSW 

SW 

WSW 

w 

WNW 

NW 

NW 

TOTAL 

Calm

DAY 

iS~eed mph) 
__ 5-1 O 10 

.023 .038 .022 

.001 - .001 

.049 .073 .031 

.005 .037 024 

.020 .010 

.oo4 .oo4 .001 

.o4 .oo4 .002 

.001 .013 .002 

.028 .031 .010 

.o14 .034 .015 

.052 .070 .ol4 

.001 .008 

.036 .025 .oo4 

.009 .026 .026 

.013 .0A4 .063 

_.012 o23 

.260 .429 .238 

Total

Total 

.083 

.002 

.153 

.066 

.030 

.009 

.020 

.016 

.059 

.063 

,136 

.009 

.065 

.061 

.120 

.035 

.927 

.073 

1.000

N IGHT 

Sgeed (mh) 

1-4 5-10 ,10 Total 

.018 .O24 .oo8 .o5o 

.001 .003 .005 .009 

.102 .092 .039 .233 

.008 .038 .029 .075 

.052 •oo4 - .o56 

.002 .oo4 - oo6 

.028 - - .028 

.003 .006 .002 .011 

.o42 .02.4 .010 .076 

.015 .028 .011 .o54 

.039 .032 .005 .076 

.001 .007 .002 .010 

.011 .020 .005 .036 

.006 .018 .016 .040 

.021 .o55 .o44 .120 

.005 .009 .006 .020 

.354 .364 .182 .900 

.100 

Total 1.000
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Fig. I Map of area surrounding meteorological tower. Underlined areas (Hall, 
Jones, Dock, Peekskill Military Academy) are sites of anemometer 
locations or sources of previous data.



Fig. 2 Photograph of tower. Note Aerovanes at 100, 200 and 300 ft. levels.
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Fig. 3 Showing bivane in Trailer office bsfgr6 inot aIation.
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Fig. 4 Photograph showing base of tower, sm okeGproducing apparatus, and 
trailer housing recorders. Note DunderbGrg in background.
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HOUR 

Fig. 5 - Diurnal Variation of vind component along axis of valley 
(040*- Down Valley, 220'. Up Valley), median values for 
indicated hours. (Data from Jones, 70 ft. above river, 
Sept., Oct. 1955)

mph -15 -10 
Up Valley

-5 0 +5 +10 
Down Vallay

a 0 

10

-5 0 +' 
Cross Valley 

6b

Fig. 6 - Frequency distribution of wind components along axis of valley, 
(040*- Down Valley, 220"- Up Valley) and in the cross valley direction 
(lO. +, 310*- -) by day and night (Data from Jones, Sept. Qct. 1955)

Q-24

-Night 22 calm hrs 

Day 34 calm hrs



Percent ___________________

A k

I 
/ 
/ 
/ 

/ 
j 

I 

ii /

SUM ER

04 08 12 16 20 24

.% 
%.

FALL

WINTER

00 Ob 08 12 16 20 21

~%% / *~I

MINGo

00 04 08 12 16 20 24 00 04 08 12 16 20 24 

Fig. 7 - Illustrating the seasonal dependence of the diurnal variation of 
NErly wind direction. Solid line represents percent time wind was 
from NNE-ENE at the indicated hour. Dashed line represents percent 
time wind was either calm or from NNEZINE. (Data from Peekskill 
Military Academy, Jan. 1932-Sept. 1934.)
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2. Diffusive conditions at site 

2. 1. Eddy wind structure in the valley 

Meteorological conditions investigated were cases of daytime 

strong NW flow breaking over the Dunderberg peak. Data sources include 

instrumented aircraft runs (through cooperation of Cornell Aeronautical 

Laboratory), and (through the cooperation of the Meteorology Group at 

Brookhaven) comparison of three-dimensional wind vector distributions 

taken simultaneously at Buchanan and Brookhaven National Laboratory.  

Unfortunately, the aircraft runs are not yet completely reduced,*but 

sufficient information is available to serve our purpose here. Following 

is a schematic sketch of the envelope of turbulent fluctuations measured by 

the airplane on a run at 1000 ft. starting just over the Dunderberg peak 

and proceeding southeast over the meteorology tower.  

A iM j ILES 

S0 

DUNDER9EG RO UN IV R PLANT M ET. HEAtIG 
PEA'I .ITEL TOWER 

*The data have since been published in full in Lappe, V.O.p and 
B. Davidson, 1960: The power spectral analysis of concurrent 

airplane and tower measurements of Atmospheric Turbulence, Final 

Report, Contract No. NOAS 58-517-d, College of Engineering, New York 

Q-27 University.  
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The very large amount of turbulence associated with the breaking of 

air flow over the Du~nderberg decays rather quickly downstream and the 

turbulent field settles down to a steady rms level at the east bank of the 

Hudson River. This uniform level is maintained for approximately five 

miles east of the site.  

Comparison of an airplane run made at 400 ft elevation following the 

east bank of the Hudson with a run made the same day over the Brookhaven 

tower indicates that the rms turbulence at Buchanan is about 1.5 times 

greater than that observed at Brookhaven. The larger Buchanar rms 

value was due to the contribution of relatively strong, but highly inter

mittent gusts. Our conclusions are that the plant site is safely out of the very 

strong field of turbulence associated with the Dunderberg range, but that 

the site will be subject to occasional incursions of extreme gusts under 

strong northwest flow conditions.  

This conclusion is further borne out by comparison of 10 second 

mean azimuth and elevation angle fluctuations at Brookhaven and Buchafian 

shown in fig. 2.1. The distributions cover about 3 hours of data taken 

under daytime strong northwest flow conditions.. The azimuth angle dis

tributions are directly comparable and indicate an rms azimuth fluctua

tion at Buchanan about 1.5 times that at Brookhaven. This ratio is con

sis tent from hour to hour.  

The elevation angles were measured by dissimilar instruments 

(ours having the faster response), but the 10 second mean should make
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Fig. 2.1. Comparison of Brookhaven and Buchanan azimuth 1nd elevation 
angle fluctuation traces.
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the instrument readings comparable. There is a definite tendency toward 

more extreme downward directed vertical angles at Buchanan. However, 

this difference is not consistent from hour to hour, the major contribu

tion to the difference coming from one hour of data; the other two hours 

showed but minor differences.  

2.2. Diffusion coefficients 

Smoke experiments were conducted at irregular intervals with a 

smoke generator source located 91 meters above ground. The behavior of 

the smoke for a distance of 1000 m from the source was documented by 

photographs usually made at 20 second intervals. The quantities abstracted 

from the film included the rate of expansion of the instantaneous plume, 

and a simple count of the number of times smoke was on the ground at 

given di stances 'downwind. By assuming an inverse square law for concen

trations, i. e. , dividing smoke frequency by distance squared, we were able 

to estimate the point of maximum ground concentration.  

For radiation calculations, it is desirable to find coefficients to fit 

a Sutton type concentration equation. This type of equation involves three 

parameters, Cp CZI and n. The diffusion coefficients at Buchanan 

were evaluated in a number of different ways. All of these approaches 

gave essentially the same answer. Since diffusion coefficients are fairly 

well known at Brookhaven, the simplest method was to use the relation

ship (see Ref. 8)
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Buch 2~~)n i)(2) Buch 2 Buch C/ 2 l- -nl,- n) S C Brook (2.1) 

1 -n)(2-n) Brook 

where a'2 is the variance of the azimuth angle fluctuation, and N is the 

macroviscosity. Here a small angle approximation has been made for 

sina, and the correlation between u and a has been assumed zero.  

Brookhaven fluctuation data were available for theirB condition.  

Under identical wind speed and stability conditions, the Reynolds stress 

(pu'w') was about the same for both sites. Similar stress values under 

identical large scale conditions imply similar roughness (z ) values 

Since - 1/2 
N = (uw') z 

the above indicates similar N values for both sites. As a first approxi

mation n is assumed to be the same and equation (2.1) can be solved for 

Buch C in terms of the known Brookhaven coefficient. The process is 

repeated using new values of n, until the solution converges.  

2 A similar equation can be solved for Cz (here only the variance 

in downward directed elevation angles was considered). Knowing the 

distance of maximum concentration from observation, the remaining 

parameter, n, can be determined from 

__I 

=(h2-n dm C
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For other meteorological conditions the same procedure was followed 

this time using the coefficients established at Buchanan for the previous case 

as known values. In summary we find: 

Table 2.1. Summary of diffusion coefficients at Buchanan.  

Conditio Cy(m)/ Cz(m) n/ 2  n 

L1 Lapse (light winds 1-3 m/sec) 0.60 0.48 0.20 

L 2 Lapse (strong winds > 4 m/sec) 0. 53 0. 43 0.30 

N Adiabatic to isothermal tempera- 0.47 0. 39 0.40 
ture gradients 

There was a great deal of variability in the coefficients determined for the 

the A case mostly because of Large aperiodic changes in the mean wind di

rection.  

The hourly lateral vertical diffusion coefficients (Cy) in Table 2.1 are 

large compared to the established Brookhaven values. The primary reason 

for this is the large azimuth oscillations which are due to the hills and rugged 

country surrounding the site. On an hourly basis, therefore, smoke plumes 

would diffuse more quickly at Buchanan than at most other flat terrain sites.  

On an annual basis, however, the restrictive influence of the valley channels 

the flow so that the long term annual spread is probably less at the Buchanan 

site.  

2.3. Inversion plume 

A few smoke runs were made under inversion conditions. These runs 

were documented by photographs from below and from an aircraft flying at
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3000 ft. The results indicate a half-angle expansion of the instantaneous 0 
plume of about .05 radians with wind speeds of 4 mph. With wind speeds 

less than 2 mph the instantaneous half-angle expansion increases to about 

.09 radians. Under steady wind conditions azimuth angles fluctuate with a 

or of about .065 radians..  

The plume holds together as a compact mass for several miles. The ratio 

of width to height of the plume is on the order of 5 to 10. In general the in

version plume trajectory tends to follow the river around the bends north and 

south of the site.  

0 

0
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3. Climatological Data and Diffusion Classes 

Tables 3.1 and 3.2 summarize the wind and temperature gradient data 

taken at the 300 ft tower level (410 ft above river) for the winter and 

summer seasons. A similar yearly summary for the 100 ft tower level 

(210 ft above river) is presented in Table 3.3. The temperature gradient 

classification is defined as followst 

For 300 ft levelt 

I - Inversion class T300-T7 > 0 

N . Isothermal-Adiabatio class 0> T300-T7 _ -i.8°F 

L - Lapse (unstable class) -. 8°F 2 T3 0 0-T 7 

For 100 ft level: 

I a Inversion class T so-T 7 0 

N - Isothermal-Adiabatic class 0 > T15 0-T 7  , .90F 

L - Lapse condition -0.9°F ) T1 5 0-T7 

For visual purposes these data are summarized in Figs. 3.1 and 3.2.  

(Arrows are flying with the wind.) There is a tendency for winds to be 

along the axis of the valley for both the summer and winter seasons. With 

respect to populated areas, wind trajectories are towards Buchanan and 

Verplank for a substantial portion of the time. Wind trajectories towards 

Peekskill (the major population center in the area) are relatively in

frequent.  

The diurnal wind regime in the valley at low levels was discussed 

in some detail in NYU Report 372.1. The height variation of the diurnal 

wind regime in the valley is extremely complicated and quite variable.  

Most frequently, the 030" night-time flow extends to about 2 to 3 

hundred ft above river with a slow southerly drift above the down river
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TABLE 3.1. Frequency Distribution of Wind Speed 
and Direction at 300 Ft. Tower Level for Winter Seaaon (Nov-April) 

According to Temperature Gradient Class.  

I - inversion, T300-4 aO 
N - isothermal-adiabatio o0 0 T300-T7 C -1,6'? 
L - lapse condition -1,8 F 7 T30 0 -T7 

Wind Wind Speed (mph) 
Direction 1 - 4 5 - 6 9-13 lL!=l9 20-27 >27 Total 

I .0053 .0058 .0086 .0017 .0005 - .0219 
205-220 N .0053 .0034 .0024 .0010 .0007 .0002 .0130 

L .0017 .0005 .0012 .0007 .0002 - .o04j3 

I .0053 .0043 .0067 .0007 - - .0170 
225-240 N .0010 .0017 .0034 .0007 .0010 - .0078 

L .0005 .0005 .0014 .0007 - - .0031 

I .0041 .0048 .0038 .0012 .0002 - .0141 
245-260 N .0005 .0007 .0034 .0077 .0019 .0002 .0144 

L .0012 .0012 .0012 .0024 .0002 - .0062 

I .0034 .0029 .0038 .0017 .0005 .0007 .0130 
265-280 N .0014 .0022 .0053 .0048 .0029 .0017 .0183 

L .0012 .0002 .0022 .0017 .0007 .0002 .0060 

I .0019 .0038 .0050 .0017 .0005 - .0129 
285-300 N .0010 .0038 .0168 .0170 .oo89 .oo14 .489 

L .0002 - .0048 .0093 .0038 - .0181 

I .0022 .0038 .0031 .0019 .0002 - .0112 
305-320 N .0014 .0074 .0201 .0321 .0122 .0026 .0758 

L .0017 .0007 .0086 .0127 .0062 - .0299 

I .0029 .0026 .0034 .0005 - - .0094 
325-340 N .OD7 .0034 .0173 .0206 .0103 .0034 .0557 

L .0019 .0019 .0036 .0081 .0034 .0012 .0201 

I .0026 .0060 .0024 .0012 - - .0122 
345-360 N .0026 .0065 .0216 .o168 .0185 .0031 .0691 

L .0017 .0043 .0141 .0065 .0059 .0022 .0347 

(continued on next page)
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TABLE 3. l(Continued) 

Wind Wind Speed (mph) 
Direotion I -.4 9-13 14-19 20-27 >27 Total 

I .0060 .0096 .0067 .0007 - - .0230 
005-020 N .0058 .0175 .0302 .0115 .0134 .0002 40786 

L .0024 .0060 .0079 .0038 .0012 - .0213 

I .0031 .0050 .0026 - - - .0107 
025-040 N .0050 .0077 .0105 .0048 .0024 - .o3o4 

L .0017 .0024 .0022 .0002 .0002 - .0067 

I .0026 .0026 .0002 .0002 - - .0056 
045-060 N .0034 .0036 .0053 .0036 .0002 - .0161 

L .0005 .0010 .0005 - - - .0020 

I .0070 .0034 .0002 - - - .0106 
065-140 N .0103 .0080 .0048 .0012 - - .0243 

L .0010 .0012 .0012 - - - .0034 

I .0048 .0046 .0024 .0007 .0002 - .0127 
145-160 N .026 .0053 .0024 .ool4 .0002 .ooo5 .ol24 

L .0014 .0017 .0031 .0014 - - .0076 

I .0091 .0144 .0122 .0019 - - .0376 
165-180 N .0098 .0089 .0091 .0079 .0029 .0017 .0403 

L .0002 .0060 .0065 .0024 .0007 - .0158 

I .0117 .0108 .0151 .0038 .0007 - .o421 
185-200 N .0070 .0086 .0115 .0038 .0007 .0005 .0321 

L .0010 .0141 .0026 .0005 .0002 - .oo84 

Calm I .0005 
N .0084 
L .0115 

Total I .0719 .0846 .0764 .0180 .0029 .0007 .2556 
N .0580 .0884 .1639 .1349 . .0762 .0156 .5454 
L .0182 .0316 .0611 .0506 .0230 .0036 .1996
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TABLE 3.2. Frequency Distribution of Wind Speed 
and Direction at 300 Ft. Tower Level for Summer Season (May-October) 

According to Temperature Gradient Class.  

I - inversion, T3o-T7 ZO 
N w isothermal-adiabatio 0 >- T300 -T7 ZZ -I.8"F 
L - lapse condition -i.8 F 7 T3 00 -T7 

Wind Wind Speed (mph) 
Direction 4-_ 5 - 9-13 1 20-27 Total 

1 .0074 .0122 .0053 .0005 - - .02514 
205-220 N .0023 .0038 .0058 .0015 .0003 - .0137 

L .0066 .0048 .0033 .0005 - .0152 

I .0084 .0071 .0043 .0003 - - .0201 
225-240 N .0010 .0041 .0038 - - - .0089 

L .0018 .0038 .0038 .0003 - - .0097 

I .0064 .0056 .0031 .0003 - - .0154 
245-260 N .0013 .0018 .0033 .0005 .0003 - .0072 

L .0028 .0028 .0038 - - - .0094 

I .0036 .0025 .0025 .0008 - - e0094 
265-280 N .0019 .0005 .0031 .0033 .0010 - .0098 

L .0024 .0048 .0048 .0005 .0003 - .0128 

I .00-43 .0028 .0048 .0008 .0008 - .0135 
285-300 N .0003 .0013 .0053 .0048 .0038 - .0155 

L .00:28 .0031 .0071 .0023 .0010 - .0163 

I .0056 .0038 .0051 .0015 .0005 - .0165 
305-320 N .0010 .0028 .0064 .0046 .0031 - .0179 

L .0033 .o041 .0061 .0043 .0036 - .0214 

I .0069 .0076 .0028 .0010 - - .0183 
325-340 N .0008 .0015 .0074 .0038 .0018 - .0153 

L .0036 .0025 .0092 .0023 .0013 - .1889 

I .0076 .ol86 .010 .0010 - A.012 
345-360 N .0013 .0031 .0125 .0064 .0023 .oo5 .o261 

L .0074 .0081 .0135 .0043 .0013 - .0346 

(continued on next page)
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TABLE 3. 2Continued) 

Wind Wind Speed (mph) 
Direction I - 4 5 - IJ 9-13 14-19 , 20-27 -27 Total 

I .0094 .0244 .o196 .0005 - - .0539 
005-020 N .0025 .0086 .0191 .0046 .0023 - .0371 

L .0053 .0122 .0099 .0028 - - .0303 

I .0122 .0089 .0036 .0005 - - .0252 
025-040 N .0074 .0064 .0094 .0033 .0003 - .0268 

L .0064 .0056 .0031 .0012 - - .0164 

I .0043 .0015 .0003 - - - 0061 
045-060 N .0023 .0043 .0043 .0005 - - .0014 

L .0018 .0015 .0020 .0010 - - .0063 

I .0076 .0038 .0031 - - - .0145 
o65-140 N .0104 .0102 .0074 .0005 - - .0285 

L .0043 .0046 .0028 .0003 - - .0120 

I .0079 .0038 .0071 .0010 .0003 - .0201 
145-160 N .0033 .0056 .0058 .0056 .0025 - .0228 

L .0025 .0053 .0074 .0043 .0015 - .0210 

I .0084 .0317 .0317 .0018 - - .0336 
165-180 N .0043 .0059 .0145 .0081 .0008 - .0336 

L .0076 .0160 .0142 .0074 .0003 - .0455 

I .0109 .0165 .01o40 .0010 - - .0424 185-200 N .0041 .0069 .0107 .0076 .0010 - .0303 
L .0081 .0173 .0084 .0020 .0020 - .0378 

I .0244 
Calm N .0061 

L .0020 

I .1109 .1310 .1012 .0109 .0015 - .3799 
Total N .0440 .0666 .1188 .0551 .0193 .0005 .3104 

L .0666 .0966 .0994 .0336 .0112 - .3094
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TABLE 3. 3 Frequency Distribution of Wind Speed and Direotion 
at 100 Ft. Tower Level for Entire Year According 

to Temperature Gradient Class.

I - inversion 
N - isothermal-adiabatic 
L - lapse condition

T 5 0-T7 
0 ; T1 50-T 7 

-0.9F - TI50-T 7

Wind 
Direction 

I 
205-220 N 

L 

I 
225-240 N 

L 

I 
245-260 N 

L 

I 
265-280 N 

L 

I 
285-300 N 

L 

I 
3o5-320 N 

L 

I 
325-340 N 

L 

I 
345-360 N 

L

I-4 > -O

.0111 
.0044 
.0039 

.0108 

.0027 

.0034 

.o061 

.0019 

.OO16 

.0056 

.0022 

.0017 

.0035 

.0017 

.00o44 

.0036 

.0007 

.0032 

.0039 
.0019 
.0035 

.0100 

.0031 

.0056

.0138 
.0031 
.0047 

.0061 

.OO14 

.0041 

.oo59 

.OO16 

.0027 

.0060 

.0012 

.0036 

.0050 
.0015 
.OO36 

.0047 

.0030 

.0021 

.0062 
.O044 
.oo51 

.0074 
.0081 
.0132

Wind Saeed (moh)
Win S *eId (mph) cu-i 03 001+ -

* 0034 
.0014 
.0017 

.oo16 

.0012 

.0024 

,0030 
.0026 
.0014 

.oo42 
.0030 
.0037 

.0076 

.0087 

.0088 

.0088 

.0128 

.0092 

.0067 
.0105 
.0075 

.0034 

.o158 

.0120

.0001 
.0005 

.0001 

.0001 

.0001 
.0011 
.0001 

.0009 

.0012 

.0022 

.o041 

.oo52 

.0061 

.oo49 

.0108 
.0070 

.0022 

.0092 

.0022 

.0005 

.0100 

.0030

.0001 

.0004 

.0002 

.0006 

.0017 
.0022 
.0009 

.0016 
.0022 
.oo14 

.0021 

.0007 

.0001 

.0025 

.0007

- .0283 
- .0090 
. .0108

.0001 

.ooo5 

.0001 

.0001 

.0002 

.0001 

.0002 

.0002

.0185 

.oo54 

.0100 

.0151 

.0073 
.0058 

.0171 

.0078 

.0119 

.0224 

.o194 
.0238 

.0237 

.0295 

.0229 

.0190 

.0283 

.0191 

.0 216 

.0397 

.o345

(continued on next page)

Q-39

-O.9"F

CU-C (Y--Q J4--Ly



TABLE 3. 3(Continued) 

Wind Wind Speed (mph) 
Direction 1 - 4 5 - 9-13 14-19 20-27 ->27 Total 

I .0173 .0324 .0113 .0008 - - .o618 
005-020 N .0083 .0199 .0192 .0078 - .0001 .0553 

L .0072 .0128 .0078 .0011 - - .0289 

I .0176 .0303 .0095 - - - .0574 
025-040 N .o041 .0095 .oo52 .0010 - - .0198 

L .0046 .0051 .0017 .0002 - - .116 

I .0100 ,oo55 .0010 - - - .o165 
045-060 N .0021 .0049 .0027 - - - .0097 

L .0024 .0031 .o014 .0004 - - .0073 

I .0156 .0030 .0010 - - - .0196 
o65-140 N .0106 .0052 .0007 .0001 - - .0166 

L .0047 .0034 .0021 - - - .0102 

I .oo49 .0047 .0006 .0004 - - .0106 
145-160 N .0036 .0050 .0040 .0010 .0002 - .0138 

L .0014 .0056 .0072 .0024 .0002 - .0168 

I .0105 .0122 .0044 - - .0271 
165-180 N .0059 .0082 .0118 .0012 .0006 - .0277 

L .0071 .0138 .0128 .0026 - - .0363 

I .0111 .0172 .0060 .0004 - - .0347 
185-2oo N .0049 .0054 .0050 .0001 .0002 - .0156 

L .0067 10111 .0047 .0011 - - .0236 

I .o188 
Calm N .0052 

L .0024 

I .1414 .1603 .0725 .0143 .0036 .0006 .4115 
Total N .0583 .0821 .1053 .0492 ,olo6 .0007 .3114 

L .0614 .0939 .0848 .0293 .0046 .0004 .2768

Q-40



I 

-30OFT -WINTER. 30OF. -SUMMER 
N NVELSON N ........ INVERSION 

ISOTHERMAL- ADIABA-TrC I SOTI4ER HALADIABATIC 
, LAPSEC O LAPSE 

V '3 - t, 
'p -j 

," \ I I I \\ 

/ / \ i " / / :/ \ 
I / 7 :" ° o /o- .' ":' , : .., Io I40 , /1lA 

. //

o 0o - i0 --- " -- i I -a 

,, ,,% - - - ,', -,, / / !-,- ,, ,, 
" -.'I, " - " .I ,,. ",) 

k IF 

0Al 090 07 

(a) (b) 

Fig. 3.1. Wind rose (300 f) according to temperature gradient (a) winter, (b) summer.  
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Fig. 3.2. Wind rose (100 ft) according to temperature gradient classes (a) winter, (b) summer."



flow. On occasion the 030" flow does extend to above 400 ft. (There is 

a lag of 2 to 14 hours in the onset of the 030 flow from 70 ft to 400 ft 

on these occasions.) The height to which the down valley flow extends 

does not appear to depend on the height or intensity of the inversion, 

but is probably related to very weak and unmeasurable prevailing pressure 

gradients.  

For diffusion estimates. the following classes were definedt

. . . Unstable Temperature gradient, winds c 8 mph 

- Unstable Temperature gradient, winds 7 8 mph 

N - Adiabatic-Isothermal class 

I - Inversion class 

The percent frequency of occurrence of each of these classes foll 

(300 ft data)

Winter 

5

owl

Summer 

17 

15 

30 

38

A substantial portion of all hours fall into the adiabatic-isothermal 

class. As it happens, it is this class which is the most difficult to 

interpret as far as diffusion behavior is concerned. Some hours which 

fall into this class are characterized by relatively shallow inversions 

up to 50 or 100 ft with adiabatic gradients above. Under these circum

stances, it is difficult to state whether or not smoke will descend to 

the ground. However, this will not affect the radiation calculations 

seriously. In view of the heated source calculations, the N class will

Q-43



not enter seriously into the calculations until wind speeds of the order 

of 10-12 mph are attained. Study of our fluctuation traces at all levels 

indicate to us that smoke will descend to the ground under strong wind 

speed conditions.
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1. Introdu ction 

A detailed summary of climnatological data collected during 

1956 is contained in Technical Report No. 372.3 - Evaluation of 

Potential Radiation Hazard, April 1957. The tower was run on a 

skeleton basis during .1957. Wind observations were made at 100 and 

300 feet (200 and 400 feet above river level), while tem perature was 

,observed at 7, 150, and 300 feet above ground. Because of the re

lative infrequency of calibration and general maintenance during 1957 

the 1956 data are considered far more accurate. The 300 ft 1957 data 

were processed in the same manner as the 1956 data. In the present 

report we summarize: 

(a) The effect of climatological differences between 1956 and 

1957 on the radiation calculations of Report 372.3.  

(b) The local. wind rose as a function of height above river, and 

(c) The combined 1956-1957 wind rose at 30 0 feet as a function 

of stability and wind speed.



2. Comparison of 1956-1957 data 

In Table I the essential features of the 1956 and 1957 300 ft 

data are summarized as a function of stability class. All definitions 

remain the same as in the previous report. In particular, Inversion 

conditions (I) are defined to occur when T 3 0 0 - T 7 > 0; Isothermal

adiabatic conditions (N) when 0 > T 3 0 0 - T 7 >-l. 80F; and Lapse con

ditions (L) when T 3 0 0 - T 7 < 1.80F.  

Table I. Frequency of Inversion (I), Neutral (N), and Lapse 

(L) conditions with associated mean wind speeds, 

V (mph) for 1956 and 1957.  

Summer I V N V L V 

1956 0.38 6.5 0.31 10.4 0.31 11.6 

1957 0.35 6.2z 0.33 12.8 0.32 9.7 

Winter 

1956 0.25 7.6 0.54 12.6 0.20 8.5 

1957 0.33 7.1 0.48 13.1 0.19 9.0 

All seasons 

1956 0.315 6.9 0.425 11.8 0.255 10.4

1957 0.340 6.6 0.405 13.0 0.255 9.4 

There are minor differences, but on the whole, the data seem com

patible. There were slightly more inversion hours in 1957 than in 1956 

with a slightly lower wind speed. The yearly frequency for each temper

ature gra~ient condition does not vary more than 10 percent whilst the 

mean wind speed for each class is also within 10 percent of the 1956 

figure. Almost all of the radiation calculations are inversely proportional 

to the mean wind speed or to the harmonic mean. There is not too great 

a difference between the two years and for this reason the total integrated 

dosage for the area should not vary too greatly, say within 10 to 20 percent,
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which is well within the range of uncertainty of the original calculations.  

The areal distribution of radiation contained in Figs. 1.1 and 1.2 

of the earlier report depends in the mean on the distribution of wind 

direction. Fig. 1 is a comparison of the annual distribution of wind 

direction for 1956 and 1957. Again the differences are not great; the 

1957 distribution seems a bit more peaked than the 1956 data. This may 

be due in part to systematic individual differences in reading the charts.  

Whatever the cause, the differences in the distribution are well within 

the limits of accuracy of the initial calculations.

In006 

X.004 

'4300 

W.0o
- -

I I

090 130 170 210 250 290 330 010 050 
W, INO D DiECTION

Fig. 1. Comparison of wind direction distribution for ali stability' 
classes (1956, solid -line; 1957, dashed line)..
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3. Variation of wind direction with height 

Some idea of the variation of wind direction with height may be 

gained from the 100 and 300 ft summer wind rose (Figs, 3.1 and 3.2 

of the original report). To supplement this information, we compare in 

Fig. 2 the distribution of wind direction for the 1956 summer season 

at 400 ft (300 ft tower level), 200 ft (100 ft tower level) and 70 ft above 

river. The 70 ft data were obtained from an anemometer mounted on 

the "Jones", a ship anchored in mid-river. The ship site is about 0,8 

mile northwest of the tower (see map in Report 372.1). It is evident 

that there are systematic differences in the three distributirni, The 

most obvious is the build-up of southerly winds with height. The Jones 

distribution is flat from i50* to 2500, while the 100 and 300 ft tower

210 250 290 

W 'ao DiAECTIQN

Fig. 2. Comparison of wind diroction distribution for aU stability 
classes, summer 1956. (Jones, solid line; 100 ft tower. dashed line; 
300 ft tower, dotted line).
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distributions peak fairly well at 170% On the down valley side of the 

distribution (about 020 *), The Jones and 100 ft tower level distributions 

are fairly well matched. The 300 ft tower level distribution does not 

reach nearly the same frequency at 030* as do the other two distribu

tions. Some of the essential differences in the two distributions are 

summarized in the following table.  

Percent time indicated wind direction ranges were observed at 

Direction Range Jones 100 ft Tower 300 ft Tower 

340-040 38 37 30 

360-040 28 30 19 
160-220 16 23 27 
160-200 10 18 22 

Part of the difference between the distributions can be explained 

by the tendency for light southerly winds to be observed at the 300 ft 

tower level when the nocturnal NNE winds have set in at the Jones and 

100 ft tower locations. The remainder appears to be a daytime phenomenon and 

indicates that The Jones distribution is affected by the proximity of the 

valley walls in a rather complicated fashion.
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4. Wind rose presentation 

In Fig. 3 we present wind roses based upon two years of data for 

inversion, neutral, and lapse conditions at the 300 ft level. The bars 

here are flying with the wind and pointing to the indicated meteorological 

wind direction. The length of the bar is proportional to the average fre

quency of occurrence per year of the appropriate wind direction and 

stability condition. For convenience in interpretation we indicate the 

general location of populated areas surrounding the site.  

An interesting feature of the wind rose is the elongation along the 

axis of the valley during inversion hours. Wind trajectories towards 

Peekskill, the most densely populated area near the site, are relatively 

infrequent during neutral and lapse conditions. There is a sizeable fre

quency of 2100 winds during inversion hours. This trajectory would just 

about brush the northern outskirts of Peekskill, but it is probable that 

terrain effects would tend to curve the trajectory so that it follows the 

river. In general, the inversion wind rose shows a high frequency of 

up and down valley wind directions.  

During lapse and neutral conditions, the wind rose indicates a 

substantial frequency of northwest winds which are the prevailing winds 

over flat land in this area. Under these temperature gradient con

ditions, one may expect effluent concentrations on the ground. There 

are a substantial number of wind trajectories toward the villages of 

Buchanan, Montrose and Verplank during neutral and lapse conditions, 

and towards the village of Verplank during inversion conditions.
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Legend: - less than 5 mph 
--- 5-13 mph 
''' > 13 mph

Fig. 3. Wind rose at 300 ft tower level for inversion, neutral and 
lapse conditions, based upon 1956-1957 data. (Bars are flying with the 
wind). Calm: Inversion .026; Neutral .0107; Lapse .0052.
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Station: xmR XMATAIEp MW YMK

Drainage basin: EtWON County: 0RAuz

Lot. 41" 19'11 Long.74 O0'W E Iev.(ft.) 1301

Period of record: 1941-195o 

Month IDuration (hours) 1.1 2 3 1 6 12 (24

1.29 
1/1945 

0.80 ..  

114-15/1944 

0.99 
3/1942 

1.51 
1/1948 

1.77 
27/1946 

1.01 
23/1942 

2147 
22-23/1945 

1.93 
16/1942 

2.08 
214/19146 

1.53b 
26/1942 

8.14 8/1947

Jon.  

Feb.  

M ar 

Apr.  

May 

Jun.  

Ju 1.  

Aug.  

Sep.  

Oct.  

Nov.  

Dec.

1.49 
31/1942 

112 
20-21/1947 

1.19 
6-7/1944 

1.71 
1/1948 

2.51 
27/1946 

1.50 

2.74 
2 -23/19145 

2.30 
9/1942 

2.28 
24/1946 

2.83 
?6-27/1943 

3.65 
8/1947 

2.09 
:5-26/1945

1.51 
5-6/1949 

1.42 
20-21/1947 

1.41 
2-3/1947 

2.08 
18-19/1949 

2.87 
27/1946 

1.82 
1-2/1946 

3.98 

18-19/1945 

2.47 
24-25/194 

2.80 
26-27/1942 

3.95 
26-27/1943 

3.65 

8/1947 

3.33 50-31/1948

l Amt. 1.57 1.97 2.22 3.14 3.65 3.98 
Annua te /0/5 11/8/47 11/8/47 11/8/47 1/8/A7 7/18-19/ 5 

__ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ /81/4

OAlso 23/1949. bAlo 26/1943.

Amt.  
Date 

Amt.  
Dote 

Amt.  
Date 

Amt.  
Date 

Amt.  
Dote 

Amt.  
Date 

Amt.  
Dote 

Amt.  
Dote 

Amt.  
Dote 

Amt.  
Date 

Amt.  
Date 

AmL 
Date

0.38 
7/1946 

0.26 
14/19144 

0.* 357a 
.21/1948 

0.61 
30/1947 

0.70 
6/1949 

0.67 
21/1945 

1.57 
20/1945 

1.25 
26/1947 

0.81 
30/1946 

0.59 
10/1950 

1.18 
8/1947 

0.63 
25/1945

0.60 
31/1942 

o.41 
114/19441 

0.57 
3/1942 

0.89 
30/1947 

1.21 
20/1949 

o.83 
21/1945 

1.72 
22/1946 

1.44 
16/1942 

1.21 
214/19146 

0.86 
26/1943 

1.97 
8/1947 

1.17 
25/1945

o.85 
31/1942 

14A944 

0.78 
3/1942 

1. 06 

1/1948 

1.35 
30/1948 

0.88 
21/1945 

1.85 
22/1946 

1.71 
16/1942 

1.71 
24/1946 

1.03 
26/1942 

2.22 
8/1947 

1.148 
25/1945

1.99 
25/1945

R-13 14



ta-ion, Bear MeuatA

U. S. DEPARTMENT OF COMMERCE, WEATHER BUREAU 

I County, o-,n. - State, Now oark

Latitude IL. .19 Longitude,• 74.00 Elevation, 1300 feet.

Data, Preeipitatien,Honthly and Annuals 

Year, J.vary, Febrwuy. Mar h. April, May, June. July. August. September. October. Nevember. December. Annual.  

1939 3.81 3.62 3.16 5.90 1.30 5.32 3.04 3,36 3.04 4.20 1.69 3.39 41.83 

1940 5.58 3.87 5.72 6.68 6.53 3.12 3.68 4.05 2.82 3.38 4.48 3.87 53.78 

1941 2.77 2.87 2.22 2.00 1.79 4.46 6.31 3.33 0.25 2.35 3.18 4.L7 36.00 

1942 3.98 1.85 5.67 0.92 3.20 3.80 5.79 5.51 4.44 3.61 4.79 4.62 48.18 

1943 2.36 1.19 2.00 3.47 4:56 3.80 3.73 2.56 2.99 12.64 4.18 Jt 1.01 44.49 

1944 1.93 2.05 5.60 5.30 2.54 3.06 2.03 2.42 5.99 2.12 5.09 2.37 40.50 

1945 2.97 2.46 1.79 3.79 7.18 4.28 16.87 4.73 5.36 2.13 6.53 4.46 62.55 

1946 1.79 1.65 2.97 1.97 8.91 3.11 8.10 4.93 6.24 2.13 1.03 2.48 45.31 

1947 2.85 3.39 3.48 4.76 9.49 6.55 7.38 2.78 2 1.9( 2.69 8.51 3.68 57.46 

1948 3.05 1.21 3.29 5.28 7.30 4.84 13.52 2.76 0.68 1.92 4.92_ 6.14 .8, 

1949 5.08 2.27 1.88 5,7 6.53 0.96 3.5 2.94 5.60 2.52 1.91 2J7 Jl.4O 

1950 2,81 4.46 3.40 2.97 6.02 3,77 5.16 2.94 2.26 2.45 5.39 6.24 47.87 

?0_ 1. , _ -_ V,. ..,, Z,/ 73.e? :r, /I Z-.. $"3 ?.- , 

I- 4-- - - - - -- - -

Sums 

Means 

REMARKS

R-14



U. S. DEPARTMENT OF COMMERCE 
WEATHER BUREAU 

NATIONAL WEATHER RECORDS CENTER 

JOB NO. 6729 

SURFACE WIND SPEEDS VERSUS 
DIRECTION WHEN SOME FORM OF 
PRECIPITATION IS OCCURRING 

(ANNUAL AND MONTHLY) 

STATION: BEAR MOUNTAIN, NEW YORK 

PERIOD: JANUARY 1944 - DECEMBER 1948 

Sponsored by: Consolidated Edison Company of New York, Inc.  

DATE OCTOBER 28, 1965 

FEDERAL BUILDING 
ASHEVILLE, N.C.  

Book 2 of 2 

USCOMM-WD-ASNIVIL

R -15



JOB NO. 6729

SURFACE WIND SPEEDS VERSUS DIRECTION 

WHEN SOME FORM OF PRECIPITATION IS OCCURRING

BEAR MOUNTAIN. NEW YORK ANNUAL JANUARY 1944 - DECEMBER 194f

MILES PER HOUR ____________ _ _ _ _ _ _ _ _ _ 

S~~eed47 

Di.1-3 4-7 8-12 13-18 19-24 25-31 32-38 39-46 Over Total 

N 16 61 -- 106 71 54 41 17 1 -1 _ __ 368 _ __ 

NNE 4 28 58 57 24 14 0 1 4 190 

NE 7 24 72 79 29 10 0 0 0 221 _ ______ 

ENE 7 45 109 74 23 12 1 0 0 271 ____ 

E 17 103 314 316 101 20 1 0 0 872_ _ 

ESE 8 65 150 183 48 10 4 0 0 468 ___ ___ 

S E ____ 8 67 147 104 16 13 3 0 0 ____ 358 ___ 

SSE ____ 1 30 97 82 36 16 3 4 0 _ __ 269 _ ______ 

S 19 78 181 162 98 43 17 8 .3 _ __ 609 ________ 

SSW 2 27 82 86 69 40 5 11 0 322 _ ______ 

SW 8 31 93 97 51 27 6 2 1 _ __ 316 ________ 

WSW 4 21 51 53 35 17 8 6 1 _____ 196 ________ 

W 7 32 34 41 26, 16 8 7 4 ____ 175 ________ 

W/NW 4 19 45 46 66 43 26 7 3 _ __ 259 _______ 

L N W _ _ _ _ _ 9 3 3 6 7 5 2 4 2 3 5 1 2 1 0 1 2 6 1_ _ _ _ _ _ _ _ 

NN W 15 43 65 71 49 22 5 0 0 _ __ 270 ________ 

CALM 55 1. 1 55 ___

TOTAL 1671 1574
I A I 1 4.-

379 116 5,480
-4 I 4 4----------I~ t t

5,480 occurrences out of a possible 43,848.
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U. S. DEPARTMENT OF COMMERCE 
WEATHER BUREAU 

NATIONAL WEATHER RECORDS CENTER 

JOB NO. 6729 

OCCURRENCE OF WIND SPEED 
AND DIRECTION DURING THUNDERSTORMS 

(ANNUAL ONLY) 

STATION: BEAR MOUNTAIN, NEW YORK 

PERIOD: JANUARY 1944 - DECEMBER 1948 

Sponsored by: Consolidated Edison Company of New York, Inc.  

DATE OCTOBER 28, 1965 

FEDERAL BUILDING 
ASHEVILLE, N.C.  

Book 1 of 2 

USCOMM.WB-ASHEVILLI

R-18



JOB NO. 6729

OCCURRENCE OF WIND SPEED AND) DIRECTION DURING THUNDERSTORMS

BEAR MOUNTAIN, NEW YORK ANNUAL 1944 - 1948

MILES PER HOUR 

Speed 47 

Dir. 1-3 4-7 8-12 13-18 19-24 25-31 32-38 39-46 Over Total 

N 2 5 10 6 2 1 1 27 

NNE 2 2 4 1 9 

NE 2 1 3 4 2 1 13 

ENE 3 74 2 1.6 

E 8 10 7 2 

ESE 5 11 3 19 

SE 2 10 16 16 3 47 

SSE 1 26 19 5 51

S 4 24 57 47 11 1 144 

SSW 4 23 26 12 1 1 67 

SW 3 6 22 24 11 4 1 1 72 

WSW 1 8 12 34 15 5 4 1 801 

W 3 11 12 27 10 6 1 3 1 4 77 

WNW 3 18 11 10 12 2 2 3 61 

_W 6 17 4 9 6 2 2 1 47 

NW5 12 4 8 1 1 2 2 34

4 I 4 I 4 4 L 4 1 4 4 I 4

102 258 240 J 38 16 J 8~ 9 ___ 7961

months November, December, January & February duringThere were no thunderstorms observed for the 
this period (1944-1948).

CALM 
TOTAL

_____ ____ I _____ I _____ I ____i ___
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REGIONAL ECONOMIC DEVELOPMENT INSTITUTE,9INCORPORATED 

1980 PROJECTIONS 

OF

POPULATION AND LAND USE 

FOR AN 

AREA CIRCUMSCRIBED BY A 55-MILE RADIUS 

FROM 

BUCHANAN, NEW YORK

PREPARED FOR 

CONSOLIDATED EDISON COMPANY OF NEW YORK, INC.  

NOVEMBER 3, 1965



REGIONAL ECONOMIC DEVELOPMENT INSTITUTE, INCORPORATED 

PART I 

INTRODUCTION 

The following two parts of this report present the results and methodology 

of projecting 1980 population and land use for an area circumscribed by a 55-mile 

radius from Buchanan, New York.  

Due to the short time available to produce the projections, complete 

reliance was placed on the aggregate population and land use estimates produced 

by the Regional Plan Association of New York. These were obtained as the 

result of an intensive four days' perusal of their frequently revised projections, 

and by making extensive use of their counsel and advice.  

RPA estimates for 1980 population by county were used as the limits to 

population growth by municipalities for the period 1960 to 1980. The 55-mile 

radius from Buchanan, New York, circumscribed an area which was segregated 

into ring s-and-sectors as the following "Key to Numbering of Zones" indicates.  

The projections of population by municipalities constrained by RPA county 

estimates were then fitted to the area and totals by zones and ring s-and- sectors 

were produced. These results appear in the following section and the 

methodology in the third section.  

Estimates for land use in 1960 as well as projections for land use in 1980 

were not available at all in county or municipal detail. Consequently, detailed 

land use for 1960 and projected land use in 1980 could only be controlled by 

average figures for land use derived from RPA estimates for some fifty

p- 2



REGIONAL ECONOMIC DEVELOPMENT INSTITUTE, INCORPORATED

KEY TO NUMBERING OF ZONES 

Miles from Buchanan. New York 

Direction 0- is 15- 2. 25- 35 35- 45 45- 55 

N to NE 1 9 17 25 33 

NE to E 2 10 18 26 34 

E to SE 3 11 19 27 35 

SE to S 4 12 20 28 36 

S to SW 5 13 21 29 37 

SW to W 6 14 22 30 38 

W to NW 7 15 23 31 39 

NW to N 8 16 24 32 40

p- 3



REGIONAL ECONOMIC DEVELOPMENT INSTITUTE, INCORPORATED 

-2

municipalities, all or part of only five counties and New York City.1 

The land use values by counties are of necessity then likely to contain 

error. It is believed, however, that the possible error Is small and that all the 

values are of the correct magnitude. The results of the detailed land use 

estimates for 1960 and the projections for 1980 appear in the following section and 

the methodology appears in the third section.  

Basic work sheets and data processing "print-outs" and cards, including 

the itemization and splitting of municipalities and subsidiary projections. of 

municipality population, have been retained by Regional Economic Development 

Institute, Incorporated, and are available.  

This report was directed by Professor Edgar M. Hoover and produced by 

the research staff of the Regional Economic Development Institute, Incorporated.



REGIONAL ECONOMIC DEVELOPMENT INSTITUTE, INCORPORATED

PART II 

RESULTS 

The following tables contain 1980 projections of population for forty 

zones and ring-and-sector totals as well as 1980 projections of land use by 

county.

p- 5



REGIONAL ECONOMIC DEVELOPMENT INSTITUTE, INCORPORATED

1980 POPULATION PROJECTIONS

Zone

"Extrapolative" 
Proj ection 

1980
Population 

1960 

18, 323 
40, 834 
35, 566 
90, 143 
91, 660 

9, 311 
13, 682 
27, 321 
34, 117 
28, 146 

140, 695 
699, 673 
357, 097 

30, 028 
18, 441 
84, 925 
86, 252 
54, 946 

190, 677 
2, 404, 766 
1,5778, 513 

43, 359 
41, 430 
23, 788 
32, 826 
66, 942 

321, 128 
3, 261, 122 
3, 153, 690 

89, 690 
25, 461 
331 718 
25, 915 

433, 876 
224, 934 

1, 055, 784 
930, 905 

36, 768 
12, 862 
52, 084

" Density" 
Proj ection 

1980

39, 898 
73, 427 
71, 378 

161, 448 
200, 223 

41, 361 
29, 164 
53, 115 
80, 065 
70, 500 

233, 058 
986, 875 
599, 794 

58, 733 
32, 471 

141, 310 
139, 785 

99, 186 
348, 846 
311, 656 
002, 018 
110, 373 

62, 763 
37, 677 
56, 608 

129, 540 
527, 513 
485, 870 
240, 678 
237, 359 

34, 124 
50, 132 
38, 780 

672, 402 
546, 199 
439, 316 
517, 627 
83, 814 
15, 407 
75, 837

"Compromise" 
Proj ection 

1980

43, 809 
72, 607 
70, 322 

165, 633 
190, 255 

50, 645 
28, 159 
50, 587 
68, 931 
74, 326 

240, 843 
980, 462 
543, 170 

67, 709 
33, 116 

135, 638 
136, 592 
104, 718 
328, 943 
352, 125 
007, 352 
116, 864 

69, 242 
38, 858 
61, 401 

133, 990 
536, 210 
478, 298 
273, 470 
232, 037 

38, 459 
52, 668 
46, 254 

716, 147 
534, 771 
365, 059 
496, 222 

97, 434 
15, 502 
73, 789

41, 735 
72, 675 
70, 688 

163, 637 
196, 263 
44, 614 
28, 541 
52, 110 
74, 678 
72, 221 

237, 278 
984, 442 
571, 367 

63, 052 
33, 156 

138, 432 
138, 252 
101, 987 
339, 140 

2, 329, 609 
2, 004, 810 

113, 629 
66, 569 
38, 387 
58, 775 

131, 587 
531, 602 

3, 483, 747 
3, 257, 437 

235, 001 
36, 363 
51, 427 
42, 473 

694, 861 
540, 497 

1, 402, 590 
1,506, 849 

90, 389 
15, 451 
74, 673

Area 
Square 
Miles

88. 0 
73. 7 
74. 8 
65. 4 
83. 0 
94. 4 
92. 2 
77. 1 

164. 8 
145. 4 
162.8 
211.0 
148. 1 
150. 5 
151. 6 
130. 6 
237. 4 
186. 6 
183. 9 
120. 3 
244. 5 
243. 6 
259. 1 
246. 7 
331. 7 
312. 0 
133. 2 
333. 5 
294. 2 
316. 6 
305. 3 
321. 7 
364. 5 
380. 9 
202. 9 
181. 9 
304. 9 
353. 8 
335. 4 
380. 3
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REGIONAL ECONOMIC DEVELOPMENT INSTITUTE, INCORPORATED 

1980 "COMPROMISE" PROJECTION OF POPULATION 

by Ring-and-Sector Zones

0 to 15 

15 to 25 

25 to 35 

35 to 45 

45 to 55 

Sector Totals

N to NE 

41, 735 

74, 678 

138, 252 

58, 775 

42, 473 

355, 913

NE to E 

72, 675 

72, 221 

10], 987 

131, 587 

694, 861 

1, 073, 331

E to SE 

70, 688 

237, 278 

339, 140 

531, 602 

540, 497 

1, 719, 205

SE to S 

163, 637 

984, 442 

2, 329, 609 

3, 483, 747 

1, 402, 590 

8, 364, 025

S to SW 

196, 263 

571, 367 

2, 004, 810 

3, 257, 437 

1, 506, 849 

7, 536, 726

SW to W 

44, 614 

63, 052 

113, 629 

235, 001 

90, 389 

546, 685

W toNW 

28, 541 

33, 156 

66, 569 

36, 363 

15, 451 

180, 080

NW to N 

52, 110 

138, 432 

38, 387 

51, 427 

74, 673 

355, 029

Ring Totals 

670, 263 

2, 174, 626 

5, 132, 383 

7, 785, 939 

4, 367, 783 

20, 130, 994



REGIONAL ECONOMIC DEVELOPMENT INSTITUTE, INCORPORATED 

1960 POPULATION 

by Ring-and-Sector Zones

N to NE 

0 to 15 18, 323 

15 to 25 34,117 

25 to 35 86, 252 

35 to 45 32, 826 

45 to 55 25,915 

Sector Totals 197, 433

NE to E 

40, 834 

28, 146 

54, 946 

66, 942 

433, 876 

624, 744

E to SE 

35, 566 

140, 695 

190, 677 

321, 128 

224, 934 

913, 000

SE to S 

90. 143 

699, 673 

2, 404, 766 

3, 261, 122 

1, 055, 784 

7,511,488

S to SW 

91, 660 

357, 097 

1,778,513 

3, 153, 690 

930,.905 

6,311,865

SW to W 

9. 311 

30, 028 

43, 359 

85, 690 

36, 768 

205, 156

W to NW 

13, 682 

18, 441 

41, 430 

25, 461 

12, 862 

111,876

NW to N 

27, 321 

84, 925 

23, 788 

33, 718 

52. 084 

221, 836

Ring Totals 

326. 840 

1, 393,.122 

4, 623, 731 

6,980,577 

2, 773. 128 

16, 097, 398

0



REGIONAL ECONOMIC DEVELOPMENT INSTITUTE, INCORPORATED 

TABLE 1

Counties in Con Ed Study Area

State In RPA Region 

Conn. Fairfield 

N. J. Bergen 
Essex 
Hud son 
Middlesex 
Morris 
Passaic 
Somerset 

Union 

N. Y. Dutchess 
Nassau 
Orange 
Putnam 
Rockland 
Suffolk 

Westchester

Percent 
In 

Outside Con Ed 
RPA Region Area

Equation 1 
1 1960 
Proj ection 
Sq. Miles

2 
Averaging 
From 
1 1960 RPA 
Total 
Estimate

3 

Best 
Estimate 
I 1960

4 

D 1980 From 
RPA Popula
tion Estimate

96 1666 
[29] [201] 
[77] [1997]

Litchfield 
New Haven 

Sussex 

Warren 

Sullivan 
Ulster

37 55 
113 133 

69 63 
24 18 
46 34 

146 133 
[18] 
[51] 

99 101

Bronx 
Kings 
New York

4635 
7812 

12222
3067 
1538 
2861 
1091 
[2161 
5825 
[2871 

368 
5119 

374 
471 

1899 
1830 

[621 
[161] 
2690 

32143
35870
68182-

9 

Square 
Miles 
Total 
Area

633 
938 (49) 
610 (433) 

233 
128 

45 
313 (150).  
468 
194 
307 (101) 
528 
103 
361 (47)

5 

Equation 1 
1 1980 
Projection 
Sq. Miles

141 
[36] 

[107] 

90 
65 
29 
97 

100 
58 
55 

[42] 
45 
[4] 

82 
119 

85 
27 
43 

216 
[22] 
[65] 
126 

29* 

49* 

16*

6 

Equation 2 
1 1980 
Projection 
Sq. Miles

126 

92 
59 
18 
83 
87 
41 
44 

49 

57 
177 

45 
28 
26 

161 

104 

29* 

49* 

16*

7 
Best 
Estimate 
1 1980 
From Equa
tions 1 & 2

141 

92 
65 
31* 
97 

100 
58 
55 

49 

82 
177 

85 
28 
43 

216 

126 

29* 

49* 

16*

8 
Adjusted 
to Best 
Estimate 
1 1980 
RPA Total

216 
[36] 

[107] 

140 
99 
31* 

148 (68) 
153 

89 
84 (28) 

[42] 
75 
[4] 

125 
271 
130 

43 
65 

329 (234) 
[22] 
[65] 
193 

29* 

49* 

16*

816 
293 
829 
234 
179 
921 
986 

1143 
435

(654) 
(552) 
(1006)



REGIONAL ECONOMIC DEVELOPMENT INSTITUTE, INCORPORATED 

TABLE 1 continued..

Counties in Con Ed Study Area

State In RPA Region

Percent 
In 

Outside Con Ed 
RPA Region Area

Equation 1 
1 1960 
Projection 
Sq. Miles

2 
Averaging 
From 
1 1960 RPA 
Total 
Estimate

3 

Best 
Estimate 
1 1960

4 

D 1980 From 
RPA Popula
tion Estimate

N. Y. Queens 
Richmond

17661 
7759

93 102 
30 30

76* 109 
46 58

Pike (8] 545 (354)

TOTAL RPA REGION 

CONTROL TOTALS

1258 

1248

1192 

1248

TOTAL INTENSIVE LAND USE 
IN CONSOLIDATED EDISON AREA

1248 

1248 

1459

1595 1423 

2408 2408

1645 

2408

2408 

2408 

2461

NOTES: Figures in [ I are for counties outside RPAs Region and are only added in Column 8.

Figures with * are for counties whose population density declined or projection produced over 100 percent of land used intensively. In such cases, 
1960 estimates of land use intensity were used for 1980.  

Figures in ( ) in Column 8 are square miles of intensively used land in the Consolidated Edison Area for those counties which are not 100 percent 
within that area. Those in ( ) in Column 9 are the total square miles of the county in the Consolidated Edison Area.

5 

Equation 1 
1 1980 
Projection 
Sq. Miles

6 

Equation 2 
1 1980 
Projection 
Sq. 'Miles

Be st 
Estimate 
1 1980 
From Equa
tions 1 & 2

8 
Adjusted 
to Best 
Estimate 
1 1980 
RPA Total

9 

Square 
Miles 
Total 
Area



REGIONAL ECONOMIC DEVELOPMENT INSTITUTE, INCORPORATED 

TABLE 2 

ESTIMATED LAND USE 1960 AND PROJECTED LAND USE 19801

INTENSIVE 1960 & 1980 
1 2 3.

Residential
Industrial/ 

Commercial

NON-INTENSIVE 1963

Institutional 
Total and Park

5 
Public 
Rights 

of Way

NON-INTENSIVE 1980
6 

Total

Community 
Facilities Parks & 

& Institutions Recreation

9 
Public 
Rights 
of Way

10 11 12 

Grand 
Total Open Totals

1960 
Square Miles 
Percentage of Total 

Developed Land 
High 
low

1032 

43 
58 
32

1248 696 

52 29 
45 
15

418 1114 4062 6424

1980 
Square Miles 
Percentage of Total 

Developed Land 

1960 - 1980 
Square Miles of Land 

to be Developed 
Percentage of Total land 

to be Developed

2040

1400

2408

1620

682 2342 1674 

14 49

6424

1228

1. The averages were derived from the data in "Table 3. The Use of Developed Land in Selected Areas of the Region. " RPA Bulletin Number 100, 
Page 21, September, 1962. The data for square miles excludes Monmouth County from the original RPA totals.



REGIONAL ECONOMIC DEVELOPMENT INSTITUTE, INCORPORATED 

TABLE 3 

LAND USE BY COUNTY 1954 AND 1960 IN SQUARE MILES

1954

Counties in Con Ed Study Area

1960
INTENSIVE LOW INTENSIVE

State In RPA Reaion 

Conn. Fairfield 

N. J. Bergen 
Essex 
Hudson 
Middlesex 
Morris 
Passaic 
Somerset 

Union 

N. Y. Dutchess 
Nassau 
Orange 
Putnam 
Rockland 
Suffolk 

Westchester

. Outside 
RPA Region 

Litchfield 
New Haven 

Sussex 

Warren 

Sullivan 
Ulster

Low Open 
Intensive Intensive Land

Industrial/ Institutional 
Residential Commercial and Park

80 
[24] 
[64] 

62 
61 
26 
49 
44 
41 
29 

[221 
43 
[21 

46 
114 

52 
15 
28 

110 
[15] 
(421 

83

64 
[2] 

[43] 

19 
7 
2 
31 
50 
17 
33 

[60] 
6 
(5] 

92 
78 
92 
26 
30 
95 

[64] 
[115] 
40

Public Rights 
of Way

43 
[3] 

[281 

13 
4 
1 
20 
33 
12 
22 

[40] 
4 

[3] 

61 
13 
61 
17 
12 
63 

[43] 
[76] 
27

Open 

430 
[15] 

[2851 

126 
44 
11 

203 
332 
116 
217 

(402] 
43 

[34] 

608 
69 

613 
173 
103 
630 

[427] 
(764] 
267
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TABLE 3 continued...  

LAND USE BY COUNTY 1954 AND 1960 IN SQUARE MILES

1954

Counties in Con Ed Study Area

Outside 
In RPA Region RPA Region Intensive 

Bronx 31* 
Kings 34 
New York 20* 
Queens 98* 
Richmond 29* 

Pike 

TOTAL RPA REGION 

CONTROL TOTALS 

TOTAL CONSOLIDATED EDISON AREA

Low 
Intensive 

7 
4 
2 

10 
8

Open 
Land 

4 
31 

0 
1 

21

INTENSI

Residential 

25 
42 
14 
65 
17

1046 

1032 

1221

1960 
VE LOW INTENSIVE 

Industrial/ Institutional Public Rights 
Commercial and Park of Way 

4 2 1 
7 2 2 
2 2 3 

11 4 3 
3 5 3 

[1] [421 [28]

697 

696 

1028

NOTES: Figures with * are for 1954 land use in New York City. They were not used for 1960 and 1980 because the data for 1960 was assumed to be 

more discrete.  

Figures in [ ] are for those counties outside RPA's Region. They are added in to the total for Con Ed's area.

State 

N. Y.

Open 

10 
16 

1 
26 
30 

[277 

4068 

4062 

6272
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TABLE 3, PART TWO 

LAND USE PROJECTION BY COUNTY FOR 1980 IN SQUARE MILES

INTENSIVE LOW INTENSIVE
Counties in Con Ed Study Area

In RPA Region 

Fairfield

Outside 
RPA Region 

Litchfield 
New Haven

Bergen 
Essex 
Hudson 
Middlesex 
Morris 
Passaic 
Somerset

Union

Dutchess 
Nassau 
Orange 
Putnam 
Rockland 
Suffolk 

Westchester

Sussex 

Warren

Sullivan 
Ulster

Residential 

183 
[30] 
[88] 

118 
83 
26 

126 (58) 
130 

75 
71 (24) 

[34] 
63 

[3]

106 
230 
110 

37 
56 

279 (199) 
[18] 
[53] 
162

Industrial/ 
Commercial 

33 
[6] 

[19] 

22 
16 

5 
22 (10) 
23 
14 
13 (4) 
[8] 
12 

[1]

19 
41 
20 

6 
10 
50 (35) 
[4] 

[121 
31

Community 
Facilities 

& Institutions 

92 
[3] 

[72] 

20 
6 
3 

18 
69 
23 
16 

[107] 
6 

[91

152 
5 

154 
42 
25 
92 

[117] 
[207] 

53

Parks & 
Recreation 

83 

[3] 
[65] 

19 
6 
3 

16 
63 
21 

15 
[97] 

6 

[9]

138 
4 

140 
38 
23 
84 

[1061 
[188] 

48

Public Rights 
of Way 

71 
[2] 

[55] 

16 
5 
2 

14 
54 
18 
12 

[83] 

5 
[7]

117 
4 

119 
32 
19 
72 

[90] 
[160] 

42

25 4 3

State 

Conn.  

N. J.

N. Y.

Open 

171 
[5] 

[134] 

38 
12 

6 
34 

129 
43 
30 

[199] 
11 

[18] 

283 
9 

286 
79 
46 

172 
[217] 
[386] 

99

Bronx 3 2 5
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TABLE 3, PART TWO continued ...  

LAND USE PROJECTION BY COUNTY FOR 1980 IN SQUARE MILES

INTENSIVE
Counties in Con Ed Study Area

In RPA Region
Outside 

RPA Region Resid ential

Kings 
New York 
Queens 
Richmond

Pike

Industrial/ 
Commercial 

7 
2 

11 
7

Community 
Facilities 

& Institutions 

4 
1 
7 
3 

[76]

LOW INTENSIVE

Parks & 
Recreation 

4 
1 
7 
2 

[69]

Public Rights 
of Way 

4 
1 
6 
2 

[591

TOTAL RPA REGION 

CONTROL TOTALS 

TOTAL CONSOLIDATED EDISON 
AREA

2040 

2040 

2078

794# 

876 

1385

724# 

784 

1261

617# 1482#

1674 

25831073

NOTES: Total RPA Region figures followed by # indicate that only the portion of the counties in Con Ed's area are included. This explains why these 
figures are further from the control total figures than in previous cases.

Figures in I I are for those counties outside RPAs Region. They are added in to the total for Con Ed's area.

State 

N. Y.

Open

[142]
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PART III A0 

PROJECTIONS OF POPULATION, AND DISTRIBUTION BY ZONES 

our summary tables show the distribution by 40 zones (eight sectors In 

each of five concentric rings) of the 1960 population and of the 1980 population 

projected according to three different techniques. In this section we explain 

(1) how the projections were made, and (2) how both the 1960 and the projected 1980 

populations were allocated among the 40 prescribed zones.  

1. The Prolections 

We started from projected totals for each of the twenty-nine counties that 

lie wholly or partially within the 55-mile circle. All three of our projections agree 

in the total for each county. This starting-point was adopted because of the 

availability of a rather recent set of county population projections for 1980, 

prepared by the Regional Plan Association of New York and representing the outcome 

of extended and intensive study of the New York metropolitan region and its growth 

patterns. The RPA projections represent a careful revision and improvement of 

earlier projections made by Harvard University's New York Metropolitan Region 

Study in 1958-1959; the revisions take into account the findings of the 1960 

Census and other subsequent materials. They are also tied in closely with the 

RPA's analysis of present and prospective land use in the area.  

Consequently, we adopted the Regional Plan Association's county total for 

1980, for each of the counties in which such an RPA figure Is available. Our 

projections for individual municipalities were controlled so as to add up to the 

RPA total in each county.S
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The 55-mile circle includes some territory beyond RPA's sphere of analysis: 

Warren and Sussex Counties in New Jersey, and fractions of a half-dozen other 

counties in Connecticut, New York State, and Pennsylvania. For these additional 

counties and part-counties, we prepared our own projections--based on relative 

growth rates in 1950-1960 and 1960-1965, the projected 1960-1980 growth rates 

available from RPA for adjoining and roughly similar counties, and RPA's broad 

indications of the directions of most rapid outward spread of metropolitan growth 

in the next decade or two. These projections are of course crude compared with 

RPA's; but even fairly substantial errors in them will not be likely to distort the 

final results very greatly, since the population involved is only about five 

percent of the total within the 55-mile circle.  

The next step was to disaggregate the twenty-nine counties into their 

500-odd component municipalities. As simple rules for deciding how fast 

individual municipalities would grow relative to their counties, we used two 

different principles in separate projections, and then combined them in a third 

projection.  

A. Extrapolative Projection. Our first set of projections is based on the 

assumption that places which grew faster than their counties in the 1950's will 

continue to do so, and that those which lagged behind their counties' growth in the 

1950's will continue to lag in the 1960's and 1970's. Specifically, each 

municipality's population was first projected linearly to 1980, simply extending 

the 1950-1960 growth rate for another twenty years. This extrapolation was done 

both on a geometric basis (using the 1950-1960 percentage increase per annum) and
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an arithmetic basis (using the 1950-1960 increase rate in persons per annum). The 

latter was adopted after inspection of the results, since it produced fewer cases 

that were obviously absurd1 and also because the projected growth for the area as 

a whole involves a somewhat smaller percentage rate per annum between 1960 and 

1980 than was registered in the 1950's.  

The extrapolated figures for all the municipalities in each county were then 

totaled, and adjusted up or down pro rata to make the total conform to the RPA or 

other total already established for the county.  

B. Density-based Projection. One quite obvious shortcoming of the extrapola

tive technique just described is that it takes no account of restraints upon growth 

arising from the filling-up of developable space. We sought, therefore, to 

develop an alternative set of projections which would incorporate the hypothesis 

that percentage rates of growth of individual communities slacken off with higher 

population densities per square mile.  

Some preliminary investigations into data for selected counties were made 

to see if the posited inverse relation of growth rate to density is actually present 

to a sufficiently significant degree to make it a useful projection guide. These 

investigations disclosed a marked relationship of the expected sort in the 1950

1960 growth and density rate for municipalities. It appeared also that a straight

line regression relation between the logarithms of (1) the growth ratio and (2) 

1. For example, take the not unrealistic case of a small, suburban 
community that grew from 100 in 1950 to 2, 000 in 1960. Extend
ing that rate of percentage increase would give a projected 1980 
population of 800, 0001I The less-exuberant arithmetic extrapola
tion, in the same Instance, would give only 5, 800 for 1980.
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the density of population at the beginning of the time interval provided a more 

appropriate formulation than a simple linear relation.  

Accordingly, the data on 1950 and 1960 population and land area for all 

municipalities were processed so as to yield a statistically- fitted regression 

formula for municipalities in each county, relating rate of population growth to 

density of population. In fitting the equation, the data for individual municipali

ties were weighted according to population, giving larger places a proportionately 

greater influence on the formula.  

These regression formulas were, in all but a few counties, associated with 

a high enough degree of correlation to leave no doubt about the usefulness,-of 

this approach as a guide to relative rates of expected population growth. With one un

important exception (Sullivan County), the relationships were consistently- inverse 

in direction as would be expected (i. e. , higher density was associated with lower 

growth rates in any given county). In the Sullivan County case, the correlation 

was too small to make its size or direction significant.  

The projections produced by this method for individual municipalities 

were then totaled for each county and adjusted to make the county totals conform 

to the RPA or other total already established for that county, just as was done 

with the first or extrapolative set of projections.  

C. Compromise Projection. The two alternative sets of projections just 

described rest on entirely different principles, each of which (the continuity of 

growth differentials, and the inverse relation of growth rate to density) has 

demonstrable validity but falls short of complete adequacy. Consequently, it
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seemed appropriate to combine the two types of projection into a third, Incorporating 

both the continuity and the density effects.  

To get this third set, labeled "compromise" projections, we took for each 

municipality the geometric mean between the adjusted extrapolative and the adjusted 

density-based projection. Then the "compromise" projections for the municipali

ties of each county were added up and adjusted to make the county total conform, 

as in the two previous cases, to the RPA or other total already established for the 

county.  

The averaging procedure allows each of the two effects (growth- continuity 

and density) to exert an effect on the compromise projections. Where the extrapo

lative and the density-based projections were in close agreement, they reinforce 

each other in projecting differentiation of growth rates In different parts of a 

county; where the extrapolative and density-based projections give sharply differ

ing answers, they tend to cancel one another out in terms of such differentiation, 

leading to compromise projections which show relatively little dissimilarity in 

growth rates among the parts of a county. This seems appropriate-- where the two 

approaches we have tried give very different results, we are well advised to take 

both of them less seriously and have less occasion for diverging very far from 

the simple assumption that all parts of any given county will grow at equal rates.  

The geometric mean was chosen in preference to the arithmetic as a way 

of still further toning-down the most extreme variations of growth rates.  

It seems to us that the compromise projections are the "best" of the three 

so far as anyone can judge in advance. However, all three sets of projections are
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presented in equal detail so that users of these reported results may make their 

own evaluations and decisions.  

2. ALLOCATION TO RING AND SECTOR ZONES 

Each of the three sets of projections by municipalities (and also the actual 

1960 populations of municipalities then had to be translated into population totals 

for the 40 ring-and- sector zones stipulated.  

A little more than half of the municipalities were found to lie wholly within 

one of the 40 zones. Each of the rest had to be split, with portions allocated 

to anywhere from two to six different zones. In view of the large number of cases 

involved (more than 250 municipalities,) to be split into more than 600 

fractional parts, the splitting was done by inspection of a map showing the 

municipalities and zone boundaries, the proportional division of the municipality's 

area among continguous zones w* estimated visually, and in most cases it was 

assumed that the same proportionate split would also apply to that municipality's 

population. Whenever feasible, however, and particularly where places of 

significant size were concerned, account was taken of the location of major 

concentrations of population within the municipality boundaries.  

It was assumed that the same split-up of a municipality would apply in the 

case of each of the three projections, and also for the 1960 population.  

The derivation of 1960 and projected population totals for each of* the 40 

zones was carried on in an electronic computer, which also provided totals in 

each case for each ring and each sector of the g rid.
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PART III B 

PROJECTIONS OF LAND USE BY COUNTY, 1980 

The basic theory of the projection technique used to disaggregate RPA gross 

estimates of land use is that in each county the "intensive use ratio' (1) defined 

as the percentage of total land area used for residential, commercial, and 

industrial purposes, 1 is a function of the population density (D) for that county.  

This relationship is demonstrated in the following Graph which plots the logarithms 

Of 1 1954 (percentage of land in intensive use In 1954) against the logarithms of 

D, where D is the average of 1950 and 1960 population densities for each of 

twenty-one counties in the RPA Region. 2 

A statistical test of the relationship between I and D was then produced by 

fitting a regression equation of the form log Y =a + b log X to the scatter of 

points in the Graph. The fitted equation, 3 log 1 1954 = .361 + . 531 log D 

(Equation 1) has an R2 , or coefficient of determination, equal to . 931. This 

means that 93. 1 percent of the variation in the percentage of land used intensively 

is explained by population density. Equation 1 s the basis for disaggregating by 

1. This definition of intensive land development is the one used by 
the Regional Plan Association to describe "Table 20. Land 
Development by County in 1954, RPA Bulletin Number 87, page 31, 
June, 1957.  

2. Sources of Data: "Table 20. Land Development by County 1964," 
RPA Bulletin Number 87, page 31, June, 1957, and "Table 4. The 
Region's Population, 1860 to 1960, by County, RPA Bulletin Number 
100O, page 36 (Appendix), September, 1962.  

3. An explanation of the regression technique used may be found in 
most general statistical research text books, such as Ferber and 
Verdoorn, "Research Methods in Economics and Business, " New0 
York, 1962.
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counties RPA's gross land use estimates for its region. Land use values for 

counties not in RPA' s Region were also obtained from Equation 1, but no control 

or scale factor was available.  

Application of this relationship Yielded the estimates of square miles of 

intensively used land by county in 1960, In Column 1 of Table 1. A second 

estimate of intensive land use by county In 1960 was obtained by applying an 

average value of 52 percent for Intensive land use to RPA estimates of 1960 

"committed" land. 4 This second set of estimates (Column 2 in Table 1) permits 

the projection estimates from Equation 1 to be judged against a control total 

derived from the RPA estimates for committed land. Of the total 2, 400 square 

miles of committed land in RPA estimates for 1960, 1, 248 square miles were 

developed intensively. The 1, 258 square miles of Intensively used land 

projected by Equation 1 Is within one percent of this control total. Column 3 

represents the results of an adjustment in Intensively used land for those 

counties in Column 2 which suffered most from averaging. The adjustment was 

made by applying the high (low) intensity percentage for counties closer to 

(farther from) the core of RPA' s Region. 5 This correction brought the total for 

the second estimate to that of the control total. The best estimates of square 

miles of intensively used land by counties In Column 3, Table 1. were then 

4. The average value of 52 percent was derived from 1960 RPA 
estimates of committed land used intensively In selected areas of 
the region. See Table 2, Column 3.  

5. See Table 2 for high and low values of intensive land use ratio. Also 
"The Region's Rings of Development, " RPA Bulletin Number 100. page 6, 
September, 1962.
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disaggregated into residential and commercial/industrial uses by applying average 

figures of 83 and 17 percent, respectively, which were derived from RPA 

aggregate estimates. The results appear in Table 3.  

With this foundation, the next step was the projection of land-use intensity 

in 1980 by means of Equation 1. The population density for 1980 used in the 

projection came from RPA estimates of 1980 population by county for those counties 

in RPA' s region. 6 (Population density for 1980 for counties not covered by RPA 

were obtained by extrapolating population for 1980 from that in 1950 and 1960. )7 

The results in square miles of this projection appear in Column 5 of Table 1.  

Projecting by Equation 1 requires that points in the Graph far from the 

regression line will be on the regression line twenty years hence. Thus, an 

alternative form of this projecting technique embodying the same relationship 

was also used. These alternative- form projections, which appear in Column 6 of 

Table 1 were produced by 

log 1 1980 =_ log I 1954 + .531 (log D 1980 - log D (Equation 2) 

which uses the difference in population density between 1980 and the average of 

1950-1i960 to project the difference in the intensive land use ratio between 1980 

and 1954. While it is felt that neither set of the projected intensive land use 

6. "Table 5. The Region's Projected Population, 1965 to 1985, by 
County, " RPA Bulletin Number 100, page 36 (Appendix), September, 
1962.  

7. County and Data Book, 1962, United States Department of Commerce, 
Bureau of the Census, Washington, 1962.
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figures are any better than could possibly be obtained from the existing data, they 

can be viewed with some assurance that they are of the correct magnitude.  

The Regional Plan Association estimated that 2, 500 more square miles of 

land will be developed between 1960 and 1985. 8 Assuming that this is done at an 

even rate over the 25-year period, about 2, 000 square miles will be developed 

between 1960 and 1980. RPA estimates that 58 percent of this land will be 

developed in intensive uses. 9 Thus, 1, 160 square miles of intensively developed 

land could be added by 1980 according to the estimate derived from RPA data.  

Total land used intensively in the region could reach 2, 408 square miles as shown 

in Table 2.  

With this new control total for total intensively used land in 1980, the "best" 

disaggregated projection from Equations 1 and 2 was adjusted by a factor of 1. 529 

to coincide with RPA estimates. The "best" disaggregated projected value for 

intensively used land in each county is given in Column 7 of Table 1. Selection 

of the value for this column from the values produced by Equations 1 and 2 in 

Columns 5 and 6, respectively, was made by taking the larger value in all cases 

except Hudson County and New York City. In the cases of Hudson County and 

New York City, Equations 1 and 2 gave smaller projected values because 

population is expected to decline; but, even with slight population decline, it is 

reasonable to assume that the percentage of land used intensively should remain 

8. "Chart 14. Extent of Land Development in the Region, 1960 and 1985." 
RPA Bulletin Number 100, page 20. An.adjustment has been made for 
excluding Monmnouth County in our projections.  

9. Ibid.0
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at least as high as in 1960, so the 1960 figure is retained for 1980.  

The further disaggregation of intensive land use in 1980 by county was 

produced by applying to the difference in land use intensity between 19 60 and 

1980 average values of 83 percent for residential and 17 percent for commercial/" 

industrial uses, which were derived from RPA estimated values for the region as 

a whole. The resultant increment In residential and commercial/industrial usage 

was added to the values obtained in similar fashion for 1960; and the totals for 

1980 are given in Table 3, Part Two.
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TABLE 1. 4-1

1960 POPULATION 
BY RING AND SECTOR ZONES 

FOR 15 MILE RADIUS

0Otol1/2 1/2Zto 1l1to2 2to 3 3 to 4 4 to 5 5 tol 1010tol15

N to 150 
150 to 300 
300 to NE 
N to NE 
NE to 600 
600 to 750 
750 to E 

NE to E 
E to 105 0 

1050 to 120 0 

1200 to SE 
E to SE 
SE to 1500 
1500 to 1650 
1650 to S 
SE to S 
S to 1950 
1950 to 2100 
2100 to SW 
S to SW, 
SW to 2400 
2400 to 2550 
2550 to W 
SW to W 
W to 2850 
285 0 to 3000 
3000 to NW 
W to NW 
NW to 3300 
330 0 to 345 0 
3450 to N 

NW to N

300 
54 
80 

320 
50 
30 

160 
0 
0

0 
50 

280 

2930 
2050 

270 

130 
270 
330 

630 
760 
350 

250 
1000 
50 

20 
150 
20

60 
130 

5650 

7460 
1610 

180 

50 
70 
50 

310 
1900 

50 

0 
20 

530 

350 
120 
150

60 
120 

1000 

630 
1470 

140 

330 
540 
270 

410 
20 

0 

50 
300 

3200 

160 
40 

120

0 
0 

120 

40 
80 

0

0 
710 
890 

1100 
1460 
250 

90 
540 
320 

300 
0 
0 

300 
3800 
1000 

50 
100 
0 

0 
0 
0 

260 
3100 

40

1210 
610 

4070 

2770 
3690 
5080 

2170 
1720 
2270 

23740 
1810 
8300 

19200 
6300 
8500

3490 

9720 

25940 

511600

47000
1000 

0 
0 

90 
1030 

150 

100 
780 

7880

7030

12090

14990

NOTE: The populations above refer to Fig. No. 1. 4-2
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TABLE 1. 4-2

1980 "COMPROMISE" PROJECTION OF POPULATION 
BY RING AND SECTOR ZONES 

FOR 15 MILE RADIUS 

0Otol1/2 1/2Zto 1 1toZ22 to 3 3 to 4 4 to5 5 tol 1010tol15 

N to15 0  0 0 0 140 140 0 2750 
150 to 30 0 0 0 110 300 270 1620 1390 

300 to NE 0 0 640 12860 2280 2030 9Z70 
N to NE 7940 

NE to 600 0 0 5210 13280 1120 1960 4930 
600 to 750 0 20 3650 2860 2620 2600 6570 
75 0 to E 0 20 480 320 250 440 9040 

NE to E 17300 

E to 105 0 0 600 260 100 650 180 4310 
105" to 1200 100 100 540 140 1070 1070 3420 
1200 to SE 0 160 650 100 540 640 4510 
E to SE 51500 
SE to 150 0 0 580 1140 560 740 540' 43100 

1500 to 1650 0 90 1380 3450 40 0 3290 

1650 to S 0 60 640 90 0 0 15070 
SE to S 92870 
S to 19 50 0 340 540, 0 110 640 41110 
1950 to 210 0  0 0 2140 40 .640 8140- 13490 
2100 to SW 0 0 110 1130 6850 2140 18200 
S to SW 100640 
SW to 2400 0 0 100 1680 770 240 4790 
2400 to 2550 0 0 720 570 190 480 0 
2550 to W 0 0 100 720 570 0 0 
SW to W 33680 
W to 2850  0 0 40 60 0 0 190 
2850 to 300 0  0 0 80 0 0 0 2140 
3000 to NW 0 0 130 110 260 0 310 
W to NW 25220 
NW to330 0  0 0 40 0 80 490 190 
3300 to 3450 0 40 0 100 150 5910 1480 
3450 to N 0 0 100 0 0 80 15030 

NW to N 28420 

NOTE: The populations above refer to Fig. No. 1. 4-2
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I. INTRODUCTION

This report provides the 1970 population estimates andI the 

population projections for the years 1980, 1990, 2000 and 2010 

for the area within a sixty-mile radius of the Indian Point Nuclear 

Power Plant site at Buchanan, New York.  

The area encompassed by the sixty-mile radius circle was divided 

into 16 sectors of 22O 30. The north oriented sector is formed by 

two radii, 110-15' on either side of the true north as shown in 

Figure 1. This sector is referred to as sector "A" and succeeding 

sectors, B through P are drawn in the clockwise direction.  

The area within the sixty-mile radius was further divided by 

13 rings drawn about the Indian Point Nuclear Power Plant site as 

follows: 

Two rings, each at a half-mile interval, for the first mile 
from the site.  

Four rings, each at a one-mile interval, from one mile to 
five miles from the site.  

Three rings, each at a five-mile interval, from five miles 
to twenty miles from the site.  

Four rings, each at a ten-mile interval, from twenty to sixty 
miles from the site.  

The populatio n estimates for the year 1970 and the population 

projection for the years 1980, 1990, 2000 and 2010 for each of the 

208 zones formed by the sectors and the rings are given in this report.  

The summary of cumulative ring population estimations for the 

years 1970, 1980, 1990, 2000 and 2010 is given in Table 1.
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Tabl e I 

SUMMARY OF CUMULATIVE RING POPULATION ESTIMATES

RADIUS OF THE 
RING IN MILES CUMULATIVE RING POPULATION ESTIMATES

* Hal f 

One 

* Two 

Three 

Four 

Five 

* Ten 

* Fifteen 

Twenty 

Th irty 

* Forty 

Fi fty 

Si xty

21 

745 

9,5 

20,318 

34,553 

52,683 

218,398 

450,207 

888,163 

3,984,844 

11,659,574 

17,471 ,479 

19,510,656

31 

1 ,008 

11,981 

25,747 

44,338 

70,053 

297,459 

603,035 

1,179,611 

4,637 ,627 

12,882,240 

18,991 ,980 

21,383,172

45 

1 ,375 

15,673 

33,045 

57 ,544 

94,512 

408,1 98 

814,078 

1,577,851 

5,480,207 

14,403,268 

20,923,966 

23,821 ,556

65 

1 ,891 

20,698 

42,926 

75,482 

129,397 

564,220 

1,107,195 

2,125,429 

6,584,630 

16,333,563 

23,400,331 

26,997 ,743

88 

2,453 

26,016 

53,349 

94,451 

168,164 

734 ,682 

1 ,423,387 

2,711 ,048 

7,724,505 

18,276,655 

25,899,727 

30, 235 ,074
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11. 1970 POPULATION ESTIMATION METHODS 

The area within a 60-mile radius is divided by rings and sectors, 

into 208 zones. For the purpose of estimating 1970 population, the 

zones were divided into three categories. The first category included 

the 32 zones within the initial one-mile radius. The second consisted 

of the 64 zones between the one and five-mile radii. The third category 

consisted of the remaining 112 zones between the five and 60-mile radii.  

The zones in the first category are relatively small. Those within 

a half-mile radius of the Indian Point have an area of approximately 0.05 

square miles. The land area of the zones between the one-half mile and 

one-mile radii is approximately 0.15 square miles. There is a substantial 

p possibility of error in estimating population for these small zones be

cause census data on such a fine scale is not always available. For this 

reason, Consolidated Edison made a door-to-door survey to determine the 

exact population within a one-half mile radius of the site. In addition, 

a field observation of the area within a one-mile radius, including an 

actual count of dwelling units, was made on January 26, 1972. The popu

lation within one mile of the site was estimated on the basis of the data 

collected by Consolidated Edison, the field observations, and 1970 census 

tracts shown in the New York-Northeastern New Jersey Metropolitan Map Series.  

The zones in the second category are somewhat larger. Their land area 

ranges from approximately 0.6 square miles, for the zones between the one 

and two mile radii, to approximately 1.8 square miles for the zones between 

the four and five mile radii. Where census data was available for tracts 

or communities within zones, these data were used. Elsewhere within the 

second category zones, population was estimated by use of maps and field 
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5 

inspection. In localities where large areas are fully developed 

with single-family dwellings, the total length of residential streets 

was measured by the use of a "map reader'. The street length was then 

divided by 100 feet, which was the average plot width observed during 

the field survey, and multiplied by 3.5 persons per household, a fig

ure obtained from the Bureau of the Census.  

The zones in the third category are five to 60 miles from the pldrILt 

site. The land area of each zone ranges from approximately 15 square 

miles, for zones between the 5 and 10 mile radii, to 216 square miles 

for zones between the 50 and 60 mile radii.  

Because the outermost zones are so large, some villages, towns, 

cities, etc. are entirely located within a single zone. Therefore, the 

entire population of these communities, taken from the census population 

tables, could be ascribed to these zones.  

For communities or census tracts located in more than one zone, the 

population was assumed to be distributed uniformly. The portion of the 

community or tract lying within each zone was determined by the use of a 

planimeter and a corresponding portion of its population was then attribu

ted to that zone.  

It should be emphasized that, for any given zone of the third cate

gory, the bulk of the population estimate is based on whole-tract or whole

community figures taken directly from the 1970 census tables. The component 

of the population estimate based on a real measurement is r elatively minor.  

Therefore, the margin of error in these population estimates is considered 

to be small.
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III. POPULATION ESTIMATES FOR THE YEAR 1970 

The population estimates for the 13 rings are presented in 

Table 2 and the population estimates for the 208 specified zones 

are presented in Table 3.  

Table 2 

Ring Population Estimates for the Year 1970

Radius of the 
Ring in Miles

Hal f 

One 

Two 

Three 

Four 

Five 

Ten 

Fifteen 

Twenty 

Thi rty 

*Forty 

Fifty 

Si xty

1970 Population 
Estimates

21 

724 

8,460 

11,063 

14,235 

18,130 

165,715 

231 ,809 

437 ,956 

3 ,096 ,681 

7,674,730 
5,811 ,905 

2,039,177
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Table 3 

SPECIFIED ZONE POPULATION 

BASED ON 1970 CENSUS 

RING SECTOR A SECTOR B SECTOR C SECTOR D 

0- MILE 0 0 0 0 

-1 MILE 0 0 0 18 

1- 2 MILES 0 0 1,050 1,470 

2- 3 MILES 158 840 2,880 1 ,390 

3- 4 MILES 280 875 2,135 1,855 

4- 5 MILES 525 2,240 2,660 2,100 

5-10 MILES 7,451 2,072 4,372 14,880 

10-15 MILES 6,598 2,775 6,714 5,560 

15-20 MILES 25,952 4,349 9,110 10,821 

20-30 MILES 59,527 29,306 13,369 19,730 

30-40 MILES 78,736 17,647 22,693 86,058 

40-50 MILES 44,339 14,303 11,763 58,647 

50-60 MILES 41,954 9,115 55,709 352,482 
______i _,______

SECTOR TOTALS 265,520 83,522 13-2,455 555,511
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Table 3 (Cont'd) 

SPECIFIED ZONE POPULATION 

BASED ON 1970 CENSUS

RING 

0- 1 MILE 

-I MILE 

1- 2 MILES 

2- 3 MILES 

3- 4 MILES 

4- 5 MILES 

5-10 MILES 

10-15 MILES 

15-20 MILES 

20-30 MILES 

30-40 MILES 

40-50 MILES 

50-60 MILES 

SECTOR TOTALS

0 

280 

630 

263 

980 

875 

9,453 

9,167 

12,206 

34,037 

263 ,030 

425 ,957 

4 85,949 

1,242,827
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14 

62 

630 

298 

1 ,085 

385 

8,356 

20,394 

36,683 

305,998 

78,656 

25,822 

103,058 

581 ,441

7 

140 

910 

683 

1 ,190 

1,'190 

28,570 

30,102 

46,182 

83,399 

74,226 

505,957 

238,010 

1,010,566

SECTOR H 

0 

210 

1 ,470 

1 ,068 

595 

385 

3 ,744 

20,221 

86,421 

786,120 

1,170,810 

1 ,209,558 

9,938 

3,290,540



Table 3 (Cont'd) 

SPECIFIED ZONE POPULATION 

BASED ON 1970 CENSUS 

RING SECTOR. I SECTOR 3SECTOR K SECTOR L 

0- MILE 0 0 0 0 

-i1MILE 14 00 0 
1- 2 MILES 680 910 10 300 

2- 3 MILES 53 263 840 350 

3- 4 MILES 105 1,610 1,505 560 

4- 5 MILES 245 2,415 945 560 

5-10 MILES 23,003 32,853 10,329 4,508 

10-15 MILES 35,324 39,018 25,566 8,116 

15-20 MILES 55,912 80,640 27,058 5,766 

20-30 MILES 985,563 539,709 121,568 19,934 

30-40 MILES 3,612,246 2,039,326 147,590 39,326 

40-50 MILES 2,477,415 727,826 207,086 57,451 

50-60 MILES 65,320 531,848 97,847 23,871 

SECTOR TOTALS j 7,255,880 3,996,418 640,344 160,742
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Table 3 (Cont'd) 

SPECIFIED ZONE POPULATION 

BASED ON 1970 CENSUS

RING SECTOR M SECTOR 

0- MILE 0 0 

1 MILE 0 0 

1- 2 MILES 420 0 

2- 3 MILES 504 98

3- 4 

4- 5 

5-10 

10-15 

15-20 

20-30 

30-40 

40-50 

50-60

MILES 

MILES 

MILES 

MILES 

MILES 

MILES 

MILES 

MILES 

MILES

SECTOR TOTALS

0 

630 

421 

2,469 

6,545 

10,527 

11,445 

9,290 

146

42,397

0 

875 

2,289 

8,939 

3,878 

40,661 

8,574 

4,287 

6,330

75,931
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N SECTOR 0 

0 

0 

0 

595 

1,155 

840 

6,138 

3,'017 

6,293 

15,053 

12,553 

19,665 

11,601 

76,910

SECTOR

0 

0 

30 

280 

305 

1,260 

7,276 

7,829 

20,140 

32,180 

11 ,814 

12,539 

5,999 

99,652



IV. METHODS OF POPULATION PROJECTIONS 

In May, 1970, Regional Economic Development Institute, Inc. (REDI) pre

pared a report entitled, "Population Estimates for 1960 and 2000 for 

Specified Zones in a 60-Mile Area Around Indian Point New York", for 

the Consolidated Edison Company of New York, Inc. The various methods 

of population projection used by REDI, Inc. are presented in the 

appendix of this report.  

For this report, it is assumed that the population growth between 

1970 and the year 2010 will be the same as the growth projected by 

REDI, Inc. for the forty-year period between 1960 and the year 2000.  

Hence, the ratio of the population of the year 2000 to the population 

of the year 1960 was calculated for each specified zone by using 

REDI, Inc. data. These ratios were multiplied by the 1970 population 

to project the population for the year 2010 in each specified zone.  

The population for the years 1980, 1990 and 2000 was projected 

by assuming a linear growth rate between the years 1970 and 2010.
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V. POPULATION PROJECTIONS FOR THE YEAR 1930 

The population projections for the 13 rings is presented in 

Table 4 and the population projections for the 208 specified 

zones is presented in Table 5.  

-Table 4 

Ring Population Projections for the Year 1930 

Radius of the Population Projected 
Ring in Miles for the Year 1980 

Half 31 

One 977 

Two 10,973 

Three 13,766 

Four 18,591 

Five 25,715 

Ten 227,406 

Fifteen 305,576 

Twenty 576,576 

Thirty 3,458,016 

Forty 8,244,613 

Fifty 
6,109,740 

Sixty 
2,391,193
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Table 5 

SPECIFIED ZONE POPULATION 

PROJECTED FOR THE YEAR 1980

RING

0- - MILE 

1- 1 MILE 

1- 2 MILES 

2- 3 MILES 

3- 4 MILES 

4-S5MILES 

5-10 MILES 

10-15 MILES 

15-20 MILES 

20-30 MILES 

30-40 MILES 

40-SO MILES 

50-60 MILES 

SECTOR TOTALS

SECTOR

0 

0 

0 

210 

408 

700 

10,407 

9,420 

34,219 

77,309 

108,058 

54,497 

57,349 

352,577
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SECTOR B

0 

0 

0 

1,121 

1 ,275 

3,265 

3,205 

3,781 

6,965 

46,669 

25,776 

19,933 

12,419 

124,409

SECTOR C

0 

0 

1,149 

3,140 

2,333 

4,690 

6,569 

9,855 

13,765 

20,419 

31,217 

15,110 

37,400 

145,647

SECTOR D 

0 

21 

1,608 

2,057 

2,278 

3,061 

22,169 

8,283 

15,766 

25,993 

129,318 

76,898 

428,480 

715,932



Table 5 (Cont'd) 

SPECIFIED ZONE POPULATION 

PROJECTED FOR THE YEAR 1980

RING

1-2 

2- 3 

3- 4 

4- 5 

5-10 

10-15 

15-20 

20-30 

30-40 

40-50 

50-60

MILE 

MILE 

MILES 

MILES 

MILES 

MILES 

MILES 

MILES 

MILES 

MILES 

MILES 

MILES 

MILES

SECTOR TOTALS

K
SECTOR G 

10 

204 

1,314 

1,025 

1,635 

1 ,517 

40,157 

56,279 

98,194 

99,455 

390,456 

173,378 

897,683

SECTOR H 

0 

306 

1 ,962 

1,426 

794 

514 

5,020 

23,322 

103,985 

840,603 

1214,673 

1,249,092 

11,301 

3,452,998
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SECTOR E 

0 

335 

821 

383 

1,198 

1 ,275 

14,124 

13,167 

17,427 

50,326 

296,179 

504,338 

543,492 

1,443,065

SECTOR F 

20

89 

862 

434 

1 ,581 

551 

12,220 

27,158 

53,074 

357,186 

94,020 

38,066 

153,458 

738,719



Table 5 (Cont'd) 

SPECIFIED ZONE POPULATION 

PROJECTED FOR THE YEAR 1980

G

0- - MILE 

12-i1MILE 

1- 2 MILES 

2- 3 MILES 

3- 4 MILES 

4- 5 MILES 

5-10 MILES 

10-15 MILES 

15-20 MILES 

20-30 MILES 

30-40 MILES 

40-50 MILES 

50-60 MILES 

SECTOR TOTALS

SECTOR I

0 

20 

907 

74 

124 

258 

30,901 

42,392 

70,628 

1,027,136 

3,781 ,447 

2,540,338 

99,923 

7,594,148

SECTOR J 

0 

0 

1 ,282 

370 

1 ,994 

2,989 

44,980 

52,052 

104,318 

586,325 

2,139,556 

790,690 

687 ,334

14,411,890
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KI SECTOR K 

0 

0 

14 

1 ,01 7 

2,117 

1 ,327 

14,625 

32,874 

37,016 

160,145 

210,150 

291 ,572 

122,455 

873,312

SECTOR L 

0 

0 

422 

493 

790 

747 

6,01 9 

10,779 

8,401 

27,571 

57,226 

79,766 

33,942 

226,156



Table 5 (Cont'd) 

SPECIFIED ZONE POPULATION 

PROJECTED FOR THE YEAR 1980

RING 

0- MILE 

- 1 MILE 

1- 2 MILES 

2- 3 MILES 

3- 4 MILES 

4- 5 MILES 

5-10 MILES 

10-15 MILES 

15-20 MILES 

20-30 MILES 

30-40 MILES 

40-50 MILES 

50-60 MILES 

SECTOR TOTALS 1

SECTOR M 

0 

0 

583 

711 

0 

841 

562 

2,084 

10,074 

15,490 

15,793 

11,592 

173 

57,903
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SECTOR N 

0 

0 

0 

130 

0 

1,168 

3,056 

13,580 

5,675 

55,759 

11,315 

5,652 

7,626 

103,961

SECTOR P 

0 

0 

42 

373 

430 

1,682 

10,567 

11,849 

29,473 

45,820 

14,775 

16,973 

8,265 

140,249

SECTOR 0 

0 

0 
0 

794 

1,627 

1,121 

8,914 

4,813 

9,503 

23,063 

15,647 

24,759 

14,189 

104,430

J



VI. POPULATION PROJECTIONS FOR THE YEAR 1990 

The population projections for the 13 rings is presented in 

Table 6 and the population projections for the 208 specified 

zones is presented in Table 7.  

Table 6 

Ring Population Projections for the Year 1990 

Radius of the Population Projected 
Ring in Miles for the Year 1990 

Half 45 

One 1,330 

Two 14,298 

Three 17,372 

Four 24,499 

Five 36,968 

Ten 313,686 

Fifteen 405,880 

Twenty 763,773 

Thirty 3,902,356 

Forty 8,923,061 

Fifty 6,520,698 

Sixty 2,897,591

E N V I R O N M E N TA L A N A LY S T S , I N C . 226 Seventh Street. Garden City, New York 11530 * (516) 741-3061



Table 7 

SPECIFIED ZONE POPULATION 

PROJECTED FOR THE YEAR 1990

RING

-12 1 

1 - 2 

2- 3 

3- 4 

4- 5 

5-10 

10-15 

15-20 

20-3 0 

30-40 

40-50 

50-60

MILE 

MILE 

MILES 

MILES 

MILES 

MILES 

MILES 

MILES 

MILES 

MILES 

MILES 

MILES 

MILES

SECTOR A

0 

0 

0 

281 

595 

935 

14,536 

13,450 

45,119 

100,403 

148,301 

66,983 

78,394

SECTOR TOTALS 468,997
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SECTOR B 

0 

0 

0 

1 ,497 

1 ,859 

4,761 

4,959 

5,151 

11,157 

74,321 

37,651 

27,779 

16,922 

186,057

SECTOR C 

0 

0 

1,258 

3,424 

2,550 

8,270 

9,872 

20,800 

31,187 

42,944 

i 19,410 

25,109 

179,291

SECTOR D 

0 

25 

1 ,761 

2,239 

2,798 

4,463 

33,031 

12,342 

22,972 

34,244 

194,324 

100,830 

520,865 

929,894



Table 7 (Cont'd)

RING 

0- MILE 

- 1 MILE 

1- 2 MILES 

2- 3 MILES 

3- 4 MILES 

4- 5 MILES 

5-10 MILES 

10-15 MILES 

15-20 MILES 

20-30 MILES 

30-40 MILES 

40-50 MILES 

50-60 MILES 

SECTOR TOTALS

SPECIFIED ZONE POPULATION 

PROJECTED FOR THE YEAR 1990 

SECTOR E SECTOR F SEC 

0 29 

402 128 

1,070 1,180 1 

559 633 1 

1,465 2,306 2 

1,859 791 1 

21,105 17,872 40 

18,914 36,167 53 

24,882 76,789 68 

74,412 416,938 115 

333,506 112,386 133 

597,142 56,115 301 

607,850 228,507 126

1,683,166 CAC. nAb

TOR G 

14 

297 

,900 

,538 

,248 

,935 

,603 

,573 

,584 

,614 

,260 

,323 

,297 
0A7 bc

u.AtIOu

SECTOR H 

0 

446 

2,620 

1,904 

1,060 

686 

6,733 

26,900 

125,120 

898,863 

1,260,179 

1,289,919 

12,851 

3,627,281

j
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Table 7 (Cont'd) 

SPECIFIED ZONE POPULATION

PROJECTED FOR THE YEAR 1990

RING

0

- 1 

1- 2 

2- 3 

3- 4 

4- 5 

5-10 

10-15 

15-20 

20-30 

30-40 

40-50 

50-60

SECTOR I

MILE 

MILE 

MILES 

MILES 

MILES 

MILES 

MILES 

MILES 

MILES 

MILES 

MILES 

MILES 

MILES

SECTOR TOTALS

0 

29 

1,212 

105 

148 

273 

41,511 

50,875 

89,218 

1,070,462 

3,958,574 

2,604,859 

152,859 

7,970,125

SECTOR J 

0 

0

L

0 

1,806 

521 

2,470 

3,700 

61,585 

59,441 

134,949 

636,968 

2,244,713 

858,985 

888,277 

1,893,415 1,l

SECTOR K 

0 

0 

20 

1,233 

2,979 

1,863 

20,709 

42,273 

50,640 

210,965 

299,229 

1 0,528 

153,251 

193,690

- j

ENV IR ON I EN TA L ANA LYS TS , I N C . 226 Seventh Street, Garden City, New York 11530 (516) 741-3061

SECTOR L 

0 

0 

595 

694 

1,114 

998 

8,037 

14,316 

12,240 

38,135 

83,275 

110,748 

48,263 

318,415



Table 7. (Cont'd) 

SPECIFIED ZONE POPULATION 

PROJECTED FOR THE YEAR 1990

RING

0 - 2 MILE 

1- 1 MILE 

1- 2 MILES 

2- 3 MILES 

3- 4 MILES 

4- 5 MILES 

5-10 MILES 

10-15 MILES 

15-20 MILES 

20-30 MILES 

30-40 MILES 

40-50 MILES 

50-60 MILES

SECTOR M 

0 

0 

810 

1 ,003 

0 

1,123 

750 

1,760 

15,507 

22,794 

21,794 

14,466 

206

SECTOR N 

4 0 

0 

0 

174 

0 

1,559 

4,080 

20,632 

8,304 

76,464 

14,933 

7,452 

9,1 88

SECTOR TOTALS 80,213 i142,786 143,196 197,908

ENVIlR ONMIE NTAL ANA LYS TS, I N C. 226 Seventh Street, Garden City, New York 11530 56 7136

SECTOR 0 

0 

0 

0 

1 ,060 

2,292 

1,497 

12,948 

17,678 

14,352 

35,336 

19,503 

31,174 

17,356

SECTOR P 

0 

0 

59 

499 

607 

2 ,246 

15,348 

17,934 

43,131 

65,242 

18,480 

22,974 

11,388

(516) 741-3061



VII. POPULATION PROJECTIONS FOR THE YEAR 2000 

The population projections for the 13 rings is presented in 

Table 8 and the population projections for the 203 specified 

zones is presented in Table 9.  

Table 8 

Rin Poulation Projections for the Year 2000 

Radius of the Population Projected 
Ring in Miles for the Year 200U 

Hal f 65 

One 1 ,826 

Two 18,807 

Three 22,228 

Four 32,556 

Five 53,915 

Ten 434 ,823 

Fifteen 542,975 

Twenty 1,018,234 

Thirty 4,459,201 

Forty 9,748,933 

Fifty 7,066,768 

Sixty 3,597,413
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Table 9 

SPECIFIED ZONE POPULATION 

PROJECTED FOR THE YEAR 2000

RING 

O- MILE 

- 1 MILE 

1- 2 MILES 

2- 3 MILES.  

3- 4 MILES 

4- 5 MILES 

5-10 MILES 

10-15 MILES 

15-20 MILES 

20-30 MILES 

30-40 MILES 

40-50 MILES 

50-60 MILES 

SECTOR TOTALS

SECTOR A SECTOR B SECTOR C

0 

0 

0 

376 

867 

1,249 

20,303 

19,203 

59,492 

130,396 

203,530 

82,329 

107,162

624,907

0 

0 

0 

1,999 

2,711 

6,941 

7,672 

7,019 

17,870 

118,356 

54,996 

38,715 

23,058

279,337

0 

0 

1 ,377

SECTOR D 

0 

31 

1,927

3,734 2,437 

2,787 3,438 

14,582 6,507 

14,834 49,213 

21,236 18,388 

31,429 33,471 

47,634 45,115 

59,077 292,008 

24,934 132,210 

16,857 633,170 

238,481 1,217,915

ENV 1IR ON M4ENTAL ANA LYS TS, I N C . 226 Seventh Street, Garden City, New York 11530

I

(516) 741-3061



Table 9 (Cont'd 

SPECIFIED ZONE POPULATION 

PROJECTED FOR THE YEAR 2000

RING

0- i MILE 

1 MILE 

1- 2 MILES 

2- 3 MILES 

3- 4 MILES 

4- 5 MILES 

5-10 MILES 

10-15 MILES 

15-20 MILES 

20-30 MILES 

30-40 MILES 

40-50 MILES 

5-0MILES 

SECTOR TOTALS

SECTOR E

0 

481 

1 ,396 

815 

I ,792 

2,711 

31 ,535 

27,169 

35,526 

110,026 

375,538 

707,024 

679,829

SECTOR F

43 

184 

1,616 

923 

3,362 

1,134 

26,138 

48,164 

111,102 

486,686 

134,339 

82,724 

340,259
-4 -I 4

1,973,842 1 ,236,674

SECTOR G 

21 

434 

2,745 

2,309 

3,091

2,468 

48,404 

71 ,470 

83,580 

136,125 

178,554 

232,536 

92,001

853,738

SECTOR H 

0 

650 

3,499 

2 ,542 

1,416 

91 6 

9,029 

31 ,027 

150,5-51 

961 ,161 

1,307,391 

1,332,080 

14,614 

3,814,876

ENVIRONMENTAL AN AL YS T S, I N C. 226 Seventh Street, Garden City, New York 11530O (516) 741-3061



Table 9 (Cont'd) 

SPECIFIED ZONE POPULATION 

PROJECTED FOR THE YEAR 2000

RING

0- 1- MILE 

1 MILE 

1- 2 MILES 

2- 3 MILES 

3- 4 MILES 

4- 5 MILES 

5-10 MILES 

10-15 MILES 

15-20 MILES 

20-30 MILES 

30-40 MILES 

40-50 MILES 

50-60 MILES

SECTOR TOTALS

SECTOR I 

0 

43 

1 ,618 

148 

176 

288 

55,765 

61 ,055 

112,701 

1,115,616 

4,143,998 

2,681 ,019 

233,837
4 4

8,406,264

SECTOR J 

0 

0 

2,545 

735 

3,060 

4,581 

84,318 

92,638 

174,575 

691 ,985 

2,355,039 

933,179 

1,147,965

5,490,620

EN VI RO0N MEN T AL ANA LYS TS , I N C. 226 Seventh Street, Garden CityNew Yorkl115 3 0 (516) 741-3061

SECTOR K

0 

0 

29 

1 ,494 

4,191 

2,617 

29,324 

54 ,358 

69,279 

277,911 

426,066 

578,015 

191 ,794

1,635,078

SECTOR L 

0 

0 

839 

979 

1 ,573 

1 ,333 

10,731 

19,014 

17,835 

52,746 

121 ,182 

153,765 

68,626 

448,623

-I 

~1



Table 9 (Cont'd).  

SPECIFIED ZONE POPULATION 

PROJECTED FOR THE YEAR 2000

.RING 

0- MILE 

- 1 MILE 

1- 2 MILES 

2- 3 MILES 

3- 4 MILES 

4- 5 MILES 

5-10 MILES 

10-15 MILES 

15-20 MILES 

20-30 MILES 

30-40 MILES 

40-50 MILES 

50-60 MILES

SECTOR TOTALS

I F F

SECTOR M

0 

0 

1,126 

1,415 

0 

1 ,499 

1 ,002 

1,486 

23,870 

33,541 

30,074 

18,052 

244

SECTOR N 

0 

0 

0 

230 

0 

2,082 

5,449 

31,345 

12,153 

104,858 

19,708 

9,826 

11,070

SECTOR 0 

0 

0 

0 

1,416 

3,230 

1,999 

18,806 

12,250 

21,675 

54,141 

24,311 

39,251 

21,229

-- A I --- I

112,309 196,721 198,308

SECTOR P 

0 

84 

666 

857 

2,999 

22,292 

27,143 

63,118 

92,897 

23,113 

31,099 

15,690 

279,958

(516) 741-3061
ENVIRONMENTAL ANALYSTS, I N C . 226 Seventh Street, Garden City, Now York 11530



VIII. POPULATION PROJECTIONS FOR THE YEAR 2010 

The population projections for the 13 rings is presented in 

TablelO and the population projections for the 208 specified 

zones is presented in Table I.  

Table 10 

Ring Population Projections for the Year 2010 

Radius of the Population Projected 
Ring in Miles for the Year 2010 

Half 88 

One 2,365 

Two 23,563 

Three 27,333 

Four 41,102 

Five 73,713 

Ten 566,518 

Fifteen 688,705 

Twenty 1,287,661 

Thirty 5,013,456 

Forty 10,552,150 

Fifty 7,623,072 
Sixty 

4,335,347

E N V I R O N M E N TA L A N A LY S T S , I N C . 226 Seventh Street, Garden City, New York 11530 (516) 741-3061



.Table 11 

SPECIFIED ZONE POPULATION 

PROJECTED FOR THE YEAR 2010

RING SECTOR A 

0- MILE 0 

-I MILE 0 

1- 2 MILES0 

2- 3 MILES 474 

3- 4 MILES 1,173 

4- 5 MILES 1 ,575 

5-10 MILES 26,526 

10-15 MILES 25,534 

15-20 MILES 74,223 

20-30 MILES 160,723 

30-40 MILES 262,191 

40-50 MILES 97,102 

50-60 MILES 137,609 

SECTOR TOTALS 787,130

E N V I R 0 N M E N T A L A NA LY'S T S , I N C .226 Seventh Street, Garden City, New York 11530 '(516) 741-3061

SECTOR B 

0 

0 

0 

2,520 

3,666 

9,386 

10,878 

8,991 

26,050 

171 ,733 

74,470 

50,490 

29,533 

387,717

SECTOR C 

0 

0 

1,481 

4,003 

2,993 

22,955 

20,548 

28,870 

43,728 

66,845 

76,248 

30,466 

.12,256 

310,393

SECTOR

0 

36 

2,072 

2,608 

4,053 

8,799 

67 ,704 

25,298 

45,232 

56,248 

404 ,473 

164,212 

740,212 

1 ,520,947



Table 11 (Cont'd) 

SPECIFIED ZONE POPULATION 

PROJECTED FOR THE YEAR 2010

RING

0 - 2 MILE 

-I MILE 

1- 2 MILES 

2- 3 MILES 

3- 4 MILES 

4- 5 MILES 

5-10 MILES 

10-15 MILES 

15-20 MILES 

20-30 MILES 

30-40 MILES 

40-50 MILES 

50-60 MILES 

SECTOR TOTALS

SECTOR. E 

0 

557 

1 ,726 

1,102 

2,106 

*3,666 

43,483 

36,301 

47,237 

150,444 

412,947 

809,318 

743 ,502 

2,252,389

SECTOR F 

59 

246 

2,079 

1 ,249 

4,546 

1,513 

35,429 

60,570 

149,300 

550,796 

154,952 

112,842 

467 ,883 

1 ,541 ,464

SECTOR. G 

29 

587 

3,686 

3,196 

3,987 

2,999 

55,712 

90,005 

97,906 

155,124 

225,647 

* 188,999 

71 ,403

899,280

E N VIRO0N M E N TAL ANA LYS TS, I N C. 226 Seventh Street, Garden City, New York 11530 (516) 741-3061

SECTOR

0 

880 

4,410 

3,204 

1 ,785 

1,155 

11,419 

34,780 

174 ,570 

1,014,094 

1 ,346,431 

1,366,800 

16,198

3,975,726



30 

Tablell (Cont'd) 

SPECIFIED ZONE POPULATION 

PROJECTED FOR THE YEAR 2010

E N V I R O N M E N TA L AN ALYS T S , I N C . 2 26 Seventh Street, Garden City, New York 11530 (516) 741-3061



Table II (Cont'd) 

SPECIFIED ZONE POPULATION 

PROJECTED FOR THE YEAR 2010

RING 

0- MILE 

- 1 MILE 

1- 2 MILES 

2- 3 MILES 

3- 4 MILES 

4- 5 MILES 

5-10 MILES 

10-15 MILES 

15-20 MILES 

20-30 MILES 

30-40 MILES 

40-50 MILES 

50-60 MILES 

SECTOR TOTALS

SECTOR

1*-**
0 

0 

1,466 

1 ,865 

0 

1,890 

1,263 

1 ,298 

33,706 

45,687 

38,913 

21 ,552 

281

SECTOR N 

0 

0 

0 

294 

0 

2,625 

6,867 

43,801 

16,481 

134,995 

24,607 

12,260 

12,850
~1- t

147,921 254,780

E N V I R O N \ E N TA L A NA LY S T S I N C . 226 Seventh Street, Garden City, New York 11530 (516) 741-3061

-r -r

SECTOR 0 

0 

0 

0 

1,785 

4,250 

2,520 

25,350 

17,800 

30,143 

76,168 

28,997 

47,196 

24,942

SECTOR P 

0 

0 

84O 

1,129 

3,780 

30,049 

37,814 

85,595 

123,249 

27,644 

39,623 

20,276

259,151 370,110



APPENDIX A 

Methods of population projections used by 

R.E.D.I., Inc. for their May 1970 Report 

"Population Estimates for 1960 and 2000 

for Specified Zones 

in a 60-Mile Area Around Indian Point"

E N V I R O N 1 E N TA L A N A LY S T S , I N C . 226 Seventh Street, Garden City, New York 11530 (516) 741-3061



METHOD OF POPULATION PROJECTIONS USED BY R.E.D.I., INC.  

In summary, the estimating method consisted of these two major 

steps: 

Projections of total population in the year 2000, by 

counties, or parts of counties located within 60 miles 

from the site, were disaggregated by municipality or other 

minor civil divisions comprising the county, by two differ

ent equations, from which a compromise estimate was deter

mined, and 

Population of municipalities or other minor civil divisions 

as reported in the 1960 Census of Population and the 2000 

projected compromise estimate derived as above, were allo

cated to the specified zone on the basis of the area and 

land use of the portion of the one or more municipalities 

lying in part in the given zone.  

PROJECTING MUNICIPALITY POPULATION 

Since the projection of population requires long and costly re

search, it was decided to utilize larger area projections made by a 

responsible agency in the area. Among projections of this nature re

viewed were those made by the Regional Plan Association of New York, 

National Planning Association of Washington, D.C. and th Tni-State 

Transportation Commission. In terms of area coverage and time span,



those made by the Regional Plan Association (RPA) were found to 

be most suitable to the purposes of this study.  

These RPA projections are the result of over fifteen years of 

study following the initial findings in the New York Metropolitan 

Region Study by Harvard University. The set used actually repre

sents the estimates presently being utilized by the Association.  

This RPA set required additional development of population es

timates and projections for counties, or at least parts of counties, 

lying in the 60-mile area around the site but not covered by the RPA 

projections. The latest RPA set consists of New York City and 26 

counties around New York City (5 of these counties were divided into 

two sub-areas to reflect major differences in density). Two of these 

are entirely outside of the 60-mile area around the site, but this 

area includes parts of 4 other counties not included in the RPA set.  

In summary, the 60-mile circle is made up of 36 areas, which may be 

classified into following sets: a) 23 full RPA-areas (representing 

19 full counties); b) 9 areas that are portions of RPA-areas or coun

ties; c) 4 areas that are parts of counties not belonging to the RPA 

Set.  

The 2000 projections for those of these RPA counties which lie 

on the periphery of the 60-mile area around the site, were then scaled 

down to totals for only the municipalities or other minor civil divi

sions lying within or partially in this site-circumscribed area on the 

S basis of their 1960 population as a per cent of the county total then.



For the four parts of counties in the site-circumscribed 

area but not in the RPA set, the 1960-2000 growth rates estimated 

for adjacent counties in the RPA set were used. The counties in

volved were, 

Sullivan, New York 

Columbia, New York 

Pike, Pennsylvania 

Hartford, Connecticut 

It may be noted that since the parts of counties within the site

circumscribed area generally involved only a small strip of-muni

cipalities or other minor civil divisions, it is not unreasonable 

to assume that their growth patterns will approximate those of ad

jacent counties within the area.  

The 1960 population and the 2000 projected estimates for the 36 

counties and parts of counties used as control totals in the subse

quent projection of municipality population, are reported in Table 3*.  

The ordering of areas in this table is that in the latest RPA population 

projections study and is centered on Manhattan. This order was merely 

adopted for convenience and has no bearing on the subsequent develop

ment of estimates by zones within the site-circumscribed area.  

*Six counties or parts of counties consist of a single municipality.  

Therefore, municipal disaggregation of county projections were not 
needed in these instances. Note that the population totals for the 
entire area reported in Table 3 are greater than those reported in 
Tables 1 and 2 because of municipalities on the fringe falling only 
partially within the 60-mile radius.



Using these county control totals, population in the consti

tuent 638 municipalities or other minor civil divisions were pro

jected to 2000 by the techniques developed in our 1965 study for 

the Indian Point site. The following repeats the description of 

these techniques, drawn from that study, with revision to fit the 

present exercise.  

A. Extrapolative Projection. Our first set of projections 

is based on the assumption that places which grew faster than their 

counties in the 1950's will continue to do so, and that those which 

lagged behind their counties' growth in the 1950's will continue to 

lag for the balance of this century. Specifically, each municipality's 

population was first projected linearly to 2000, simply extending the 

1950-1960 growth rate for another 40 years. This extrapolation was 

done on an arithmetic basis (using the 1950-1960 increase rate in 

persons per annum)*. The extrapolated figures for all the municipali

ties in each county or part of county were then totaled, and adjusted 

up or down pro rata to make the total conform to the RPA or other total 

already established for the county or part, as reported in Table 3.  

*Geometric extrapolations would result in obviously 
unrealistic projections.



B. Density-Based Projection. One quite obvious short

coming of the extrapolative technique just described is that 

it takes no account of restraints upon growth arising from the 

filling up of developable space. We sought, therefore, to develop 

an alternative set-of projections which would incorporate the hy

pothesis that percentage rates of growth of individual communities 

slacken off with higher population densities per square mile.  

In our earlier study, investigation disclosed a marked re

lationship of the expected sort in the 1950-1960 growth and density 

rate for municipalities. It appeared also that a straight-line 

regression relation between the logarithms of (1) the growth ratio 

and (2) the density of population at the beginning of the time in

terval provided a more appropriate formulation than a single linear 

relation.  

Accordingly, the data on 1950 and 1960 population and land 

area for all municipalities were processed so as to yield a statis

tically-fitted regression formula for municipalities in each county, 

relating rate of population growth to density of population. In 

fitting the equation, the data for individual municipalities were 

weighted according to population, giving larger places a proportion

ately greater influence on the formula.



These regression equations were generally associated with a 

high degree of correlation so as to leave little doubt as to 

the usefulness of this approach as a guide to relative rates 

of expected population growth.  

The projections produced by this method for individual 

municipalities were then totaled for each county and adjusted 

to make the county totals conform to the RPA or other total 

already established for that county, or part of county, just as 

was done with the first or extrapolative set of projections.  

C. Compromise Projection. The two alternative sets 

of projections just described rest on entirely different princi

ples, each of which (the continuity of growth differentials, and 

the inverse relation of growth rate to density) has demonstrable 

validity but falls short of complete adequacy. Consequently, it 

seemed appropriate to combine the two types of projections into 

a third, incorporating both the continuity and the density effects.  

To get this third set, labeled "coin promise' projections, we 

took for each municipality the geometric mean between the adjusted 

extrapolative and the adjusted density-based projection. Then the 

compromise" projections for the municipalities of each county were 

added up and adjusted to make the county total conform, as in the 

two previous cases, to the RP- or other total already established 

for the county or part of county.  

The averaging procedure allows each of the two effects (growth

continuity and density) to exert an effect on the compromise projec-



tions. Where the extrapolative and the density-based projections 

were in close agreement, they reinforce each other in projecting 

differentiation of growth rates in different parts of a county; 

where the extrapolative and density-based projections give sharply 

differing answers, they tend to cancel one another out in terms of 

such differentiation, leading to compromise projections which show 

relatively little dissimilarity in growth rates among the parts of 

a county. This seems appropriate -- where the two approaches we 

have tried give very different results, we are well advised to take 

both of them less seriously and have less occasion for diverging 

very far from the simple assumption that all parts of any given county 

will grow at equal rates.  

The geometric mean was chosen in preference to the arithmetic 

as a way of still further toning-down the most extreme variations of 

growth rates. It seems to us that the compromise projections are the 

"best" of the three so far as anyone can judge in advance. However, 

all three sets of projections are available for inspection should 

users of these reported results desire to make their own evaluations 

and decisions.



REFERENCES 

1970 Census of Population of New York, New Jersey, Connecticut 
and Pennsylvania 

Vicinity Map Sheets of Poughkeepsie, Duchess County, New York 
and Danbury, Fairfield County, Connecticut 

Census Tract Outline Maps for Patterson, New Jersey, New York 
City, New York, Stamford, Norwalk ard Bridgeport, Connecticut 

County Map Sheets for Westchester, Putnam, Orange, Rockland, 
Ulster County, New York and Fairfield County, Connecticut 

Selected Sheets of New York, Northeast New Jersey Metropolitan 
Map Series 

100-Percent Tract Tables for the Areas Within the Sixty-Mile 
Radius of Indian Point Nuclear Power Plant 

1970 Census of Population and Housing, Master Enumeration 
District - List 

R.E.D.I., Inc., Population Estimates for 1960 and 2000 for Specified 
Zones in a 60-Mile Area Around Indian Point New York, May, 1970

E N V I R 0 N M E N TA L A N A LY S T S , I N C . 226 Seventh Street, Garden City, New York 11530 (516) 741-3061



J. ":*" ,EI'-O'"w~sC P A 'S ' ;,'. ,: T. Ll- c*O; , :r ,---% h . ;.,!-'t 
. CA j s GC ASLLC' 1.-,,!t E~ 7 r 1 V1A #L !, . A LU.JT I 4O T t- : r 

WM I F*.t.. CU~iA17*3 *. V. l- A L NWL.F-- -_.  

rFo Afnu e. CLLTHANIY CX OFFICO C)iAIdLE c. rouvo c rrc.: 
Coma. or PL'eLIC V.Oq);S coMt. OF P.AKS . nrCqCA ION 

T U N -PARTM 4,,T OF PLAtb NG 
PCTCR 0. CSCHWEILER. A IP. 910 COUNIV orrICL nUILDIn4 WHITE PLAINS. N. V. 10601 9 14 WHITI PLAINS 9.13*0 

JO$plIl R. POTENZA. Asoc. A.P.  
CIEF PL.A IKEr/ 

November 9, 1970 

Mr. Harold L. Price 
Director of Regulation 
U.S. Atomi.c Energy Cc:xrission 
Washiigton, D. C. 20545 

Re: Indian Point Nuclear Generating Staticn 
Dear Mr. Price: 

The Consolidated Edison Company of New York, Inc., had advised us that you 
have received a letteK from the Depar..cnt of lHousing and Urban Development" 
statin- thrt the "est:.ziester County Planning Apency" should be contacted -,,ith 
respect to the relationship of the plannin- of. the nuclear pctcr gcnerating 
station at Indian Point (Units 1, 2, and 3) in Westchester County, Ncw York to 
overall county planning concepts.  

This is to advise vo, that this Depart-:cnt is the official planning agencv 

for the County of lestchester. !.e have consulted w.ith Con Edison on nt-erou5 
occasioils over the years and have been kept infor.med of the dcvelormcnt at the 
Indian 1'oint site. The site is zoned for industrial usc, and the use of this 
.site for nuclear power generation is consistent with the over-ill land use and 
devclop;.ent plan of the Departnent for .estchcster County.  

We note that the present proceedin, relates to Indian Point No. 2. Since 
Uni t No. I %'as already in existence at this site when Unit No. 2 was Planned, 
we believe that proper planning favored the location of additional units at the 
same site, since the area was already cor.itted to industrial use, and sinca any modifications of development patterns in the immediate area because of the pres
ence of the reactor,. for whatever reasons, have already taken place and the con
munity has adjusted to this new industrial use.  

Maintenance of access to the Hudson River shore for public recreational 
purposes has been encouraged by the Planning Pepart .enr .her3ver possible. It 
is our understanding that Consolidated Edison has provided and intends to pro
vide such recreation areas on suitable portions of lands owned as part of these 
generating facilitv locations.. This policy is strongly .endorsed for its con
sistency with both County and local planning objectives.  

Peter Q.' Lschweilcr 
PQE:hw Commissioner 
cC: Hr. Joseph C. Swidler, Chairman 

New York Public Service Comraission



APPENDIX - H 

PERMITS RE LATING TO INDIAN POINT UNIT NO. 3

Agency Date

Construction Permit 
Project 
Excavation 

Demolition of Existing 
Building 

Installation of Screen
wall Cofferdam and 
Discharge Canal 

Outfall Structure 

Sewage Disposal 
System 

Turbine Building 

Containment Building 

Control House 

Fuel Storage Building 

Primary Auxiliary 
Building 

Waste Holdup Tank

U. S. Atomic Energy Commission 
Hudson River Valley Commission 
Village of Buchanan Building 

Department 
Village of Buchanan 

Village of Buchanan Building 
Department 

Hudson River Valley Commission 
New York State Water, Resources 

Commission 
Corps of Engineers 
New York State Department of 

Environmental 
Conservation 

New York State Department of 
Health 

Village of Buchanan Building 
Department 

Village of Buchanan Building 
Department 

Village of. Buchanan Building 
Department 

Village of Buchanan Building 
Department 

Village of Buchanan Building 
Department 

Village of Buchanan Building 
Department

August 13, 1969 
February 8, 1968 
June 16, 1967 

July 10, 1967 

July 11, 1967 

September 14, 1967 
June 22, 1967 

September 29, 1967 
December 10, 1970 

June 10, 1959 

May 28, 1968 

May 28, .1968 

May 28, 1968 

July 15, 1968 

February 24, 1969 

August 25, 1969

Permit # C PPR -62 

Permit # 421 

Permit # 425 
Storage Bldg & 
Office Bldg 

Permit # 427 

Letter of Approval 
Permit # 8-31-67 

Redesigned structure 
including sluice 
gates 

Permit # 460 

Permit # 459 

Permit # 458 

Permit # 463 

Permit # 473 

Permit # 491

Item Remarks



Item 

Service Building 

Dredging at Lents Cove 

Construction of Fossil
Fired Service 
Boilers

APPENDIX - H (Con'd) 

Agency 

Village of Buchanan Building 
Department 

New York State Water Resources 

Commission 
Hudson River Valley Commission 

Corps of Engineers 

New York State Department of 

Health

Date 

August 26, 1969 

November 30, 1967 

December 7, 1967 
December 11, 1967 

April 12, 1968

Remarks 

Permit # 492 

Permit # 8-78-67 

Letter of Approval 

Permit # HA680101

0



HUDSON

F CE IVE.D.  

FEB 13 1968 
G 0. WATKINS

RIVER 
VALLEY 
COMMISSION 

STATE OF NEW YORK

FRANK WELLS MCCABE 

Chairman 

PETER J. BRENNAN 

R. STEWART KILBORNE 

CHARLES T. LANIGAN

105 WHITE PLAINS F 

488 BROADWAY

HELEN HAYES MACARTHUR 

CARL J. MAYS 

FERGUS Rit) III 

DR. ALAN SIMPSON 

WILLIAM H. WHYTE

ROAD TARRYTOWN, N.Y. 10591 
TELEPHONE: 914-631-8800

TELEPHONE: 518-474-2200
ALBANY, N.Y. 12207

Tarrytown, February 8, 1968 

Consolidated Edison Company of New York, Inc.  
4 Irving Place 
New York, New York 10003 

Attention: Mr. E. G. Watkins, Structural Engineer 

Gentlemen: 

On February 7, 1968, the Hudson River Valley Commission 
took action on your proposed project for a third nuclear 
generating plant at Indian Point in the Village of Buchanan.  
The Commission concurred that impairment of the natural re
sources of the River would result if the criteria presently 
being developed by the State Department of Health for the 
prevention of thermal pollution were not met. It further 
recognizes the need expressed by the Federal Water Pollution 
Control Administration and the Fish and Wildlife Service 
for pre- and post-operational research on possible effects 
on the aquatic life in the area due to radionuclides# 

The Commission appreciates the cooperation received 
from Consolidated Edison personnel during the time the project.  
was under review.  

Sincerely, 

Alexander Aldrich 
Executive Director 

cc: Mr. William Honore, Bureau of Outdoor Recreation 
Col. R. T. Batson, U. S. Corps of Engineers 
Commissioner R. Stewart Kilborne, State Dept. of Conservation 
Commissioner Hollis S. Ingraham, State Dept. of Health 
Commissioner Ronald B. Peterson, State Dept. of Commerce 
Chairman Oliver H. Townsend, State Atomic & Space Development 
Mayor William J. Burke, Village of Buchanan

ALEXANDER ALDRICHi, Executive Director 
BRUCE HOWLETT, Associate Executive Director

:~ , .r
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To be *2 on the work

Village 

BUILDIH
of Buchanan 

G PERMIT

N.o 421 Date 

Perinission is hereby g~td~2.  
• .% ....- ,. ... .. .......  

Location .... ........  

Sec. ... BI. V .. Lot .... Tax Map .......  

Owner . ... 4c-, -,-. Address .................  

. . . .. ............. . ......................  

Contractor ......... Address ..................  

..............................  

Dimensions (over all) ................  

Stories High "..-...............  

s~ "€4c - ...............  

Dat of Issue .....  

Fee .  .....  

Building 1nLspec t or

0

.~

• e " .•



BUILDING. P .14 T 

.... . .. . . .... . . .  

.... ..~~~~Se . J. .... . B .... . L ot.,.: . /......... .... . ....- :. T ax ,...:., M ap ....... ... :,. . . .. .:_ . .:. . :... .. .

.. ),...... . . .  
C n-co . .Addes ..... . .. .., 

To be kept on the work 

Village of 3 cha- a" 

BUILDING PERM• I T 

Permission is he:reby granted.:,,.", . .... ,... .. ' .

. ..... ... . . . . .. . .  

Location i4-:-, z-''" ... ' .-. ' . Q:..  
Sec... .... B...r.. Lot- ,1Mp.....  

Se.r .... B >.%.. Aot ,/...............  

Owntrco..... ...---......... Addre±ss........  

Dimensions (over 011) . .:o............ ,,..........  

Stories High ............. .. .........  

Use . ... l .. .. . ........................  

Date of Issue 4l6-'. . e.. . . . .  

Building Inspector 

, o, 

Stores igh ..- 7:....... . .... ... ... .... ... ...  

Us . . /. . -. : . "g .fi <:v.. . .. . .. .. . .. . .. .
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To -e kept on the work 

Vila.,e of Buchanan 
BUILDING P ER rol I T 

IT927Date. ,.4 ......  

Permission is hereby granted-- A-?-..  

.. ... ........................................ .......  
Location • ' , ., '_.¢:. , . ../...... .,........... .....  

Sec. • P .'.si.. Lot .. Tax Map .......  

Owner . - .. - .Address ...................  

.. ................... ........ ...............  

Contractor .................. Address .............. 0 
........................ ....  

Dimensions (over all 

Stories High ... ........ ........  

Us '1rvy 

Date of Issue .'o . .............  

Fee .A 

.. .-.r. 1 - .i. .{ o . . ........  

Building Inspector 

7 ..
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I, IRE.. ,'ED 

.EP 18 1967 
HUDSON E. G. WATKINS 

RIVER

FRANK WELLS MICCABE 
Chairman 

PETER I. BRENNAN 

R. S\EWART KILBORNE 

CiARLE.S T. LANIGAN

HELEN HAYES MACARTIIUR 

CARL J. MAYS 

FERGUS REID III 

DR. ALAN SIMPSON 

WILLIAM H. WIYTE

VALLEY 
COMMISSION 

STATE OF NEW YORK

105 WllrEL PLAINS ROAD 
TELEPHONE: 914-631 

488 BRGADWAY

TARRYTOWN, N.Y. 10591 
-8800 

ALBANY, N.Y. 12207

TELEPONE: 5 18-474-2200

Tarrytown September 14, 1967 

Consolidated Edison of New York 
4 Irving Place 
New York, New York 

ATTENTION: Mr. E. G. Watkins 

Gentlemen: 

On September 13th, 1967, in accordance with its 
special review authority the Hudson Rivcr Valley Co-m..IL-
sion took action on your proposed project for the screen
',ell a id discaix-.riga line at Indian Foint in the Village of 

Buchanan. The Commission gave its unanimous approval to 
the project while noting that future development at Indian 
Point in connection with the third unit will require addi
tional review in detail before the screenwell and discharge 
line are put into operation.  

The Cofmmission appreciates your cooperation in 
supplying the information necessary for the review of this 
project.  

Sincerely,

Executive Director

-. ._'.Lf'

ALEXANDER AI.DRICII, Executive Director 
BRUCE HOWLETT, Associate Executive Director



WRC FORM #3 1/60

PERMIT NO. 8- 31 -7 
DAM NO.

STATE OF NEW YORK

WATER RESOURCES COMMISSION 

CONSERVATION DEPARTMENT

CosI'dd-dlsnLmpn f (-k nc residing at 

is hereby permitted to: (construct) (reconstruct) (repair) (alter the bed or banks of) (dredge) (place fill in) 
_____ancLdre dgrHudsnn_R_iv er 
Located in County 16esthester Town -B---ChaT1-" by 
carrying out the following works: ._antnin. nr ovu s ee _L crll -n .ocat- di harg-dL.  
_channe!_zas i di a-e--ad--an a-nil 'Pnpoed_Scre ee lStnicir-2 
-!Dis char' -a__Char~ne1 Zrcav atiou,__Ir e d ait_-._~l]_m Ion__n"vPni 

Section of stream to which this permit applies i 

Note: (a) This permit does not relieve the permittee of responsibility for damages to riparian owners or others.  
(b) If the structure or work herein authorized is not completed on or before _ 3st day of 

December, ,19 68 this permit, if not specifically extended, shall cease and be null and void.  

CONDITIONS

1. The permitted work shall be subject to inspection by 
an authorized representative of the Water Resources Com

iion v crde r tho work suspcuned if te public 
..t- rcst so rcquires.  

2. The permittee shall file in the office of the Local Per
mit Agent a. notice of intention to commence work at least 
48 hours in advance of the time of commencement and shall 
also notify him promptly in writing of the completion of the 
work.  

3. As a condition of the issuance of this permit, the ap
plicant has accepted expressly, by the execution of the ap
plication, the full leaal responsibility for all damages, direct 
or indirect, of whatever nature, and by whomever suffered, 
arising out of the project described herein and has agreed to 
indemnify and save harmless the State from suits, actions, 
dam.ages and co.ts of every name and description resulting 
from the said project.  

4. Any material dredged in the prosecution of the work 
herein permitted shall be removed evenly, without leaving 
large refuse piles, ridge% across the bed of the waterway, or 
deep holes that may have a tendency to cause injury to 
navigable channels or to the banks of the waterway.  

5. Any material to be deposited or dumped under this 
permit, either in the watervay or on shore above high-water 
mark, shall be deposited or dumped at the locality shown on 
the drawing hereto attached, and, if so prescribed thereon, 
within or behind a good and substantial bulkhead or bulk
heads, such as will prevent escape of the material into the 
waterway.  

6. There shall be no unreasonable Interference with 
-navigation by the work herein authorized.  

7. That if future operations by the State of New York 
require an alteration in the position of the structure or 
work herein authorized, or if, in the opinion of the Water 
Resources Commission it shall cause unreasonable obstruc
tion to the free navigation of said waters or endanger the 
health, safety or welfare of the people of the State, or loss 

C ?;,

or destruction of the natural resources of the State, the 
owner may be ordered by the Commin;o: to r"mcve cr .altcr 
the structural w ork. cb truc ronn or hnrdz c .:cc thc cb ," 
without expense to the State; and if, upon the expiration or 
revocation of this permit, the structure, fill, excavation, or 
other modification of the watercourse hereby authorized 
shall not be completed, the owners shall, without expense to 
the State, and to such extent and in such time and nnmmer 
as the Water Resources Commission may require, remove 
all or any portion of the uncompleted structure or fill and 
restore to its former condition the navigable capacity of the 
watercourse. No claim shall be made against the State of 
New York on account of any such removal or alteration.  

8. That the State of New York shall in no case be liable 
for any damage or injury to the structure or work herein 
authorized which may be caused by or result from future 
operations undertaken by the State for the conservation or 
improvement of navigation, or for other purposes, and no 
claim or right to compensation shall accrue from any such 
damage.  

9. That if the display of lights and signals on any work 
hereby authorized is not otherwise provided for by law, such 
lights and signals as may be prescribed by the Un ited States 
Coast Guard shall be installed and maintained by and at the 
expense of the owner.  

10. All work carnea out under this permit shall be per
formed in accordance with established engineering practice 
and in a workmanlike manner.  

11. This permit shall not be construed as conveying to 
the applicant any right to trespass upon the lands of others 
to perform the permitted work or as authorizing the impair
ment of any right title or interest in real or personal prop
ery held or vested in a person not a party to the permit.  

12. Nothing in this permit shall be deemed to affect the 
responsibility of the permittee to comply with any applic
able Rules and Regulations of the U.S. Army Corps of Engi
neers or any other governmental agency having jurisdiction.  

-)F' Y.  

1 n.

0
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Other Conditions: 

..hours._pritqor o_ any-blasting_ cpnraions... -

The issuance of this permit certifies that it is not contrary to the public interest that the proposed works be done.  
The applicant in accepting this permit signifies his agreement to abide by the conditions set forth above.  

Application Date --- 5/,22/67- Expiration Date - ember_:11 31._196 
Permi ,Tsued 

(Permit Agent) (Name and Address) 

.,arren H. McKeon, Regional Supervisor 
Region 8 T 

N.Y.S. Conservation Dept.' 
105 Dutchess Turnpike 
Peughl:epsie, I. Y.  

cc: Robert A. Cook (1) 
George A. Odell (i) 
Robert Mahon (1)



;°%-" , r-',T 

JL 7 07P T 

.....-- VOTE

Your special attention is called to condition #2 

of this permit which roquires that the permittee file 

in the office of the Local Permit Agent a notice of 

intention to commence work at least 48 hours in ad

vance of the time of comnoncoment and shall also 

notify him promptly in writing of the completion of 

the work.  

A phone call to this office (914-GL 4-7900,914

GL 4-7901, 914-GL 4-7902) will suffice'as sufficient 

notice of coirencement of work.  

Failure to comply with this condition will con

stitute a violation of the Conservation Law and pun

ishment for such violation is described in Section 

4 429-F of the Conservation Law.  

---------------- ---------------- NOTE--------------------------------------

o- py,: 
" " " : " ;coc: Y.



c DEPARTMENT OF THE AF Y.

NOTE.-It is to be unuerstood that this instrument does not give any 1,. perty rights eitlier in real estate or mate
rial, or any exclusive privileges; and that it does riot authorize any injury to private property or invasion of private 
rights, or any infringement of Federal, State, or Iccal laws or rezulations, nor does it obviate the necessity of obtaining 
State assent to th. work authorized. .  

- (See Cummings v. Chicago, 18S U. S., 410.).  

NANOP-E PERMIT 
Department of the Army, New York District 

Corps of Engineers.  
111 East 16th Street, New York, N.Y. 10003 

.. • 29 September, 1967 

Consolidated Edison Company of New York, Inc.  
4 Irving Place 
New York, N. Y. 10003 

Gentlemen: 

- Referring to written request dated 22 May 1967, signed by Mr. E. G. Watkins, 

* Structural Engineer, 

I have to inform you that, upon the recommendation: of the. Chief of Engineers, 

and under the provisions of Section 10 ofthe Act of Congress approved March 3, 

1899, entitled 'An act maeing appropriations for the construction, repair, and 

prcsorvation of certain public works on rivers and harbors, and for other pur

poses,L you are hurby authorized by the Secretary of the Arm-y.  

" to construct a screerrwell, bulkheads, a discharg.echannel, to dredge to a depth 
."- (Here describe Um propoad structure or 1rk.) 

of twenty-six (26) feet below mean lcw water; dredged material to be placed beliind 

the bulkheads, and to install temporary dolphins; 

in Hudson River, - -
(Here tc be naemed the river, harbor, or witeruir cnocerned.) 

* . ".. ...  

. . . . . . ..... . . .. . . . . . . . . . . . . .  

Z":" :at'-. If'dian" int.,Westcheste .CJounty . Y-*-. ..... . -

" (Here to be named the nizrest well-known iocality-preferably a town or city-and the distance In miles and tett}l from roe .tiltt point in 
the same. stating vhthler above or below or givinz direction by point& of cocmlrew.) 

s 

in accordanca with thn .::-.- -L-:-;.t i.r., :.t.- -hereto and mar'.ed: 
LOr d .'S .,:..e ; -,', -".: 2 .: . Ct c,.:: , ...' , : t i.:f¢:on, a;atr..) 

1507-24(IuHdsc Rivcr-Ccs C" .: -o C. of in4.Y., I'c-screerwell, bu-,",dads, 

-... ~~ ~~~~~~~~~~ --::.--.. :  -. -:.'- --- -.. -" : ' :: :. .. , - - - -

S " ' -t. ," : . . . . . : . " • . : : ; .



0 
in eharLge of the locality, wh .y temporarijy su.spend the work at any time, I his judgment the interests of navi

Cgtion so require
(b) That any rnateri- .redged in the prosecutCan of the work herein horized shall be removed evenly and no 

large refuse piles. rid;es across the bed of the waterway, or.deep ho!cs that may have a tendency to cause injury to 
riavigable channe!s or to the banks of the waterway shal be left. If any pipe, wire, or cable hereby authorzed is laid 
in a trench, the formation of permanent ridges across the bed of the'waterw, v shall be avoided and the back ilii-g 
shall be so done as not to increase the cost of futzure dredgir.g for nuvigaLion. Any nraterial to be deposited or 

dunped under this authorization, either in the waterw3y or on shore above high-water mark, shall be depcs-oed or 

dumped at the loclity shown on the drawing hereto at:ac:Ied, and, if so prescribed thereon, within or behind a good 

and vubstaatial bulkhead or bullkhcads, such as will prevent escape of the material in the waterway. If the mate

rial is to be deposited in the harbor of New York, or in its adjacent or tributary waters, or in Long Island Sound, a 

permit thcrefor must be previously obtained from the Supervisdr of New York Harbor, New York City.  

(c) That there shall be no unreasonable interference with navigation by the work herein authorike_..  
(d) That if inspections or any other operations b y the United States are necessary in the interest of navigntion.  

afl p-cnscs connected therewith shal , borne by the permittee.  
(c) That no attempt shall be mnade by the permittee or the owner to forbid the full and free use by the public of 

rM navigable waters at or adjacent to the work or structure.  
. (f) That if future operations by the United States require an alteration in the position of the structure or work 

' er ; au-horized, or .:, In za opi;:n C ' ,r Arsr y, :. !l cause unreasonable obstruction to the free 

naviga.tion of said water, the owner will be required upon due notice from the Secretary of the Army, to remove or 

alter the structural work or obstructions caused th..re y without expense to the United States, so as to render naviga

ton reasonably free, easy, and unobstructed; and j*, upon the expiration or revocation of this permit, the structure, 
fill, caation, or other modification of the watercourse hereby authorized shall not be completed, the owners shall, 

without cx, vne to the United States, and to such extent and in such time and manner as the Secretary of the Army 

may req-uire, remrove all or any portion of the uncompletcd structure or fill and restore to its former condition the navi

gal~e capacity of the watercourse. No claim shall be made against the United States on account of any such removal 

or zlter-aion.  
(g) That thte United States shall in no case be liable for any damage or injury to the structure or work herein 

authorized which may be caused by or result from future operations undertaken by the Government for the conserva

tion or improvement of navigation, or for other purposes, and no claim or right to compensation shall accrue from 

any surih danmape.  
(h) That if the display of lights and signa!% on anywork hereby authorized is not otherwise provided for by law, 

such lig-ts and si.als as may be prescribed by the U. S. Coast Guard, shall be installed and maintained by and at the 

expense of the owner.  

(0 That the permittee shall notify the said district engineer at what time the work will be commenced, and as 
far in advance of the time of commenceriient as the said district engineer may specify, and shall also notify him 

promptly, in v,-ritin:, of the comm'ncenent of work, suspension of work, if for a period of more than one week, 
rc.:npti-. of iwork, and its completion. the 31st 

(j) That if the structure or work herein autho)rized is not completed on or before ----------- --------.. day 
of December - 197..-.., this permit, if not previously revoked or specifically extended, shall cease and 

be null and void.  

(k) That the permittee shall keep the Department of the Interior and the 
State of Ne,4 York fully informed by oeans of periodic meetings, regarding plans 
for and construction of the work herein authorized, and for the construction 
of Unit No. 3 of the Indian Point Nuclear Power station.  

(1) That the permittee shall make modifications of project structures and 
operations requested by the Secretary of the Interior for the protection of the 

J.fish and wildlife resources of..the Hudson Riverway . ....  

(conditions (m) and (n) continued on attached sheet) 

-. ., . ,.



(m) Th the permittee shall make modif itions of project 'structures 
and of the operation of the Indian Point Nuclear Power Station as necessary 
to comply with the applicable State or Federal water quality standards.  

(n) That the perrmittee shall comply with any regulation, condition, or 
instruction affecting the work hereby authorized if and when issued by the 
State or Interstate water pollution control agency having jurisdiction to 
abate or prevent water pollution, or bythe Federal Water Pollution Control 
Administration.  

BY AUTHORITY OF THE SECRETARY OF THE 

R. T. BATSON 
Colonel, Corps of Engineers 
District Engineer 

*.

40

.4.  
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NewYork State Department of Environmental Conservation 

Albany. N. Y. 1221 Division of Pure Waters 

. . December

Ji*. 4arr-y G. Woodbury 
Executive Vice President 
Consolidated Edison Company of 
4 Irving Place 
New York, New York 10003

Henry L. Diamond 

Commissioner

10, 1970

New York, Inc.  

Re: Outfall Construction 
Indian Point Nuclear 
Station 

Buchanan (V), Westchester Co.

1,;.U

JjY {Y :.f1L..i. .. .',."•, 

The construction permit for this project, dated December 10, 

1970, is attached. This permit shall supercede all. previous 

permits and the instructions below for operating permit 

issuance provide the basis for future discharge control.  

One approved copy of the plans is enclosed.  

Per nit to Construct 

This permit carries qualifying conditions:

2.  

3.  
4.  
5.  
6.  
7.

Pernit filing• 
Revocability and modification 
Construction conforrmance 
Start of operation 
Construction supervision 
Construction certification 
Construction time limitations

The attached construction permit does not constitute authority to 

operate the approved facilities. Please note instructions below 
regarding operation permit.

0



Hr. harry G. 'Joodhury -2- December 10, 1970 

Permit to Ocrate 

Pursuant to provisions of Part 73 of Title 10 of the official 
compilation of Codes, Rules and Regulations of the State of 
New ,ork, a permit to operate the constructed facilities is 
req-L" d..  

:.letion of the facilities, application for the permit 
to c. rate should be submitted to the Bureau of Industrial Wastes 
of the Ne Yor2-k State Department of Environmental Conservation, 
50 Lo f Road, Albany, New York 3.2201, accompanied by a certifi
cate of construction compliance, executed by the New York State 
licensed professional engineer supervising construction.  

The Bureau of Industrial Wastes wi.l contact you in the near.  
future to provide application forms and instructions for the 
operating perMit.  

The attached permit authorizes construction of an effluent channel 
and diffuser whose hydraulic capacity is rated at 3,020,000,.000 
gallons per day. It shal not be inferred that this authority to 
construct comits the. Department to allow operation at the rated 
capacity. Serious questions conccrning the acceptability of dis
char-ges of heated waters from the operation of all three units at 
Indian Point .eriain unanswered.  

Destruction of the previously approved outfalls for units one and 
two to facilitate construction of the intake and outfall for unit 
three is noted. The Department will, upon completion of these 
facilities, and receipt of your application, issue an operating per
mit for units one and two. -.  

-To obtain an operating permit for -unit three, it must be conclu
sively deronstrated by Consolidated Edison Company that the t-Er l'v 
criteria reT- - Yg tlimits and distribution of temperature and 
the thermal standard relating to conditions non-injurious to fish life 
will be satisfied. It is also necessary to define and verify 
predictions rade from mathematical and hydraulic models to correlate 
actual operations of units one and two to conditions postulated 
for unit three. The conclusions drawn by your consultants from 
studies done to date cannot be accepted as representative of con
ditions that will prevail after operation is established.



I ° . .. .  

M. . . x * ..- . . . $ .  
lr ary .Wodbury :::.. ,  Dece-mber0,97 

Field work to assess actual conditions and effects of units one 

and two, to supplement- theoretical projections is essential. To 
this end, it is required that extensive temperature and ecologi

cal studies., on a program to be agreed to by the company and the 
various agencies involved, be conducted and reported to establish 
the basis for the unit three operating permit. The Department of 
Environmental Conservation's Bureau of Water Quality Management 
in the Division of Pure Waters, and the Division of Fish and 
Wildlife, will provide details of surveillance to satisfy the 
Department on physical/chemical and ecological parameters respec
tively.  

An analysis of existing and projected themnal loadings on the 
Hudson Riper estuary portion, which includes your existing Indian 
Point site and the proposed Verplanck site, have indicated a 
fuLure heat load which would- be un@ac-cptable. Therefore, you are 4 

S iat any further units- proposed for Indian Point 
or for Verp.anck will require cooling facilities to reduce cooling 
water temperature to essentially intake ambient temperature.  

The above portions contain that material. from the May 19, 1970 
-approval letter which is considered pertinent and applicable, 
adjusted as necessary to reflect accomriodation of unit two in the 
approval and -the basis of operating permit therefor. The follow
ing material relates to updated considerations now applicable, 

The basis of approval at this time is the cormmittment by Consoli
dated Edison to: 

1. Provide installation of adjustable gates, prior to unit 
. two operation, which will be controlled to maintain, 

under all sequences of unit one and/or two operation 
an average discharge velocity of not less than ten feet 

- per second,and 

2. Investigate, design and construct a new. intake structure 
for all units, with intake screens upstream of all units, 
as proposed in the enviropmetal report, as expeditiously 
as possible. .



Nr Harry G. Woodbury 4 . December 10, 1970 

Number one is incorporated in plans approved herewith, and the 
construction completion date reflects Con--Ed information that 
commercial operations could not take place for unit two before 
the date noted. Ntu.ber two completing date is unkno ,m at this 
time, but the intake completion and a demonstration of its 
efficiency must precede com-mercial operation of unit three in
any case. The instream verification studies required above to 
support a unit three operating permit application must include 
data on the new intake structure.  

Thi.i: uirements for fllowurp, testing, and measurement programs 
are consistant with those which have been and will be imposed on 
other utilities, to determine compliance with criteria and standards 
and verification and refinement of ma.thematical and hydraulic 
model studies. Consolidated Edison has. not been singled for any 
spec.,.il restrictons nor is any UorC expected from the company 
01 I.r..f '1.t, ot-hori , com -iance wi th all 
applicable laws-, standards; criteria and rules and regulat ions : 
officially adopted by New York State.

Acceptance of the enclosed permit and initiation of construction 
iwrill constitute agreement by, Consolidated Edison Company to the 
conditions of approval, including the restrictions intended to 
be imposed on'its future operations. If these restrictions cannot 
be accepted, the permit should be rejected. If that course of.  
action is selected by Consolidated Edison Company, the Department 
will schedule a public hearing for denial of the permit applica
tion for unit nuLiber three on the grounds that it has not been 
conclusively demonstrated that the water resource will be pro
tected or the water quality standards will not be contravened by 
the proposed operations of the Company,. " - .  

Very truly your: 

TEQ:sp - .. . . Industrial Facility Section 
Attach.  
cc: Westchester Co. Health Dept. . . . .  

cc: Wrhite Plains Regional Office 
cc: irean of Water Oualitv 14anaaement . '
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NEW4 YORK STATE DEPARTMENT OF VIRGIhENTAL CONSERVATION ..  

. ... " ' PERMIT TO CO<'.....WASTE DISPOSAL SYSTEM 

I his p.rmit is issued under the provisions of ArticlZ 12 of the v UUiLc ealth Law and 10 NYCRR 73.  

1. M i~~eOf .'rn:e:2. Locuti-3£, of a otec #tC.\'.T): 3. County:. Entity or Area Served: 

Consolidated Edison . .- .. Indian Point 
Compnaiy of New -Buchanan (V) Westchester Nuclear Power 
York, j.C. __"_._-._____ Plant 

By iniciatiKf construction of the approved works, the-perinittee accepts and agrees to abide by and conform with tie following: 

1 TiIAT the construction permit shall be maintained on file by the permittee.  

.2. THAT the permit is revocah.-_:.nr co~n;.Y'r..i.,.. .:hangc pursuant to Article 12 of the Public Health Law.  

3. TH-AT the facilities shall bc fully constructed ano ,... Led in compliance with the engineering report, plans and 
spccifications as approvcd.  

4. THAT the facilities shall not be placed in operation until construction has been completed and an operation permit 
has been issued, or unless ordered to be operated by the Commissioner or bya Court. _ , . . , 

5. THAT the Coast uciion of-the facilities shall be irider te supt5e-r.sion of a pcrs6n 6 r firm'qu'ilified io pracice pro
fessional engineering in the Starte.of New York under the Education Law-of the-Statp£ of New York, whenever.. enginee* 
in& services are required by such layw for such purposes. . .. .7 " -. 

6. THAT where such. facilities are under the supervision of a professional engineerli he shall certify ct, the Deparinienr 
and to the p'ermittee tat the constructed facilities hl.'c been under his supervision and.that the works have been 
fh.,!!) completed in aceord :ice with the approved enginering.r.,eports, plans, specifications and! permir.  

7. T"A r. cons-ruciur,. cfth, facilis;C.; .ll "oi*i,",ce by Ai _L _ - ..1 197.  
and be fully completed by June 30-,J971

4 .. . .

7.- .
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'-t De scription:

!j ',of o Ownership: 

[] f.'.inicipal' ] Commerciol " t 68 Pivoto-Othor 

L] hrv,',S trial l .Sewage Works Cc-'p. -] Privoto-Institutional 

:L " " [ ] 67 Privota-H.n. : Board of Education 

P_.I sac' io

Ty, & Nature of Constructio:-

E-01,O loc [CIon 

diin] o eew " 

]2 Additions or Alterotions

[l] At,.,rity .  
l] 29 Federal 

2l 20 state

E130 Interstate " _ I .  

[D40 Intern haond! l .  

F is Indian Resersnficn

Treatment and/or Disposal 

I New 

2 Additicns or Alterations

Estti,noted Cost of Construction: 

Colle.tion Systorn Treatment and/or Disposal

Type of Waote: InI ,-] ,odustrio Other 
Specify sp-crfyiCo]5ng Water 
Spcri o_ __ _ _ __m_ _n:_ 

,e r'3 ]nor.e + Primary ] s Secondary [] , Complete 

[] 2 Soptic To.-. [ 4 Intermediate ] 6 Torticry [] t Not Applicable 

.Point ct Dischrg -. ,ojor Droinogo Location (C,VT) Buchananj(V) Basin Lower Ijudson 

Srface Woter: ame of Watercourse Hudson River Surface Water Closs_...]_ _ 

Ground ,ater: liina of Wtoercourse to ,hich ground 

water is tributary Ground Water Class ....

t3rno of Receiving Treatment Works:

___________________________________ I

3. ,0n Fl0w (Gals./doy): 

3,020,000,000

12.- G-,, c of Plant Operator 
Required: 

N1/ 
15. Dosi n Equivoinnt Population 

(BOD Basis): 

. N/A

13. Disinfection Roquirod:

16. Dosign Plant Efficioncy (% BOD Remc.vI j: 

N/A

r scrii;cn of wcrks, such as nL-mrber, r'cme and capacity of units: .  

" -... T ] I 

one - effluent channel with sub.erged diffuser: 

252t side open channel with twelve (1.2) submerged openings, fcur (,) 
by fifteen (15) feet each, .:ith eighteen (18) foot centerline dept? 

submergence, including eleven (.1) adjustable ports, as dctaied, c 

drawings #AI0S0436-2 and .0182661-0 of Consolidated lison Coapany,

-. : .. D . 7. -Z; " -. 7 .-
* ~ - -

I I I I I tm ll Jl I



FORM SAN. NO. 2-8. NEW YORK STATE DEPARTMENT or HEALTH . L1B] IR.a . G 
BUREAU or INV'RdWhMENTAL SANITATION 

AND 

WATER POLLUTION CONTROL BOARD 

PERMIT TO DISCHARGE SEWAGE OR WASTES 

INTO THE WATERS OF THE STATE 

Application having been duly made as provided by the Public Health Law, permission is hereby given to 
the Consolidated Edison Company of New York Incorporated, its successors and assigns, to 

discharge sewage effluent from the proposed sewage disposal works to serve the Indi.9r, Point 
Generating Station in the Village of Buchanan, as shown on the plans approved this day, 
into the ground waters of the State tributary to the Hudson River at the points on the 
property indicated on the approved plans 

within th ... UHTTTs"IET COUNTYLM- YORW ~K 
under the following conditions: 

I. THAT this permit shall be revocable at any time or subject to modification or change 

when in the judgment of the Water Pollution Control Board such revocation, modifica- , 

tion or change shall become necessary.  

II. THaT the proposed sewage disposal works Shown on the plans approved this day shall*be 

fully constructed in complete conformity with such plans or approved amendments thereto.  

II1. THAT only sewage and no ground water, store water or surface water from streets, founda

tions, roofs or other areas shall be admitted to the proposed sewage disposal works.  

IV. THAT the sludge and scum shall be removed trom any settling tank whenever they shall 

have accumulated so as to occupy one-fourth the capacity of the tank below the flow 

line.  

V. THAT whenever sludge or scum is removed from a settling tank or any part of the 

system,- it shall be done in such a manner as to cause no nuisance and the sludge or 

scum disposed of by burying in some remote place at least 250 feat from any house, 

road, well, spring, stream or other body of water and covered with not less than 

0 inches of earth in such a manner that it will not flow or be washed by rain or 

melted snow or other means over the surface of the ground or into any well, spring, 

stream or other body of water.  

VI. THAT whenever any seepage of sewage to the surface of the ground is detected, the 

Water. Pollution Control Board shall be notified immediately and prompt action shfll 

be taken by the owner to correct this condition satisfactorily.  

VII. YlMT:ybenever required by the Water Pollution Control Board, additional or mc.o 
ade,"' works for the collection or disposal of sewage shall be installed and 
put ' i peration, plans for which shall first be submitted to and receive the 

appfo al of the said Board.  

MEPAR OF JA 

Dated June 10, 1959 BY: 
Sewerage and Wastes Section, Bureau 

C~p1, ESnvironmental SanitationU 

NOTE. .This permit before bein8 operative shall be recorded in 

the County Clerk$ offie of. WESTCHETE Coun. Executive Secretary, Water ?ollution Control Bd,

overPH: hm



STATE OF NEW YORK 
COUNTY OF ALAN f ___ 

On the ' day of ' _ -- in the year 195
before me personally am JOHN C. HAi= residing in Delmar, N. Y..  
to me known, who being by me duly sworn, did depose and say, that 
he is Chief. Sewerage eand Waites Section of the Department of Health 
of the State of Now York, the Department named In and whioh executed the 
above instrument I that said instrument was so Ozeouted pursuant to 
the authority vested In him by law and that he signed his name theeto 
Palminat to l13e authority*.. /9 

,70 
KATHIC:InE th. StCAMP O "// 

Net~j public i I * of W i 
ZWWMW in111.4 w

STATE OF NEW YORK 
COUNTY OF ALBANY I 

On the It, T" day of -in the year 195,)8, 
before me personally came ANSELMO F. DAPPERT residing in Delmar, N. Y. ' 
to me known, who being by me duly sworn, did depose and say, that he Is, 
Executive Secretary of the Water Pollution Control Board of the Depart
ment of Health of the State of New York, the Departme;,t named in and 
which executed the above instrument; that said Instrument was so executed 
pursuant to the authority vested in his by law and that he signed his name 
thereto pursuant to like authorlty-•

Recorded in the office of the Clerk of the 
County of Westchester in Liber 28, at Pa;.e 3 muof 
263 of Miscellaneous Aecords on July 9 L959, x "mw 
and returned to Mr. H.B. Guckel, Room 100, ' 0 '46'a ,0 ,. • 
4 Irving Place, Noew York 3, N.Y.

U :, ) ,".0
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To be kept on the work 

A Village of Buchanan 

BUILDING PERMIT 

N . 460 Date A 01 

Permission is hereby granted--i-.i,. .. &. -Q ,/4.  

.. ...l. . ,z "o" ' :, ... .......... .  

Location ..6 ............  

Sec. .4f... BI. 0-J... Lot ..1.... Tax Map......  

Owner .A. . .... Address ................  

Contractor ............. .... Address ..................  

....................... . ......... .......... :/ ........  

Dimensions (over alI),Z . A .. " . . ....  

Stories High .2f,4 
Use , . . . 4 :.?'. "..' .  

.Date of Issue x .. ...........  

A / 

Building Inspector



To be kept on the work 

Village of Buchanan 

BUILDING PERMIT 

N? 459 /t V .. A .  

Permission is hereby granted.- . . •r 

........... .......... ...  / 

Location ..... - . ... .... .  

Sec ,. i B . Lot .. T. .... TaxMap 

Owner ......... Address .................  

Contractor ................. Address...............  

................ .. . ..... .....................  

Dimensions (over 1) . . ... ...  

Stories H igh ............................ ..........  

Use ~t~ 

Date of Issue ,. X ............  

FeeuidngIsp o 

Building Inspector



To be kept on the work 

Village of Buchanan 

BUILDING PERMIT 

458 iate .z:,./..  

Permission is hereby -ranted, '... .,.  

. .' ............................  // 2!Y -L,.  

Location. ........ ................  

Sec. B. Lot .. I.... Tax Map ......  

Owner . . . - ...... Address .................  

Contractor .. 7........... Address .................  

' / I t 

Dimensions (over all) /1,& 'A ... X... X. .' ..  

Stories High ............ .....................  

Date of IssueIF ..  

Fee . .I 
/I / 

Buding In, e....  
Buildling Inspector



I.  

To ibe kept on the work 

Village of Buchanan 

BUILDING PERMIT 

Dtate.  

Permission is hereby granted - .  

... .. ..... .....  
Locatio . .. .. .. .  

Sec. ,-//.. B3. 3.&... Lot ...... Tax Map .......  

Owner .... ,,-.L -......... Address ....... I .........  

Contractor "-'-- Address ..............  

Dimensions (over a!l) .. 77... ...........................  

Stories H igh ... .......................................  

U se . ..... .............  

Date of Issue ... /,, .  

Fee. . ....  

Building Inspector



V..illuac of Buch ur Rn 
BUILDINCG PEMIT

4,

I.
To beo kept on the work

:- . Datc ... ..../: .  

Permission is hereby granted -,.. -. ..  

.Latn............  

Location .. V ..................  

see. c.,... i. . .. Lot . ..... Tax Map .......  

Owner .. ..J4.-U-.- ...... Address ................  

......... o~....... ..... ....... . ..............  

Contractor .................. Address .................  

D imensions (over all) ................... .............  

Stories Highl ....-. /.... ..... " 

use 44 
Date of Issue .... . ...............  

Fee 

Building Inspector

4.

--I

_J

0
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To 'be kept .tAhe work

Village of Buchanan 

BUILDING PERMIT

491 Date 

Permission is hereby granted-4.. 1"O • r- - .1-- c--.  

.. , ............. ................. .  

Location ..................  

Sec. ..... BI. .J... Lot ...... Tax Map ......  

Owner . .... Address .................  

............................................. ...  

Contracftor ................. Address ...............  

,......... ...............................  

Dimensions (over all) . . ?.. .'................  

Stories High ...................... ....... ..........  
Use "~Z / U se ...........  
Date of Issue .........................................  

Fee . . ....  

Building'Inspector

I' 

t



Pemsso ishrb rne 

- I 

L o ato .- . .. . . .. . .  

1 To 1e kept on the work ; 

Village of .I .chanan .  
BUILDING PERMIT : 

Co taco .... .... . .. ... /.. . ¢.......  

.. .. . . . . .. . . . . . .. ...........  

Permission is hereby granted ... ,.....  

. ,.-..,... ...................  

Location . ,. ,.c: :, .. , ..  

Sec...... Bl. .. 9... Lot ....... Tax Map......  

Owner .. ... ,4-,.-,:-. .. .....- Address ...............  

Contractor ............... Address 

Dimensions (over all) ..z?6 . .X. .6.$..... ....  

Stories High \J..... ..........  

SDate of Issue ... . .........  

Fcc 1.6 ..........  

Building Inspector 

... ... ... . .... .... .. , . , --. ......... - -- : . - -. . . . ... . .. . .. ........... . . . ..1



WRC FORM #3 1/66 

S 
PERMIT NO. 8-78-6 7 
DAM NO.  

STATE OF NEW YORK 
WATER RESOURCES COMMISSION 

CONSERVATION DEPARTMENT 

-- F garG.atkins___b -- __P Qli-dated Edison qompar', 

- 4 I--g. P 1 a ,- J[w __Y o r l _Q O 3 residing at 
is hereby permitted to: (construct) (reconstruct) (repair) (alter the bed or banks of) (dredge): (place fill in) 

Located in County -- 'Zesch t__. _ _ Town Peekskill by carrying out the following works: Dr-edge.a _ch ome:l 0xrnatoy 150 feet wide by 1800 by -feet-long-in-Lentasf oe-ofi da--n ±er _adjacent to Conso1dated Edison Co.  generating-plant-atIndia wtChEnnl . ill bo used for beach heavy eqipt barges.  Section of stream to which this permit applies -- lpopeP3tyofpermittee 

Note: (a) This permit does not relieve the permittee of responsibility for damages to riparian owners or others.  
(b) If the structure or work herein authorized is not completed on or before ._r1 st day of 

.19.8., this permit, if not specifically extended, shall cease and be null and void.  

CONDITIONS

1. The permitted work shall be subject to inspection by an authorized representative of the Water Resources Commission who may order the work suspended if the public 
interest so requires.  

* 2. The permittee shall file in the office of the Local Permit Agent a notice of intention to commence work at least 48 hours in advance of the time of commencement and shall also notify him promptly in writing of the completion of the 
work.  

3. As a condition of the issuance of this permit, the applicant has accepted expressly, by the execution of the application, the full legal responsibility for all damages, direct or indirect, of whatever nature, and by whomever suffered, 
arising out oO the project described herein and has agreed to indemnify and save harmless the State from suits, actions, damages and costs of every name and description resulting 
from the said project.  

4. Any material dredged in the prosecution of the work 
herein permitted shall be removed evenly, without leaving large refuse piles, ridges across the bed of the waterway, or deep holes that may have a tendency to cause injury to navigable channels or to the banks of the waterway.  

5. Any material to be deposited or dumped under this permit, either in the waterway or on shore above high-water mark, shall be deposited or dumped at the locality shown on the drawing hereto attached, and, if so prescribed thereon, within or behind a good and substantial bulkhead or bulkheads, such as will prevent escape of the material into the 
waterway.  

6. There shall be no unreasonable interference with navigation by the work herein authorized.  
7. That if future operations by the State of New York require an alteration in the position of the structure or work herein authorized, or if, in the opinion of the Water Resources Commission it shall cause unreasonable obstruction to the free.navigation of said waters or endanger the health, safety or welfare of the people of the State, or loss

or destruction of the natural resources of the State, the owner may be ordered by the Commission to remove or alter the.structural work, obstructions, or haz;rds caused thercby w1vtnou1 t expense to the State; and if, up n thc expiratlon or 
revocation of this permit, the structure, fill, excavation, or other modification of the watercourse hereby authorized shall net he completed, the owners shall, without expense to the State, and to such extent and in such time and manner as the Water Resources Commission may require, remove all or any portion of the uncompleted structure or fill and restore to its former condition the navigable capacity of the watercourse. No claim shall be made against the State of New York on account of any such removal or alteration.  

8. That the State of New York shall in no case be liable for any damage or injury to the structure or work herein authorized which may be caused by or result from future operations undertaken by the State for the conservation or improvement of navigation, or for other purposes, and no claim or right to compensation shall accrue from any such damage.  

9. That if the display of lights and signals on any work hereby authorized is not otherwise provided for by law, such lights and signals as may be prescribed by tle United States Coast Guard shall be installed and maintained by and at the expense of the owner.  

10. All work cameo out under this permit shall be performed in accordance with established engineering practice and in a workmanlike manner.  

11. This permit shall not be construed as conveying to the applicant any right to trespass upon the lands of others to perform the permitted work or as authorizing the impairment of any right title or interest in real or personal propcry held or vested in a person not a party to the permit.  

12. Nothing in this permit shall be deemed to affect the responsibility of the permittee to comply with any applicable Rules and Regulations of the U.S. Army Corps of Engi
ineers or any other governmental agency having jurisdiction.

--..-...



~.JI

Other Conditiois:

V__.ONE.

The issuance of this permit (ertifies that it is not contrary to the public interest that the proposed works be done.  
The applicant in accepting this permit signifies his agreement to abide by the conditions set Sorth b 

Application Date .0ctober 23 , 1967 Expiration Date Janur. 1, 1 
Permit/,esued 9o6ember_30l_67 
By "_A/ :J L/./ . - _ _,_ _._ __i_ _ ___ . . . .  

(Pefmit Agent). (Name and Address)

V.arr3n H. McKeon 
.Regional Supervisor 
Region 8 
.21 South Putt Corners Road 
New Paltz, New York 12561

c.c. R. Cook 
G. Odell 
C.O Mahon

'6

* ,I 

I- I .1
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IDEC 111967 
E. G. WATKINS 

FRANK WELLS MCCABE HELEN HAYES MACARTHUR HUDSON ChimnCARLJ.MY 
PETER J. BRENNANFEGSEDIl RIVER R. STEWART KILBOR .NE DERU ALAN SIPSO 

CHARLES T. LANIGAN WILLIAM H. WHYTE VALLEY 
ALEXANDER ALDRICH, Executive Director 

COMMN/ [ISS IO)N BRUCE HOWLETT, Associate Executive Director 
105 WHITE PLAINS ROAD TARRYTOWN, N. Y. 10591 

TELEPHONE: 914-631-8800 
488 BROADWAY ALBANY, N. Y. 12207 STATE OF NEW YORK TELEPHONE: 518-474-2200 

Tarrytown, New York 
December 7, 1967 

Consolidated Edison 
4I Irving Place 
New York, New York 

ATTENTION: Mr. Edgar Watkins 

Gentlemen: 

On December 6th, 1967, in accordance with its 
special review-authority, the Hudson River Valley Com
mission took action on your proposed project for a 
dredging operation in Lent's Cove in the Village of 
Buchanan. The Commission gave its unanimous approval 
to the project while noting that every attempt should 
be made to eventually restore the ramp area where prac
ticable with planting to reduce to a minimum the effects 
of clearing.  

Sincerely, 

Executive Director 

CC: Hon. William J. Burke 
h Mayor of the Village of Buchanan



V %L JA. U> .  " dSDEPARTMENT OF THE APMPI 
NEW YORK DISTRICT. CORPS OF E .NEERS 

111 EAST 16TH STREET 

NEW YORK. N. Y. 10003

N~AIO P-E .: • . .., 

Consolidated Edison Comnpny of 

X1cet; York, Inc.  
4 :c:ving Place 

. New N.or, I.Y. 10003

13. Decemer 1967

- I

" .h roe:ccrce to wr:i_5ten rcquest c ated 23 October 1967, i upon rhe reco-:end ation of th Chiof of Engineers and und -"r thv 

provis.ons of Section 10 of tho ct of Congr" c "- 3 i.Thrch 
1C99 (.-) St.at. 1!51; 33 U.S.C. 403), you a:., hereby - o:""..  
by the Secrea" of the A.Tmv to dre -ige a fLotation t 

a depth of ten (10) feet ]olew I ean sz:,a level , nc Contrac _t a 

raip in Lents Cove, ..u.Son River at VilLacp of Luch-nmn, County 

The dredged rmte.:ia1 is to be O .- te- at .n ap..., oc...  
du.:j.. cj.o.... under a T)errm.,,t t-o :, obtained frc.m the e -.  
of L~~ Zo r 1e::bDer. o 

tThis lrmicson, if not-reviousiy revoked or A: cifi...lv 
extcieic!d pohall cease and be null nd vo:.d if the wor u......"'.  Ci" is .... c ..mplcd On o r b)efore 31 cember 1970.  

nt is to be ursood thnt th aulthori.ztion does not give 
any property irqhts ithor in real estate or a, ter:LaJ, or anyaf 

pri.L...eg0S, and that 11 dOeS nOt .utonot, any InjUry 
to p;:ivate .p:,:O:, .er'ty.. or irnvasion of priv'Gate.ihts. or any inr;.
ment of rFedocraJ., State, or local laws or regulations, nor LoCs .  
obviaute the necessity of obtinin Skate assent to the wor] author
ized. (See Cu -arain-s v. Chicago, 183 U.S., 410.) 

DY AUTnOR) F ? T1117 STI]CRETARY OF A" U.  
* ./ / " .  

I nc! D;UI.,iS L. 1NOLL, JR.  
DrawJngs, Shcet 1 & 2 . . Colonel, Corps of Engm.er 

Acting District E1njineer

POLL/OP-E 

WUETEFELD/OP
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NEW YORK STATE DEPARTMNT OF HEALTH

RECEIVED 

APR 22 1968 

E. G. WATKINS

DIVISION OF AIR RESOURCES

PERMIT TO CONSTRUCT AN AIR POLLUTION FACILITY

Number: HA680101 

Date: April 12, 196f

This p'rmit is issued under the provision of Article 12-A of the Public Health Law for 
tbe project described below

Issued to: Facility and'Name of City, Village or To. n 

Consolidated Edison Company of New York, Inc. and County in which the point of emission Ks 
4 Irving Place locaLed: 
New York, New York 10003 Fuel Burning Equipment 

Indian Point Generating Station 
Attention: Mr.. E.: G. Watkins Buchanan (V) - Westchester County

Tyne of Facility 

New Installation 

Modification 

/__/ Air Cleaning Device Included 

/ / Relocation

Type of Installation

Permanent

/ / 

/ / 

/ /

Secret 

Trial 

Waived (Sec. 176.2)

Complete description of facilities such as number, name and capacity of units: 

2 Babcock and Wilcox integral furnace boilers Type FM with steam atomizing burner and 
forced draft consuming a total of 6940 pounds No. 6 fuel oil per hour.

Permission to construct this air pollution facility is granted upon and subject to the 
following conditions which by initiating the construction of these facilities, the 
permittee accepts and agrees to abide by and conform with the following: 

' That this permit shall be deeme.,' "ull and void unless construction of these facilities

for which this permit is issued 

completed by April 12. 1969

commenced by July 12. 1968 and is fully



2 ,L L_ .jzoposed facilities shown on the approved plans and approved specifications 

shall be fully constructed in complete conformity with such plans and specifications, 

or approved amendments thereto.  

3) That the proposed facilities shall not be placed in operation until they have been 

completed in accordance with the approved plans, or approved amendments thereto.  

4) That the Permit to Construct is not a Certificate to Operate and operation prior to 

the issuance of a Certificate to Operate shall be confined to these operations needed 

to test the facilities and the firms shall notify the designated representative 

at least 15 days before any-temporary operation is started or any tests are made.  

5) That the permit shall be revocable at any time or subject to modifications or change 

when in the judgement of the Commissioner such revocation, modification or change 

shall become necessary or desirable.  

6) That tests shall or may be required in accordance with Part 178. Additional air 

pollution control equipment may be required prior to the issuance of a Certificate 

to Operate if stack emission tests, acceptable to the Commissioner of Health, show 

that the installation does not conform to rules established by the Air Pollution 

Control Board.  

THIS PERMIT TO ,CONSTRUCT IS NOT TRANSFERABLE EITHER FROM ONE LOCATIONTO ANOTHER OR 

FROM ONE FACILITY TO ANOTHER.  

A COPY OF THIS PERMIT MUST BE DISPLAYED IN A CONSPICUOUS PLACE NEAR THE FACILITY FOR 

WHICH THE PERMIT IS ISSUED.  

Date: April 12. 1968 Issued for the.State Commissioner of Health 

* Eric A. Seiffer.  
Chief, Engineering Plans Review Section 

Name and Title 
Designated Representative



EFFECT. OF INDIAN POINT 
COOLING WATER DISCHARGE 

ON 
HUDSON RIVER TEMPnERATURE DI STRI BUTIOCN 

JANUARY, 1968



CONSOLIDATED EDISON COMPANY OF NEW YORK, INCORPORATED 

NEW YORK, NEW YORK 

EFFECT OF INDIAN POINT COOLING WATER DISCHARGE 
ON 

HUDSON RIVER TEMPERATURE DISTRIBUTION 

JANJARY, 1968 

QUIRK, LAWLER & NATUSKY ENGINEERS 

ENVIRONMENTAL SCIENCE & ENGINEERING CONSULTANTS 

505 FIFTH AVENUE 
NEW YORK, NEW YORK 10017



QUII, LA\LE1R F N.IATUSIY ENGINEERS 
ENVIRONMENTAL SCIENCE & ENGINEERING CONSULTANTS 

505 FIFTH AVENUE 

WATEk RESOURCE5 P) ANNING NEW YORK, NEW YORK 10017 THOMAS P. QU I RK, P. E.  
WATER SUPPLY & Tm.EATMENT 212 867-0080 JOHN P. LAWLER, P. E.  
INDUSTRIAL WASTE TREATMENT 
SEWERAGE & SEWAGE TREATMENT FELIX E. MATUSKY, P. E.  

RIVER & MARINE STUDIES 
SOLID WASTF D!.,POSAL 
AIR. POLLUT!ON ANALYSI5 

COMPUTEr FP-, FA' IES File: 115-5 

January 15, 1968 

Mr. E. G. Watkins 
Structural Engineer 
Consolidated Edison Company of 

New York, Incorporated 
4 Irving Place 
New York, New York 10003 

Dear Mr. Watkins: 

In accordance with your authorization, we are pleased to submit 
our report on the evaluation of the effect of Indian Point 
thermal discharge on Hudson River temperatures.  

Expected seasonal temperature variation, for all three nuclear 
units at full power, has been developed and is evaluated against 
recently proposed New York State Department of Health criteria 
on thermal discharges.  

Field studies conducted at Indian Point in recent years have 
been utilized in the study. Hydraulic model studies have been 
employed to evaluate various effluent channel outlet designs.  

A summary of our findings, conclusions and recommendations pre
cedes the report on pages S-1 to S-2 inclusive.  

rt r Uy yours,6'

JPL/ck
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Summary of Find(ircs, Con'7lIsi.ons and Recommendations 

1. Consolidated Edison plans to build a third nuclear reactor at 

Indian Point. The effect of the combined cooling water dis

charge from all three units on the temperature distribution 
in the Hudson River near Indian Point is estimated in this 

report.  

2. Application will be made by Edison to the New York State Health 

Department for a permit to discharge warmed water to the Hudson 

River. Temperature effects due to the Indian Point Plant have 

been evaluated against criteria currently proposed by this 
agency for the control of thermal discharges.  

3. New York State Health Department criteria follow recommendations 

made by the National Technical Advisory Committee to the Depart

ment of the Interior. These criteria were developed to protect 
all important marine and estuarial species, even the most 
sensitive, from adverse temperature effects. Preliminary 

evaluation shows that some of these criteria, when applied to 

the region around Indian Point, may be overly conservative.  

Edison biologists should review these standards in the light 

of Hudson River ecology in the vicinity of Indian Point.  

4. Expected capacity operation of all three units at indian Point 

will result in a 16.4 0 F rise in the 2,040,000 gpm cooling water 

flow. All results presented in this report are based on con

tinuous, year round operation at rounded values of 17
0F and 

2,100,000 gpm and represent a maximum loading condition.  

5. Health Department criteria include division of the River's 
cross-section at any point along its length into a mixing 
zone and a passage zone. The mixing zone is established to 
provide capacity for diluting the heated effluent with cooler 

River water. No specific criteria are affixed to this zone 
but it should not exceed 50% of the total cross-sectional 
area.  

The remaining portion of the cross-section is called a passage 
zone; its purpose is to provide a passage way for migratory 
fish and other life. Criteria in this zone include a maximum 

temperature of 860 F, a maximum summer (June through September) 
rise in temperature of 1.50 F, a maximum non-summer rise of 40 F, 
and a change rate of no more than l°F in any hour, or 70F in 
24 hours.
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6. Mathematical analyses have been develoDed to estimate the 
expected cross-sectional area average temperature rise along 
-the longitudinal axis of the River and the departure from 
this average at any point within a cross-section. These 
analyses yield computed temperatures which, for the same 
loading condition, are higher than field temperature measure
ments made during Indian Point No. 1 operation. Computer 
results, therefore, are considered to represent a conservative 
estimate of the effect of Indian Point thermal discharges on 
the River.  

7. The distribution of temperature across a River cross-section 
has been represented by two different mathematical expressions.  
Throughout the report, these have been designated "the 
exponential decay model" and "the reciprocal dtcay model." 

The exponential decay model represents temperature as an 
exponentially decreasing function of River cross-sectional 
area. The reciprocal decay model represents temperature as 
being approximately inversely proportional to River area.  
Reciprocal model results are more conservative but the 
exponential model is more theoretically sound.  

8. Maximum temperatures will occur at Indian Point. Temperatures 
will steadily decrease as distance above or below Indian Point 
increases.  

Analysis shows that the non-summer rise standard of 40 F, the 
absolute temperature of 86°F, and the temperature change 
criteria will not be exceeded.  

The summer rise standard of 1.50F is not exceeded, provided 
the decay follows the exponential behavior. Reciprocal decay 
behavior yields a maximum temperature outside the mixing zone 
of 1.90 F.  

These results, which delineate the maximum size of the mixing 
zone at Indian Point, are summarized below: 

Exponential Reciprocal Proposed 
Decay Decay Standard 

Non-Summer Conditions 
Maximum Area, AT=40F 30% 25% 50% 
Maximum AT, at 50% Area 1.50F 2.30 F 40F 

Summer Conditions 
Maximum Area, AT=l.50F 44% 64% 50% 
Maximum AT, at 50% Area l.10F 1.90F 1.50F
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9. These summer results represent conditions during the lai-ter 
part of September, after three months of a sustained low River 
flow of 4000 cfs. This drought condition, i.e., flows lower 
than 4000 cfs, for a duration of three months, is not expected 
to occur more than once in 20 years.  

Variation of the maximum temperature outside the mixing zone 
at Indian Point, throughout a severe drought year, is shown 
in Figure S-i.  

10. The mixing zone will extend above and below Indian Point.  
Four miles from the plane of discharge, during the critical 
period of September, the 1.50F isotherm is expected to bound 
about 25% of the River's cross-section; eight miles away, 
this will be reduced to about 15%1.  

Delineation of the extent of the mixing zone, for the 
critical period of September, and a sustained low flow of 
4000 cfs, are tabulated as follows: 

Miles Above Area Average Surface Area Percentage of Cross
or Below Temperature Temperature Section Bounded by 
Indian Point Rise, OF Rise, OF 1.50F Isotherm 

0 3.0 9.0 50 
2 2.3 6.9 38 
4 1.75 5.2 27 
6 1.35 4.0 20 
8 1.0 3.0 15 

10 0.75 2.2 10 

These values are mean values taken between model extremes 
given on Figure S-2. Figure S-2 shows the extent of this 
zone for each decay model, as well as the average temper
ature across each River section.  

11. The frequency of occurrence of maximum temperature rise out
side the mixing zone is shown in Figure S-3. This figure 
shows that the maximum temperature rise outside the mixing 
zone, for less than 5% of all summers, is expected to be 
between 1.3 and 2.10F. For 50% of all summer periods, this 
range can be expected to be 0.90 to 1.80 F.  

12. Alden hydraulic model studies, conducted for the three unit 
operation, were analyzed. These studics were made for 
evaluation of intake and effluent structures and are not 
suitable for prediction of absolute values of River temper
ature rise at three unit operation. Results are suitable 
for evaluation of the relative effects of various effluent
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channel cutlet configurations.  

These results show that effluent water can be directed along 
the east shore or at any angle toward mid-River. Directing 
the effluent downstream, and at an angle 450 from the east 
shore, results in markedly lower temperatures along the east 
shore, by comparison with directing this effluent downstream, 
but parallel with and adjacent to this shore. The latter 
configuration, however, provides better protection of the 
plant intake water.  

13. The effect of the expected River temperature rise on River 
dissolved oxygen concentration has been evaluated. The 
addition of heat is not expected to cause any significant 
change in the dissolved oxygen content of the water as it 
passes through the plant.  

Some decrease in the dissolved oxygen saturation concen
tration, Cs , will occur in the general vicinity of Indian 
Point. An increase in the average surface temperature in 
this vicinity from about 78°F to about 830F may occur. This 
will decrease the CS value from about 8.0 ppm to about 7.7 ppm.  

Depletion of oxygen due to increased biological activity in 
the presence of higher temperatures will be offset by 
increased rate of replenishment of dissolved oxygen from the 
atmosphere. Thus, lowering the dissolved oxygen saturation 
is expected to be the only significant effect of the heated 
effluent on River DO resources.  

The dissolved oxygen standard in this reach of the River is 
5 ppm; the oxygen available for organic waste assimilation, 
therefore, is approximately 3 ppm. The expected maximuu 
reduction of about 0.3 ppm in the saturation concentration 
represents a utilization of about 10% of the available 
assimilation capacity.  

This does not appear to create an objectionable situation.  
DO levels in this vicinity at present are usually well above 
the 5.0 ppm standard. Upon completion of construction of 
required waste treatment facilities, the DO level should be 
maintained well above the 5 ppm criterion.
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I. Even~tsLeAdiig -to Lie Report.  

Consolidated Edison Company of New York, Inc. is planning to build 
a third nuclear reactor at Indian Point. Similar in design to 
Unit No. 2, which is currently under construction at Indian Point, 
Unit No. 3 will require 870,000 gpm of cooling water to carry some 
7.4 billion BTU per hour of waste heat from this reactor to the 
Hudson River. On completion of Unit No. 3, total installed gener
ating capacity of Unit Nos. 1, 2 and 3 is expected to be 2,351 
megawatts and will require 2,040,000 gpm cooling water to remove 
17 billion BTU per hour of waste heat.  

Various regulatory agencies, including the Fish and Wild Life 
Servide and the Federal Water Pollution Control Administration 
of the Department of the Interior, the United States Army Corps 
of Engineers, the Interstate Sanitation Commission, the Hudson 
River Valley Commission, and the New York State Departments of 
Conservation and Health, as well as the Atomic Energy Commission, 
either have requested or may request information on the effect of 
this thermal load on the Hudson River. The New York State Depart
ment of Health will require this information to establish condi
tions for the construction and operation of facilities to discharge 
wastes before issuing permits for (1) construction and (2) operation 
of these works. This two permit system replaces the previous 
single "Permit to Discharge Wastes to Waters of the State." 

Field measurements of the temperature distribution in the Hudson 
River, resulting from discharge of heated effluent from Unit No. 1, 
have been performed anI reported on by Northeastern Biologists 
Incorporated (1), (2). Studies of the present and future Indian 
Point thermal discharge have been made on a Hudson River hydraulic 
model by the Alden Hydraulic Laboratory, Worcester, Massachusetts 
(3), (4). Studies of the hydraulic characteristics of the Hudson 
River, and of its ability to disperse wastes, have been made by 
Quirk, Lawler and Matusky Engineers for Consolidated Edison (5), 
(6), (7).  

Quirk, Lawler and Matusky Engineers were retained by Consolidated 
Edison to correlate the results of these studies in order to predict 
the effect of operation of all three units on the River. This 
report documents results of that study.  

IA list of references follows this report on pages 35 and 36.
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II. New York State Dep.rtmerit of Health Requirements 

The purpose and scope of this study have been developed in the 

light of New York State Department of Health requirements with 

respect to thermal discharges. Current NYSDH policy is presented 

in this section; specific study objectives and scope are presented 

in Section III. Although the project may be reviewed by the other 

agencies mentioned, conclusions are likely to be submitted to the 

NYSDH for its consideration in reviewing the application for the 

aforementioned permits. Policies of these agencies are not dis

cussed.  

Under Article 12, Public Health Law of New York State, the New 

York Skate Water Pollution Control Board1 adopted2 "Rules and 

Classifications and Standards of Quality and Purity for Waters 

of New York State." Primary administration of the provisions of 

Lhese rules is the responsibility of the New York State Department 

of Health. Control is exercised through conditions on the permits 

to construct and operate facilities to discharge to waters ot the 

State.  

The Hudson River at Indian Point is classified "SB" by the New 

York State Water Resources Commission. 3 Under this classification, 

best usage of the waters is "bathing and any other usages except 

shell fishing for market purposes." Quality standards for Class 

SB waters include specifications on heated liquids and on dissolved 

oxygen, a parameter which is partially controlled by water temper

ature. On heated liquids, the specification reads: 

"None alone or in combination with other wastes in 

iAbolished on January 1, 1962. Functions were transferred to the 

New York State Water Resources Commission.  

2By order made and entered October 23, 1950, effective October 25, 

1950 (as amended on December 6, 1954, December 11, 1956, and April 

20, 1959). "Rules and Classifications and Standards of Quality 

and Purity for Waters of New York State" are filed under the 

Administrative Codes & Regulations of the New York State Department 

of Conservation.  

3,,Official Classifications - Lower Hudson River Drainage Basin from 

Mouth to Northern Westchester - Rockland County Lines." Report 

prepared and published for Water Resources Commission by New York 

State Department of Health.
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sufficienL amounLs or at such teL4 eratures as to be 
injurious to edible fish or shellfish or the culture 
or propagation thereof, -- ; and otherwise none 
in sufficient amounts to make the waters unsafe or 
unsuitable for bathing or impair the waters for any 
other best usage as determined for the specific waters 
which are assigned to this class." 

Although this specification is largely qualitative, some quanti
tative criteria are applied by the Health Department in considering 
specific.applications for permission to discharge heated effluents.  
Due to an FWPCA request to upgrade its temperature standards, an 
extensive revision of these criteria has been under study by the 
Health Department in recent weeks. Earlier criteria are detailed 
in a pieliminary report on this study (8). Suggested new criteria 
are in the development stage and have not yet been officially accepted 
or released by the Health Department.  

These criteria are being developed in line with recent recommendations 
made by the National Technical Advisory Committee on Water Quality 
Criteria (9). The recommendation of NTAC on both fish and estuarine 
and marine organisms are found in the Committee report "Water Quality 
Criteria for Fish, Other Aquatic Life, and Wild Life." Although there 
are some differences, the new Health Department criteria are expected 
to follow these recommendations closely.  

New criteria applicable to the evaluation of indian Point thermal 
discharge include the provision of a zone for mixing and dilution 
of the thermal effluent with the receiving waters, and temperature 
specifications on the tidal salt water receiver outside the mixing zone.  

The mixing zone is established to permit use of a portion of the 
River for dilution of high temperature effluents, while at the 
same time preserving the remainder for passage of fish and aquatic 
organisms. No particular temperature criterion must be met in the 
mixing zone, but its extent is generally considered to be limited 
to 50% of the cross-sectional area of the estuary. The length of 
the mixing zone is unspecified.
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In estuaries, temperature criteria outside the miwipcg 7.nlo. i,1icr1i 

a maximum temperature of 860 F, a maximum temperature rise of 1.5°F 
from June through September and a 40F rise during the remainder of 
the year. Temperature change rates are not to exceed 1F per hour 
or 70F in any 24 hour period, excepting, of course, emergency shut
down and startup.  

The ability to meet each of these criteria requires a determination 
of the extent of the mixing zone; i.e., delineation of the boundaries 
of the zone within which all temperatures exceed the particular 
criterion under consideration. Since the naturally occurring River 
temperature rarely, if ever, exceeds 800 F, the 1.50 F and 4°F temper
ature rise criteria are more restrictive than the 86 OF maximum for 
the case of thermal discharge at Indian Point. Rise rate criteria, 
when applied to the zone outside the boundaries of the 1.50F or 
40 F mixing zones, will not be exceeded.  

The salt water criteria were selected since previous studies (5), 
(7) show that generally the River is salty at Indian Point. These 
criteria are more stringent than the fresh water criteria, partic
ularly during the summer months. For example, by comparison to 
the allowable rise of 1.50F (June through September) in the tidal 
salt water regime, a 50F rise is permitted in the fresh water regime.  

The National Technical Advisory Committee interim report (9) implies 
that Lhe recommended water quality criteria on temperature bave 
been written to protect all important species, including the most 
sensitive.  

"Temperature requirements of marine and estuarine organisms 
in the biota of a given region may vary widely. Therefore, 
if we are to maintain temperature favorable to the biota, 
all important species, including the most sensitive, must 
be protected." (p. 199) 

The applicability of a 1.50 F maximum rise as a measure of the upper 
limit of non-injurious temperature effects on Hudson River ecology 
in the Indian Point vicinity should be evaluated by Edison aquatic 
biologists.  

In this regard, consideration should be given to the closeness of 
Indian Point to the upstream boundary of the salt intrusion; aquatic 
organisms indigent to this vicinity may be less sensitive to temper
ature changes than biota which are found in marine (sea) waters or 
close to the estuary's mouth. This probability is recognized in 
the NTAC report.
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"It 'has hpen found that [marine and estuarine] organisms 
in the intertidal zone vary considerably in their ability 
to withstand high temperatures. Those in the uppermost areas 
of the tidal zone can generally withstand higher temperatures 
than those in the lower portions of the tidal zone, and these 
in turn can generally withstand higher temperatures than the 
same species of animals living in the sub-tidal zones." (p. 199) 

Furthermore, the recommended maximums were also based on the lack 
of variation in marine water temperature.  

"In general, temperatures in the marine waters do not change 
as rapidly and do not have the overall range from extreme 
to extreme that they do in fresh waters. The marine and 
estuarial fishes, therefore, can withstand less variation 
in temperature. There is some acclimatization allowable, 
but overall temperature range and rate of change are even 
more important than they are in fresh waters." 

These statements may not apply to the upper waters of the Hudson 
estuary. Temperature ranges appear to be similar to the range 
recorded in the fresh water portion of the Hudson and in other 
fresh water Rivers in the State.
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III. PuiposC and Scope 

The purpose of this study is to develop the Hudson River temper
ature distribution which can be expected in the vicinity of Indian 
Point upon operation of all three nuclear power units. Temperature 
rises are computed for the seasonally varying meteorology and 
hydrology and are presented in terms of frequency of occurrence.  
Recommendations for evaluation of a thermal discharge, included in 
the proposed new criteria, are considered.  

Scope of work required to achieve delineation of expected temper
ature profiles and the boundaries of the mixing zone includes: 

1. Development of the one-dimensional temperature profile 
along the longitudinal axis of the River for various 
loading conditions. These temperatures are averages 
over the tidal cycle and over the River cross-section.  
Results are obtained via a time dependent mathematical 
model and include the variation of the average temper
ature at any section throughout the year.  

2. Evaluation of model results using River temperature 
profiles obtained by field measurement during the 
operation of Indian Point No. 1.  

3. Determination of the shape of the temperature profile 
across a cross-section from the field measuremLentz and 
relation of the sectional average temperature to this 
profile.  

4. Determination, for the condition of future loading, of 
the temperature distribution across a section, using 
the sectional average temperature obtained via the one
dimensional model and the relation of the sectional 
average to the profile across the section developed 
from field measurements.  

5. Construction, from these results, of zones of mixing 
corresponding to the various temperature criteria out
lined in the Health Department Guidelines.  

In addition, this study also includes evaluation of the effect of 
the heated discharge on the waste assimilation capacity of the River, 
and evaluation of the merits of various effluent channel outlet con
figurations from data obtained on the Alden hydraulic model.
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IV. River Temperature Profiles and Delineation of Mixing Zones 

This section follows the procedure outlined under scope of work.  
One--dimensional model results are given first, followed by eval
uation of these in light of available field measurements. Con
struction of profiles across the River sections are then presented 
for the case of Unit No. 1. These results are then combined with 
the one-dimensional results for future loading conditions to 
delineate expected mixing and passage zone temperatures.  

One-Dimensional Analysis - General 

The Hudson River drainage basin is shown in Figure 1. The River 
is tidal from its mouth at the Battery in New York City (Mile 
Point 0) to the Federal Dam at Troy (MP 154). Heat introduced 
at Indian Point, MP 43, will be subject to reversing tidal currents 
as well as salinity induced circulatory currents, and will be dis
tributed above and below the zone of discharge.  

Details of the development of a mathematical model to describe 
distribution of tempeyaLure from a heated effluent are given in 
Appendix A. The model is the application of the Law of Conser
vation of Energy over a series of segments of the Hudson Estuary 
between the Battery and Troy. The energy mechanisms considered 
include movement by fresh water flow, dispersion by tidal turbulence 
and density induced circulating currents, and heat transfer across 
the water surface by convection, evaporation, and radiation.  

Parameters required to quantize these mechanisms include River 
geometry, fresh water runoff, longitudinal dispersion coefficients, 
and surface heat transfer coefficients. Procedures employed to 
evaluate these parameters are given in Appendix B and in previous 
reports (5) , (6), (7) , (8) 

Although the effect is mitigated to some extent in an estuary due 
to high levels of longitudinal dispersion, flow is a controlling 
parameter in the evaluation of dilution of waste effluents by the 
receiving waterway. For a given thermal load, the temperature of 
the River after mixture with the thermal effluent increases as 
River flow decreases. For this reason, drought flows were given 
particular attention in this study.  

Figure 2 shows monthly average lower Hudson River flows during 1964 
and for the 47 year period ending in 1964. Flows during the year 
1964 were among the lowest sustained flows of record in the Hudson 
River. With the exception of March, the 1964 flows are seen to be
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substantially less than the average condition. Flows from June 

through December, 1964 were generally 50% or less of the average 

condition for each of those months.  

Surface heat transfer coefficients were computed from the prevailing 
meteorology for each month, and checked by comparison with heat 
transfer calculations based on naturally occurring water temper
ature changes during each month. The surface heat transfer 
coefficient has the dimensions of BTU/sf/day/°F and, when multi
plied by the difference between the actual water surface temper
ature and the equilibrium water surface temperature, yields the 
heat transfer in BTU/day per square foot of water surface area.  

Mon'hly average heat transfer coefficients, computed using 1964 
Weather Bureau data applicable to the Indian Point vicinity, are 
given in Figure 3. Yearly variation in each monthly surface heat 
transfer coefficient is not great; the monthly coefficients shown 
in Figure 3 have been used for predictive purposes throughout 
this report.  

The equilibrium water surface temperature is that temperature at 
the water surface which will yield a zero net heat transfer across 
the surface. The ambient, or naturally occurring, water temperature 
generally lags the equilibrium temperature between February and 
July; during this period, the water body is warming. Between 
August and January, the ambient temperature exceeds the equilib
rium temperature and the River is cooling. Figure 4 shows this 
phenomena in the Hudson River at Indian Point for the meteoro
logical conditions of 1964.  

River cross-sectional area, depth and surface width vary with 
distace along the longitudinal axis of the River and have a 
variable effect on the temperature profiles. For example, 
Haverstraw Bay, where the surface area to volume ratio is large, 
heats and cools faster than the gorge between this Bay and New
burg Bay to the north. Charts showing the variable geometric 
pattern and tables of the values used in the model are given in 
Appendix B.  

Longitudinal dispersion in the Hudson River varies with fresh 
water flow and distance along the River's axis. The upstream 
movement of salt during periods of low flow increases the dis
persion effect in the Indian Point area, and smoothes the other
wise strong influence of River flow. Values of the dispersion 
coefficient used in this model are given in Appendix B. Details 
of the effect of dispersion on contaminant intensity are given 
in Appendix A.
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One-Diensional Analysis Predictions - july 1966 and April 1967 

Extensive field measurements of Hudson River temperatures were 
made 

by Northeastern Biologists Inc. during the months of July, 1966 

(1) and April, 1967(2) to establish temperature rises in the River 

caused by Indian Point Unit No. 1. These data provide the only 

means of testing the applicability of the one-dimensional model 

to the analysis of Indian Point thermal discharge.  

River flow and prevailing meteorology for these periods were used 

to predict the average temperature at Indian Point for comparison 

with the NBI data. Table 1 shows the values selected for the model 

parameters and the model-computed and field measured temperature values.  

Table 1 shows that the model-computed temperatures at Indian Point.  

are 100% and 80% higher than the measured values for July and 

April, respectively. The reasons for these differences are dis

cussed below.  

Field measurements during April, 1967 were made on appioximnately 

eight different phases of the tidal cycle. Temperature rise isotherms 

across the section at Indian Point were constructed for each of 

these phases. Typical plots for the flood and ebb cycles are 

shown in Figures 5 and 6. The tidal cycle average plot of the 

rise isotherms versus cross-sectional area contained within 

each isotherm is shown in Figure 7. The average temperature over 

the entire cross-section was obtained by computing the area under 

the curve in Figure 7 and dividing this result by the total River 

cross-sectional area at Indian Point of 160,000 square feet.  

Similar procedures were used to analyze the July data. Teivper

ature measurements during this survey were made at the surface, 

middle and bottom only, rather than at every integral degree 

Fahrenheit; the results, therefore, should be considered less 

reliable. Figure 8 shows the average position of the isotherms 

throughout the tidal cycle and Figure 9 shows the given isotherms 

plotted against the area contained within that isotherm.  

The average temperature over the entire cross-section was computed 

as described above for Figure 7.  

These values represent the difference between temperature measure

ments made within the zone of the River that is measurably influ

enced by the thermal discharge, and the River ambient temperature.  

Although several measurements of River ambient temperature were 

made, these were recorded to the nearest whole degree so it is 

possible that the recorded ambient temperature was high by o.5
0 F.



TABLE 1 

COMPARISON OF MODEL-COMPUTED 

AND 

FIELD-MEASURED TEMPERATURE RISES AT INDIAN POINT

River ilow, cfs 

Dispersion coefficient, mile2 /day 

Heat transfer coefficient, BTU/ft./day/°F 

Cross sectional area, ft.  

Mean depLh, ft.  

0 
River ambient temperature, F 

0 
Temperature rise across reactor, F 

Circulating waLer flow, gpm 

Heat loss to River, BTU/day 

Model-computed River temperature rise, OF 

Field-measured River temperature rise, OF

July 1966 

7,300 

10 

140 

160z000 

40 

75 

10 

300,000 

36 X 10

0.40 

0.2

Apr i l 1967 

40,000 

2 

110 

160,000 

40 

45 

11 

300,000 

9 
40 X 10 

0.18 

0.1
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A maximum possible average teipcrLure -an be computed by assumir.ng 
the true ambient is 0.50 F lower than recorded, that all measure

ments within the zone of influence were precise, and that ambient 

conditions were not reached nearer the east shore or surface than 

recorded. This computation was done by dropping the abscissa's
1 

on Figures 7 and 9 by 0.50 F, extrapolating the temperature curve 
to zero, and repeating the averaging procedure. Maximum possible 

average temperatures of 0.3 fur the July, 1966 data and 0.17 for 

the April, 1967 data were obtained. The above assumptions favor 

elevated values; it is unlikely the true averages are this high.  

An alternative averaging technique was also employed. Rather than 

constructing isotherms, the arithmnetic average temperature was com

puted over a section extending a given distance from the east shore 
and fromn surface to bottom. Curves of average temperature versus 

area for July, 1966 and April, 1967, using this method, are shown 
in Figures 10 and 11, respectively. Average temperatures across 

the full cross-section were 0.21°F and 0.12 F for July and Auigust, 

by comparison to 0.20 F and 0.10 F, respectively, for the isotherm 

method. The close agreement of the two methods supports these 

resulLs as good estimates of the true averages.  

The above comparison of measured and model-computed temperatures 
shows that the one-dimensional model may be expected to yield, for 

a given thermal loading, River temperatures that are higher than 

those which will actually occur. The following considerations 
suggest reasons for this behavior.  

1. Surface Heat Transfer - Model calculations were made 

using heat transfer coefficients obtained by analysis 
of the meteorological data. Appendix A shows that 

unless the vertical temperature gradient is flat, a 

correction factor must be applied to the heat transfer 
coefficient when it is employed in the one-dimensional 
model. This factor is equal to the ratio of the average 

surface temperature to the area averaged temperature.  

This correction was not applied to the original mode.  

because it could not be obtained without recourse to 
measured temperatureprofiles near Indian Point. Use 

of the measured profiles for this purpose was avoided 
to maintain independence between model and measurement.  

Furthermore, this ratio may vary with the longitudinal 

distance coordinate; data to define the ratio some dis
tance from the source were not available.  

li.e., the measured temperature rises were each increased by 0.50 F.
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The rAtio of the measured surface average temperature 
to the measured area average temperature at Indian 
Point is 3.0 for the July data and 6.0 for the April 
data. Adjustment of the model to account for increased 
surface heat transfer yields revised model-computed 
averages of 0.25 0 F for July, 1966 and 0.17 0 F for April, 
1967, by comparison to the original values of 0.40 and 
0.18, respectively.  

This correction has a much greater influence on the 
average temperature at Indian Point for the drought 
flow condition (July) than for the high flow condition 
(April). Heat transfer will occur over whatever surface 
is influenced by elevated temperatures. In the presence 
of drought flows, salinity intrusion causes the longi
tudinal dispersion to increase sharply. Waste heat is 
carried upstream as well as downstream of the point of 
discharge and surface heat transfer at the plane of dis
charge is fully developed. During high spring flows, 
virtually all the heat is carried downstream and surface 
heat transfer only begins as one moves below the plane 
of discharge.  

2. Dilution by Circulatory Flow - The Hudson is a partially 
stratified estuary and, at any section within the saline 
intrusion, is characterized by a net, non-tidal upstream 
movement of sea water in its lower layer and a similar 
downstream movement in its upper layer (10).' 

The fresh water runoff into the estuary is generally 
small by comparison to this circulating flow. The ratio 
of the net non-tidal circulation to the fresh water run
off has been observed in other partially stratified 
estuaries to vary frQm 9 to 40. The circulation increases 
in the downstream direction as greater volumes of sea 
water are lifted, via momentum exchange, into the upper 
layer (11). This ratio will vary with distance from the 
estuary's mouth.  

This phenomena suggests that a non-conservative contam
inant, such as heat, if released and held in the upper 
layer, should be diluted by the net non-tidal flow in 
the upper layer. Decay of this contaminant would be 
expected to be zero before the circulation was complete 
and the flow returned.
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The -t non-tidal flow has never been measured in the 

Hudson. Extensive field current measurements, at 

various depths throughout cross-sections within the 

salt intruded reach, and over a full tidal cycle, are 

necessary to obtain this quantity. Measurements meeting 

these requirements are not available for the Hudson.  

Net non-tidal flow will disperse contaminants throughout 

the estuary. This effect is geneially considered to be 

accounted for by the longitudinal dispersion coefficient.  

However, this parameter is measured by analysis of 

longitudinal profiles of the area averaged salinity.  

Salinity does not decay, and in a partially mixed 

estuary, does not vary markedly in the vertical 

direction so that the concentration in the lower layer 

is only slightly larger than that in the upper layer.  

Artificially induced temperature, on the other hand, 

does decay and is characterized by significant vertical 

gradients. The dispersion coefficient is a function of 

density differences. Thermal stratification, therefore, 

could increase the dispersion coefficient and account for 

lower measured temperatures.  

Surface heat transfer corrections, to account for surface tem

peratures that are higher than sectional average temperatures, 

are applied to the one-dimensional model to yield results 

which, although still conservative, conform more closely to 

field measurements. The correction procedure is outlined in 

Appendix A. Although density-induced circulation, and therefore 

the longitudinal dispersion coefficient, should increase in the 

presence of thermal stratification, sufficient data are not avail

able to warrant increasing the values of the salinity-determined 
dispersion coefficients.  

One-Dimensional Model Prediction Future Loading 

This section presents results obtained using the one-dimensional 

model, a thermal loading computed for maximum output of all three 

nuclear units, and 1964 hydrology, dispersion, and meteorology.  

Figure 12 shows model computed Indian Point temperatures and a 

temperature range based on corrections discussed in the previous 

section. Results appear as constant values over 15 or 30 day 

periods.
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F]Ow-I and dispersion coefficients represent 15 day averages. TIese 
data were inputted to the computer on the first and sixteenth or 
each month. Output temperature was read on the fifteenth and 
thirtieth of each month; these values were employed to roepresent 
behavior during the two halves of the month.  

Temperatures for some months, e.g. April, October, are constant 
over the month. This means that steady state conditions were 
reached during the first 15 day period of that month and the 
input data for the second period was equal to that for the first.  

Temperature rises follow the expected trend. The sharp rise during 
the first 15 days of January is the result of starting the model 
from a zero condition on January 1. The March flow of 24,000 cfs 
is significantly higher than the January and February flows and 
a rapid drop in temperature rise, due to dilution by the higher 
flow, occurs. The April flow of 30,000 cfs furthered the drop.  
Flows begin to drop in May and from the middle of June through 
November, were essentially constant at 4000 cfs. Surface heat 
transfer coefficients dropped steadily after July due to decreasing 
equilibrium temperatures (Figures 3 and 4). This combination 
caused temperatures to increase gradually until December when 
flow again rose.  

The upper boundary of the range shown on Figure 12 represents 
the uncorrected model-computed temperature rises. The lower 
boundary represents the model-computed temperatures, corrected 
by the ratios observed between Unit No. 1 measured and computed 
values. Months during which the flow exceeded the yearly average 
of 12,000 cfs were reduced by the April ratio of 0.1/0.18. The 
July ratio of 0.2/0.4 was used to correct months in which the 
flow was less than 12,000 cfs.  

The middle curve shown in Figure 12 represents the model-computed 
temperatures, corrected for the observed surface to area average 
temperature ratio for Unit No. 1 operation. For months in which 
the flow exceeded 12,000 cfs, the April ratio of 6.0 was used.  
The July ratio of 3.0 was used for the remaining months. These 
corrections were applied to the heat transfer coefficients, rather 
than the temperature themselves. As shown previously, this effect 
has little influence on temperatures associated with high flow 
months.  

0
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Establishment of the Mixin Zone at Indian Point 

The one-dimensional model results described above can be used in 

conjunction with the three dimensional observations made during 

April 1967 and July 1966 to establish the boundaries of the 

mixing zone.  

Establishing this zone begins by taking the average temperature 

at Indian Point for future conditions and the qualitative shape 

of the temperature profile across this section, as delineated 

by measurement, to establish the expected quantitative profile 

across this section. This will permit computation of the area 

within which temperatures exceed 1.5
0 F during the summer months 

and 4.00 during the winter.  

Figure 9 shows that temperature across the plane of discharge 

drops rapidly as the area influenced by the discharge increases.  

This temperature-area relationship can be written: 

AIT L-- T 

(1) 

in which: AT = tidal average temperature rise contour, OF 

LTR = temperature rise across the reactor, OF 

A = area within plane of discharge and bounded by 6T, ft2 

C = empirically determined constant 

Equation 1 provides a convenient empirical method of correlating 

the temperature rise data. This expression yields correct behavior 

at the point of discharge, i.e., at the channel outlet, A=O, T 

is the effluent channel temperature, and AT is equal to ATR,. the 

rise across the plant. Rapid decay as the zone of influence widens 

is taken into account by the inverse relation of AT to A.  

To obtain C for a given condition, Equation 1 is written in recip-

rocal form: 

R /(2)
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The reciprocal of the temperature rise. i./AT, is plotted against 

the area, A. If the temperature decay follows the functional 
form of Equation 1, this plot should yield a straight line with 
intercept equal to I/ATR. The slope will equal I/C'ATR, and, 

since MTR is known, C can be determined.  

The July, 1966 data, shown on Figure 9, have been correlated 
according to Equation 2, as shown in Figure 13. The fit is good 
and Equation 1 is considered to provide one practical method of 
describing the mode of temperature decay across the plane of 
discharge.  

The April, 1967 data, shown in Figure 7, decayed more rapidly than 
Equation 1 will account for. Better correlation of these measure
ments was obtained using Equation 3.  

AT - -K 
A 

.(3) 

Equation 3 delineates exponential decay of temperature with area.  
K is another empirically determined decay coefficient. Data which 
follow this functional relationship will plot as a straight line 
on semi-logarithmic coordinates. Figure 14 shows that the April, 
1967 data of Figure 7 is correlated well by Equation 3.  

Equations 1 and 3 both provide practical means of describing the 
temperature decay across the plane of discharge. Rather than 
associate Equation 1 with low flow conditions and Equation 3 with 
high flows, both models will be used, in conjunction with the one
dimensional area average results, to predict temperature distribution 
across the plane of discharge over the whole flow range. For a given 
ATR and AT (the total area average temperature), Equation 1 will yield 
a more rapid initial decay but will tail off at a higher value than 
Equation 3.  

To distinguish these two models in the ensuing, Equation 1 is 
designated the reciprocal decay model (decay is roughly proportional 
to the reciprocal of area) and Equation 3, the exponential decay model.  

The area average temperature rise across the plane of discharge, AT, 
can be computed by integrating these equations over the entire cross
section and dividing the result by the total cross-sectional area, 

AT.
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Reciprocal Decay: 

Ar d 

Exponential Decay: 

r/(5 

This procedure yields the average temperature rise, AT, in terms 
of the maximum rise across the plant, ATR, the total River cross
section at the plane of discharge, A, and a decay parameter, C or K.  

Reciprocal Decay: 

d- ZT7 C /7f (6) 
Ar 

Exponential Decay: 

LT Z /~~(- / (7 

Computation of AT for the data shown in Figure 9 is made via 
Equation 6 and is given on Figure 13. The computed value of 
0.24 agrees reasonably well with the graphically determined av
erages of 0.2 and 0.21 for Figures 9 and 10, respectively.  

Computation of AT for the data in Figure 7 is made using Equation 7 
and is given on Figure 14. The computed value of 0.12°F agrees 
with the graphically determined averages of 0.1 and 0.12 for 
Figures 7 and 11, respectively.  

These equations provide a method for establishing the boundary of 
the mixing zone at the plane of discharge. This method is des
cribed below using the reciprocal decay model. Results are given 
for both models and probable limits of the zone established.  

Assume the decay profile across this plane will have the functional 
form of Equation 1 for the increased future loading. AT is the area 
averaged, tidal smoothed temperature rise and is obtained for the 
future condition from the one-dimensional model. ATR is the rise
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across the plant for the same conrlitinn.  

Since AT is also known, the decay coefficient, C, can be computed 

from Equation 6. This value may then be used in conjunction with 

Equation 1 to establish either the temperature rise at any selected 

value of A, or the value of A bounded by a given temperature contour.  

The value of the decay coefficient, C, for the case of a 170F rise 

across the plant and the Indian Point cross-sectional area of 

160,000 square feet, is obtained for any AT from the graphical 
representation of Equation 6, given on Figure 15.  

For these conditions, solution of Equation 1 to obtain the temper

ature value bounding 50% of the total cross-section yields:

.4 TO5A7- /7 '7L+Y4oo

Rearrangement of Equation 1 to solve for area bounded by a given 
contour yields:

am A

For the 1.50F and 40F criteria, Equation 9 gives:

A,. 5 OF = 

- 325C

(10) 

(11)

Figures 16 and 17 show the results of applying the reciprocal decay 

model to the model generated area average temperature distributions 

shown in Figure 12. Figure 16 gives the percentage of area within
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which temperatures will exceed the sumrr criteri.on of T. 5F i.'d 
the winter criterion of 4.00 F. Figure 17 gives the temperature 
contour bounding 50% of the cross-section. Sample calculations 
are given in Table 2.  

Similarcomputations were made using the exponential decay model.  
Given AT, 6TR and AT, the decay coefficient K is obtained from 
Figure 18, the graphical representation of Equation 7. Temperature 
bounding 50% of the cross-section at Indian Point is obtained from 
Equation 3 for the prescribed ATR and AT as follows: 

-r7exk(- 80,ooo ) 
(12) 

Areas bounded by the summer and winter temperature criteria are 
given, respectively, by: 

_242 

/7i.5F K (13) 

A 4. (14) 

Figures 19 and 20 show the results of applying the exponential 
decay model to the data in Figure 12. Figure 19 gives the per
centage of area within which temperatures will exceed the summer 
and winter temperature criteria. Figure 20 gives the temperature 
contour bounding 50% of the cross-section. Sample calculations 
are given in Table 3.  

The ranges of values at any time on Figures 16, 17, 19 and 20 
were developed from the ranges shown on Figure 12. The uncorrected 
values represent an uncorrected model estimate and should not be 
applied to delineation of the mixing zone. The values corrected for 
thermal stratification represent a good estimate of the future 
behavior and are used to establish mixing zone boundaries.



TABLE 2'

SAMPLE CALCULATIONS 

RECIPROCAL DECAY MODEL 

Source of AT data: Figure 12, curve revised for thermal 

stratification 

Period selected: July 1 - 15

Area average temperature, AT: 2.9 0 F

Decay coefficient, C, Figure 15: 9,460 SF 

AT bounding 50% of cross section, Equation 8: 1o8'F 

0 
Area bounded by 1.5 F contour, Equation 10: 97,000 SF

Percentage area bounded by 1.5°F contour: 97,000/160,000 or 60%
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TABLE 3 

SAMPLE CALCULATIONS 
EXPONENTIAL DECAY MODEL 

Source of data: Figure .12, curve revised for therwal st-r.tification 

Period selected: July 1- 15 

- 0 
Area average temperature, AT: 2.9 F 

-5 -1 
Decay coefficient, K, Figure 18: 3.65 X 10 SF - I 

AT bounding 50% of cross section, Equation 12: 0.920F 

0o Area bounded by 1.5 F contour, Equation 13: 66,000 SF

Percentage area bounded by 1.50 F contour: 66000/160,000 or 41%
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Although the predictions on the basis of field measurements are 
somewhat lower than the thermally stratified results, the curve 
fitting of temperatures below l°F is questionable; i.e., a flatter 
tail on the decay curves of April, 1967 and July, 1966 would have 
caused closer agreement between the lower two estimates in Figures 
16, 17, 19 and 20.  

Specifics below refer to the curves corrected for thermal strat
ification.  

The 40F non-summer criterion was met for either model at all times.  
For the reciprocal decay model, the maximum mixing zone cross
section was 25%; for exponential decay, this value was 30%. Corre
spondingly, the maximum temperatures reached during the non-summer 
montTs at the 50% area were 2.30F and 1.50F, respectively, for these 
two models.  

These non-sumner period results show clearly the behavior of the 
two models. Reciprocal decay model temperatures drop rapidly but 
tail off to higher values. The 40F value was reached more rapidly 
by the reciprocal model as evidenced by the smaller area (25% 
versus 30%) bounded by it. The approach toward ambient conditions 
is slower, however, as lower temperatures are reached, and the 
exponential model exhibited a lower temperature at the 50% point 
(l.50F versus 2.30 F).  

The 1.5°F summer criterion required a bounding area of 64% using 
the reciprocal model and a 44% area using the exponential area.  
Correspondingly, temperatures at the 50% point were 1.90F and 
l.10 F, respcctively.  

These results are summarized in Table 4.  

Non-summer temperature criteria can be expected to be met at all 
times at Indian Point. At flows above 15,000 cfs, the salt front 
will not pass Indian Point (Appendix B, Figure B-3). During these 
periods (usually February through May), the fresh criterion of 50F 
will apply and will yield an even smaller mixing zone.  

Although Figure 13 shows the July, 1966 data were correlated well 
by the reciprocal decay model., two considerations favor selection 
of the exponential decay model as more representative of expected 
future behavior: 

1. Theoretical models of two and three dimensional dis
tribution of contaminants discharged continuously from 
a single source in an estuary have been developed (12).



TABLE 4 

MIXING ZONE DELINEATION 
AT INDIAN POINT 

Exponential Reciprocal 

Decay Decay 

Non-Summer Conditions: 

Maximum Area, 6T- 4 F 30% 25% 
o 

Maximum AT, at 5%/o Area 1.50 F 2.3 F 

Summer Conditions: 

Maximum Area, AT=l.5 F 44o 64% 

0 0 
Maximum AT, at 50% Area 1.1 F 1.9 F
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These shiow exponential decay of concentration with 

distance in any direction from the source.  

These models were not utilized in this study because 
boundary conditions are not the same. However, the 
exponential functional form is generated not by the 
boundary conditions but by the form of the defining 
differential equations. These equations are analogous 

to the two and three dimensional heat transfer equations 
which define local behavior of Indian Point thermal' 
discharge.  

2. Survey procedures followed during the April, 1967 
survey represent a revision of procedures during the 

original survey conducted in July, 1966. At any 
station, temperatures were read at each integral 

Fahrenheit degree between the effluent channel temper
ature and the ambient temperature, rather than at only 

three depths. This yielded much more information, 
particularly at the near surface and, as a result, con

tour construction was more accurate.  

It should be noted that, although the April surface 
temperature data is considered to be more-accura-te 
than that of July, the surface to area average -tem
pcrature ratio of 3.0, obtained in July, was used to 

make the thermal stratification correction in the 
summer data. Had the April value of 6.0 been used, 
the summer values for the thermally stratified curves 
would have been significantly lower.  

Use of the exponential-decay model yields results which meet the 

summer criteria at all times. Use of the reciprocal decay model 

yields results which exceed these criteria slightly (area excess: 

15% or less, temperature excess: 0.50F or less) when flows are 

less than 4000 cfs.  

The summer temperature rises have been translated to a temperature 
frequency distribution in Figure 21. This relation has been 
developed using an average summer heat transfer coefficient of 

135 BTU/sf/day/0 F and the four month summer average flows and 

corresponding dispersion coefficients. This relationship gives 

the percentage of summers for which the Indian Point temperatures 

can be expected to be equal to or less than any given value.
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Extent of the MixinqZone 

In this section, an estimate of the longitudinal extent of the 
mixing zone is made. Field measurements made during Indian Point 
No. 1 operation did not extend more than 800 feet below the plane 
of discharge, but do show that relatively rapid decay of elevated 
temperatures can be expected.  

Figure 22 shows the temperature distribution observed at high water 
slack, 800 feet below the plane of discharge, during the April, 1967 
survey. Similar plots were constructed during seven other phases 
of the tidal cycle. Tidal cycle average results are shown in 
Figure 23.  

.2hese data show a rapid decay of temperature. The area average 
temperature was 0.08250 F, by comparison to an average of 0.093 F 
at the plane of discharge (the 0.0930 F is rounded to 0.10 F in 
Figure 7). The measured surface to area average temperature ratio, 
or thermal stratification factor, was 8.5.  

The value of 0.08250F indicates a decay much more rapid than that 
predicted by the model, even where corrected by the observed 
stratification factor. The length of the mixing zone under future 6 
conditions is computed using a thermal stratification factor of 3.0 
and, on the basis of the above observations, represents a conservative 
estimate.  

The reciprocal and exponential decay models are used to delineate 
decay across any section, in the same manner as used previously to 
delineate decay across the plane of discharge. No information is 
availa,:ble on the decay of LTmax at any section. Therefore, the 
values of C and K, the decay coefficients for the two models, have 
been obtained using Figures 15 and 18, respectively. This procedure 
will yield mixing zone areas that are higher than actual for the 
reciprocal decay model, but may be lower than the actual for the 
exponential model.  

Figure 24 shows the percentage cross-sectional area contained by 
the 1.50F contour and the tidal area average temperature rise at 
various points above and below Indian Point. These results were 
obtained for the severe drought condition of 4000 cfs and the 
September heat transfer rate of 125 BTU/sf/day/°F. Sample cal
culations are given in Table 5.  

These results show that the area average temperature rise drops below 
1.50F about five miles above and below the discharge point. Percentagee 
cross-sectional area contained by the 1.50F contour drops below 15% of 
the total area someight miles above and below the discharge point.  
These results are-'summarized in Table 6.
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TABLE 5 

SAMPLE CALCULATION 
DETERMINATION OF EXTENT OF MIXING ZONE 

Area Average Temperature Model: steady state, longitudinally 
variable parameters

Month: September 

Flow, Q: 4,000 cfs 

Hcat Exchdnge Coefficient, K: 1 

Thermal Stratification Factor (TI 

Area Average Temperature, AT, 4 

Equations for determination of a 

Reciprocal decay: 

Exponential decay: 

For

Substitution of

25 BTU/SF/day/°F.  

SF): 3.0 

miles below Indian Point:l.70F.  

rea bounded by 1.50F. profile: 

=/o4

C 4,300 ft. (Figure 15) 

K 6.25 X 10 - 5 ft. (Figure 18) 

these data in above equations yields: 

A = 46,000 SF or 29% (Reciprocal Model) 

A = 39,000 SF or 24% (Exponential Model)



TABLE 6 

EXTENT OF MIXING ZONE 
UNDER CONDITIONS OF MAXIMUM SEVERITY 1

Miles above 

or below 

Indian Point 

0 

2 

4 

6 

8 

o 10

Area Average 
Temperature 

Rise, OF 

3.0 

2.3 

1.75 

1.35 

1.0 

0.75

Surface Area 
Temperature 
Rise, OF 

9.0 

6.9 

5.2 

4.0 

3.0

Percentage of Cross 
Section bounded by 

1.50 F Isotherm
2 

50 

38 

27 

20 

15

2.2

Conditions employed: Month = September

Q = 4,000 cfs, steady state 

K= 125 BTU/SF/day/°F

Mean values taken between model extremes given on Figure 24
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V. Hydraulic Model Studies and EfflueniL Chrinel Outlet Selection 

The initial study conducted on the Indian Point generating station 
model by Alden Hydraulic Laboratories evaluated the effect of one 
and two unit operation on the intake cooling water (3). Additional 
studies, (4), performed from April to August 1967, investigated the 
effect of one, two and three unit operation on 'the River temperature 
distribution. Original boundaries were too restricted for proper 
evaluation of the effect of all three units so that the model was 
expanded prior to 1967 testing.  

Expanded model dimensions were 75 feet long by 25 feet wide. For 
t-he prototype to model ratio of 60, this was equivalent to a River 
length of 4500 feet and a River width of 1500 feet. Prototype to 
model depth ratio was 40. River depths were determined from 
soundings and scaled for model application.  

Application to Overall River Behavior 

Model results were not utilized in making the analysis of overall 
River behavior and mixing zone determinations discussed in the 
previous section.  

Even with the expansion, the model covers only one half the River 
width and considerably less than a tidal excursion above and below 
the plant. Since the mixing zone itself may be larger than the 
segment of the River represented by the model, the model data were 
not applicable to the overall River analysis.  

Plans --or construction of a new model are currently being made by 
Consolidated Edison. Suggested improvements to make this model more 
useful in Lhe overall analysis are given on pages 27 and 28.  

Effluent Channel Outlet Evaluation 

The model was used to evaluate the relative effects of several 
different modes of release of cooling water from the effluent 
channel to the River. These studies were made under a continuously 
varying tidal flow procedure. Objections outlined above to use of 
the model to predict overall River temperature rises do not apply 
here; the relative local effect of three different outlet structures 
is evaluated. Effects studied include intake temperatures, shore
line temperatures and jet behavior.
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Fiqures 26 through 28 illustrate the three effluent channel out
lets studied.  

Outlet No. 1, shown in Figure 26, closely resembles both the current 
outlet works (located upstream of the planned location for the future 
channel) and original Con Edison thinking for the required works for 
all three units. The south end of the channel is fully open and the 
discharge flow is directed along the east shore of the River. The 
side channel weir shown in Figure 26 is an addition, not comparable 
to the existing works or planned design; i.e., the west wall of the 
current River channel extends the full River depth along its entire 
length.  

Previous model tests for Units No. 1 and No. 2 operation showed 
uutlet No. 1 configuration is effective in keeping intake cooling 
water temperatures at a minimum.  

Outlets No. 2 and No. 3 block the south end of the effluenL channel 
and divert the discharge toward the center of the River. The 
effluent is discharged over a weir to aid in keeping the healed 
water close to the surface. Outlet No. 2 consists of several 
vertical slats which divide the side channel weir into a series 
of ports and insure uniform discharge over the whole length of 
the weir. No slats were provided for Outlet No. 3.  

Dispersion of heated effluent in the River was obtained visibly 
in the model by use of dye. Figures 29 through 32 show the dye 
distribution created by Outlet No. 1. Figures 29 through 31 show 
progressive movement of the dye patch during an ebb tide condition 
and Figure 32 shows behavior during flood tide.  

The effluent flows along the east shore in the form of a jet. The 
jet disperses slightly with distance from the plant but does not 
display any significant mixing with the River within the model 
boundaries.  

For one unit operation, photographs (not shown here) during flood 
tide showed the jet turned toward the center of the River before 
reaching the downstream model boundary. The greater momentum of 
the three unit effluent (flow is seven times that of Unit No. 1) 
explains the lack of reversal of the jet in flood tide for this 
loading. These results imply that use of this outlet for three 
unit operation will result in relatively high temperatures for 
considerable distances along the east shore.
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Dye patterns resulting from discharge through Outlet No. 2 arc 
illustrated for ebb and flood conditions in Figures 33 and 34, 
respectively. The effluent flows between the vertical slats, and 
the heated effluent discharges to the River in separate streams.  
The direction of each stream depends on the orientation of the 
vertical slats with respect to the longitudinal axis of the River.  
Virtually any angle of deflection can be obtained by this outlet 
configuration.  

Figures 33 and 34 show that the momentum of the three unit effluent 
flow is sufficient to bring the heated liquid well out into the 
River during the entire tidal cycle.  

Dye patterns observed using Outlet No. 3 are shown in rigures 35 
nd 36. These patterns are similar to those associated with Outlet 

No. 2. Mixing with the River is considered to be somewhat less com
plete, due to the absence of deflectors. The dye jet leaving Out
let No. 3 extended over the southern half of the side channel weir, 
whereas that leaving Outlet No. 2, extended over the entire length 
of this weir. In addition, the deflectors provide the flexibility 
of directing the jet at any angle to the River.  

Model temperature measurements were also made to compare the effects 
of these three outlet designs. These were made over the full tidal 
cycle. Simulation of the continuously varying tidal condition 
occurred for at least four cycles before measurement and analysis 
of temperature changes between cycles showed that this was suffi
cient to insure steady state conditions. Model temperature rise 
across the reactor varied between ]3 and 150 F, with an average of 
140 F, throughout these runs.  

Figure 37 shows the location of stations at which temperature 
measurements are reported in Figures 38 through 46 . Temperatures 
shown in these figures have been adjusted for a temperature rise 
across the plant of 170 F. Interpretation of these measiireaents is 
given below. Prediction of absolute prototype temperatures from 
these results has not been made. These results, however, are 
reliable for comparison of relative effects of the three different 
outlet designs.  

Station 50-11 is close to the shore at the north end of the cove just 
below the south line of Edison's Indian Point property. Temperature 
differences observed at this point were greater than at any other 
analyzed. Figure 38 shows these results. The slatted side channel 
weir gave the lowest temperatures, as would be expected, since the 
discharge from Outlet No. 1 moved directly past this point in a 
relatively undiluted state, and less spreading is created by Outlet 

No. 3 than by Outlet No. 2.
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Figure 30 sht-ows th-e temperature rise close: to shore for the shore 
line directed discharge (Outlet No. 1) may increase during flood 
or will at least not show a marked drop by comparison to behavior 

during ebb. The River channel directed discharge (Outlets No. 2 

an'" No. 3) may exhibit a decrease in temperature close to shore 
during flood.  

Comparison of the average temperatures over the full tidal cycle 
shows that shore line temperatures just below Indian Point may be 

reduced by, a factor of approximately seven or three by employing 
Outlet No. .2 or No. 3, respectively, rather than Outlet No. 1.  

Figiires 39 and 40 show behavior at Stations 34-8 and 34-(-3).  
These points are 1800 feet downstream of the effluent channel out4

let and 200 and 1300 feet off shore, respectively. Temperatures 
200 feet off shore (Figure 30) are still highest for Outlet No. 1 
and lowest for Outlet No. 2. Eleven hundred feet out the trend is 
the same, although the differential is much less significant.  

Figures 41 and 42 show results at Stations 50-7 and 46-4, points 
in the vicinity of the dye patches shown on Figures 33 through 36 
for Outlets No. 2 and No. 3. Station 50-7 is about 200 feet below 
the outlet and 400 feet off shore, and Station 46-4 is 600 feet 

downstream 700 feet off shore. Again, the fact that the discharge 
from Outlet No. 3 does not distribute itself over the entire length 

of the weir, but rather at its southern end, is responsible for the 
higher temperatures associated with this outlet by comparison to 
Outlet No. 2.  

These figures also show that, although Outlet No. 1 will cause lower 
temperatures during ebb by comparison to Outlet No. 2, the reverse 
will be true during flood. The average temperature rise over the 
full cycle is approximately equal for the two.  

Figures 43 and 44 show results at two points upstream of the plane 
of discharge. Station 55-4 is 300 feet upstream of the outlet and 
600 feet qff shore; Station 71-2 is 1900 feet upstream and 800 feet 
off shore. Tidal cycle average temperatures show little difference 
between the three modes of discharge. Temperatures are significantly 
lower than the rise across the plant.  

Results of the effect of these three modes of discharge on River 
temperatures are summarized in Table 7.
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TABLE 7 

COMPARISON OF TIDAL CYCLE AVERAGE TEMPERATURES 
DUE TO VARIOUS EFFLUENT CHANNEL OUTLET DESIGNS

Station 

50-11 

34-8 

34- (-3) 

50-7 

46-4 

55-4 

71-2 

Intake of Unit No.2 

intake of Unit No. 3

Distance Offshore 
(Feet) 

25 

50 

550 

400 

750 

600 

800 

0 

0

Distance Below Outlet 
(Feet) 

220 

1820 

1820 

220 

620 

-280 

-1880 

-1300 

- 780

Tidal Cycle Average Temoperatures OF 
No. 1 No. 2 No. 3 

15.5 2.46 5.0 

6.85 2.40 4.51 

1.54 0.713 0.906 

1.83 3.94 6.44 

1.99 1.71 3.19 

1.48 1.51 1.04 

0.95 1.075 1.05 

0.64 0.875 0.74 

0.95 1.025 0.99
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EffL:ct of Outlct Design on iiiLcke TewperaLurec 

Figures 45 and 46 show the relative effects of the three outlets 
on the temperatures of the intakes for Unit No. 2 and Unit No. 3, 
respectively. In the model, as shown on Figure 37, Unit No. 2 is 
located 1400 feet upstream of the outlet, and Unit No. 3, 700 feet.  
Tempcrature of Unit No. 1 intake water was not recorded. Since 
this intake is about two thirds the distance from the No. 3 intake 
to the No. 2 intake, results from this unit have been obtained by 
interpolation between the results for the other two.  

Table 8 shows the comparison for the tidal cycle average temper
ature. Tidal cycle average temperatures have been used for com
parison because the effect of intake temperature rise on condenser 
design is probably best judged by the expected long-term value, 
and because the differences observed in the averages are probably 
more reliable than differences of individual values.  

Table 8 shows that intake temperatures at Units 2 and 3, occurring 
with Outlet No. 2, were about 60% and 30% higher, respectively, 
than those occurring with Outlet No. 1. Intake temperatures 
associated with Outlet No. 3 were about 20% higher than Outlet 
No. 1 associated values.  

The selection of an outlet design must weigh the relative advan
tages of each possibility. While Outlet No. 1 will produce the 
lowest intake temperatures, it will also produce the highest down
stream shoreline temperatures. On the other hand, Outlet No. 2 
avoids the effect of high shoreline temperatures that are produced 
by Outlet No. 1 but exhibits an intake temperature that is, on the 
average for all intakes, 40% higher than that of Outlet No. 1.  
Outlet No. 3 produces an intermediate result.  

The temperature profiles in Figures 45 and 46 and the results shown 
on Table 8 would appear to indicate that, while the percentage 
differences are significant, absolute intake temperature differences 
for the three designs are insignificant. On the basis of the reduced 
shoreline and shoal area temperatures which would accrue, it would 
appear that outlet design should be similar to Outlet No. 2. How
ever, as suggested above at the beginning of this section, no 
means are available at this time for accurately predicting the 
absolute value of prototype temperature rises from these model results.  

Should the prototype Unit No. 3 intake average temperature be as 
high as 20 F for the Outlet No. 1 design, the results shown above 
indicate that this temperature would exceed 30 F for the Outlet 
No. 2 design. If condenser capital and operating costs depend
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TABLE 8 

COMPARISON OF VARIOUS OUTLET DESIGNS ON 

INTAKE WATER TEMPERATURES

Unit No. 1 
OF % 

0.63 100 

0.93 148 

0.76 121

Unit No. 2 
F % 

0.56 100 

0.89 159 

0.67 120

Unit No. 3 
F % 

0.78 100 

1.00 128 

0.95 122

Channel 

1 

2 

3
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strongly on the absolute value of intakc temperaturc rise, then 
expansion of the model and additional analysis may be warranted. At 
the same time, evaluation of the effect of shoreline and shoal 
area temperature rises on the ecology of those areas should be 
madc.  

Ini any event, outlets should be designed to keep the heated effluent 
as close to the surface as possible, for both rapid heat transfer 
to the atiaosphere and for protection of intakes, which, in turn, 
should be designed to draw water as far below the surface as 
practical.  

Recomrendations for Model Expansion 

Consideration has been given by Edison to expansion of the Alden 
model. With due regard to the physical limitations, the following 
suggestions are made: 

1. An undistorted geometric scale should be considered.  
If it is impossible to decrease the horizontal scale 
from 1:60 to 1:40, the present vertical scale, the 
possibility of increasing the vertical scale to 1:60 
should be evaluated.  

2. The model should extend at least 4000 feet downstream 
of the downstream-most potential future outlet loca
tion. The present model only extended 2000 feet below 
this point; for three unit operation significant tem
perature rises were observed in some of the waters 
spilling over the model downstream weir and the jet 
was not observed to turn prior to reaching this point.  
This increased distance represents a minimum; it is 
only 20% of the tidal excursion in this vicinity.  

3. The present upstream boundary is about 750 feet above 
the upstream-most intake. Although expansion of this 
distance should be secondary to the downstream expansion 
(on the basis that the intakes will remain above the 
outlets), this distance is only 7% of a tidal excursion 
and an increased upstream length is also recommended.  

4. The model should extend the width of the River.  

5. Present potential future effects of the Orange and Rock
l.and Utilities' Lovett Plant at Tomkins Cove should be 
evaluated and accounted for in the model if significant.
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6. Temperature probes should be located at several depths 
so that better comparison of mode]. results to prototype 
field data can be made. For fixed probe depths, cali
bration charts should be prepared so that the actual 
depth at which a "surface" or other probe is reading 
is known for any point on the tidal cycle.  

7. Intake and outlet structures should be removable. This 
should include provision for inserting the present 
.Indian Point intake and effluent structure: since model 
operation for this condition is necessary for comparison 
with prototype field results.  

8. Intake water should be recirculated to a heater, raised 
the necessary temperature and discharged, rather than 
wasted 'as cu-renLly done. This would permit evaluation 
of the buildup in temperature which will occur if a 
fraction of the heated water reaches the intake structure.  

9. Evaluation of the effect of saline induced vert;_cal den
sity gradients on the thermal stratification should be 
made. If this appears to be of the same order as the 
density gradients induced by the heated liquid, it
effect should be included in the model.  

10. Model operation should be on a continuously varying Rive.  
flow basis, to simulate the tidal conditions. Staoge and 
flow regulation during a continuously varying run is 
currently done manually. An improved method of adjusting 
flows and stage throughout the tidal cycle is recommended.  

11. Consideration should be given to the use of fluorescent 
dyes as tracers. Measurement of the concentration of a 
conservative dye would avoid the problem of temperature 
losses via heat transfer across the model surface; results 
would delineate the hydraulic phenomena mere reliably.  
Dye me-surements made in conjunction with temperature 
measurements on both model and prototype may provide 
sufficient information to make the model to prototype 
scaleup.
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VI. Transient Effects Due to SLartup or Sh-utdown 

Temperature change rate criteria in Technical Bulletin No. 36 
include temperature changes of no more than 1 0F in any hour and 
no more than 70F in a 24 hour period, outside of the mixing zone.  

Consideration of the effect of startup or shutdown has been based 
on instantaneous change from no load to full load or vice-versa.  
This will yield conservative results since startup or shutdown of 
the plant would always occur over a few hours.  

Calmilations are made using a model which traces the transient 
effect from no load to full load. These results are applicable 
co the reverse case of shutdown also, since the transient mechanism 
will be the same.  

The 7°F rise in a 24 hour period will never be exceeded. Results 
presented in Figure 12, Section IV, show that the area average 
temperature at Indian Point for the most conservative model, i.e., 
the model uncorrected for thermal stratification, never reaches 
60F. The plant is a base load plant, rather than a peaking station, 
and the maximum heat load has been used in these calculations.  
Furthermore, Figures 17 and 20 show that the maximum temperature 
in the passage zone, i.e., the temperature contour bounding the 
mixing zone, is less than the area average temperature. Therefore, 
the criterion of no more than a 70F rise in 24 hours will always be 
met.  

A transient model, useful for treatment of the 1F change in one 
hour criterion, has been developed in a previous report (6). This 
model gives the variation in time and space of the tidal smoothed, 
area averaged concentration of any conservative or non-conservative 
contaminant, which is released continuously, at a constant rate, 
from a single plane source in the estuary. Full release begins at 
time zero and continues to steady state at time infinity. Prior to 
zero, the estuary is free of waste.  

The application in reference (6) is for the continuous low level 
release of radioactivity in the cooling water flow at Indian Point.  
However, the development of the differential equation of mass trans
port underlying this result, and the accompanying initial and 
boundary conditions, is completely analogous to the energy transport 
development in Appendix A. Therefore, by making the minor modification 
of changing the concentration, C, to the temperature, T, the waste I 
load, W, to the thermal load, H/p Cp, and the first order radioactivity
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ddCCIy ra tc consLanL, I', to ti2 tentpuLatare uxciance uooL-L C t, KiN,, 
Equations 37 and 38 in the appendix to reference (6) may be employed 
to evaluate the transient condition.  

The results given in Section IV show that the most srvere temper
ature rise occurs at the plane of discharge. Modification, as 
described, of the equations referred to in reference (6), and 
simplification for the case of the temperature at the plane of dis-
charge, i.e., at x=o, gives for the area averaged Indian Point tem
perature at any time after commencing discharge of heated eff lent: 

T_ E F _ _ _ _ _ _ 

-~ L.  

(15) 

For severe drought conditions, Figure 47 shows the change from 
zero temperature rise to steady state conditions in the area average 
temperature differential. The maximum rise rate occurs immediately; 
the rate decreases continuously as time goes on. The rise reaches 
1 0 F after 10 hours. This is the shortest period over which any IOF 
rise occurs, and shows that the rise rate criterion of 1°F in an 
hour is not exceeded. Furthermore, this is the area average con
dition; the maximum passage zone rise rate will be even less.
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VII. Effect on River Dissolved Oxygen 

New York State Standards for Class SB waters require that a dissolved 
oxygen concentration of 5.0 ppm or better be held at all times. This 

standard has particular significance for sewage and organic industrial 
wastes, since the decomposition and stabilization of organic effluents, 

in the dissolved oxygen bearing waters, is accomplished by bacteria 

which utilize this dissolved oxygen during the stabilization process.  

Oxygen is only slightly soluble in water; the saturation value 
usually ranges between 7.0 and 11.0 ppm and depends on temperature and 
salinity content. Since the standard is 5 ppm, the permissible 
departure from saturation, or dissolved oxygen deficit, is rather 
small. it is this phenomenon that is largely responsible for current 
requirements of high levels of sewage and industrial waste treatment; 

excessive waste loads on a waterway will deplete its oxygen tension 

below the 5.0 ppm level.  

The actual level of River dissolved oxygen will depend on the rates 

of consumption of oxygen for waste stabilization and of replenish

ment of oxygen from the atmosphere. These rates are both temper

ature dependent. The rate of consumption is expressed by the 

product of the waste concentration and a reaction velocity con

stant, K1 . This constant is a measure of bacterial activity and 

is therefore temperature dependent. The rate of reaeration is 

equal to the product of the oxygen deficit and a reaeration coeffi

cient, K 2 . The oxygen deficit is a function of the oxygen saturation 

concentration, which is temperature dependent. K 2 varies with the 

coefficient of molecular diffusion, and is therefore also temper

ature dependent.  

Thus the oxygen concentration in a waterway receiving wastes is a 
function of at least three temperature dependent parameters. Algae, 
bottom deposits and waste nitrification also affect the oxygen level 
and are temperature dependent. These do not appear, currently, to 

contribute significantly to the oxygen balance in the Indian Point 
area, and are not considered.  

The net effect of the expected future temperature rise near Indian 
Point on River dissolved oxygen levels is discussed below. The 
effect of raising large volumes of River water 170 F as this water 
passes through the plant, and the effect of causing a long term 

net rise of somewhat lower temperatures in the River, are both 
considered.
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Loss of Oxyrqen During Passage through Plant 

Loss of dissolved oxygen in the cooling water itself due to the 

17 F temperature rise could occur by three mechanisms: 

1. Reduction of the saturation coefficient 

2. Increased biological activity 

3. Reduced reaeration due to confined flow.  

None of these potential sources of oxygen reduction will be signif

icant at Indian Point.  

Joss of oxygen due to reduced saturation would only occur if the 
oxygen concentration in the intake water were higher than the 
saturation concentration of oxygen for the effluent water temper

ature. If this occurred, a supersaturated condition would exist 

after heating and oxygen would begin to be driven off to the 
atmosphere.  

Conditions of maximum severity on oxygen usually occur in the 
summer at high temperatures. Maximum River ambient temperature 
at Indian Point is approximately 780 F, at which the oxygen saturation 
is about 8.0 ppm. A 170F rise to 950F would yield an oxygen 
saturation of about 7.0 ppm for the effluent channel water. Oyxgen 
levels in the River, near Indian Point, during August 1967, ranged 
between 5.0 and 6.0 ppm, showing that the 950F saturation concen

tration is higher than actual River levels and no oxygen will be 
lost via this mechanism.  

Somewhat higher oxygen levels may result when required treatment 
levels are eventually met. However the time of passage through 

the plant is in the order of a few minutes, and, even if super
saturated conditions did develop, there is not sufficient time 

for significant oxygen loss by gassing to the atmosphere.  

Time of passage through the plant, from intake to outlet, is 2.5 

minutes. Calculations show that the increased oxygen loss, due 
to either increased biological activity or reduced reaeration, is 

insignificant in this amount of time.  

Therefore, no significant loss of oxygen is expected during passage 
of the cooling water through the plant. Grab samples of inlet and 

outlet water, taken on August 30, 1967, showed a reduction of 0.25 

ppm. This is significantly higher than is expected (less than 0.1 
ppm). Since the 0.25 ppm figure is a difference between two values,
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each of which is accurate to + 0.05 ppm, the precision is only of 
the order of 0.1, and may explain the somewhat higher value.  

T.oss of Oxygen in the Receiving Waterway 

Previous studies (19) have shown that the maximum steady state 
oxygen deficit associated with the continuous discharge of a single 
plane source of waste is given by:

k~//*4p 
- Q(~7<2 )11472 kA 

/ ~2 7 4N 4k,-

(16)

in which: DOD 
C 
Cs 

W 
Q 
Kl 
K2 

N 
P 
E 
U 

k2 

j2

= dissolved oxygen deficit, Cs-C 
= dissolved oxygen (DO) concentration, ppm 
= saturated DO concentration, ppm 
waste load, # ultimate BOD/day 

= river flow, cfs 
deoxygenation coefficient, day

-1 

= reaeration coefficient, day-1 

= KE/U
2 

= K2E/U
2 

dispersion coefficient, mile 2/day 
= fresh water velocity, mile/day 
= 0.5 [1
= 0.5 [1- \fi-+-4p]

Total known waste loading between the Tappan Zee Bridge and Bear 
Mountain Bridge is about 60,000 #/day. Of this, about 50,000 #/day 
are discharged within about a mile of Indian Point. The model 
yielding Equation 16 appears to provide a reasonably accurate 
simulation of DO behavior in the vicinity of Indian Point. Equation 
16 has been used'to estimate the effect of Indian Point thermal dis
charge on Hudson River DO levels.  

Figure 24 shows that the area average temperature averaged 1.670 F 
over the reach between Mile Points 33 and 53. For the thermal 
stratification factor of 3.0, this corresponds to a surface average 
of 50 F. River ambient temperature does not appear to exceed 80°F 
at Indian Point. Maximum temperatures observed were 78°F and usually 
occur in August. The effect on River DO of a 1.670 F area average
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tempcraturc rise and a 50F surface temperature rise over an ambient 4 
condition of 800F is given below.  

Selection of values for K1 and K2 for the Hudson River is discussed 

in reference (19). Selection of River flow and dispersion coefficient 

for summer drought conditions is discussed in Appendix B of this 

report. Table 9 summarizes the numerical value of parameters used 

with Equation 16 and the resultant concentrations of DO for the 

artificially heated and ambient conditions.  

The results in Table 9 show that a relatively small change in River 

dissolved oxygen will occur upon heating. Virtually no change will 

occur in the dissolved oxygen deficit, because the increased reaeration 

and deoxygenation effects tend to balance each other. The dissolved 

oxygen saturation, however, decreases by almost 0.4 ppm, as the 

surface temperature increases from 80 to 85°F.  

These results are somewhat higher than the present levels of DO 

in the River. DO measurements made during August, 1967 show that 

the DO between Mile Points 35 and 50 ranges between 5.4 and 6.4 ppm.  

Additional effects, including unknown loads in the study area, 

transport of contaminants from areas above or below this study area 

into the study area, and waste nitrification, may explain the 4 
difference.  

In any event, the above calculations show the dissolved oxygen con

centra.tion for the heated condition can be expected to be approxi

mately 0.3 ppm lower than that for the unheated condition. Since 

the maximum permissible deficit at the maximum observed summer 

temperature of 77 to 78°F is about 3 ppm, the 0.3 ppm. corresponds 

to a reduction of 10% of the deficit available for other uses.  

The waste assimilation capacity of the River is defined as the 

amount of organic material which may be discharged to the River 

without dropping the DO below some prescribed minimum. Such dis

charge constitutes a permitted "use" of the River. The reduction 

of 10% of the deficit available for consumption corresponds to a 

similar reduction in the waste assimilation capacity.  

This reduction will not create an undesirable condition in the 

River. Present DO levels in this vicinity generally exceed the 

5.0 ppm criterion. Upon completion of required waste treatment 

facilities by present and future users, the 5.0 ppm criterion is 

expected to be met at all times.



TABLE 9 

EFFECT OF TEMPERATURE RISE ON RIVER DISSOLVED OXYGEN, 

AS COMPUTED USING EQUATION 16 

Parameter Summer Ambient Condition Heated Conditio 

Area Average Temperature, OF 80 82 

Coefficient of Temperature Dependency for K1  1.04 1.04 

Deoxygenation Coefficient, K1 , 
Day- 1 

Base Value at 68°F 0.25 0.25 

Value at Given Area Average Temperature- 0.325 0.34 

Surface Temperature, OF 80 85 

Coefficient of Temperature Dependency for K2  1.02 1.02 

Reaeration Coefficient, 
K2 , Day1 

Base Value at 680C 0.052 0.052 

Value at Given Surface Temperature 0.0595 0.0625 

Saturation DO Concentration, Cs , ppm 7.73 7.36 

Total Known Ultimate BOD Load, MP 33 to 53, #/Day 62,000 62,000 

Flow, cfs 4,000 4,000 

Dispersion Coefficient, Square Mile/Day 0 9 

Dissolved Oxygen Deficit, ppm 0.62 0.60 

Dissolved Oxygen, ppm 7.11 6.76
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Appendix A 

Deve].opment of the One-Dimensional Mathematical iodel 

Temperature distribution in a tidal estuary is governed by the Law 

of Conservation of Energy. This law states that the rate of change 

of energy withtn a region of fluid must equal, the net rate of energy 

transfer across the region plus the total rate of energy produced 

within the region. An energy balance for a tidal estuary, written 

in terms of a fluid teraperature differential, T-TE, is shown in 

Figure A-I. TE , the equilibrium temperature, is the water temperature 
at which the net rate of surface heat transfer is zero. T-TE, or AT, 
is the temperature rise above the equilibrium temperature due to 

the heated effluent.  

After dischargre, heated particles are carried downstream toward the 
ocean by the movement of upland runoff. This phenonemon is known 
as convection. The rate of convective temperature transrort across 

any river section is equal to the product of fresh water runoff, Q, 
the water temperature differential, (T-TE), density, p, and heat 
capacity, Cp.  

Temperature is also transported in an estuary by longitudinal 
mixing. Mixing, or dispersion, is a complex function of reversing 
tidal currents and salinity-induced circulation patterns. Aispei sa e 
transport occurs only in the presence of a longitudinal temperature 
grade, t in the waterway. The rate of dispersive transport is 
equal to the product of a dispersion coefficient, E, and the 
negative of the longitudinal temperature gradient, dT/dX.  

The energy production term is the rate at which heat is either 
abcsor;oc1 by or dissipated from the tidal waters. This term 
includes the effect of short wave solar radiation, long wave 
atmospheric radiation, evaporation, conduction and back radiation.  

The rate of temperature dissipation in an estuary is shown by 
Edinger and Geyer (13) to be proportional to the departure of the 
liquid from the equilibrium temperature, TE , i.e. the temperature 
at which the net rate of heat transfer across the water surface is 
zero. The energy dissipation term, therefore, is equal to the 
product of an overall heat transfer coefficient, K, the temperature 
differential, T-TE, and the fluid volume, AAX, within which the 
transfer is taking place.  

The energy inventory is completed by accounting for the time rate 
of change of energy within the fluid volume, AAX. This is called 
the accumulation term and is equal to the time derivative of the
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product pCpATAAX.  

The temperature profile in Figure A-i illustrates how convection, 
dispersion and dissipation distribute the thermal energy received 
from a single heated effluent. Since the source of heat raises 
the temperature at the discharge point above the equilibrium 
temperature, energy is lost tQ the atmosphere, and the maximum 
temperature occurs at the point of discharge.  

An energy balance over the incremental volume, AAX, in Figure A-i 

is written: 

INPUT - OUTPUT + PRODUCTION = ACCUMULATION ....... (1) 

Algebraic sumnation Of the individual terms shown in Figure A-I gives:

. , 7  .-  

- /I 0

in which: T 

TE 
X

0 
water temperature, F 
equilibrium water temperature, F 
distance along longitudinal axis of the estuary, 
miles 
time, days 
cross-sectional area of the estuary, sq. ft.  
surface width, ft.  
fresh water flow (upland runoff), cfs 
longitudinal dispersion coefficient, sf/second 
heat transfer coefficient, BTU/sf/hour/°F 
water density, #/cf 
heat capacity of water, BTU/#/ F

The units given are those commonly associaLed with each parameter.  
All calculations, of course, are performed within a consistent set 
of units.  

The limit of Equation 2, as AX, At both approach zero, is:

A 
c~~/Z?(t~ r.-1J7) 7 A Y 5 7 Ole 

(3)"
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Steady State, Constant Space Parameter Model 

Equation 3 recognizes that the system parameters, p, Cp, TI, E, A, 
Q and K may vary with distance and time. The objective of this first 
model is to predict maximum temperatures which would accrue in the 
presence of sustained warm weather and low flow. For this purpose, 
the system parameters in Equation 3 may be considered to be 
independent of time and the time derivative, zero. The salinity 
range within the region under consideration will yield variations 
in density and heat capaciLy of about 1 %; p and c are therefore 
considered to be constants. Changes in weather conditions and 
fresh water flow over a ten mile reach on either side of Indian 
Point are negligible; Q, KT and TE may also be treated as constants.  
Cross-section area, A, and dispersion coefficient, E, vary ±30% 
and +15% respectively, about their averages over the twenty mile 
reach. For the first model, A and E in Equation 3 have been assumed 
constant. Following this model, a more flexible model, with most 
parameters time and distance variable, is developed for ultimate 
study use.  

For the set of constant system parameters and the steady state 
condition, Equation 3 simplifies to: 

./_- , - ~-" 

0 
in which: AT = the temperature differential, T-TE, F 

U = average fresh water velocity, Q/A, ft/second 
KT - terperature exchange coefficient, K B, day 

PCpA 

Equation 4 is a linear ordinary differential equation and represents 
the average rate of longitudinal energy transport across any cross
section of the estuary. This equation is the basis for the analysis 
of overall temperature distribution in an estuary.  

Tidal parameters of period and amplitude, the tidal time variable 
t, and the lateral and vertical variables, y and z, do not appear 
in Equation 4 because this equation represents the average behavior 
across any section over a full tidal cycle.  

Rigorous development of Equation 4 begins with the generalized 
three-dimensional, time variable equation of energy transport, and 
employs a series of integrations over the lateral and vertical 
dimensions, as well as over the tidal period to yield this state
ment of average behavior. By this procedure, the dispersion



A-4 

coefticient is shown to be a lumped representation of several '

mechanisms, which depend on salinity, tidal movement, and geometric 

parameters. Detailed analysis of this procedure, including develop

ment of the dispersion coefficient, is given in the literature (14), 

(15), (16).  

Edinger and Geyer's work (1.3) shows that the net heat transfer 

across the water surface is actually given by: 

A,,-/=/(T - T, (5) 

in which: H = net water surface heat transfer, BTU/ft-
2/day 

R = heat transfer coefficient, BTU/ft
2,/day/oF 

Ts = actual water surface temperature, 0F 

TE = equilibrium water surface temperature, F 

In Equation 2, Ts has been replaced by T, the tidal Smoothed, area 

averaged temperature. This procedure is only valid if the vertical 

mixing ircross the section is sufficiently intense to cause the 

vertical. temperature profiles to be flat. If the vertical temper

ature gradient is not zero, then the surface temperature T. will 

not equal the area average temperature T, and a correction factor 

for the decay term in Equation 2 will be necessary if this equation 

is to be used.  

This correction factor is obtained by writing an expression analogous 

to Equation 5 in terms of the area average temperature, T, rather 

than the water surface temperature, Ts.  

HA7- , (6) 

in which: K = modified surface heat transfer coefficient 

Since AH in Equations 5 and 6 is still the same value for a given 

set of conditions, substitution of Equation into Equation 6 and 

rearrangement will yield the definition of K 

-/ (7) 

__7-_ 7e)

Q17;1PK, ".\T.'-l1 6- M,\I!;SKY ENGINI-lRS
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Thus, the modified heat transfer coefficient, KI, is equal to thc 
meterological surface heat transfer coefficient, K, times the ratio 
of the surface temperature differential to the area average temper
ature differential. For flat vertical temperature gradients, this 
ratio is 1.0. For non-zero gradients, K in Equations 2 and 3, and 
KT in Equation 4, should be multiplied by the numerical value of 
this coefficient. This number may be determined either empirically 
or theoretically.  

Temperature rise criteria have been written, and background temper
ature measurements have been made, on River ambient conditions.  
Therefore, it is convenient to construct models for temperature 
rise on the basis of ambient water conditions rather than equilibrium 
water conditions. Figure 4, following page 8, shows the relation 
of ambient and equilibrium temperature in the Hudson.  

Edinyea et al (17) show that Equation 4, or its unsteady state 
counterpart, can be written on an ambient temperature basis. To 
show this, the constant space parameter counterparts of Equation 3, 
for both the naturally occurring and artificially induced water 
temperature, are written first: 

Naturally Occurring Temperature, TA (Ambient Temperature): 

-T4 4- -

dx d 

(8) 

Artificially Induced Temperature, T: 

-L (7- - 7- / 7

(9) 

in which: KT"- KT (TAs-TE) 

(TA-TE) 

KT' = KT (Ts-T E ) 

(T-TP)



QUIRK, L,.\WVI 6 MATUSI{Y ENGINEERS

A-6 

Substitute the definitions of KT' and KT in. Fcniations 9 and 8, 

subtract Equation 8 from Equation 9, and obtain: 

E? (72-- ')7-7- 6(

(10) 
- Ts-TAs 

Let "KT =T - TA KT. Substitute for KT into Equation 10, call 

(T-TA), the temperature rise over the ambient condition, 

AT, and obtain: 

E- z U- - -a 

(11) 

KT is obtained by computing the thermal stratification factor, Ts-TAs, 

and multiplying the meteorological KT by this TSF. In the T -TA 

Hudson River near Indian Point, background temperature measure

ments show that the vertical gradient of the River ambient temper

ature is flat. Therefore, the TSF for the ambient condition is 

1.0 and, TA = TAs, and the TSF for the artificially induced condi

tion is simply Ts-TA.  

T-TA 

The steady state version of Equation 11 is: 

z- o/ d4T 7* ,C. A 

(12) 

The solution of Equation 12 for boundary conditions 
applicable to 

Indian Point thermal discharge is given below. Although the over

bar in KT in the ensuing discussion is dropped, the results may 

be used for any TSF value.
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Longitudinal Temperature Distribution 

This section develops the steady state temperature distribution 
along the longitudinal axis of a tidal river due to a single 
continuous plane source of heated effluent. Figure A-2 lists the 
applicable boundary conditions and the resulting solution equations 
developed from Equation 12.  

A. General Solution of Defining Differential Equation 

Equation 12 is a second order, linear ordinary differential equation 
with constant coefficients. The general solution is: 

(13) 

in which: 

B. Boundary Conditions 

The intcgration constants, C1 and C 2 , are evaluated by application 
of suitable boundary conditions. Since Equation 2 does not include 
a term for the heat transferred into the River by the heated 
effluent, it does not describe behavior across the plane of 
temperature discharge. As a result, the integration constants 
in Equation 13 must be evaluated independently on either side of 
the plane of discharge; i.e., the values of C1 and C2 above Indian 
Point are not identical to the values of the constants below 
Indian Point. Four boundary conditions are required for evaluation 
of these four integration constants.  

Figure A- 3 shows the areas above and below the source of heat in 
the River and the corresponding symbol for temperature differential.  
The four boundary conditions are developed as follows.  

1. Because the distance between Indian Point and New York Harbor 
is long, the temperature differential will be negligible before 
reaching the lower end of the estuary. This means that the down-
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stream end of the estuary has no influence on temperature distrihzution 4 
in the estuary. The estuary may, therefore, be considered to be 
infinitely long and the first boundary condition may be written: 

BC#1 

2. In the upstream region, convection opposes dispersion and the 
distance from Indian Point to the upper end of the estuary is even 
greater than the distance from Indian Point to the lower end. For 
these reasons, the statements concerning BC#l are even more applicable 
here and the second boundary condition is written: 

BC#2 

3. Although Equation12 does not define behavior across the section 
at Indian Point, and discontinuity in some derivatives will occur 
at these points, the temperature itself is continuous and single
valued at all points. This fact gives rise to the third boundary 
condition: 4 

.; = 0/ ; = oBC#3 

4. To describe the behavior at the boundary between regions I 
and II, a material balance about the plane of discharge is con-
structed as shown in Figure A-3. The steady state material balance 
is written: 

-4 

7, 3, 

(14) 

in which: Q = river flow 

q = recirculated cooling water flow 
T = effluent channel temperature
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The limit of Equation 14 as AX -- 0 is:

-- ~-~ C.,

/ yi-I C, 7-i

(15)

S ''-/ /i :Z- is equal to H, the reactor waste heat 
in BTU/Day. The fourth boundary condition is written:

,0

O/ ... BC#4

C. Particular Solution 

Evaluation of the four integration constants is accomplished by 
substitution of Equation 13 in the four boundary conditions. This 
procedure yields:

(I 

A-f 
Ii (,~c?;$,i4//?;~ 

.ip
(16)

Af 6 

1'

1-I

P0

(17)

Equations 16 and 17 have been used in the foregoing report to 
evaluate conditions close to Indian Point. The River geometry 
diverges rapidly below the head of Haverstraw Bay, some four miles 
below Indian Point, and dispersion coefficient decreases for a short 
distance and then increases. In the upstream direction, depth 
increases, and area and dispersion coefficient both chanqe. For

/4 '~I~'

/1'

ii /24)

/fI '2~K)

X.<. 0



QUIIK, I.\ \I 11) \1. .IlUS' INGINEI 1S

A-10 

those reasons, Equations 16 and 17 are most useful within a region 

bounded four to five miles above and below Indian Point. Most use

ful is the expression for the maximum temperature rise, which occurs 

across the plane of discharge. This is obtained by setting x in 
either Equation 16 or 17 equal to zero.  

TH 

U" (18) 

One-Dimensional Unsteady State, Variable Parameter Model 

In the previous section, the general. solution for the steady state 

constant parameter model was derived. In most estuaries, including 

the lowcr Hudson River, parameters are not constant. For the lower 

Hudson, area, depth and surface width vary along the longitudinal 
axis; flow, surface heat transfer and thermal loading vary with 

time, and the longitudinal dispersion is both space and time 
dependent.  

This variable behavior of the loading and system parameters is 
included in the unsteady state, variable parameter model developed 
below. For real estuaries, time and space variable analytical 
solutions are not possible except in simplified cases. A numerical 
solution technique is developed below for temperature distribution 
in the lower Hudson River.  

The development of this model begins by breaking the estuary into 

a finite number of sections along its length.

UPs rREAI towN riEA7 

A1-2 N-I N IV'l A'*2

An energy balance written over one of these sections is given by 
Equation 1, Appendix A.



QUII., I..\\' IR 6 ,l.\IUSlY ENGINEI S

A-li 

Energy input into Section N is due to advucLion, dispersion at 

the upstream end, and thermal discharge, if any, within the section.  

Energy output is due to advection and dispersion at the downstream 

end of Section N. Thermal decay is due to loss of energy to the 

atmosphere. The difference between the energy input to the section 

and the energy output (including decay) from the section yields the 

accumulation of energy within the section over the time interval to 

which input and output refer.  

The inputs to Section N are expressed mathematically as follows:

Advective Input =

in which: QN-1,N = the fresh water flow from Section N-1 into 
Section N 

AT NI, = the temperature at the boundary between the 
N Sections N-l, N

Dispersion Input =

in which:

- 5CAo f / A.6 _,., Z 'A/

ENIN = the dispersion coefficient between Sections 
N-1 and N 

6ATN-1N = the temperature gradient between Sections 

ax N-i and N 
AN-IN = the cross-sectional area between Sections 

N-1 and N

Thermal. Discharge Input HN
AS 5U/DA Y

Output terms are written similarly as follows:

Advection Output =

Dispersion Output = - , , 

Loss due to heat transfer across the water surface is written: 

AV" A TI

,PC QV" TV,4I
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i*n w:hich: I'T - the temperatiire exchange coefficient in Section N 
VN = the volume of Section N 
ATN = the temperature differential in Section N

The accumulation of energy is written: 

Placing these terms in the general energy balance and dividing by 
the constant, p Cp yields:

AI4L), %', r" '/ A 7-N~ /AO, N111

(19)

This expression is written for the general Section N, is valid for 
any section, and is identical to Equation 2 above. Departure from 
the previous development (Equations 3 through 17) begins at this 
point. Rather than reduce Equation 19 to behavior at a point by 
shrinking the section length to zero, the section length is kept 
intact and a method is developed for evaluating ATN , the section 
average temperature rise.  

Consider the section location to be given by the midpoint along its 
length. The section average temperature rise is defined to delineate 
secLion temperature rise behavior. Section lengths are relatively

-7L Z-C- C 'd 7-v m 
,V_/j6 7,

AV W.V./

e) A
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smll and the section average temperature difference (ArrN 1 or ArI±) 

is assumed to vary linearly between section midpoints.  
For a linear variation between midpoints, the boundary temperature 
difference (ATNIN) is expressed in terms of the section midpoint 
temperature differences as follows:

N-/ A * /-+_ ,

in which: N-I,N =
LN-I , L being the section length 
LN-l+LN

The linear assumption on temperature difference requires that the 
gradient of temperature difference with distance must be constant 
over the expressed interval between adjacent section midpoints.  
This yields:

a" " 

dz'ro, , 

a' -

S Lr - T)

Time 5Jcrements are chosen sufficiently small so that the temper
ature difference for any section also may be assumed to vary linearly 
with time over that time increment. The time derivative of the section 
average temperature rise therefore is equal to the difference in the 
section average temperature rises at the beginning and end of the 
interval, divided by the interval. This is written: 

4!. 7-v A437~ 

in which: tI = time at beginning of interval At 
t2 = time at end of interval At

(20)
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T'e dispersion term may be rewritLen in terms of a tidal exchanyuc 
coefficient D. This coefficient represents the percentage of con-

taminant transferred per day between any two adjacent sections via 

tidal exchange.  
= ,,N AN-I. N 

Z-a IV IV--/AI 

)W$ av./ 

Substituting these modifications into Equation 19 yields an expression 

in terms of section average temperature rise only: 

- ,$,,.,, ,a ,,,..7 + 7-- A,.,),1,) 

+ - ) , -, ) 

-'V (2 1 ) 

Equation 21 shows that a balance over any one section requires a 

knowledge of the section average temperature rises of the two 

adjacent sections. To find the temperature difference in all 

sections at any one time, Equation 21 is written for each section 
and then the set of equations is solved simultaneously for A(ATN).  
This is the change in4TN over the time intervalh t. This change 

is added to the initialA TN at the beginning of the time interval, 
to yield theA TN at the end of the time interval.  

To start the solution, an initialAT is required for each section.  

Thereafter, theAT is computed for each section at the end of each 

time increment. The initial condition may be arbitrary. The solution 

will rapidly become independent of whatever initial condition is chosen.
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The above solution was programmed using the ALGOL language and Lhe 
General Electric 200 Series Time-Sharing computer system. Stable 
behavior was obtained by use of a 0.01 day time interval. Segment 
length was generally two miles. Typical run times were about 100 
processor seconds and 15 minutes of printer time.  

Typical values of the parameters for a run are shown in Table A-1.  
Selection of parameters is discussed in Appendix B.  

Results using this model for the future thermal loading at Indian 
Point are given in Section IV of the report. These include pro
files of ATN at Indian Point throughout the yezir (Figure 12) and 
the longitudinal profile of ATN for conditions of maximum severity 
(Figure 24).  

Figure 24 is shown as a continuous profile; the section average 
temperature 6TN is assumed to vary continuously along the River.  
This is equivalent to either associating the section average 
temperature with the section midpoint temperature, or shrinking 
the section size to zero. Either iriterpretation is consistent 
with the linear profile which was assumed to exist between segments.



TABLE A-I 

TYPICAL NUMERICAL VALUES OF PARAMETEPS ASSOCIATED WITH 

SOLUTION OF UNSTEADY STATE, VARIABLE PARAMETER MODEL

Parameter 

Temperature Exchange Coefficient 

Heat Loading 

Length Ratio 

Section Length 

Section Volume 

Time Interval 

Tidal Exchange Coefficient 

Fresh Water Flow 

Section Average Temperature Rise 

Rise Difference Over Time Interval 

Section Cross-Sectional Area

s)Mol 

K'TN 

H/pCp 

LN 

VN 

At 

DN, N-I1 

Q 

ATN 

A (A TN) 

AN

Units 

l/Day 

°F*Miles3/Day 

Dimensionless 

Miles 

Miles3 

Days 

Miles3/Day 

3 Miles /Day 

OF 

OF 

Miles 2

Magnitude 

.06 

.046 

.5 

2 

.010 

.01 

.01 

.02 

0-5 

.0001 

.002
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Appendix B 

Selection of Parameters 

Numerical values of the parameters, E, U, and KT, which appear in 
Equation 4 and control the temperature distribution in an estuary, 
must be chosen for the study area. This area is shown on the 
location map, Figure 1, and extends from Haverstraw Bay to West Point.  
A brief description of the methods used to obtain these parameters 
is given below. More detailed analyses of the data employed to 
obtain these parameters are given in previous reports to the 
Consolidated Edison Company (5), (6), (18).  

A. Fresh Water Discharge 

Fresh water velocity, U, is obtained by dividing fresh water dis
charge by the river cross-sectional area, A. Fresh water flow into 
the Hudson is measured at Green Island, at mile point 152, where the 
tributary drainage area totals 809.0 square miles. The drainage area 
of the Hudson Basin- tributary-to thehetire River, is approximately 
13,370 square miles. Over 95% of this area is located north of 
Indian Point. Because of the inability to measure directly fresh 
water flow in tidal waters, the Green Island gage is used to 
establish lower River discharges. Analysis of data developed by 
the United States Geological Survey (USGS) indicates that the 
annual average lower River flow is 22% greater than the Green 
Island annual average flow. All values of lower River flow referred 
to in this report were established using this ratio, i.e., lower 
River flow is equal to Green Island gaged flow times 1.22.  

The pattern of the long term monthly flows, shown in Figure 2 is 
indicative of the variation of River discharge. During the months 
of March through May, monthly flow averaged 29,000 cfs or almost 
3.5 times the average discharge during the months from June through 
October. This is equivalent to the statement that the volume of 
fresh water discharged during the spring months is in excess of 
twice the volume discharged during the subsequent five month period.  

Figure A-I and Equation A-4 indicate that as fresh water velocity 
decreases, given a fixed value of the longitudinal dispersion 
coefficient, the dispersion effect ireases. Therefore, temperature 
values in the region above Indian pointlcan be expected to increase 
as flow decreases. Furthermore, due'to increased salinity intrusion 
during periods of low fresh water flow, the longitudinal dispersion 
coefficient, which is strongly dependent on salinity-induced circu
lation, can be cxpccted to increase in the upper region of the River.  
Thus, heated effluents will remain in the vicinity of Indian Point
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for longer periods of time during drought flows. For this reasoii,, I 
analysis of the effect of heated discharges on the River requires 
that drought flows be selected in assigning values of U.  

Figure B-I shows a statistical analysis of Hudson River drought flows 
for the years 1918 through 1964. For drought durations of one 
week (seven consecutive days),- and one month, a plot of flow versus 
the per cent of the time such flow can be expected to occur is 
given. For example, Figure B-I indicates, for a duration of one 
week per year, a flow of 2630 cfs can be expected to occur 5% of 
the time or once in 20 years.  

B. Cross-Sectional Area 

Figure B-2 shows the variation of Hudson River cross-sectional area 
with distance above the Battery. Variation is erratic and as such 
is not amenable to simple mathematical description; i.e., as an 
elenentary function of distance. Between the mile points 33 and 
53, the channel area varies from a minimum of 120,000 square feet 
to a maximum of 170,000 square feet. The average area over this 
20 mile river reach is 140,000 square feet; this number has been 
selected as the value of the constant parameter, A, in Equation A-4.  

C. Loicitudinal Dispersion Coefficient 

The value of the longitudinal dispersion coefficient at any point 
within the salt-intruded reach of the River can be conveniently 
obtained by analysis of salinity profiles. The limiting form of 
the mass transport equation analogous to Equation A-2, for the case 
of a conservative substance such as salt, and non-constant values 
of Q, A, and E, is: 

(B-I) 

If the variation of salinity with x and t is known, the derivatives 
_c and _c may be obtained graphically or numerically. Equation B-1 
x t can then be used to compute the value of E at any point 

within the saline reach of the River.  

This procedure requires that a number of profiles be available so 
that the time derivative, _c, can be computed, and also requires 
that the values of Q, a 5t time and distance dependent function 
which is controlling the intrusion, be known. This latter require-
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B-3 

sent pnse. some difficulty in evaluatinq Hudson River dispersion.  
Fresh water flow can only be measured at Green Island, above the 
tidal region, and the attenuating effect of tidal mixing on time 
variable flows is not known.  

These difficulties have been avoided by recognizing that drought 
flows in the Hudson remain relatively constant for extended periods 
of time; Q, and therefore U, are known and the steady Q gives rise 
to steady salinity profiles during these periods. Under these 
conditions, the net flux of the salt in the River must be zero, 
since there is no sink or source of salt within the estuary.  

Equation B-1 then reduces to: 

C/; (B-2) 

Rearrangement of Equation B--2 yields a solution fot the dispersion 
coefficient: 

C/ 7,(B-3) 

Numerical values of d log__c. may be obtained by graphical differ
entiation of a semi- dx logarithmic plot of salinity versus 
distance. U(x) is equal to the flow associated with that profile, 
divided by the area, A(x), at the point in question. Typical 
steady state salinity profiles are shown in Figure B-3. Values of 
E, computed as described above, aie shown in Figure B-4 for these 
and several other drought profiles.  

Figure B-4 indicates that maximum E in' the reach between Haverstraw 
and West Point occurs between mile points 45 and 50, i.e. just 
north of Indian Point. The values of E for this analysis have 
been selected by obtaining the average E between mile points 45 
and 50 for any given flow.  

The average value of E over a finite length of River is obtained 
by application of the mean value theorem for derivatives to 

Equation B-3. This yields: 

(B- ) " 

' . A: (B-4)
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(B-5) 

A correlation of all available Hudson River salinity and flow 

data is shown on Figure B-5. Values of E used in this report 

have been computed by application of Equation B-5 to these data.  

For example, at a flow of 4000 cfs, the computation for average 

E between mile points 45 and 50 is: 

E 4,000 2.303 (log 6500 - lo 5400) 

123,500 -45 -(-50) 

4640 sq. ft./sec.  

= 14.3 sq. mile/day 

Figure B-6 shows the variation, with flow, of averagje E, computed 

by Equation B-5 as shown above.  

D. Tidal Exchange Coefficient 

The tidal exchange coefficients, D, can be calculated frokm their 

definitions, by using dispersion and area data developed above: 

EMN,, ,4 ,v, ,/.,4 

(B-6) 

In the absence of computed dispersion coefficients, exchange 

coefficients may be computed from steady state salt profiles.  

At steady state, the net salt flux across a section is zero; 

the advective mass flux downstream must equal the dispersive 
salt flux upstream. Analogous to the development of the un

steady state model in Appendix A, the steady state salt flux 

between any two segments is written: 

(B-7)
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in which CN is the section average salt concentration.  

Solving for DN,N+ i yields: 

J Al C V A -4 CA, 

(B-8) 

Exchange coefficients within the salt intruded reach were computed 
directly from salt profiles shown in Figure B-3. To evaluate 
exchange coefficients past the intrusion, Equation B-6 was used 
to compute dispersion coefficients, ENN+I associated with the 
exchange coefficients computed above for the salt-intruded reach.  

These values were plotted against distance up to the end of the 
intrusion. Dispersion coefficients past the intrusion were 
estimated by linear extrapolation of this plot to an E value aL 
Troy of 0.5 miles/day. Exchange coefficients above the intrusion 
were then computed from these dispersion coefficients, using 
Equation B-6. This procedure, rather than direct extrapolation 
of exchange coefficients, is necessary because exchange coefficients 
are a function of section length and do not necessarily decrease 
smoothly.  

Sample values of exchange coefficients and equivalent dispersion 
coefficients, computed from Figure B-3 profile at 4000 cfs, are 
shown in Table B-1.  

Values in parentheses are the extrapolated dispersion coefficients 
and computed exchange coefficients for the reach above the 
intrusion.  

E. Temperature Exchange Coefficient 

The temperature exchange coefficient, KT', is the net rate at 
which heat is lost or gained by a body of water for a unit tempera
ture difference. It depends upon the following heating mechanisms: 

1. Short Wave Solar Radiation, Hs 

The short-wave solar radiation is the radiant energy which passes 
directly from the sun to the earth and which ranges in wave length 
from 0.14 microns to 4.0 microns. The short wave energy reaching 
the earth's surface is dependent upon scattering and absorption in 
the upper atmosphere,altitude of the sun and amount of cloud cover.  
Although empirical formulae are available to compute short wave 
radiation, it can be measured readily with a pryheliometer, an 
instrument which responds only to short wave radiation. The United
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States Weather Bureau has made extensive use of the pryheliometer 
and has comprehensive records of short wave iadiation. In this 
study, short wave radiation has been estimated from the data of 
Edinger and Geyer (13) ,which were developed from Weather Bureau 
records.  

2. Long Wave Atmospheric Radiation, Ha

Atmospheric gases radiate energy in the long wave region. The 
long wave radiation from the atmosphere ranges in wave length 
between 4.0 microns and 120 microns and depends primarily on air 
temperature and humidity. The magnitude of the long wave radia
tion may be estimated by empirical formulae. Brunt's formula,.  
which gives a value of the atmospheric radiation that is within 
10% to 20% of measured values, is written below: 

(B-9) 

-2 1in which: Ha = long wave atmospheric radiation in BTU ft. day 

Ta = air temperature in 0F measured about six feet 
above the water surface 

ea = air vapor pressure in nun. of mercury measured 
about six feet above the water surface 

C = a coefficient determined from the air temperature 
and ratio of the measured solar radiation to the 
clear sky solar radiation 

Equation B-9 was used for all long wave radiation computations in 
this study.  

3. Back Radiation, Hbr 

Bach radiation is the long wave radiation transmitted from the 
earth's surface to the atmosphere in wave lengths ranging from 4.0 
microns to 120 microns. Since water radiates as an almost perfect 
black body, the rate at which heat is lost by this mechanism can 
be computed from the Stefan-Boltzmann fourth power radiation law: 

r - -

(B- 10)

B-6



TABLE B-I

EXCHANGE COEFFICIENTS COMPUTED FROM 

STEADY STATE SALT PROFILE AT 4000 CFS 

Distance from Equivalent Dispersion 

Battery Between Exchange Coefficient Coefficient 

(_Miles) Sections (Mile3/Day) (Mile"/Day) 

152 1-2 (0) (.5) 

120 2-3 (.0000705) (1.7) 

100 3-4 (.000555) (2.5) 

90 4-5 (.00149) (2.9) 

86 5-6 (.00388) (3.06) 

84 6-7 (.00635) (3.14) 

82 7-8 (.00611) (3.32) 

80 8-9 .006664 3.44 

78 9-10 .010584 5.57 

76 10-11 .012936 6.44 

74 11-12 .015288 7.64 

72 12-13 .013524 6.99 

70 13-14 .012936 6.69 

68 14-15 .012936 4.91 

66 15-16 .013272 5.47 

64 16-17 .013818 5.03 

62 17-18 .018312 6.47 

60 18-19 .020664 7.64 

58 19-20 .023016 7.34 

56 20-21 .022344 9.59 

54 21-22 .024696 9.90 

52 22-23 .019992 9.30 

50 23-24 .027048 12.77 

48 24-25 .0294 12.92 

46 25-26 .0261927 10.37 

44 26-27 .0285447 10.89 

42 27-28 .02842 9.71 
40 28-29 .03346 10.71 

38 29-30 .03293 8.84 

36 30-31 .03528 9.64 

34 31-32 .0376 11.65 

32 32-33 .03444 10.73 

30 33-34 .03442 10.37 
28 34-35 .03258 10.69 

26 35-36 .037044 10.22 

24 36-37 .0419 15.80 

22 37-38 .0335 12.89 

20 38-39 .0205 13.51 

15 39-40 .0155 15.48 

10 40-41 .0208 21.81 

5 41-42 .02646 25.78 
0 42-43 .0144 19.13 

-15 43-44 .0282 -- "
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in which: Hbr = rate of back radiation in BTU ft. day 

Tw = emissitivity of water, = 0.97 

a = Stefan-Boltzmann Constant - 4.15 X 10-8 
BTU ft. ]- day-lUF 

Ts = water surface temperature, OF 

Equation B-10, which gives an exact computation of back radiation 
values, was used exclusively for back radiation computations in 
this study.  

4. Evaporation, H, 

Heat is lost from a body of water to the atmosphere through 
vaporization of the water. Each pound of water that leaves as 
water vapor carries its latent heat of vaporization of 970 BTU.  
Evaporation is dependent on wind speed and the difference in 
the saturated water vapor pressure at the water surface and the 
water vapor pressure in the air. There are many empirical 
:equiations for estimating evaporation. The most general form 
for the evaporation equation is: 

M-e -(42+/, W)(es -e ) 

(B-11) 

in which: He  = rate of evaporation, BTU ft. 2 day- I 

a, b = coefficients depending on evaporation 

formula employed 

W = wind speed, miles per hour 

ea = air vapor pressure at the air temperature, 
Ta, and relative humidity, Rh, mm. of mercury 

es  = saturation vapor pressure of water at the 
water surface temperature, Ts, mm. of mercury.

B-7
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Edinger and Geyer (13) present several sets of values for the 

cocfficiefn-,, i Rn b. These coefficients vary with altitude 

of the air temperature measurement, and the time period selected 

for averaging wind speed. Values of a=O and b_.16.8, representa

tive of daily average conditions, were selected for this study.  

Computations using other choices of these coefficients showed 

less than 10% variation in the heat transferred from the study 

area by evaporation.  

5. Heat Conduction, Hc 

Heat conduction across the water surface will occur in the 

presence of a temperature differential between air and water.  

The rate at which heat is conducted between two media is equal 

to the product of the heat transfer coefficient and the tempera

ture differential between these media. The heat transfer 

coefficient is proportional to the evaporative heat transfer 

coefficient, (a + bW) . The rate of heat conduction is written: 

(B-12) 

-2 -1 
in which: 11c = rate of heat conduction, BTU ft. day 

Since the rate of heat conduction is about one-tenth the magni

tude of other heat mechanisms, loss of accuracy in heat 

conduction calculations is generally not significant. Equation 

B-12 was used for heat conduction calculations throughout the 

study.  

6. Overall Heat Budget, t-I 

The net rate at which heat is added to or lost from a river is 

determined by the following heat budget: 

(B-13) 

Table B-2 summarizes the meteorological data existing during NBI 

surveys in June and July 1966 and April 1967. LII, calculated on 

the basis of data in Table B-2, indicated that the River was 

warming at a rate of 720 BTU in April and 700 BTU in June.  
Day/Ft. Day/Ft.  

Calculation of the actual rate of heat exchange during the River 

surveys was computed on the basis of increase in River ambient 

temperature (temperature in region unaffected by thermal dis
charge) as follows:

B-8



QIII(, I. \\I I1 t.' .I.ISIY IN(;IXNLI:I)S

A7,V 
A t 

(B-14) 

in which: ATA = river ambient temperature increase, OF 

At = time span of river survey, days 

Cp = specific heat of water, 1 BTU/#/°F 
p 3 

p = density of water, 62.4 #/ft.  

D = average river depth, 38 ft.  

Table B-3 compares AH evaluations based on the heat budget, 
Equation B-13, and the actual River temperature increase, Equation 
B-14. The variation betw(een computed and measured AH for April 
1967 conditions was 11% and for June-July 1966 was 3%. The good 
agreement attests to the appl.icability of heat budget analysis.  

To incorporate the heat exchange rate in the mathematical develop
ment, AD must be related to temperature. AH is proportional 'Go 
the difference of the actual water temperature, T s , and the 
equilibrium water temperature, TE; i. e., temperature at which the 
cooling and heating rates are equal, All equals zero. The 
proportionality defines the overall heat transfer coefficient, K: 

S (B-15) 

Edinger and Geyer (13) have prepared nomographic charts and 
equations for a trial and error evaluation of equilibrium* 
tempcratures and overall heat transfer coefficients. Although 
this method is approximate, it offers a rapid means of evaluating 
TE. The nomographic solution proceeds as follows: 

1) Assume an equilibrium temperature range 

2) Find K for a given W and temperature range from 
Figure B- 7 

3) Compute F(K): 

K- 7

(B- 16)

B-9



TABLE B-2 

METEOROLOGICAL DATA AT INDIAN POINT

Air Temperature, OF 

Water Surface Temperature, OF 

Wind Speed, MPH 

Air Vapor Pressure, mm 

Relative Humidity, % 

Sati ration Vapor Pressure, mm

April 1967 

50 

46 

11.5 

7 

60 

7.5

June-July 1966 

72.5 

75 

8 

17 

70 

22



TABLE B-3 

COMPARISON OF COMPUTED 
AND 

MEASURED HEAT EXCHANGE RATES

Method of Analysis 

Computed by Equation B-11 

/\H = s + Ha - Hbr - 11e - Hc 

Measured by Equation B-14 

AH tT pC D 
p

Heat Exchange Rate 
BTU/Day/Ft

2 

April 1967 June-July 1966

+720 +700

+650 +720
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4) For given 11s, Ha and K, compute El: 

(B-17) 

5) Find E2 for a given Ta and temperature range from 
Figure B-- 8

6) Find E3 for a given ea and temperature rangc from 
Figure B-8 

7) Compute M:

47 = , -A,OR ,- -

(B-18)

8) Find (M - TE) from Figure B-9 

9) Compute TE:

7; - t7~(7z7)

(B-19)

10) Check to see that this computed value falls within the 
selected temperature range. If it does not, choose a 
new range based on the value of TE given in Step 9 and 
repeat the computations.  

Upon determination of the equilibrium temperature and the overall 
heat transfer coefficient for a given set of meteorological data, 

AH may be computed as: 

ZH-== ) T

(B-20)
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TABLE B-4 

SOURCES OF METEOROLOGICAL DATA

Source

Air rlemperature 

Relative Humidity 

Wind Speed 

Water Temperature

Air Vapor Pressure 

Saturation Vapor Pressure 

Solar Radiation

U.S. Weather Bureau Stations at 
West Point and Poughkeepsie 

U.S. Weather Bureau Stations at 
Central Park, NYC and Albany Airport 

U.S. Weather Bureau Stations and 
USAF Air Weather Service at NeDurgh 

Central Hudson Gas & Electric Corpo-
ration Steam Station at Danskammer 
Point, 1966 

Consolidated Edison Company Operating 
Logs at Indian Point 

Reference 13 

Reference 13 

U.S. Weather Bureau Station at 
Central Park, NYC

Data
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AH was computed by Equation B-20 for the meteorological conditions 
of t . June arI July 1.966 and the April 1967 surveys. AH for 
June and July 1966 was d-825 BTu/Day/J"t. and for April 1967 was 
-750 B'I'U/i)ay/Ft 2 Although the estimates computed by Equation B-20 
are about 15% higher than the estimates in Table B-3, the variation 
can be attributed to the approximations made in nomographic 
analysis.  

On the basis of nomographic analysis, the overall heat transfe-r 
coefficient, K, used in this study varied between 80 and 140 
BTU/ft 2/day.  

The temperature exchange coefficient (KT) referred to in Equation 
3 is computed as follows: 

7-
r (B-21) 

Since River depth varies, KT varied in space as well as with season.  
Values ranged between 0.015 and 0.15/day.  

As described in Appendix A, the effective value of KT for the one 
dimensional models was obtained by multiplying Equation B-21 by 
the thcrmal stratification factor.  

7. Verification of Heat Budget Analysis 

Heat budget computations are verified by comparisons to measured 
heating and cooling rates in the River. This procedure was shown 
above, using NBI River temperature measurements to verify heat 
exchange rates computed meteorlogical conditions which prevailed 
during the April and July surveys.  

Verification of the heat exchange rates was also made by comparison 
to additional data for different periods.  

Table B-4 lists the data and sources used to obtain 1964 and 
1966 meteorological conditions.

B-11
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A complete record of all the meteorological variables is not 

available for any one specific River location; data from the 

various locations mentioned in Table B-4 were therefore used.  

Variations between locations are not great and results are 

applicable to the River at Indian Point.  

Indian Point meteorological data reported in the Preliminary 

Safety Analysis Report submitted to the U. S. Atomic Energy 

Commission verified the applicability of the data celected.  

Indian Point data could not be used for analysis because it 

was arranged in terms of probability of occurrence, i.e., the 

data were not amenable for comparison to actual River conditions 

for a specific period.  

Table B-5 summarizes the meteorological data used to compute heat 

exchange rates for 1964 and 1966. The average wind speed for 

January and March of 1964 was approximately 10.5 MPH. Wind speeds, 

for the winter months, measured at Indian Point for the Preliminary 

Safety Report to the U. S. A. E. C. reported a 38% probability 

of speeds from 5 to 10 MPH, a 35% probability of speeds less than 

5 MPH, and a 27% probability of speeds greater than 10 MPH. An 

average winter month of 10.5 MPH is not inconsistent witb these 

results.  

Additional agreement of PSAR wind speed measurements with U. S.  

Weather Bureau records is shown in Table B-6.  

Table B-6 compares wind speed measurements made by the U. S.  

Weather Dureau at Central Park and Newburgh, New York to measure

ments made at Indian Point as reported in the Preliminary Safety 

Analysis Report. As individual yearly records were not complete, 

comparisons were made for data taken during different time periods.  

Measurements made during winter months show close agreement.  

Weather Bureau measurements during the summer months were approxi

mately 1 MPH or 10% lower than PSAR measurements. This is not 

significant to the results of this study.  

Table B--7 summarizes the heat exchange rates computed from 

meteorological conditions and measured by River temperature data 

for January and March 1964 and for August through November of 1966.  

Table B-7 demonstrates a reasonably close agreement between 

measured and computed heat exchange rates. The August 1966 

comparison exhibits the most severe variation. During this period 

River ambient temperatures were close to the equilibrium tempera

ture. The above results, one showing warming, the other cooling, 

and both near zero rates, comfirm this fact.

Q1UIRKJIU, I 6\\.! : .T~~( I-NGINI-I-PS



TABLE B-5 

METEOROLOGICAL DATA USED IN HEAT BUDGET ANALYSIS

Parameter 

Air Temperature, OF 

Relative Humidity, % 

Wind Speed, MPH 

Air Vapor Pressure, mmHg 

Saturation Vapor Pressure, iml-g 

2 
Solar Radiation, BTU/Ft /Day 

Water Temperature, OF

January 
1964 

28 

56 

10.8 

4.5 

5 

620 

34.6

March 
1964 

36.6 

55.8 

10.4 

4.75 

5 

1140 

35.7

August 
1966 

75.3 

63 

7.4 

16.5 

24.5 

1690 

77.8

September 
1966 

63.8 

74 

8.0 

12.7 

20.8 

1230 

73

October 
1966 

53.4 

68 

8.8 

7.9 

14.5 

1140 

62.5

November 
1966 

45.3 

72.5 

8.9 

6.7 

9.5 

577 

51



TABLE B-6 

WIND SPEED MEASUREMENTS 

Comparison of PSAR Recordings 
at Indian Point to 

Weather Bureau Records at 

Central Park and Newburgh, New York 

Wind Speed (MPH) 
PSAR U. S. Weather Bureau 

Indian Point Central Park Newburgh 

Season 1956-1957 1964 1942-1964 

Winter 10.4 9.8 10.8 

Summer 9.4 8.3 8.4



TABLE B-7 

COMPARISON OF MEASURED 
AND 

COMPUTED HEAT EXCHANGE RATES

Period 

January 1964 

March 1964 

August 1966 

September 1966 

October 1966 

November 1966

River Temperature 
Increases 

-500 

+635 

- 66 

-617 

-710 

-597

BTU/Ft2/Day 
Computed by 
Heat Budget 
Analysis 

-32).  

+684 

+147 

-623 

-65].  

-490
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F. Indian Point Thermal Loads 

Heat loads associated with the maximum expected output capacity 
(stretch rating) of the units at Indian Point are given in 
Table B-8. The three unit loading used in calculations in this 

reporL was computed for a rounded flow of 2,100,000 gpm and a 
plant temperature rise of 170 F. For stretch rating conditions, 
area average and mixing zone temperatures, therefore, are 6% 

lower than those reported. For the manufacturers guaranteed 

output, River temperatures will be 16% lower than those reporLed.  
Reported values, therefore, reflect a conservative loading 
condition.



TABLE B-8 

INDIAN POINT HEAT LOADS

Unit 
No. 1 

Guaranteed Output, MWE 285 

Maximum Expected Output, MWE 285 

Maximum Temperature Rise Across Condenser, OF 13 

Cooling Water Flow, GPM 300 

Heat Load, pCpqAT, BTU/Day x 10- 9  47 

Heat Load, MW 574 

Thermal Efficiency 33.2

Unit 
1o. 2 

873 

1033 

17 

870 

178 

2170 

32.3

Unit 
No. 3 

965 

1033 

17 

870 

178 

2170 

32.3

Total or 
Average 

2123 

2351 

16.4 

2040 

403 

4914 

32.4

Rounded Heat Loss @ 170F and 2,100,000 GPM = 430 x 109 BTU/Day 

Stretch Rating Heat Loss @ !6.40F and 2,040,000 GPM = 403 x 109 B'U/Day 

Heat Loss Based on Manufacturer's Guarantee and 32.4% Efficiency = 363 x 109 3TJ/Day

1 Computed on basis of maximum expected output and heat load.
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Dear Mr. Cowherd: 

We are submitting our report on the expected effect of simultaneous 
operation of three nuclear units at Indian Point on Hudson River 
temperatures.  

This report is a revision of, and should be considered as super
ceding, our original report on this subject of January, 1968.  

The several changes in the proposed thermal discharge criteria of 
the New York State Health Department since early 1968 have necessi
tated this revision. In particular, criteria on water surface 
temperatures have required replacement of the planned surface dis
charge by a submerged outfall.  

Data made available since our earlier report have been utilized.  
These include infra-red surveys of surface temperature by Texas 
Instruments and operation of Indian Point Model II by the Alden 
Research Laboratory. Our earlier mathematical model has been adjusted 
to yield better agreement with field data.  

A summary of findings, conclusions, and recommendations precedes the 
report on pages S-1 to S-4 inclusive.

JPL/mmn 
Enclosure
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SUMMARY OF FINDINGS, CONCLUSIONS & RECOMMENDATIONS 

1. In January, 1968, Quirk, Lawler and Matusky Engineers submitted 
a report entitled "Effect of Indian Point Cooling Water Discharge 
on Hudson River Temperature Distribution." This report presented 
a mathematical analysis of the effect of three unit discharge on 
temperature rises in the River. Results were evaluated against 
a set of thermal discharge criteria, which were, at the time, 
proposed by the New York State Department of Health (NYSDH).  

The analysis was conservative; computation of temperature rises 
for one unit operation were significantly higher than field 
observations for this condition. The analytical results, how
ever, did not contravene the proposed criteria, so the model 
was submitted as evidence that the three unit-discharge would 
meet the thermal standard.  

2. The proposed NYSDH criteria have undergone significant changes 
since the submission of the January, 1968 report. In particular, 
surface temperature criteria have been added. These include a 
maximum surface water temperature of 90°F at any point in the 
surface, and a requirement that no more than two thirds, or 
67%, of the surface width be subject to temperatures greater 
than 830 F, or artificial temperature rises of 40 F.  

These surface temperature criteria have necessitated a revision 
of the prior work. The 90°F criterion will require a subsur
face discharge; the early work was predicated on a surface dis
charge.  

Furthermore, the conservative mathematical model shows only 
marginal agreement with the 40 F, 67% surface width criterion.  
The model, therefore, has been adjusted to agree with field 
measurements, and, as a result, shows clear ability of the three 
unit discharge to meet these new criteria.  

3. The first adjustment in the mathematical model consisted of 
reducing the heat load to 79% of the value used in prior calcu
lations.  

Previously, the heat load used was 6% higher than that asso
ciated with the maximum possible three unit electrical output
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(stretch rating) of 2351 MW. Planned operation, however, is 
90% of this value, or 2114 MW. This latter value is slightly 
less than the manufacturer's guaranteed rating of 2123 MW, the 
maximum value at which the station may operate under initial 
Atomic Energy Commission operating licenses.  

These facts, in addition to crediting 5% of the heat generated 
against in-plant heat losses, lead to a design heat load of 
340 X 109 BTU/day, which is 79% of the previous employed loading 
of 430 X'10 9 BTU/day.  

circulating water flow is 2,040,000 gpm, rounded previously to 
2,100,000 gpm. The three unit effluent channel temperature 
rise is now 140 F, rather than the 170F used previously.  

4. The maximum River ambient surface water temperature is 780 to 
790F and usually occurs in August. Hydraulic model studies 
show that the 140F effluent channel temperature rise can be 
reduced markedly, before reaching the River's surface, by 
discharging these waters to the River through a submerged 
outfall.  

Model studies showed that six rectangular ports, each 30 ft.  
wide by 4 ft. high, and separated by 10 ft. wide partitions, 
located along the bottom of the west wall of the discharge 
canal, would yield maximum surface temperatures substantially 
lower than the 90°F criterion. Results for various submer
gences are given as follows: 

Maximum Surface Temperature 
Submergence to Depth to Rise, OF 

Top of Port Channel Bottom 
(ft. below MSL) (ft. below MSL) For ATp = 170F For ATp = 140F 

16 20 88 86.5 

21 25 87 85.5 

26 30 85 84 

5. Comparison of the values predicted by the unadjusted mathematical 
model for Unit No. 1 behavior with the field measurements is 
given in Table 4 in the text. The mathematical model was ad-

S-2
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justed to yield these observed values when operating at the 
Unit No. 1 heat load.  

This adjusted model showed that the area-average temperature 
rises across the plane of discharge is some 50 to 75% of the 
values previously predicted. Furthermore, the decay of temp
erature above and below the plane of discharge becomes much 
more rapid, resulting in a substantial reduction of the extent 
of temperature rises greater than 10F.  

This improved dilution and dispersion is believed to be the 
result of salinity-induced circulation in the estuary. De
tailed explanation of this mechanism, and the unique role it 
appears to have in dispersing thermal discharges is discussed 
in Chapter IV under "Rationale for Model Revision." 

Results obtained from operation of the Indian Point Hydraulic 
Model II were also employed to confirm the rapid dispersion of 
heat given by the adjusted mathematical model.  

6. Two critical conditions were studied. The condition of maximum 
severity was defined as that set of hydrology and meteorology 
which occurred in November, 1964. A sustained six month 
drought flow of 4000 cfs and a low heat transfer coefficient 
of 90 BTU/SF/day/OF, which occurred at that time, were shown, 
in the January 1968 report, to cause maximum temperature rises.  

The critical summer condition consisted of the same flow, but 
used the August heat transfer coefficient of 135 BTU/SF/day/0 F.  
Although this condition yields lower River temperature rises, 
it was studied because summer conditions are reported by many 
to constitute the critical biological condition.  

Figure S-1 shows the predictions for the percentage of surface 
width and cross-sectional area bounded by the 46F isotherm.  
These were obtained using the adjusted model.  

The maximum percentage of either parameter occurs at the plane 
of discharge and, in the case of both width and area, is clearly 
less than the proposed cirterion. These plane of discharge 
results are summarized as follows:

S-3
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% Surface Width 
% Area Bounded Bounded by 

Condition by the 40F Isotherm the 40F Isotherm 
Criterion Prediction Criterion Prediction 

Maximum Severity 50 26 67 52 

Critical Summer 50 21 67 33 

7. The percentages of the surface width bounded by other isotherms 
at various distances above and below Indian Point were also 
computed using the adjusted model. These results are shown 
in Figure S-2.  

Figure S-2 shows clearly that temperature rises greater than 
10F are limited to the vicinity of Indian Point. The Indian 
Point heat load is not expected, for instance, to influence 
the temperature pattern at orange and Rockland Utilities' Lovett 
Plant.  

In conjunction with Figure S-2, it should be remembered that, 
for effluent channel temperature rises between 140F and 170F, 
the maximum temperature rise at any point in the surface can 
be held between 50F and 90F, depending on the submergence depth.

S-4
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I. EVENTS LEADING TO THE REPORT 

On January 15, 1968, Quirk, Lawler & Matusky Engineers submitted 
a report entitled Effect of Indian Point Cooling Water Discharge 
on Hudson River Temperature Distribution, to the Consolidated 
Edison Company of New York, Incorporated.  

The purpose of this report was to evaluate River temperatures ex
pected from three unit operations at Indian Point against the 
thermal discharge criteria of the New York State Department of 
Health (NYSDH).  

These criteria had been developed by NYSDH to provide numerical 
means of applying the thermal discharge (heated liquids) standard 
which, for the Class I waters of the Hudson River near Indian 
Point, reads:

1 

"None alone or in combination with other substances 
or wastes in sufficient amounts tobe injurious to 
edible fish and shellfish, or the culture or prop
agation thereof, or which shall in any manner affect 
the flavor,color,odor, or sanitary condition of such 
fish or shellfish so as to injuriously affect the 
sale thereof, or which shall cause any injury to the 
public and private shellfisheries of this State; and 
otherwise none in sufficient amounts to impair the 
waters for any other best usage as determined for the 
specific waters which are assigned to this class." 

Since the time of preparation and submission of the January '68 
report, the development of means of applying this thermal dis
charge standard was made the responsibility of the New York 
State Water Resources Commission (NYSWRC). The original NYSDH 
criteria have undergone some revision and the NYSWRC is now 
considering these revisions for adoption, subject to public 
hearings. This supplementary report presents an evaluation of 
the three unit discharge in the light of these recently pro
posed criteria.  

The predicted temperature distributions which appear in the 
January '68 report are the results of a conservative analysis.  

1 "Classification and Standards of Quality and Purity for Waters 
of New York State." (Parts 700-703, Title 6, Official Compi
lation of Codes, Rules and Regulations.) Prepared and 
Published for Water Resources Commission by NYSDH (Nov, 1967)
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Waste heat loads used exceed the design waste heat load. River 
Temperature was not permitted to decay as rapidly as it actually 

does; i.e., as indicated by field measurements made during Unit 
No. 1 operation.  

Using this conservative approach, the January '68 report showed 
the three unit operation would not contravene the early NYSDH 
criteria. Further refinement was therefore considered unnecessary.  

Evaluation of three unit operation against the new, more restric
tive criteria, using the conservative approaches given in the 
January '68 report, shows only marginal conformity to these cri
teria.  

Therefore the conservative approach has been relaxed in the pre
sent report, and the predictions are made recognizing the actual 
expected heat load and the observed rapid decay behavior.
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II. PURPOSE AND SCOPE 

The purpose of this report is to redefine the surface and lateral 
Hudson River temperature distributions which can be expected as 
a result of three unit operation at Indian Point.  

These temperatures will be compared to the allowable degree and 
extent of elevated temperatures as delineated in the present pro
posed criteria. These criteria require that temperature rises of 
40F, or absolute temperatures of 830F, not be exceeded over more 
than 50% of the River's cross-section nor over more than two thirds 
of the River's surface width. Furthermore, surface water tempera
tures should not exceed 90OF at any point.  

The work required to achieve this objective includes: 

1. Determination of heat loads that can be expected for 
three unit operation. These heat loads are those 
which result from planned operation of the three 
nuclear units.  

2. Revision of the predictive model to conform more closely 
to field experience. This will be done by adjusting 
the mathematical model to yield results for Unit No. 1 
operation similar to the field temperature measurements 
obtained during operation of Unit No. 1.  

3. Prediction of three unit temperature profiles using 
the revised River model. These results will be correlated 
with results obtained from a second hydraulic model 
simulation of Indian Point three unit behavior.

4. Analysis of a planned submerged discharge design.

-3-
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III.* INDIAN POINT HEAT LOADS 

The nuclear-fueled electric generating units at Indian Point will 
operate at an efficiency slightly in excess of 32%. That is,of 
the total thermal energy produced within the reactor, 32% will be 
converted to electrical output. The remaining 68% represents the 
waste heat which is lost within the plant or which is discharged 
to the river in the cooling water.  

2 
Typical in-plant losses are about 5% of the thermal input. Con
sequently, approximately 63% (100-32-5) of the total thermal 
energy is discharged to the river as waste heat in the cooling 
water.  

Table 1 lists the thermal input and its breakdown into electrical 
output, loss within plant and loss to river for the average summner 
week, for three unit operation, during 1973. After 1973, 
Consolidated Edison will have additional power sources and elec
trical output required from the three units operating at Indian 
Point will be reduced.  

The electrical outputs presented in Table 1 were determined by 
consolidated Edison system engineering personnel. These 1973 
estimates represent the power that will be needed from the three 
units at Indian Point in accordance with the projected 1973 
power needs and with the most efficient operation of all power 
sources within the Consolidated Edison system.  

Table 1 shows that, during the average summer week in 1973, the 
weekly average of daily average electrical outputs would be 
2114 Mw. This agrees with the manufacturer's guaranteed output 
of 2123 MW and operation of Indian Point as a base load plant.  

The maximum possible output stretch rating that the threq units 
are believed to be capable of producing is 2351 MW. operation 
at this level is not planned, however, and furthermore, will not 
be permitted by the Atomic Energy commission in issuing the 
original operating permits.  

The mode of operating the three unit Indian Point complex given 

2 1"Industrial Waste Guide on Thermal Pollution." U.S. Department of 
Interior, Federal Water Pollution Control Administration, Pacific 
Northwest Water Laboratory, Corvallis, Oregon (Sept, 1968)



TABLE 1

ESTIMATE OF THE BREAKDOWN OF HEAT PRODUCED AT INDIAN POINT 

Three unit operation 
Average Summer Week - 1973

Electrical 
Day Output 

(MW) (MW)

Monday 

Tuesday 

Wednesday 

Thursday 

Friday 

Saturday 

Sunday

Weekly 
Average

2195 

2147 

2147 

2147 

2147 

2080 

1935

Thermal Input 
Heat Loss Heat Loss (Heat Produced 

within Plant to River by Reactor) 
(MW) (MW) (MW)

342 

335 

335 

335 

335 

325 

320

4313 

4218 

4218 

4218 

4218 

4095 

3795

6850 

6700 

.6700 

6700 

6700 

6500 

6.050

2114 333 4153 602114 6600
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in Table 1 is the result of efficient operation of the entire 
Edison system, considering sources of power. If the nuclear units 

are operated at their maximum output during night hours when the 

demand is small, less efficient fossil-fueled units might have to 
be shut down completely. These fossil-fueled units are required 
to meet the heavy demand during peak hours. They should be kept 
operational to insure a smooth transition from periods of low 
demand to periods of high demand.  

Furthermore, Consolidated Edison supplies steam to the New York 
city steam system. This steam is produced in fossil-fueled plants 
within N.Y.C. Although the steam can be piped directly-to the 
steam system, bypassing the turbines, it becomes economically 
justifiable to direct the steam through the turbines and obtain 
electrical output as a by-product.  

in Table 1, the weekly average of the daily average heat loads 
to the river is shown to be 4153 MW. In the January 1968 report, 
all temperature predictions for three unit operation were based 
upon operation with a cooling water flow of 2,100,000 GPM and a 

temperature rise in these cooling waters of 170F.  

This is equivalent to a heat load of 430 X 109 BTU/DAY or 5250 MW.  
Consequently, all estimates in the January 1968 report are based 
upon a three unit heat load that is 26% ((5250-4153)XI00/4153) 
greater than the load that can be expected when three units are 
actually operating at Indian Point.  

All subsequent analyses presented in this report, are based on a 

three unit Indian Point heat load to the River of 4153 MW or 

340 X 109 BTU/day. Cooling water flow will remain equal to the 
design total of 2,040,000 gpm. The temperature rise across the 

condensers will be 13.9 OF, rather than 17 OF. This value has 
been rounded to 140 F in calculating areal and surface behavior 
in this report.  

0
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IV. RIVER DATA FOR PRESENT CONDITIONS 

The purpose of this section is to present River temperature data 
measured by Northeastern Biologists, Incorporated (NBI), in July, 
1966 and April, 1967, and by Texas Instruments, Incorporated (TXI), 
in October, 1967 and April, 1968.  

These data, which define the temperature effect for one unit oper
ation, will be used as the basis for extrapolations of temperature 
effects for three unit operation. The-accuracy of the measurements 
is supported by comparisons of the NBI and TXI survey results.  

Furthermore, a comparison is included of the measured extent of the 
surface and lateral temperature effect to the degree allowable as 
stated in the proposed criteria.  

NBI Indian Point Surveys, July, 1966 and April, 1967 

The Indian Point plant site is located on the east shore of the 
Hudson, about 43 river miles above New York Harbor. Consolidated 
Edison operates one nuclear unit at Indian Point, with a maximum 
expected electrical output of 285 MW.  

Temperature surveys were performed in the vicinity of Indian Point 
by Northeastern Biologists, Incorporated, in July, 1966 and in 
April, 1967. There were fourteen and seventeen actual survey days 
for the July, 1966 and April, 1967 surveys, respectively.  

A grid system was established for consistent location of sampling 
points. The grid system covered an area of two million square 
feet extending in the north-south direction from a point 1,000 
feet downstream of the outfall to a point 1,000 feet upstream of 
the outfall and extending in the east-west direction from the 
east shore to a point 1,000 feet WeSt of the shore.  

Temperature measurements during the July survey were made at the 
surface, middle and bottom only, rather than at every integral 
degree Fahrenheit, as was the case with the April survey. There
fore, for purposes of constructing subsurface temperature distri
butions, the July data is less reliable.  

The temperature data reflects different stages of both the ebb 
and flood tidal phases. The temgperature effect on the surface
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and across the cross-section was plotted for seven different tidal 
phases. The seven tidal phases spanned a full tidal cycle and an 
average tidal condition was constructed by averaging the tempera
ture distributions that existed for the seven tidal phases.  

Figures 1 and 2 depict the surface temperature distribution for 
the average tidal condition for the July and April surveys, respec
tively. The temperature distributions result from heat loads of 

482 MW and 422 MW, respectively, average heat loads for Indian 
Point Unit No. 1 during each survey period. These heat loads 
conform to operation at about 85% of the maximum electrical out
put (285MW), the output during that period approximating 245 MW.  

Temperatures are presented in terms of the rise above the ambient 
temperature, i.e., naturally occurring river temperature prior to 
discharge of waste heat.  

For the April survey, Figure 2 shows that the 40F temperature 
rise extends approximately 330 feet off shore. Correspondingly, 
for the July survey, the 40F rise extends 360 feet off shore.  
The width of the river at this point is 4,000 feet.  

Figures 3 and 4 depict the temperature distribution across the 
cross-section for the section at the discharge point for two tidal 
phases during the April survey, early flood and maximum ebb, re
spectively. Both Figures 3 and 4 represent only the first 700 feet 
of width out of a total of 4,000 feet. Temperature rises beyond 
700 feet were not measurable and therefore, the remainder of the 
river cross-section was not plotted. Five figures similar to 
Figures 3 and 4 were plotted for five other tidal phases and an 
average tidal condition was determined by averaging the seven 
temperature distributions.  

Figure 5 represents the cross-sectional area enclosed by tempera
ture rises for the April average tidal condition. The 4°P tem
perature rise encloses approximately 1,700 square feet. As the 
total cross-sectional area at this point is 160,000 square feet, 
the 40 F rise encloses 1% of the total cross-sectional area.  

The average temperature rise over the entire cross-section was 
0.0930 F. This value was obtained by computing the area under the 
curvein,-Fgurej5 -and diyiding,-the Lresult bthe total River,.cross-

-7-
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0 
Figure 6 represents the cross-sectional area enclosed by tempera
ture rises for an average condition for the July survey.  

The average temperature rise over the entire cross-section was 
0.20F and the 40F temperature rise enclosed approximately 2,000 
square feet. This corresponds to 1% of the total cross-sectional 
area.  

Although the average temperature rise in July is twice that of 
April, the local and surface temperature effects are not propor
tionately increased. The July average temperature rise is higher 
because of the retention of a greater amount of heat below the 
surface of the river.  

The higher temperature rises below the surface are the result of 
the low flow conditions and related high mixing characteristics 
which occurred during July. The freshwater flow during July was 
7,300 cfs as compared to 40,000 cfs during April.  

Table 2 summarizes the portion of the river at Indian Point effected 
by temperature rises in excess of 40F. The proposed standard re
quires that a minimum of 1/3 of the surface and 1/2 of the cross
sectional area have temperature rises of less than 40F. The NBI 
data shows that more than 90% of the surface and approximately 99% 
of the cross-sectional area will have temperature rises less than 
40 F.  

Texas Instruments, Incorporated, Airborne Infrared Surveys, 
October 28, 1967 and April 6, 1968 

Two airborne infrared data surveys of the Hudson River in the 
Indian Point vicinity were performed for Consolidated Edison by 
TXI. The surveys were undertaken to collect data for compilation 
of isothermal maps of the river surface.  

The following excerpt from the TXI report, Airborne Infrared Survey, 
Indian Point Area, Hudson River, New York, December 1968, presents 
the theory behind infrared imagery and describes the procedure 
employed for the Hudson River survey.  

"Infrared imagery, similar in appearance to strip photography, 
is produced by a series of scan lines perpendicular to the 
flight direction. Relative radiometric temperature diffe
rences are represented by different gray tones. Light
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tones on a positive print of infrared imagery represent re
latively high radiometric temperatures. Dark tones are re
lated to relatively low radiometric temperatures.  

The TXI system produces imagery in the 8 to 14 micron wave
length band which is not rectified; i.e., the scale along 
the flight direction is relatively constant, but the scale 
perpendicular to the flight direction becomes smaller with 
increased distance away from the centerline.  

Infrared mapping systems are designed so that electronic 
signal displacement between hot and cold objects is con
trolled within the dynamic range of the recording film.  
The system's thermal baseline continually adjusts itself 
to the average between hot and cold temperatures of the 
scanned area. This compensation occurs in the circuitry 
prior to the glow-modulator which exposes the recording 
film. Thus, the imagery contains the effects of thermal 
baseline adjustment.  

The Texas Instruments system also monitors the video signal 
from the detector at the preamplification stage by a type-A 
oscilloscope. The oscilloscope presentation of individual 
sweeps (single scan lines) of the detectors are recorded by 
a 35-mm camera. These A-Scope profile data, used to compile 
isothermal maps, are not affected by system compensation 
and can be considered quantitative.  

Radiometric temperature references are provided by tempera
ture-controlled blackbody baffles mounted within the scanning 
system's field of view. The temperature of each reference 
baffle is closely monitored during flight. The amplitude 
difference between the two reference baffles can be converted 
to a temperature scale from which temperature values can be 
assigned to individual points along the A-Scope trace.  
Correlation between A-Scope data and the scanner imagery is 
supplied by a difucial system which also provides a means 
of tying airborne data to ground position.  

overflights were made between Croton Point and Bear Mountain 
Bridge at altitudes of 5000 and 10,000 ft above the river 
surface. Three straight segments were flown for each tidal 
coverage because of the meandering configuration of the
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0s 
river in the survey area. The first segment was flown north

westward from Croton Point to the vicinity of Tomkins Lake.  

Segment 2 covered the area from the town of Tomkins Cove to 

Annsville creek. The third flightline extended from Peekskill 

Bay to Bear Mountain Bridge." 

Survey results are presented as a set of eight isothermal maps.  

Figures 7 through 10 were compiled from the October, 1967 data while 

Figures 11 through 14 show the results of the flights in April, 1968.  

During the October survey, the unit at Indian Point was shut down.  

orange and Rockland Utilities, Incorporated, which operates four 

fossil-fueled units at its Lovett plant site, located two miles 

downstream of Indian Point on the west shore of the Hudson, was 

operational. The heat load discharged from the four units at 

Lovett is shown on an hourly basis for October 28, 1967 in Figure 

15. The average heat load for the day was approximately 200 MW.  

Designated on Figure 15, are the times and tidal phase for the four 

isothermal maps given in Figures 7 through 10. Although, the 

hourly heat loads prior to any one particular survey may differ, 

this does not result in an corresponding change in the temperature 

distribution of the river. The river does not react instantaneously 

to changes in heat load, but more accurately reflects the average 

heat load for several hours prior to an actual measurement. Thus, 

in analyzing these isothermal maps, each map should be associated 

with an average loading condition prior to the survey.  

The heat loads discharged from the four units at Lovett and for the 

one unit at Indian Point are shown on an hourly basis for April 6, 

1968 in Figures 16 and 17 respectively. The average heat loads 

for the day were 395 MW and 195 MW for Indian Point and Lovett, 
respectively.  

Figure 17 shows that the surveys at early ebb and late ebb would 

more accurately reflect a load of 285 MW while the surveys at 

mid flood and high water slack reflect a load of 487 MW. As the 

four surveys will be averaged and associated with an average tidal 

condition, the average daily load of 395 MW will be used as re

sponsible for the average tidal effect.  

The following discussion of Figures 7 through 14 is taken from the 

the TXI, December 1968 report.

_10-
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The isothermal maps indicate that during October survey the 
Hudson River was warm relative to the temperature of the 
small lakes, ponds, and tributary streams. This is parti
cularly well illustrated on Figure 8. The discharge from 
Annsville Creek and Cedar Pond Brook is several degrees 
cooler than the main part of the Hudson River. The rela
tively cool surface runoff appears to keep the river sur
face cool along the shoreline, compared to the relatively 
warm midstream area.  

The change in the surface thermal pattern during each tidal 
condition is indicated by the contours. The thermal dis
charge from the Lovett power plant on the west side of the 
river varies considerable in shape and direction from one 
map to the next. The highest temperature (about 80F above 
river temperature) is indicated on Figure 8. The mapped 
amplitude variations of this thermal discharge are related 
to the interval at which quantitative data were collected, 
approximately 1.5 sec or about 300 ft on the ground at nor
mal flight speeds. This interval is suitable for mapping 
general surface thermal variations but is not adequate to 
observe on each overflight a small target such as a dis
charge channel. on Figure 10, for example, the effluent 
from the Lovett power plant is not only restricted in area 
because of the current/tide situation but is mapped as only 
a 20 F thermal anomaly. During this overflight the discharge 
channel falls between two A-Scope profiles; thus, the true 
temperature of the thermal discharge was not measured.  

During the April survey the surface runoff from the tributary 
streams was warm relative to the Hudson River. All of the 
maps of the second set show that the central portion of the 
river is cool relative to the warm marginal zones.  

The mapped thermal effluent from the Lovett power plant also 
varies in amplitude on the second set due to the data collec
tion interval. However, a maximum temperature of 520F was 
recorded on two of the maps, indicating that the water temp
erature at the discharge channel was about 90F above the 
river temperature.  

The Indian Point power plant thermal discharge varies in 

temperature, but the maximum value of 520F on Figures 12 and

_11-
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13 agrees well with the observed surface data.  

ItIt is significant that the highest temperatures recorded in 
the second set of data are related to the discharge from 
Annsville Creek and from Dickey Brook, which enters the 
Hudson River at Lents Cove. Industrial or sewage disposal 
plants may contribute to the relatively high temperature of 
these creeks. However, the imagery and A-Scope data during 
some of the overflights indicate that the small lakes and 
ponds in the area have a high surface temperature, probably 
due to solar heating. Thus, the airborne data suggest that 
at certain parts of the year a considerable volume of warm 
water entering the Hudson River may be due to solar heating 
of shallow surface water." 

Table 3 shows the surface at Indian Point with temperature rises 
in excess of 40F for the April survey. The 40F rises were com
puted for three different ambient conditions, 420F, 430F and 
440 F. Three different ambient conditions were assumed because a 
single ambient temperature applied over the full surface would 
not be appropriate.  

The isothermal maps demonstrate the marked temperature variation 
on the surface. To evaluate the added temperature caused by the 
power plant heat load at any time, the naturally occurring temp
erature at that point, prior to power plant heat load, would. have 
to be known. However, this can not be done because addition of 
heat artificially has changed the surface temperature contours 
and it would only be possible to approximate what the surface tem
perature might have been, had there been no artificial heating.  

In any event, temperature rises computed for several different 
ambient temperatures provides a method of establishing a range 
from which the true effect of the power plant heat load may be 
selected.  

Table 3 shows that for the average of the four tidal phases, the 
surface width at Indian Point effected by temperature rises in 
excess of 40 F ranged from 200 feet to 360 feet, corresponding to 
a range of from 5% to 9% of the total width.

-12-



TABLE 3 

WIDTH AT INDIAN POINT SUBJECTED TO 

TEMPERATURE RISES IN EXCESS OF 4
0 F 

APRIL 6, 1968

Time 

0834-0847 

1205-1217 

1638-1650 

1936-1949

Tidal Phase 

Early Ebb 

Late Ebb 

Mid Flood 

High Water Slack

TA =4 2 

240 6 

550 14 

300 7.5 

360 9

WIDTH 
TA=43 

FT  

150 4 

500 12.5 

270 7

TA=44 

FT _2_ 

450 11 

240 6

150 4

360 9 270 7 200 4.5Average
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Comparison of NBI and TXI Data 

The TXI data represents surface temperatures only. Consequently, 
all comparisons will be for surface effects.  

Also, comparison will only be made for the April surveys. This is 
reasonable because surveys, taking place during the same month of 
the year, would be subject to similar meteorological and freshwater 
runoff conditions.  

The TXI results for the 420F and 430F ambient temperatures demon
strated good agreement with the results reported by NBI for their 

April, 1967 survey. The NBI April, 1967 survey showed that on a 
tidal average basis temperature rises in excess of 40F consumed 
330 feet or 8% of the total width at Indian Point. The TXI April, 
196.8 survey showed for the 42 F ambient temperature that 360 feet 
or 9% of the width was consumed. Correspondingly, for the 430F 
ambient temperature, 270 feet or 7% of the width was consumed.  

Theaverage heat load discharged at Indian Point during the April, 
1:967 survey was 472 MW, almost 20% higher than the 395 MW that 
was discharged on April 6, 1968. Therefore, it might be more 
appropriate to associate the April 6, 1968 temperature rise result 
with the 430F ambient temperature; the temperature effect for 
April, 1968, associated with a smaller heat load, should be less 
than the temperature effect for April, 1967.  

In any event, the NBI and TXI survey results are in agreement.  
This gives support for their use as a basis for extrapolating to 
temperature effects resulting from future heat loads. Also, from 
the results of these surveys, it can be concluded that at the 
present time the surface width at Indian Point effected by temp
eratures in excess of 40F is less than 10% of the total width.  
Correspondingly, the area consumed by a 40F rise is in the order 
of 1%.

-13-
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V. REVISION OF PREDICTIVE MODEL 

This chapter first compares the predictions of River temperature 

profiles for Unit No. 1 operation using the January '68 report 

model, to field observations of River temperature in the vicinity 

of Indian Point during several periods of Unit No. 1 operation 

in 1966 and 1967.  

Reasons for differences are suggested, and the model is then 

adjusted empirically to yield results compatable with field mea

surements.  

Use of this adjusted model to predict temperature profiles for three 

unit operation is given in Chapter VI.  

Comparison of Predicted and Measured Profiles - January '68 Report.  

To determine the temperature effect caused by operation at Indian 

Point, QL&M Engineers developed an unsteady-state mathematical 

model, which generated the longitudinal profile of area-average 

temperature rises. Model results for one unit operation were com

pared to river temperature measurements made in the vicinity of 

the Indian Point Unit No. 1 discharge by Northeastern Biologists, 

Incorporated (NBI), in July, 1966 and April, 1967.  

Table 4 presents this comparison. For July 1966, the predicted 

temperature rise was 25% higher than the actual temperature rise 

at the plane of discharge and 69% higher than the actual tempera

ture rise at the cross-section 800 feet downstream of the plane 

of discharge. Correspondingly, for April 1967, the predicted 

temperature rises were 85% and 100% higher than the measured 
temperature rises.  

These area-average values are extremely small and the validity of 

the comparison could be questioned; i.e., should a reviewer con

sider temperature rises of 0.1 to 0.2
0F negligible, he might 

conclude comparison of such results is unacceptable.  

This potential objection is answered by pointing out 'that these 

area-averages represent the weighted effect of significant tempera

ture rises near the east shore of each cross-section considered, 

and zero temperature rises over most of the remainder of the 

cross-section. The very small area-averages are merely the result 

of measurable temperature rises over less than 10% of the cross

section, reduced by the ratio of the affected area to the total 

area of some 160,000 sq. ft.



TABLE 4 

COMPARISON OF PREDICTED AND MEASURED AREA-AVERAGE TEMPERATURE RISES 

HUDSON RIVER NEAR INDIAN-POINT 

Area-Averaqe Temperature Rise

Location 

Across Plane of 
Discharge 

Across Plane 800 Ft.  
Below Discharge

July 1966 

Predicted 

Measured Predicted Measured 
OF OF

0.2 

2 
0.145

0.251 

3 
0.245

1.25 

1.69

April 1967

Predicted 

Measured Predicted Measured 
UF UoF

0.0931 0.172
I1

1 
0.0825

1.85 

2.06

1- Data taken from January, 1968 Report, Table 1 and pages 9,11 and 21.  

2- Obtained from field data by same procedures outlined in January 1968 

report to obtain plane of discharge averages.  

3- Computed using unrevised one-dimensional mathematical models.
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The methods used to compute the measured area-average temperature 

rise are given in detail in the January '68 report. These are 

summarized below to clarify the answer to the potential objections 

stated above.  

Figure 18 depicts the temperature rise distribution at the plane 

of discharge for an early flood tidal condition during the April 

1967 survey. Seven figures similar to Figure 18 were constructed 

for different tidal phases and the areas enveloped by each isotherm 

were averaged. For a given isotherm, the average of the eight 

different areas, corresponding to the eight tidal phases, equally 

spaced in time, was considered representative of the average 

tidal condition.  

Figure 5 (following page 7 ) shows the cross-sectional areas en

veloped by different temperature rises for the average tidal con

dition. Figure 5 shows that, while the temperature effect averaged 

over the full 160,000 square feet may be negligible(<0.1
0 F), temp

erature rises in the immediate vicinity of the discharge are 

significant. Temperature rises of greater than 10F existed for 

4,000 square feet.  

Spreading the effect that exists within the first 11,000 square 

feet (boundary of the 00F isotherm) over the full 160,000 square 

feet area results in the apparent negligible average effect..  

Averaging the temperature rise over the local area effected 

(the first 11,000 square feet) would have resulted in higher 

temperatures that might be considered more meaningful. However,, 

as the area-average model predicts area-averages only, field 

measurements had to be converted to area averages for purposes 

of comparison.  

A more valid objection would be to question the point at which 

the measured temperature versus area curves are extrapolated to 

zero. This objection is considered and answered in the 'January '68 

report (pages 9 and 10). This question can be answered further 

by plotting the temperature rise isotherm versus area of influ

ence of the isotherm for both the measured and predicted area

average temperature rises. Such a comparison is made in Figure 19.  

Figure 19 is a comparison of exponential model predicted areas 

enveloping different temperature rises to actual measurements 

made during the April 1967 survey (see Figure 5). Figure 19

-15-
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demonstrates more clearly the extent to which model computed temp
erature rises exceed the measured temperature rises.  

Rationale for Model Revision 

Table 4 shows clearly that the observed area-average temperature, 
a good parameter of the effect of the thermal discharge on the 
River, is substantially lower than its predicted counterpart at 
the plane of discharge, and here more so at a plane a short (800 ft) 
distance away from the discharge plane. Before adjusting the 
model'to conform to these observations, reasons for these dif
ferences are discussed.  

Net non-tidal Flow and Thermal Stratification 

Partially stratified estuaries, such as the Hudson, are subject to 
a net upstream movement of sea water in their lower layers and a 
downstream movement in their upper layers. This movement is in
duced by density differences which exist on account of the vertical 
and longitudinal distribution of salinity. This effect is often 
called the net non-tidal flow, but must be distinguished from the 
freshwater runoff, which is the actual difference between total 
upstream and downstream tidal movement.  

The net non-tidal flow has never been measured in the Hudson but 
has been shown to exist. 3 Extensive field current measurements, 
at various depths throughout cross-sections within the salt 
intruded reach, and over a full tidal cycle, are necessary to 
obtain this quantity. Measurements meeting these requirements 
are not available for the Hudson.  

Measurements of net non-tidal flow in other estuaries, such as the 
James River in Virginia, have been made. Values of ten to forty 
times the freshwater runoff have been observed. The actual value 
increases in the seaward direction of the estuary due to entrain
ment of the lower layer water by the flow in the upper layer.  

3 Quirk, Lawler & Matusky Engineers - Hudson River Report files 

4 Pritchard, D.W., "Observations of Circulation in Coastal Plain 
Estuaries." Chapter in "Estuaries", G.H. Lauff, Editor, 
Publication No. 83, American Association for the Advancement 
of Science, Washington, D.C. 1967

-16-
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In any event, this phenomenon provides substantially more capacity 
for diluting waste discharges than the fresh water runoff. The 
net effect is, of course, less than straight dilution by the magni
tude of the net non-tidal movement, because this effect is par
tially offset by vertical mixing due to tidal turbulence. Vertical 
mixing causes contaminants, originally diluted and washed down
stream in the upper layer's flow, to return in the lower layer's 
upstream movement.  

This net dilution effect is generally considered to be accounted 
for by the longitudinal dispersion coefficient. The longitudinal 
dispersion coefficient, however, is measured-by analysis of lon
gitudinal profiles of the area-averaged salinity. In the case of 
dilution of non stratifying discharges such as sewage or most 
industrial wastes, the vertical distribution of these contaminants 
in the estuary is roughly the same as that of the ocean generated 
salt, and the net dilution effect is estimated fairly well by 
using longitudinal dispersion coefficients obtained from salinity 
profiles. There is reason to believe that the combined net non
tidal flow, vertical mixing dilution effect is greater for an 
inherently stratifying discharge, such as is a thermal discharge, 
than that which is obtained using dispersion coefficients generated 
from salinity profiles.  

The reason for this belief lies in the balance of energy which 
exists between the tendency of tidal turbulence to force complete 
vertical mixing, and the tendency of the landward directed flow 
of highly saline ocean water to ride underneath the seaward 
directed flow of non-saline fresh water. This balance and which 
mechanism is stronger can be observed by the relative steepness of 
the vertical salinity profile at any cross section of the estuary.  

For rivers like the Mississippi, the fresh water flow is large, the 
Gulf tides relatively weak, and the net result is a very stratified 
estuary. In a river like the Delaware, particularly in the summer, 
just the reverse is true, the vertical salinity profiles are quite 
flat, and the estuary is classified as completely mixed.  

The Hudson more closely approximates the conditions in the Delaware, 
but due to the attenuating influence of New York Harbor on tidal 
power, and larger fresh water flows, the vertical salinity gra
dients are not quite as flat as those of the Delaware. The Hudson 
estuary is usually classified as partially mixed.

-17-
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Now the introduction of a discharge, which will tend to stratify 
of itself, effectively superimposes a condition on the estuary's 
existing energy balance, which it is not equipped to alter. In 
other words, the heated liquid, being lighter, will rise to the 
surface, and tend to stay there, since there is little excess 
turbulent energy available to cause vertical mixing. Vertical 
mixing is present, of course, but is counteracted by the tendency 
of the estuary itself to stratify. Before introduction of the 
heated effluent these opposing mechanisms are already in a state 
of balance. An effluent, whose stable state is to locate near the 
surface, will not be subject to the same extent of vertical mix
ing as are the natural waters of the estuary.  

If the heated effluent is not as strongly subject to vertical 
mixing as a non-stratifying discharge, then the net dilution 
effect of the estuary on this discharge should be greater than 
the usual dilution effect as measured by the magnitude of the 
longitudinal dispersion coefficient. In other words, the sa
linity induced circulatory flow is still present, the heated eff
luent finds its way into the upper seaward directed portion of the 
circulatory flow, and is diluted by it. The net dilution is 
greater than it would be for the non-stratifying discharge, because 
there is insufficient excess tidal turbulence to break up the 
lighter and therefore stable upper layer. Little of-the heated 
water, therefore, is transferred to the lower, upstream moving 
layer, and the diluting effect of net non-tidal flow is offset to 
a lesser degree by vertical mixing than in the case of a non
stratifying discharge.  

Vertical mixing, of course, will eventually occur, but the point 
is that such an effect may take a lot longer than usual. Since the 
temperature decay is primarily at the surface, the heat has every 
opportunity to dissipate to the atmosphere, and by the time the 
water in the upper layer is exchanged with lower layer's water, 
much of the heat may be gone. Thus the return of this water in the 
lower layer past the original plane of discharge will be at a time 
when this water possesses relatively little heat.  

The improved dilution will therefore tend not to be seriously of f
set. Were the material conservative, it would not be lost from 
th e estuary until it was exchanged with the ocean, and the net 
dilution would not be as great.  

The January '68 report shows clearly that the heat from Indian 
Point is concentrated in the upper layers of the estuary. The 
profiles for the section some 800 ft. below the discharge show that

_18-
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the elevated temperatures remain in the surface layer longer than 
in the layers below. This is to be expected since the thickness 
of the heated layer would tend to decrease as heat is transferred 
to the atmosphere, the upper most layer being the last to retain 
elevated temperature.  

Thus it appears that one reason for the marked differences between 

predicted and measured values is in the improved dilution by net 

non-tidal flow, available to the thermal discharge since it stabi

lizes in the surface layers of the estuary, where it can decay to 
the atmosphere.  

This mechanism should not have as strong an influence in April, 
when fresh water flow is high and Indian Point salinity corre
spondingly very low, as during the summer, when the reverse is 
truesince the net non-tidal flow decreases as salinity decreases.  

The differences in the April data may be due in part to this 
effect and in part to a significant longitudinal dispersion accom
panying the high fresh water flows. (Model calculations in the 

January '68 report for the high spring flows considered longi
tudinal dispersion to be very small.) 

Surface Heat Transfer 

Area-average model calculations were made using heat transfer 

coefficients that related the difference between the actual sur
face water temperature and the ambient surface water temperature 
to the rate at which heat was dissipated to the atmosphere.  

Since the area-average model does not differentiate between aver
age temperature and surface temperature , a correction factor 
was employed to account for differences between these two. This 
factor was termed the thermal stratification factor (TSF) and is 
equal to the ratio of the average surface temperature to the area 
average temperature.  

This factor computed at Indian Point plane of discharge was equal 

to 3.0 for the July 1966 data and 6.0 for the April 1967 data.  
Results presented in the January '68 report include the above 

corrections.  

Observation of the temperature distribution in planes some distance 
from the plane of dispharge shows that the elevated temperatures 
tend to concentrate at the surface as the heated water moves away 
from the plane of discharge. Determination of the correction factor 
at sections both upstream and downstream of Indian Point showed 
higher factors existed at these planes by comparison to that at the 
plane of discharge.
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For example, at the section 800 feet downstream of Indian Point, 
this factor was twice the Indian Point value in July 1, 1966.  

Had increased TSF values been used in computing temperature behavior 
above and below the plane of discharge, in accordance with what 
measured data showed, the total heat given off to the atmosphere 
would be greater and resulting predicted river temperature lower.  

Model Adjustment 

In this section the area-averaged model is adjusted to yield agree
ment with the measured area-averages of 1966 and 1967. The ex
ponential model is then used to show that the model generated rise 
isotherm versus bounded area and surface width curves agree reason
ably well with the corresponding measured curves.  

The area-averaged model used in the January '68 report consisted 
of equilibrium behavior of a transient, variable space parameter, 
one dimensional energy transport equation. For the sake of re
lation simplicity in illustration, this model i s replaced by an 
equivalent, infinite receiver model as shown in Table 5.  

The factors f, and f2 were computed by determining the ratios of 
the exponential decay rates exhibited by the variable parameter 
model to those of the infinite receiver model. The low flow'con
ditions summarized in Table 5 of the January 168 report were used 
to obtain the following numerical values.  

upstream fl = 0.90 

downstream: f2 = 1.44 

In other words, the more precise variable parameter model decays 
quite a bit more rapidly in the downstream direction (due primarily 
to the rapidly expanding area) and slightly less rapidly in the 
upstream direction, than does the infinite receiver model. For high 
flow conditions, the predicted area averages in Table 4 were ob
tained using the infinite receiver model, so the fl, f2 values for 
high flows are unity. For this condition, the segmented, variable 
parameter model gave even higher area average temperatures and is 
less precise than the infinite receiver.  

Table 4 shows a far more rapid decay in the observed data occurs 
than is predicted by the area-average model. The observed decay 
data is rather limited, but can safely be presumed to decay expo-
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TABLE 5 

EQUIVALENT AREA AVERAGE MODEL 

The form of the infinite receiver model, modified to yield the 

variable parameter model results is:

66TJ 

in which:

f, .)K 

= area-average temperature rises, OF 
I - designates behavior above Indian Point 

II - designates behavior below Indian Point

H = thermal discharge, BTU/day 

p = water density, #/ft.
3 

Cp = heat capacity, BTU/#/°F 

Q = River freshwater flow, ft. 3/day 

K' = temperature decay coefficient, day -i 

U = freshwater velocity, Q/A, miles/day 

E = longitudinal dispersion coefficient, sq. miles/day 

fl,f2 = upstream & downstream model conversion factors 

x = distance from plane of discharge (positive direction 
downstream), miles
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nentially in the longitudinal direction. This presumption is based 
on theory and observed lateral decay behavior. The adjusted area
average model is then written: 

The coefficient f5 adjusts the model to agree with observed area
averages at Indian Point. The coefficients f3 and f4, in conjunc
tion with f5, adjust the model to agree with observed area-averages 
upstream and downstream of Indian Point, respectively.  

Table 4 shows the actual differences between field data and model 
predictions of Unit No. 1 behavior, as given in the January '68 
report. Before computing the f3, f4 and f5 values, the *estimates 
of H for Unit No. 1 operation were corrected to account for the 
actual electrical energy output during the survey periods.  

The estimate used in the January '68 report for July, 1966 was 
based on effluent channel flow and River temperature measurements 
taken in the near vicinity of the discharge and for this reason' 
can be expected to be slightly lower than the true effluent channel 
heat load. Table 6 shows that it was 91% of the correct value.  

Table 6 shows excellent agreement between the April heat load, as 
estimated using April electrical energy output, 32% thermal effi
ciency, and, 5% in-plant heat loss, and the effluent channel flow 
and temperature rise values. Temperature measurements in April 
were made in the channel; hence the better agreement.  

Table 7 summarizes the correction factors to be employed in using 
Equation 1. The upstream factor f3 has been assumed to be equal 
to the downstream factor f4 . Temperature rises in the upstream 
direction in April were virtually zero due to the high freshwater 
flow, and correspondingly negligible back mixing. July upstream 
data were very sparse and were not analyzed for this purpose.

-21-
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TABLE 6 

ESTIMATES OF HEAT LOSS TO RIVER 
DURING OPERATION OF INDIAN POINT UNIT NO. 1 

Item July, 1966 April, 1967 

On Basis of Average Monthly Plant Output 

Average Output, MWE 245 240 

Heat Generated, MW 765 750 

In-plant Loss, MW 38 38 

Waste Heat Load 482 472 

On Basis of Effluent Channel Characteristics 

Channel Flow, gpm 300,000 300,000 

Outlet Temperature, OF 10 11 

Waste Heat Load, MW 440 480 

Waste Heat Load Comparison 

On Basis of Channel Values 
On Basis of Average Output 0.91 1.0,2



TABLE 7

SUMMARY OF MODEL ADJUSTMENT FACTORS

Factor Location 

fl Upstream 

f, Downstream

Upstream

f4 Downstream 

f5 Plane of 
Discharge

Adjustment 

Convert upstream and 
downstream decay 
rates of infinite 
receiver to agree 
with segmented model 

Convert upstream and 
downstream decay 
rates of segmented 
model to agree with 
observed data 

Convert maximum area 
average value of 
either model to agree 
with observed data

Flow Regime 
12000 CFS 12000 CFS

0.90

1.0 

12. 9 

12. 9 

0.54

1.44 

15 

15 

0.73
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This adjusted area-average model is used in conjunction with the 
exponential decay model (pages 15 and 16, January '68 Report) to 
obtain the areas and surface widths bounded by a given temperature 
rise isotherm. The exponential model for area is: 

AT = ATm" eKA .. . .. .. .. . .. (2 ) 

in which: 

AT = temperature rise isotherm, OF 

ATm = maximum temperature at any point in 
the cross-section, OF 

A = that portion of the cross-section within 
which the temperature rises equal or exceed 
AT,SF.  

K = exponential decay coefficient for area, SF
-1 

The exponential model for surface width is: 

ATs = ATsm ekb (3) 

in which: 

ATs = surface temperature rise isotherm, 0F 

ATsm = maximum surface temperature 

b = that portion of the surface width within 
which the surface temperature rises equal 
or exceed ATs,FT.  

k = exponentiaI decay coefficient for surface 
width, FT 

The exponential decay coefficients, K and k, are found by recogniz
ing that the curves given by equations 2 and 3 can be uniquely de
fined if the maximum and average temperatures and the total cross
sectional area, AT, and surface width,B, are known. The area-aver

age and surface average temperatures are respectively:

-22-
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NT 

'SL _Vl... (5) 

The adjusted one dimensional area-averaged model is used to compute 
AT. The surface average temperature, A~s is equal to AT multiplied 
by the-thermal stratification factor (TSF). Equation 4 and 5 are 
solved to obtain K and k. Equations 2 and 3 are then used to obtain 
the percentages of cross-sectional area (too 5,/, ) and surface width 
(%o'e/) corresponding to selected temperature rises, AT and ATs.  

This procedure is illustrated using the July, 1966 and April, 1967 
NBI data to show the reasonably good behavior which is obtained 
using the adjusted model.  

Figure 20 shows the areas bounded by a given rise isotherm as ob
served in April, 1967 and as obtained using both the unadjusted and 
adjusted models. The shape of the curve obtained using the ad
justed model does not agree perfectly with the observed data, 
although it can be seen that the area-average value, ETh, for the 
two curves will be the same. The unadjusted curve is seen to heat 
significantly more area, as described above in discussing Figure 19.  

Figure 21 shows a comparison of the measured surface width behavior 
to that computed using equations 3 and 5 for the April, 1967 data.  
The agreement is quite good, particularly between 1 and 40F, the 
contours of interest in considering zones of passage. Better 
agreement between the higher values would have been obtained had 
120F maximum been used. This would not be justified by the dis
charge channel temperatures. Furthermore, to preserve the average, 
the computed exponential would have tailed off more rapidly then 
did the observed data.  

Table 8 summarizes the calculation procedure employed to obtain the 
computed curves shown in Figures 20 and 21.  

Figure 22 shows the computed and measured curves for decay of sur
face temperature with surface width for the April, 1967 conditions 
at the surface of a plane 800 ft below the discharge plane. The 
exponential model does not yield precise agreement with the mea
sured data (the actual decay being more linear in nature,) but the

-23-



...... . .......  -tH###4t# 

-- 4+ +Hi 
H4+H+H+ 

-W it H :0 11 -1 ....  +4- + +F 

4 
117 : .  

.. . .. .. . .. .. T 1 .. . 11 .... ...  

+ ++

H HI -4+ 4T4449W ----:F Mffff ### t-: 

4T ER7+4- i -44+ + 

:+H4+H+f:f± fliE+:i I 

-4-4---+ 

H TF r++F-F

# T I ......  

-H . ..... ...  I. .. #.. . ...... .. . ...... ..  
r rill A2L 

.. . .. .. .. . . . . . .. . . ..  -j+4++4-+ .. . .... ... .1 -L . .. I . . .  + +H+ 

:44 :-:tT+ 

4+- +FF - 44# i -44+ 
I .. ...... .  

4##:1# 44+- + +-+ 
-+H+H+++i- 7H± 4: p 44T TFF 

i i 11 -H+ 

M HO .... ...  ........... ........ --
+H+ +14+- q4pTp:F-- + -4H++ - i It Adl ..... ..... W j --++V 4+------ ----- r 

H4+ 
H+ #: 

X ---- + #t## 4 
+ -+HH+ 

+ -H+ 

---- :F#FF 

+4+ 

4 1 1 1 1 Rl IIIIR -
.... ..  

7171i± 
T #14 ##t# R-Ilff!l illit .1 

11414411 41+[+ ±H±E 

N>





TABLE 8 

CALCULATIONS REQUIRED TO OBTAIN COMPUTED CURVES 

OR FIGURES 20 AND 21 

Conditions for April, 1967 

H = 39.3 x 109 BTU/day 

Q = 40,000 CFS 

E = 2 sq. miles/day 

K' = 0.264 Day (K = 110 BTU/SF/day/°F, TSF = 6, D = 6) 

u = 4.1 miles/day (A = 160,000 SF) 

Calculation of Area--Average Temperature Rise 

0 

From Table 5, AT = 0.172 F (unadjusted) 

From Equation 1 and Table 7, AT = 0.54 x 0.172 

= 0.093 (adjusted) 

Calculation of Exponential Decay Behavior for Area (Figure 20) 

ATm = 11 F, AT = 0.093, AT = 160,000 SF 

From Equation 4, K = 7.38 x 10
- 4 SF 1 

-4 

From Equation 2, AT = 11 Exp (-7.38 x 10 A) 

Calculation of Exponential Decay Behavior for Surface Width 

(Figure 20) 

ATsm = 110 F, AT== 0.665 0 F, B = 4000 ft 

From Equation 5, k = 4.13 x 103 ft
1 

-3 
From Equation 3, ATs = 11 Exp (-4.13 x 10 b)



. . . . . . . .. .. . .  
. . . . .. . . .  

IF I I 

ri-All 

.... .... ...  

IFl 
IFi 

It 11 i 

;. . . . . . .  

Em.  
----- .. .



QUIRK, LAWLER & MATUSKY ENGINEER~S-4

surface average temperature, ATs, is the same for both curves.  

Figure 23 shows the computed and measured surface behavior at the 
discharge plane for the July, 1966 conditions. The exponential 
curve, with a maximum temperature of 110F, diverges somewhat from 
the measured curve, but opposite to the departure seen in Figure 
21. Again, control is maintained by the fact that the surface 
average temperature rise, T 5 , is the same for both curves.  

These results show that exponential decay behavior of both the 
area and surface temperature rises, across planes perpendicular to 
the longitudinal areas of the River, gives a reasonably accurate 
description of the actual behavior of these parameters, provided 
the area-average model is adjusted to yield the measured area
average values.  

These models and the procedures for using them are employed in the 
next chapter to predict the effect of three unit operation at 
Indian Point on the temperature rise pattern in the Hudson River.

-24-
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VI. TEMPERATURE DISTRIBUTION FOR THREE UNIT OPERATION 

This chapter utilizes the adjusted mathematical model to predict 
the Hudson River temperature rise distribution which can be expected 
in the presence of a 4153 MW waste heat load from Indian Point.  
Results obtained by the Alden Hydraulic Laboratory for three unit 
operation of Indian Point Hydraulic Model II are presented to 
support these predictions.  

Generalized S-olution - Exponential Decay Model 

Figure 24 is a generalized solution of the exponential decay models 
given by Equations 2 through 5 in the previous chapter. The curves 
are valid for both area and surface width calculations because the 
upper abscissa is presented as a fraction of the total cross-sec
tional area or surface width. Use of Figure 24 is described in 
Table 9.  

Conditions of Maximum Severity 

The January '68 report shows that conditions of maximum severity 
were reached in November, 1964. A sustained six month low flow of 
4000 CFS, and a relatively low heat transfer coefficient of 90 BTU/ 
SF/day/0 F combined to create the maximum computed area-average 
temperature rises. These conditions are employed below to compute 
a probable extreme condition.  

Thermal Stratification Factors 

Since a submerged discharge is planned, the thermal stratification 
factor for the low flow condition has been reduced from 3.0 to 
values between 1.5 and 2.5. The value of 1.0 represents a minimum 
which can only be approached. In addition to the influence of sub
merged discharge, the increased heat load is expected to drive the 
stratification factor down, because, by comparison to Unit No. 1 
behavior, the increased flow of heated water into the River will 
have a greater effect on the subsurface temperatures.  

A thermal stratification factor of 1.0 would be obtained if the 
heated discharge were completely mixed across the plane of discharge.  
For this case, Table 10 (following page 27.) shows that the area
average temperature rise would be 3.40F. Since complete mixing is 
assumed, the temperature at every point would be 3.40F and nowhere 
would the 40F criterion be exceeded.

-25-
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TABLE 9

APPLICATION OF GENERALIZED SOLUTION FOR 
EXPONENTIAL DECAY MODELS (FIGURE 24) 

GIVEN: Area or Surface Average Behavior 

OBJECT: Find Percentage of Area or Width 
Enveloped by a Given Temperature Use.  

1. Select maximum temperature value 

2. Compute ratio of average to maximum temperature 

3. Enter bottom abscissa at value computed in 2.  

4. Move vertically upward to dashed curve 

5. Value on left ordinate is the temperature ratio at 50% 
of the cross-section or surface width 

6. Move horizontally left or right and intersect dashed; 
vertical line (the 50% vertical) 

7. Dimensionless temperature profile is obtained by drawing 
straight line between intersection in 6 and upper right 
corner.  

8. Select desired temperature. Divide by maximum temperature 
in 1 to obtain dimensionless counterpart. Enter line 
drawn in 7 at this ordinate and obtain desired percentage 
of area or width.  

For the reverse case of finding the average behavior, given the 
profile,.compute and plot the dimensionless profile, interest 
the 50% vertical with this profile, move horizontally from this 
point to the dashed curve, and then vertically down to the 
bottom abscissa to find the dimensionless average.
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A thermal stratification factor of 3.0 was obtained for the surface 
discharge conditions of July, 1966. Were a surface discharge planned 
for the three unit operation, the maximum surface temperature, for 
the planned waste heat load of 4153 MW, would be 140F. Assume that 
under these conditions, the thermal stratification factor would 
reach 3.0.  

These concepts suggest that the thermal stratification factor increases 
with an increase in the maximum surface water temperature. In this 
analysis of low flow, River temperature behavior, the thermal stra
tification factor has been assumed to vary linearly with the max
imum surface water temperature, from a minimum value of 1.0 at 
the completely mixed temperature of 3.40F, to a maximum of 3.0 at 
the effluent channel temperature of 140F.  

Assuming a maximum ambient temperature of 0780F, the maximum surface 
temperature rise must not be more than 12 Fto avoid contravening 
the 9 00 surface water temperature standard, Submerged discharge 
studies show that maximum surface water temperatures betw een 6 and 
90F can be expected if the heated effluent is discharged through 
ports along the bottom of the west wall of the discharge channel.  
The actual value which will occur depends on the effluent channel 
temperature and the depth of submergence. More details on the sub
merged discharge are given in a later section in this chapter.  

For purposes of establishing the areal and surface bounds of the 
40F contour, maximum surface water temperatures of 6,9 and 120F 
were considered. The thermal stratification factor to be used with 
each of these temperatures was determined using the linear assump
tion described above and yielded: 

Thermal Stratification Factor 
Maximum Surface Temperature,OF Linear Model Rounded Value 

3.4 1.0 1.0 
6 1.5 1.5 
9 2.05 2.0 

12 2.6 2.5 
14 3.0 3.0 

5. Progress Report on Indian Point II Studies for Consolidated Edison 
Company of New York. Alden Research Laboratory (1968) 
This report is appended to the present QL&M report.

-26-
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Thus the TSF values of 1.5, 2.0 and 2.5 correspond to LTSM values 
of 6,9 and 120F, respectively.  

Bounding Area-Plane of Discharge 

Table 10 summarizes the computation of the area-average temperature 
rises across the plane of discharge for the low flow condition and 
several TSF, and of the corresponding percentages of the total 
cross-section, within which the temperature rise equals or exceeds 
the 40F criterion. Table 10 indicates the area bounded by the 40F 
isotherm can be expected to range between 20 and 26% of the total 
Indian Point cross-section. Notice that the temperature bounding 
50% of the cross-section, the maximum percentage permitted by the 
proposed criteria as a bound on the 40F isotherm, ranges between 
0.6 and 1.3 0F, considerably lower than the 40F upper limit.  

Bounding Surface Width-Plane of Discharge 

Table 11 summarizes the computation of the percentage of surface 
width bounded by the 40F surface water temperature rise at the 
plane of discharge. Table 11 shows that some 50 to 60% of the 
surface width will have temperatures equal to or greater than 40F.  
The proposed standard permits up to 67% of the surface width to 
have surface temperatures greater than 40F. This criterion, there
fore, will not be contravened.  

Table 11 shows clearly the value of the submerged discharge. The 
60F maximum surface water temperature rise condition can be obtained 
by submerging the discharge. Not only does this case yield the 
lowest surface width percentage (52%), but the temperatures within 
that 52% will have to range between 4 and 60F.  

By comparison, the condition of a ATSM of 120F, which is more re
presentative of a surface discharge, has the highest surface width 
percentage (60%), and the temperatures with that 60% will 'range 
between 4 and 120F.  

Areal and Surface Boundaries - Summer Conditions 

The. foregoing represent what are considered to be extreme conditions 
from the standpoint of low flows and low heat transfer coefficients.  
From a biological standpoint, conditions which occur in August, when 
low flows and high ambient water temperatures prevail, probably 
represent the critical condition.
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TABLE 10

COMPUTATION OF AREA-AVERAGE TEMPERATURE RISE 
AND AREA BOUNDED BY THE 40 F ISOTHERM FOR 
THE DISCHARGE PLANE AT INDIAN POINT FOR 

CONDITIONS OF MAXIMUM SEVERITY 

Conditions 

H = 340 X 109 BTU/day, ATm = 140 F 
Q = 4000 CFS, U = 0.41 mile/day, E = 12 sq miles/day 
R = 90 BTU/SF/day/OF, K' = [0.0361 X TSF]day- I 

f5 = 0.73 

Area Average Temperature Calculation

f5H/PCpQ =
0.73 X 340 X 109 

54 X 105 X 4 X 103
= 11.50 F

4 X 0.036 X 12 (TSF) 
U.41 X 0.41

41 + i0.YTSF' 

3.36 
4.05 
4.64 
5.16 
5.64

= 10.3 TSF 

(By Equation 1) 

3.42 
2.84 
2.47 
2.23 
2.04

Percentage of Cross-Section Bounded by 40 F Isotherm 

LTm 

(For 140 F __ Ao &7t= 
6T Condenser rise) 6-m (% Area @ 40 F)

2.84 
2.47 
2.23

0.203 
0.176 
0.159

0.090 
0.060 
0.044

Isotherm 
Bounding 50% 

of Area 
(For 140 F 

Condenser rise) 

1.26 
0.84 
0.62

4K'E/U
2 

TSF 

1.0 
1.5 
2.0 
2.5 
3.0

10. 3TSF 

10.3 
15.4 
20.6 

25.7 
30.9



TABLE 11 

COMPUTATION OF AREA AVERAGE TEMPERATURE RISE 

AND AREA BOUNDED BY THE 40 F ISOTHERM FOR 

THE DISCHARGE PLANE AT INDIAN POINT FOR 

CONDITIONS OF MAXIMUM SEVERITY 

CONDITIONS: SAME AS TABLE 10 

SURFACE WIDTH CALCULATIONS

Value Corresponding
60 F

to a ATsm of:

12uF

TSF

-. oF AT, F 

AT, OF 

AT /AT 
S sI

Page 26 

Table 10 

AT x TSF 

Calculate

AT s  @ 100b= 

ATsm B

AT 
S 

AT 
sm

@ AT = 4 
S

100b @ AT = 4 
B s

50 Figure 24 

F Calculate 

0F Figure 24

Item Source

1.5 

2.84 

4.26 

0.71

2.0 

2.47 

4.94 

0.550

2.5 

2.23 

5.57 

0.463

0.68 

0.667 

52

0.51 

0.444 

60

0.40 

0.333 

60

9'JF
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Table 12 summarizes calculations for this condition. Parameters 
include a 60F maximum surface water temperature rise, a sustained 
low flow of 4000 CFS and an August heat transfer coefficient of 
135 BTtJ/SF/day/OF (Figure 3, January '68 Report).  

Table 12 shows that 21% of the cross-section and 33% of the surface 
width are bounded by the 40F isotherm. These are significantly 
lower than the 26 and 52% values obtained for similar discharge 
conditions in Tables 10 and 11, respectively, in which the 90 BTU/ 
SF/day/0 F November heat transfer coefficient was used.  

Behavior Beyond the Plane of Discharge 

Table 13 shows the decay of the area-average temperature rise with 
distance above and below the plane of discharge at Indian Point.  
Both August and 0November conditions are presented; ATsm is assumed 
to be held to 6 F in both cases and the TSF is held constant at 1.5.  
Adjustment coefficients are those developed in Table 7 for low 
flow conditions.  

Table 13 shows a very rapid decay of the area-average temperature 
with distance away from Indian Point. This rapid decay is caused 
by the large values obtained-for the adjustment factors, f 3 and f4.  

The adjusted model is presumed to apply within the first mile above 
and below the plane of discharge. The model cannot be applied over 
an infinite distance because the adjusted decay rates, by comparison 
to the area-averaged rise at the plane of discharge, will not permit 
all the heat to be rejected.  

The adjusted model is considered to represent the rapid dispersal 
and dilution of the heated effluent by the net non-tidal flow 
mechanism. Average temperature will be reduced to about 10F within 
the first mile above and below the plant.  

Most of the heat (BTU) introduced to the River still remains at 
this point. This residual heat dissipates slowly to the atmosphere 
as the water particles move up and down the estuary. Whatever 
residual heat still remains is eventually exchanged with incoming 
ocean waters.  

This loss of residual heat is similar to the way in which other 
residual pollutants are lost from the estuary. The difference is 
that the intensity of the heat, i.e., the temperature rise, is
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TABLE 12

COMPUTATION OF 4 F AREA/AND SURFACE BOUNDARIES 
AT THE PLANE OF DISCHARGE FOR SUMMER CONDITIONS 

Conditions 

H = 340 x 109 BTU/day, AT M = 140F, ATsm = 60F 

Q = 4,000 CFS, U = 0.41 mile/day, E = 12 sq. miles/day 

= 135 BTU/SF/Day/°F, TSF = 1.5, K' = 0.08/day-1 

f5 = 0.73 

Area Average Temperature Rise 

AT = f5 H [pCpQ] [1 + 4KE/U2-
1 /2 

= 11.5 x [1 + 23.1]
- 1/2 = 2.34 °F 

Percentage of Cross-Sectional Area Bounded by 4 F Isotherm 

AT/ATm = 2.34/14 = 0.167 

AT/ATm at AT = 40F is 0.286 

100 A/AT (at AT/ATm = 0.286) = 21% Figure 24 

m0 
Percentage of Surface Width Bounded by 4 F Isotherm 

AT= TSF x AT = 3.50F s 

ATs/ATsm =3.5/6.0 = 0.583 

AT s/ATsm at AT = 40 F is 0.67

100b/B (at ATs/ATsm = 0.67) = 33% Figure 24



TABLE 13 

CALCULATION OF AREA-AVERAGE TEMPERATURE 
RISES ABOVE AND BELOW INDIAN POINT FOR 
THE CRITICAL SUMMER AND MAXIMUM SEVERE 

CONDITIONS 

Calculation of Longitudinal Exponential Decay Rate

Jl = flf3 U [1 + + 4KIE 

J2 = f2fU4 U i 4K E 
2E [1 l U2

upstream 

downstream

Critical Summer Condition (August) (See Tables 7 & 12 for Parameters)

Jl = 0.90 x 15 x 0.41 [1 + ] = 1.36 Miles - ' 1 2x--2 

J2 = 1.44 x 15 x 0.41 2x12 [1 - ] =. 1.44 Miles - '

Condition of Maximum Severity (November) (See Tables 7 & 10 for 
Parameters)

J = 0.9 x 15 x 0.0171 [1 + 4.05] = 1.17 Miles-' 

= 1.44 x 15 x 0.0171 [1 - 4.05] = - 1.125 Miles
- I 

Calculation of Area-Average Temperatures

Distance 

(Miles)

-1.0 

-0.5

0.5 

1.0

Area Average Temperature, AT, F

August

0.60 

1.19 

2.34 

1.14

November 

0.88 

1.58 

2.84 

1.62

0.55 0.92
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reduced much more quickly than is the intensity of particulate 

pollutants, i.e., the concentration, since the inherent stratifi

cation- enhances dilution by net non-tidal slow, Correspondingly, 
this improved dilution effect will result in a greater portion of 

the residual heat being flushed from the estuary, as opposed to 

dissipation from the estuary's surface, by comparison to the re

lative proportions of the soluble organic pollutant, which are 

flushed out of or decay within the estuarine waters.  

Figures 25 and 26 show the boundaries of the 4
0F and 20F surface 

and area isotherm. Additional decay will occur beyond the one 

mile limit. The exact behavior of this decay is not know, but 

is presumed to be slow, in accordance with the loss of residual 

heat mechanism described above. A horizontal dash line is shown 

in Figure 25 and represents the upper limit of the isotherms' 

boundaries beyond this point.  

the surface curves in these Figures were developed using a ATsm 

value of 60F. This value was also used for ATM, in constructing 

the area curves, beyond the plane of discharge, since this will 

be the maximum expected temperature at any point beyond the zone 

of initial dilution of the 140F effluent. Figure 27 shows the 

expected surface isotherm pattern.  

Hydraulic Model Results 

During the period of the foregoing analysis, a hydraulic model of 

the Indian Point three unit operation was built and operated by 

the Alden Hydraulic Laboratory of the Westchester Polytechnic 

Institute, Worchester, Massachusetts. This model is designated 

Indian Point Model II and extends two miles above and below the 

plane of discharge at Indian Point and over the Rivers' full 

width and depth.  

Model scale is 1 to 250 in the horizontal plane and 1 to 60 in 

the vertical. Tidal action is simulated by varying the flow 

introduced or withdrawn at each end of the model. Heated 

effluent is discharged through a series of submerged ports and 

directed toward the River's channel.  

Figures A-1 through A-7 are reproductions of results received from 

the Alden Hydraulic Laboratory and represent surface temperature 

rises during different phases of the tidal cycle for three units 

discharging 2,100,000 gpm at a 170F temperature rise. Figure A-8 

is a map showing the highest instantaneous temperature measured 

at any point in the surface for these operating conditions.
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Note that Figure A-8 does not represent a pattern that can occur 
at any one time in the River. Each maximum value occurs at a 
different time during the tidal cycle. This figure merely 
reflects the fact that all the water particles, including the 
warmest, oscillate back and forth. At any given point in time 
these warmest particles will locate in a certain limited area.  
Figure A-8 shows the locus of this area throughout the tidal 
cycle.  

The behavior, of the heated discharge, as it mixes with River water, 
is described by the Alden Laboratory in correspondence accompanying 
the submission of Figures A-1 through A-8 to Consolidated Edison.  
These remarks are as follows: 

"11. The maps are produced to show the distribution at the 
surface with time of the heated cooling water. The 
conditions of the test represented an ambient river 
temperature of 50OF and a discharge temperature of 670F 
from Units #1, 2 and 3 (4670 cf s) . T = 0 is arbitrarily 
taken as the time when flow starts being fed into the 
model at its downstream end (Verplanck Point.) The 
isotherms are based on the recording of 78 thermocouples 
in different positions in the model from which has been 
subtracted the ambient river temperature. The ambient 
temperature was evaluated from two thermocouples placed 
in the incoming flow to the model.  

Figure A-1 shows the conditions at T = 1 hour. During 
the slack preceeding flood a build-up of warm water 
takes place and in this period of time the width of 
the river being affected by warm water assumes a 
maximum for this section of the river.  

Figure A-2 indicates the conditions 1-1/2 hours later 
(t = 2.6 hrs). The cooling water is now forced with 
the river flow in an upstream direction. The build-up 
shown on Figure 1 has produced an "island" of warmer water, 
20, which is on its way to leave the model. It is also 
noted that the maximum temperature rise in the vicinity of 
the plant is reduced due to the higher flow velocities and 
following more efficient mixing.  

Letter from Alden Research Laboratories (C.C.' Neale), dated December 
30, 1968 to Mr. Edward G. Watkins, Structural Engineer - Consolidated 
Edison Company of New York, Inc. 4 Irving Place, New York,N.Y. 10003.
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Figure A-3 at 4.5 hours is towards the end of the flood 
tide. As a result of the reducing flood current the 
isotherms indicate a trend towards swelling. Also due 
to less efficient mixing the isotherms in the plant 
vicinity assume higher values.  

Figure A-4 shows the conditions shortly after slack 
before ebb. An "island" of 10 warm water is left 
behind upstream of the plant and there is seen to be an 
accumulation of cooling water in the river section 
adjacent to the plant. However, the build-up of cooling 
water is not so extensive at slack preceeding ebb as with 
slack preceeding flood since the change from flood to ebb 
takes place more swiftly than the change from ebb to 
flood.  

Figure A-5 shows the conditions towards maximum ebb 
strength. The cooling water is now swept downstream 
along the east shore. Some cooling water is still 
left behind upstream of the plant.  

Figure A-6 indic 'ates the situation at maximum ebb. The 
cooling water is swept downstream in a relatively narrow 
position of the river along the east shore. Due to the 
efficient mixing at the rather high current velocities 
the isotherms are closed curves -i.e., even the 1 0 
isotherm terminates within the model.  

Figure A-7 shows the conditions towards the end of the e 
ebb tide. Compared to Figure 6 the current velocities 
are reduced and the isotherms tend to spread out and also 
to extend further downstream. This isotherm pattern 
eventually transforms itself into the pattern shown on 
Figure 1, thereby completing a cycle.  

2. Figure A-8 shows the maximum temperatures at each 
of the 78 probe locations as recorded at any time within 
the tide cycle. It should be noted that the picture 
presented in this way tends to give a pessimistic 
impression of the temperature effect on the river." 

The following section considers these results in the context of 
the mathematical analyses presented previously, and relates the 
model behavior to the prototype.
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Correlation of Hydraulic Model With Predictive Model 

The net flow in the hydraulic model for the conditions shown in 

Figures A-i through A-8 was 33,000 cf s. This represents a high 

runoff condition, similar to that which existed during the April, 

1967 field survey.  

This high flow is necessary for correlation with the prototype.  
The model contains no salt, and, therefore, the normal estuarine 

net non-tidal flow pattern is not reproduced in the model. How

ever, this effect is weakest where salt is not present, which is 

the case at Indian Point when the freshwater runoff exceeds 20,000 
cfs.  

on Page 19, in discussing the net non-tidal flow mechanism, it is 

noted that it is unlikely that this effect explains the rapid 

temperature decay observed in the River during the April, 1967 high 

flow condition. The observed high dilution and rapid decay is 

presumed to be caused by relatively high longitudinal dispersion 

coefficients accompanying the high runoffs.  

During low flow conditions in the Hudson River, longitudinal 
dispersion has been shown, in previous studies, to be primarly 

a function of salinity induced circulation and tidal turbulence.  

Since the runoff is small, the contribution of fresh water velocity 

gradients to the overall dispersion effect is small, and beyond 

the salt front, dispersion becomes negligible. A discussion of 

why this is not the case in the presence of high freshwater flows 

follows.  

In the presence of these salt and tide mechanisms, back-mixing 

or dispersion of salt or a pollutant upstream of its source 

occurs, and is explained in terms of a longitudinal dispersion 

coefficient which permits upstream as well as downstream movement.  

Hence the location of the salt front is generally considered to 

be the point where the contribution of salt to the dispetsion is 

small.  

During low flows, the salt intrudes relatively far up into the 

estuary and, since tidal power also decreases with distance 
upstream,, the tidal contribution to the dispersion is also 

small at this point. Thus, beyond the salt front in the presence 

of low runoff, the longitudinal dispersion coefficient is small 

and is often neglected.
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In the presence of high flows, however, the runoff is the pre
dominant mechanism, and forces the salt well downstream. The 
longitudinal dispersion effect accompanying these high flows may 
be quite high, but may only be utilized to describe downstream 
pollutant movement.  

Some back-mixing will occur since tidal power is still relatively 
high but this will generally be limited to a tidal excursion. Up
stream pollutant movement, therefore, can be considered to be neg
ligible beyond a tidal excursion.  

Thus, for high flow conditions, the model simulates the prototype 
and the adjusted mathematical model may be employed to show cor
relation between model and prototype behavior.  

Table 14 summarizes calculations, for model conditions, for the 
area-average and surface width temperature rises at the plane of 
discharge in the model, using the adjusted mathematical model.  
Note that the usual low dispersion coefficient of the unadjusted 
model is employed. The improved effect, described above, must be 
considered as being contained in the adjusted coefficient.  

With respect to this adjusted mathematical model, it should be 
noted that it is now primarily an empirical formulation. It is 
not likely that the parameters which appear in Equation 1 will 
appear in the same order in the correct theoretical description 
of these thermal phenomena. For this reason, there seems to be 
little value in converting the adjustment factors in Table 7 into 
improved flows, dispersion coefficients, etc.  

The value of the adjusted model is that it represents correctly 
the observed exponential behavior. The functional form, which the 
physical parameters in the unadjusted model take, has been main
tained because it provides a convenient means of considering 
seasonal changes in the hydrological and meteorological mechanisms 
that control the temperature distributions. The major extra
polation from observed data is in the heat load itself. The temp
erature response is believed to remain linearly dependent on this 
parameter, so that use of Equation 1 is presumed to be valid.  

The model heat transfer coefficients are not well defined. The 
value of R used in Table 14 is roughly equal to the average of 
available data on this parameter. observation of Equation 1, 
however, shows this value plays a relatively small role in the 
rapid decay of temperature in the vicinity of Indian Point. As 
described previously, mixing, dispersion and dilution are the 
primary reasons for the observed temperature behavior, and, for 
high flow conditions, the model effects these.
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TABLE 14

CALCULATIONS FOR AREA-AVERAGE TEMPERATURE RISE 
AND SURFACE WIDTH ISOTHERMS AT PLANE OF DISCHARGE 

HYDRAULIC MODEL CONDITIONS 

Conditions 

H = 430 x 109 BTU/day, ATsm = 8.4°F 

Q = 33,000 CFS, U = 3.38 miles/day, E = 2 sq. miles/day 

K = 110 BTU/SF/Day/°F, TSF = 1.2, K = 0.053 day 1 

f5 = 0.54 

Area Average and Surface Average Temperature Calculations

f5H = 0.54 x 430 x 109 

PCpQ 54 x 10 5 x 3.3 x 10
4 

4K E = 4 x 0.053 x 2 
U2  3.38 x 3.38 

AT = 1.31 x -i 0.037

At = 1.2 x 1.28

= 1.31OF 

= 0.037 

= 1.28°F 

= 1.530F

Percentage of Surface Width Bounded by Given Isotherm

AT/ATsm = 1.53/8.4 = 0.18

% Surface Width ATs/ATsm (Fig. 24)

0.58 

0.33 

0.19 

0.11

ATs,°F

4.9 

2.8 

1.6 

0.9
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The maximum tidal average surface temperature across the plane 
of discharge is 8.40F, as will be shown shortly in Figure 28.  
This is higher than the 61F which the submerged discharge will 
be able to effect, due to a smaller submergence in the distorted 
model.  

The thermal stratification factor employed in this model analysis 
is 1.2, considerably smaller than the values used previously in 
projecting actual River performance under critical conditions.  
This value was chosen because the distorted vertical scale is 
believed to create conditions closer to complete mixing than will 
occur in the prototype.  

Table 14 shows exponential decay of surface temperature with surface 
width across the discharge plane. These results agree very well 
with the plane of discharge tidal average surface temperature 
rise isotherms shown in Figure 28.  

The curves in Figure 28 were constructed by first constructing 
similar curves at each station for each of the seven tidal phases 
represented in Figures A-1 through A-7. For each station, the 
seven sets of data, which consist of surface rise isotherms 
versus percentage of surface width bounded by a given isotherm, 
were then averaged to yield average surface width bounded by a 
given isotherm, and the curves of Figure 28 drawn.  

Figure 28 shows that the exponential decay model is followed closely 
at the plane of discharge (Station 0 + 0 in Figure 28) and 
immediately above and below the plane of discharge.  

The agreement between the results obtained in Table 14, analyzing 
the hydraulic model conditions with the adjusted mathematical 
model, and those in Figure 28, obtained directly from hydraulic 
model surface isotherms, is shown below: 

% of Surface width Hydraulic Model Surface Temperature Rise, T. OF 
Averaging Measured 

Using Math. Model Surface Isotherms 
(Table 14) (Figure 27) 

10 4.9 4.5 

20 2.8 2.4 

30 1.6 1.3

0.907
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This agreement is quite good and further confirms the validity of 
using the adjusted model to predictthree unit behavior. The 
average surface temperature rise, ATs, for the plane of discharge 
curve in Figure 28 was 1.350 F by comparision to the 1.531F 
obtained in Table 14. Of course, latitude in the selection of 
the thermal stratification factor affords some control over 
these results; the value chosen however, is believed to be 
approximately correct for the reason given.  

The surface average temperature rise, AT s, of each curve in Figure 
28 was also computed. These results are given below: 

Station Location ATs, OF 

0-1,500 1,500 ft. upstream 0.44 

0-1,000 1,000 ft. upstream 0.81 

0- 500 500 ft. upstream 1.00 

0+0 Plane of discharge 1.35 

0- 500 500 ft. downstream 0.94 

0+1,000 1,000 ft. downstream 0.77 

Area average temperature rises should be slightly less than these 
values. The TSF values for the station above and below the plane 
of discharge are probably closer to unity then is the value for 
the plane of discharge, as evidenced by the rapid decay of the 
maximum surface temperature shown in Figure 28.  

The rapid decay shown above was compared to decay according to 
Equation 1 for the hydraulic model conditions given in Table 14.  
The procedures shown in Table 13 were used with the parameters in 
Table 14 to compute the decay coefficients j, and j2 " 

The decay coefficients j, and j, using the model adjustment 
factor given in Table 7, were 2and 0.22 miles -I , respectively.  
The upstream value of 22 mile-1 is for more rapid than that observed 
in the Alden model and is probably due to the fact that the f4 
factor for April, 1967 of 12.9, representing observations below 
Xndian Point at that time, was arbitrarily applied to the 
upstream region as well.

-35-
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In light of the discussion above of the longitudinal dispersion 

effect in the presence of high flows, this procedure effectively 

does not credit the upstream region with back-mixing. The f3 

factor is probably actually substantially lower than f rather 

than equal to it. This would yield surface average values 

substantially in agreement with those given above.  

The downstream decay coefficient of 0.22 mile
- yieldsA T, and 

therefore AT, values which are larger then those given above.  

This is probably due to the fact that the term (1- 1+N ) is 

very sensitive for small values of N. The value obtained, (-0.02), 

may not be extremely accurate.  

Submerged Discharge 

A submerged outlet in the effluent channel is planned for 

discharging the heated effluent to the River. This type outfall 

was selected to insure that the proposed criterion of a 90°F 

maximum surface water temperature at any point in the River's 

surface be met at all times. The submerged outfall, by comparison 

to a surface discharge, will also reduce the percentage of the 

surface width subject to temperature rises greater than 4°F.  

The effect of various submerged outfall designs and depths of 

submergence was studied in detail in an undistorted model of the 

River in the near vicinity of Indian Point by the Alden Hydraulic 

Laboratory. A copy of Alden's report on this study is appended 

to this present report. A summary of the major findings is given 

in Table 15.  

Reduction in temperature occurs by entrainment of the surrounding 

ambient water as the jet of heated liquid works it way toward the 

surface. This phenomenon is called initial jet dilution and has 

been the subject of numerous theoretical analyses.  

A simplified analyses of this mechanism was attempted to permit 

evaluation of submerged discharge under conditions of submergence 

and effluent channel temperature rise other than those studied in 

the Alden model.  

This approach first obtained the path of the jet by assuming it 

folows the kinematics:of-projectile motion, employing the 

acceleration due to the buoyancy of the lighter warmer water, and

the average horizontal velocity of the Jet. The normal dilution 

formulae for jet entrainment were then employed to- determine
'the 

extent of the dilution by the time the jetted fluidreached the 

River's surface.



TABLE 15 

SUMMARY OF ALDEN HYDRAULIC LABORATORY FINDINGS FOR 
DISCHARGE OF THREE UNIT HEATED WATER THROUGH A 

SUBMERGED OUTFALL 

Test Conditions 

Model Scale: 1:50 undistorted 

Three Unit Flow: 4,660 CFS (2,100,000 GPM) 

Effluent Channel Temperature Rise: 17 OF 

Total Length of Discharge Canal from First Through 
Last Port: 230 Ft.  

Port Design: 6 Rectangular Ports, each 30 Ft. Long, 
4 Ft. High 

Port Spacing: 10 Ft.  

River Flow: Approximately 25% of Average Ebb Tide 

Port Velocity: lOFt/Sec 

Summary of Maximum Surface Temperature Rises

Submergence to 
Top of Port 

(Ft. below MSL) 

16 

21

Depth to 
Channel Bottom 
(Ft. below MSL) 

20 

25

maximum Surface 
Temperature Rise 

(OF) 

9 

8

Location of 
Maximum Rise 
(Ft. of Shore) 

200 

200

30 620 200
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This approach yielded results which showed substantially greater 
dilution than was obtained in the model. The fact that buoyant 
acceleration, which appears in the calculations, is extremely 
sensitive to small density changes is the probable reason for 
the lack of good agreement.  

Since the model results were more conservative, they were used, 
in conjunction with an extremely simple but very conservative view 
of jet dilution, to predict behavior at the planned discharge 
temperature of 140 F.  

The second approach begins by assuming the jet rises to the surface 
in a straight vertical direction. The formula for dilution of a 
jet into a fluid of equal density is used. This is written: 

So = 0.32 X/D o  (6) 

in which: So = ratio of River water entrained in the 
jet to the discharge channel flow 

X = distance from the port at which the 
dilution, So , is measured 

Do = effective port diameter, or better, the 
effective diameter of the jet's vena 
contracta 

The value of So is computed at X equal to the submergence of the 
port center line. A computed maximum surface temperature rise, 
ATsm, is then obtained as follows: 

ATsm =AT (7) 

l+So 

in which: ATp = effluent channel temperature rise 

Table 16 shows values of ATsm, obtained by using Equations 6 & 7, 
for the model conditions given in Table 15. The values of ATsm 
observed in the model are smaller, as expected, since Equations 
6 & 7 ignore the horizontal nature of the initial jet velocity and 
the resultant curvilinear path, as well as the additional entrain
ment due to the relative motion induced by the buoyancy effect.  

The ratio of the observed to computed values of ATsm is computed 
in Table 16 for each of the three model submergence conditions.
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TABLE 16 

COMPARISON OF COMPUTED AND OBSERVED MAXIMUM 
SURFACE TEMPERATURE RISES FOR AT = 170 F, AND 

PREDICTIONS FOR ATp = PI 4OF 

Computed Surface Temperature Rise for AT = 17°F

ATsm
ATP 

1-- 0-.32x 
Do0

- 120 x 0.65 
0.785

= 10 FT.

Centerline Submergence, FT 
(x) 

18 

23 

28

Computed From 

Equations 6 & 7 

10.8

sm 
Measured in Model 

(See Table 15)

9.8 

8.9

Computed Surface Temperature Rise for AT = 14 F 0

Centerline 
Submergence 

18 

23

ATsm, 

Computed 

8.9 

8.1

ATsm, observed 

ATsm, computed 

0.833 

0.817

ATsm, 

Adjusted 

7.4 

6.6

7.4 0.675 5.0
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0 
Equation 7 is then adjusted.by these ratios, and used to compute 
expected temperatures for the planned effluent channel temperature 
rise of 140F. Results are given in Table 16.  

These results show that, in the presence of a 14°F effluent channel 
temperature rise, a maximum River surface temperature rise of 60F 
can be expected at a center line submergence of about 26 ft., corre
sponding to a total depth of 28 ft. Model results, of course, show 
the 60F surface rise can be obtained for the 170F channel rise with 
a center line submergence of 28 ft.,or total depth of 30 ft.
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INTRODUCTION 

Different outfall configurations for the cooling water from the Indian Point 

Power Plant have been studied in the existi -ng Indian Point 11 model. During the 

course of these studies it was found desirable to discharge the cooling water from 

submerged outfall openings facing toward the river. Preliminary studies in the 

Indian Point 11 model, which has a distortion of 4.16, indicated that the testing of 

submerged outlets would yield local results not corresponding to equivalent proto

type outlets. The reason was that a jet formed by an outlet, is a specific hydrau

lic phenomenon, which develops without regard to the model distortion. A free jet, 

issuing into an infinite ambient recipient, has an angle of divergence of about 11.30.  

Therefore in the distorted model the spread of the jet would appear to occur at too 

low a rate. The cooling water jet would entrain excessive ambient water at the point 

where the river surface was reached and would therefore indicate a resulting tempera

ture on the low side. Since the results thus would be on the optimistic side, rather 

than on the conservative side, it was decided to carry out the detailed investigation 

of the outfall configuration in an undistorted model . The aim of these tests was two

folId: 1) To determine the geometry of the outfalls so as to meet specified require

ments with respect to river surface temperatures. 2) To determine the boundary con

dition to be imposed on the distorted model so as to obtain correct results from this 

model outside the area directly affected by the outfalls.



THE MODEL 

It was decided to construct the undistorted outfall model utilizing the heat 

capacity of the boiler supplying the distorted model. Part of the sump area for the 

distorted model was found to be a convenient site for the undistorted model, provid

ing river ambient water for the model without any extra effort in terms of piping, 

installing of pump capacity, etc. Based on the above conditions a model scale 

ratio of 1:50 was chosen. Photos #1 and #2 show the model and Figure #1 shows the 

extent of the modeled area in comparison with the equivalent area of the distorted 

model. The river bottom topography was modeled on the basis of the data used for 

the distorted model. The lateral slope of the river bottom outside the outfall is rela

tively gentle and constitutes an almost plane sloping surface within the nearest 300 

to 400 feet off shore. Therefore the increased submergence of the outfalls could be 

modeled by increasing the depth of water in the model rather than by actually exca

vating to greater depth of the outfall. This saved considerable time in testing and 

also gave the advantage of more direct comparison of different amounts of submer

gence.  

Part of the discharge channel and the sheet piling along the river shore, con

taining the outfall openings, was modeled in sheet metal to an elevation such that 

a water depth in the discharge channel of up to 32 feet could be modeled. A regu

lating gate was installed at the downstream end of the model to regulate the depth 

of water. A 4" warm water pipeline containing an orifice meter and valves for ad

justing the temperature as well as the flow rate was installed.
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The model was equipped with 22 thermocouples already connected to one of 

the recorders of the distorted model. These were placed with reference to a grid 

system for which N60 and the grant of water line were base lines. For detailed 

measurements a thermistor set with 12 probes was used which provided more flexi

bility than the more stationary thermocouples.



TEST PERFORMED 

The advantage of subsurface discharge is that the cooling water issuing from 

the discharge openings becomes mixed with ambient water which is entrained from 

essentially 4 directions. The forced mixing increases with increasing momentum of 

the discharge flow. However, the force required to produce the momentum must be 

supplied from the cooling water pumps. It was indicated by the Consolidated Edison 

Company that an increase of the discharge head of 1 .5 feet could probably be tol

erated. This was used as a guide for the testing .  

An elevation difference of 1 .5 feet between the water l evel in the channel and 

that of the river corresponds in terms of velocity head to a velocity of about 10 fps.  

This would theoretically be the velocity of the discharge at the vena contracta of 

the jet. It was found experimentally that an outfall opening area of about 720 feet' 

was the minimum area for discharging 4660 cfs from units 1, 2 and 3 and not exceeding 

1 .5 feet water surface elevation difference. (The corresponding coefficient of con

traction was 0.65 which was compatible with the configuration of the discharge stnic

ture.) It was reasoned that the lower the height of the discharge openings the greater 

the submergence and thus the more efficient the mixing. Based on the above consider

ations six discharge openings 4 feet high and 30 feet wide were chosen, separated by 

10 foot-wide partitions. The total length of the discharge structure thus was 235 feet 

including 5 feet of wall downstream from the lost opening. The end of the channel was 

blanked off.0



The degree of mixing and thus the drop in effluent temperature depends on the 

degree of submergence of the outfall openings. This is particularly the case far 

the temperature at the river surface in the area where the effluent reaches the 

surface . Therefore three different degrees of submergence of the above described 

outfall openings were tested.  

A, test series was performed using a continuous, low slot, again based on 1 .5 

feet back-up of the water in the discharge channel . Temperature measurements 

did not reveal any advantage of this design over that consisting of separate open

ing s.  

Vanes were tested to help deflect the water at a greater angle to the direction 

of the discharge channel. Although this visually seemed to indicate an improve

ment, temperature measurements did not bear this out.  

For all tests the discharge temperature was elevated about 17*F above ambient 

river temperature. Evidently no tidal action was attempted in testing but a slight 

downstream flow through the model was maintained to prevent heat from building up 

due to the warm water discharge from the outfall .



TEST RESULTS 0 

Figures 1, 2 and 3 show the test results in terms of surface isotherms. Figure 

1 is for a submergence of the outfall openings of 16 feet, ie. the channel bottom 

was 20 feet below mean sea level. It is seen that the maximum surface tempera

ture aboveambient river temperature was 9*F. The highest temperatures occurred 

downstream from the outfall about 200 feet off shore.  

Figure 2 shows the results with a submergence of 21-foot or 25-foot channel 

depth. The maximum surface temperature was reduced to 80, again occurring 

about 200 feet off shore and downstream from the outfalls.  

Figure 3 indicates the effect of 26-foot submergence. The maximum tempera

ture rise was found to be 6*F approximately 200 feet off shore, slightly downstream 

from the end of the channel. Thus an assumed ambient river water temperature of 

790 would be expected to yield a maximum surface temperature of 85°F. The chan

nel bottom elevation with this design corresponded to 30 feet below mean sea water 

level.  

Temperature distribution in vertical directign was measured at a couple of points 

in the area of maximum surface temperature. The temperatures were found to be es

sentially constant with depth as indicated in the temperature profile shown in Figure 

4.  

Since the highest temperatures were found at rather close proximity to the model 

back wall the temperature results did not convince that the model yielded the maxi

mum surface temperature. Tests were therefore conducted to scale 1:75 by changing 

the outfall model structure and adjusting the flow rate. It was found that the 60



isothermh was not exceeded. Temperatures, however, stayed constant to about 350' 

off shore, the maximum distance that could be measured for this model scale ratio 

without interference with the model back wall. This result was compatible with the 

finding that the vertical temperature distribution was constant.) 

Also with the 1:75 model good agreement was found with results from the 1:50 

model when corresponding points were compared.  

Finally, to verify that the trend towards temperature concentration downstream 

from the outfall structure Would not be accentuated by a downstream river flow, tests 

were performed with an ambient river flow in the downstream direction. The flow 

velocities corresponded roughly to an average ebb condition. It was found that the 

cooling water was deflected so that the maximum temperature would occur close to 

the shore line. However, the maximum temperatures were not higher than for the 

condition of no river flow.



0 
CONCLUSIONS 

Model tests in an undistorted scale model of ratio 1:50 indicated that an out

fall structure consisting of a vertical wall along the grant of water line, containing 

six openings 4 feet high and 30 feet wide with partitions of 10 feet and submerged 

26 feet to the top of the openings would yield river surface temperature increases 

not exceeding 60 F. The discharged water had a temperature of 17*F above ambient 

river temperature.  

For constructional reasons it may be desirable to limit the width of the open

ings. It is felt that as long as the overall length of the outfall structure is 

maintained the results of this investigation will still be valid. (For example, 12 0 
openings with 5 foot wide partitions.) :z'2 5/ "44 , ,// i- .rrn Y .b, 

The model tests yielded information for reproducing the temperature conditions 

in a boundary in the vicinity of the distorted Indian Point II model outfall area.



Figure I

Figure 2
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THE ALDEN RESEARCH LABORATORIES

In 1894, Professor George I. Alden, head of the Mechanical Engineering Department 
of Worcester Polytechnic Institute, foresaw a need for research in hydraulics and 
fluid mechanics. He selected a 240-acre site in Holden on a power privilege which 
had flowage rights to a 150-acre pond. Through his efforts the site was given to the 
Institute and a laboratory constructed.  

The laboratory was formally named the Alden Hydraulic Laboratory in 1915 when 
George Alden financed a meter station. Although he was not long in direct contact 
with the Laboratory, Professor Alden never lost interest in its progress. Through 
gifts or grants from his trust fund after his death additions to the facility were made 
in 1925, 1930, 1936 and 1937. Further generosity from his trust fund made possible 
the construction of the present main building in 1968.  

For nearly fifty years the Laboratory was directed by Charles M. Allen, a student of 
Professor Alden. His interests, personality and creative ability gave the Laboratory 
its character and reputation in the area of hydraulics.  

He was succeeded as Director in 1952 by Professor Leslie J. Hooper. Through his 
efforts the scope of the research work and size of the facility was expanded. To re
flect the broader scope of the Laboratories' graduate study program the name was 
officially changed to the Alden Research Laboratories in 1965. In 1968, Professor 
Lawrence C. Neale became the third Director of the Laboratory.  

The Alden Research Laboratories are operated as a separate research facility of the 
Worcester Polytechnic Institute. Presently, its efforts are divided into four main 
work areas. The facility must first provide research facilities and instruction for 
graduate and undergraduate students studying at W. P. I. Second, the Laboratory 
provides services to industry in the area of flow calibration or flow studies of num
erous devices used in pipe lines ranging in size from a fraction of an inch in dia
meter to 48 inches in diameter. The third area is concerned with naval ballistic 
studies associated with water entry, water exit or underwater studies.  

Lastly, the Laboratory has acquired a national and an international reputation in the 
area of model studies of rivers, dams, spillways, intakes, pumps, etc. In addition 
to a pump test facility there are currently 30 models in existence or under construc
tion at the Laboratory. Of these models ten are in the area of flow through struc
tures, eight for pump storage projects, ten for heat rejection studies and two miscel
laneous studies.  

In additon to the model studies, members of the staff are active participants on 
numerous national and international committees dealing in areas of fluid mechanics.  
This, in addition to consulting on numerous full scale projects, helps the Laboratory 
staff stay abreast of current work in its field.



CEli

ALDEN RESEARCH LABORATORIES

I- NEW LAB BUILDING 

2- OLD LAB BUILDING 

3- LOW HEAD LAB 

4- TECH OFFICE 

5- SAMMIS I 
VERMONT YANKEE

6- FOSTER WHEELER 

7- CHALK POINT 

8- RILEY STOKER 

9- PILGRIM WAVE BASIN 

10- BEAR SWAMP

1 I- MORGANTOWN 

12- CALVERT CLIFFS 

13- INDIAN POINT III 

14- GILBOA 

15-, PEACH BOTTOM

16- JOCASSEE 

17- BEAVER VALLEY 

18- INDIAN POINT II 
VT. YANKEE DISCHARGE 
NORTHFIELD INTAKE 
CORNWALL II

AREA A- OYSTER CREEK 

AREA B- NORTHFIELD RIVER 

AREA C- EASTON 

AREAD- LUDINGTON 
CORNWALL



FROM POND

INDIAN POINT II MODEL 
GENERAL ARRANGEMENT 

0 10 20 FT.

MODEL RATIO 

1:250

HEAD TANK 
TIDE CONTR( 

TIDE GATE

0

HEAD TANK 
TIDE CONTROL 

TIDE GATE 

0



0

INDIAN POINT Il MODEL
GENERAL

0 10 20

BUILDING 70 -192 FT.  
TIDE CONTROL

FROM 
POND

GATE

ARRANGEMENT

I i I 

30 40 50 FT.

OFFICE AND CROTON POINT 
-INSTRUMENT ROOM TIDE CONTROL

TANK

GEN RA



RELATIONS BETWEEN PROTOTYPE AND

POINT II MODEL PROTOTYPE

GEOMETRIC

KINEMATIC

Length 

Width 

Depth 

Volume

Time

250 Feet 

250 Feet 

60 Feet

1 Foot 

1 Foot 

1 Foot 

1 Foot 3 

1 Second

375,000 Feet 3 

32.2 Seconds

Velocity

Flow Rate 

Pressure 

Gravity Force

DYNAMIC

7.74 FPS1 FPS 

1 CFS

1 PSI

1 Pound

116,000 CFS

60 PSI

375,000 Pounds

TEMPERATURE

The Kinematic-Dynamic-and Temperature Ratios are based on Froud Scaling i.e. Gravity and Inertia 
Forces are considered dominant forces.

INDIAN

MODEL PROPERTIES



RELATIONS BETWEEN PROTOTYPE AND MODEL PROPERTIES

INDIAN

GEOMETRIC 

KINEMATIC

DYNAMIC

Length 

Width 

Depth 

Volume

Time 

Velocity 

Flow Rate

Pressure 

Gravity Force

POINT III MODEL

Foo t 

Foot 

Foo t 

Foot 3

Second 

FPS 

CFS 

PSI 

Pound

PROTOTYPE 

400 Feet 

400 Feet 

80 Feet 

12,800,000 Feet 3

44.7 Seconds 

8.9 FPS 

286,000 CFS

80 PSI 

12,800,000 Pounds

TEMPERATURE

The Kinematic-Dynamic-and Temperature Ratios are 
Forces are considered dominant forces.

based on Froud Scaling i.e. Gravity and Inertia

10 F 10 F
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THE USE OF RIVER MODELS IN POWER PLANT HEAT EFFECT STUDIES 

Lawrence C. Neale X 

INTRODUCTION 

The use of hydraulic models in the study of various hydraulic phenomena such as 

flow over spillways, flow around bridge piers, and flow in canals has been known and 

applied for centuries. Numerous examples of this type of model can be found in the 

history of science. However, the widespread use of such models has waited until 

the twentieth century. It is now the rare hydraulic project of significant size or 

scope that is not modelled for some detail during its design.  

The use of river models for heat effect studies has been of more recent origin.  

Such studies have been conducted over the past 15 years at the Alden Research 

Laboratories of Worcester Polytechnic Institute. Six such studies involving cooling 

water for thermal plants have been completed during this period. Similar studies 

have been carried out in other laboratories such as the laboratories o f the Army 

Engineer Corps at Vicksburg and at the TVA laboratories at Norris. In addition, 

there has been a considerable effort devoted to the development of the theoretical 

aspects, both of the prototype problem and the modelling of these problems. The 

rest of this discussion will be concerned with how this effort has developed at the 

Alden Research Laboratories. It should be pointed out that the Alden Research 

x Lawrence C. Neale 

Professor of Hydraulic Engineering 
Alden Research Laboratories 
Worcester Polytechnic Institute 
Worcester, Mass.



2.  

Laboratories development has resulted from the support and confidence of a number 

of clients. These include the Philadelphia Electric Company, Potomac Electric 

Power Company, Consolidated Edison Company, Duquesne Power Company, 

American Electric Power Company and Stone and Webster *Eng inee ring Corporation.  

The river models at the Alden Research Laboratories have tended to be rather 

large, in terms of the usual river model, with model ratios ranging from 1/10 to 

1/200. There are several reasons for this trend. First, a relatively large model 

tends to provide greater accuracy of any measurements made on the model .  

Second, a larger model allows a better reproduction of the details of topography 

and structures which tends to produce a better reproduction of the prototype flow 

patterns. Third, the turbulence level in the larger models tends to be greater and 

therefore more nearly duplicates the prototype.  

There are several features of the Alden Research Laboratories' plant that have 

made the use of large models possible. The laboratory is situated on a natural water 

site with a reservoir of approximately 100 acres draining an area of 4-1/2 square 

miles, which affords a dependable and relatively large water supply for experimental 

use. Also, a large portion of -the 200 acres of land at the laboratory is available 

for river model studies.  

CONSTRUCTION 

It has been found that for model heat studies, the model must be completely 

enclosed. This allows the atmospheric conditions over the model to be stabilized 

and to eliminate the solar effects which can vary widely. Therefore the first step
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in the construction of a model is to provide a suitable enclosure. Photograph No. I 

shows such a buiiding under construction.  

A concrete slab is first placed as a base in preparing a model site and then the 

limits of the model are defined by placing reinforced concrete walls. These wallIs 

are usually 4" thick and vary in height from several inches to several feet. Thus, 

the modelI is provided with permanent boundaries that can be used for instrument 

placement and measurement control, as well as a water tight basin.  

Wooden templates are cu t in the carpenter shop to the profile of the topography 

of the river bottom. These templates may be as long as 80 or 90 feet and vary in 

height according to the topography being reproduced. These templates are located

on the model from a control such as a grid that is usually etched on the slab and 

also on the concrete walls. This grid can be used to locate model structures that 

may be required and can be used to locate instruments. This grid, depending upon 

the model scales, is usually developed with an interval of between 3 and .5 feet.  

After the templates have been placed and are set on grade with an engineer's 

level, the space between the templates is filled with sand and gravel, which is 

tamped in place to w ithin approximately one inch of the upper edge or contoured 

surface of the templates. A coating of topping concrete is then placed to repro

duce the topography and to provide an impervious coating on the model. Photo

graph No. 2 shows a model under construction and Photograph No. 3 shows a 

completed model. The model does not need to be completely water tight, since 

the water will be confined within the concrete walls. Usually, the models are 

painted to allow better observatio n of tracers and to facilitate photography of dye,
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paper chips or floates which are used to trace flow patterns, and to determine the 

velocity distribution. The structures such as bridges, plant inlets, and outlets, and 

other pertinent features usually are wooden, but fiberglass, steel or other appropriate 

materials may be used.  

The flow is usually provided from an outside sump and pumped to the model inlets 

and structures through appropriate pipe lines installed around the outside of the model.  

Adjacent to the sump, an oil fired or electrically operated heater for the water is set 

up to provide a variation of the water temperatures in the sump and river, as re

required to duplicate prototype conditions, as well as the temperature differentials 

planned for the cooling water flow. A boiler to perform this task may be rated as 

high as 100 HP and burn up to 25 gallons of oil per hour.  

INSTRUMENTATION 

Calibrated flow meters are installed in each of the supply pipe lines for flow 

measurement and valves for flow regulation. Point gages and staff gages are used 

to determine water surface elevations. The temperature measurements are made with 

either thermister type or thermocouple temperature sensors. These sensors are 

located at the critical locations such as the inlet and outlet sections of the model 

and the inlet and outlet of the model plant. In addition, the sensors are placed in 

various sections of the model to provide data which will allow a development of 

temperature distribution and flow patterns of the warm water. Temperature records 

at a variety of depths are needed in many instances in order to obtain data on the 

possible. stratification in the model. It is usually desirable to record all temperature
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indications continuously. The number of temperature sensors have varied for the 

models which have been studied at the laboratory, the smallest number in some of the 

early studies was tenty and the largest number utilized to date is 250. In addition, 

there is usually a need for portable probes. The temperature indicators or recorders 

may or may not be portable but the sensor coverage must be sufficient to allow 

determination of temperature in any area that is not covered by the permanently 

installed temperature sensors.  

The apparatus necessary for a tidal model is more involved since the water surface 

elevation and flow rate must be controlled at each 'end of the model to reproduce the 

complete tide cycle continuously and automatically. It was learned in some of the, 

earl ier studies that steady state model operation could not be used to study the tidal 

effects. It was apparent in these cases that completely valid data was not obtained 

until the model was operated manually through a number of tide cycles. Therefore, 

the automatic model can be run through many tide cycles without stopping, thus 

allowing a development of residual 'temperatures as may be expected in a long estuary 

Sometimes regulated rivers can present just as complicated flow requirements as 

a tidal model. Since hydro-electric plants are more and more being used for peak 

loads, the resulting flow in a river can be anything but stable. In a recent model it 

was necessary to study the operation of two hydro-electric plants and a pump storage 

plant all operating in conjunction with a nuclear plant on the same reservoir. T he 

optimum loading of the system was determined by a computer program for a number of 

average river flows. It was necessary to operate the model on a weekly cycle.



TEST PROCEDURE 

A period of model adjustment must be carried out in operating all river models 

before actual testing can begin. During this period the model is studied and 

modified until it performs as the prototype. Thus it is important to have data from 

the field, not only on the physical features but on flow phenomena, such as water 

surfaceelevations, velocity, flow patterns and flow rates. In some cases, where this 

data is not available it is necessary to go into the field and obtain sufficient infor

mation to adjust the model. Data is also obtained on model performance during the 

period of adjustment that serves as a basis of comparison with later tests and modifi

cations. However, in all cases, photographic data is taken to supplement recorded 

temperatures, elevations, flows and the like. The photographic data takes the form 

of both motion pictures and stills and usually involves tracers in the form of dyes, 

paper chips and floats. The detailed operating procedure for these models differs 

widely with respect to the type of model and type of plant operation that is planned.  

The simplest form of model which has been tested at the Alden Research Labora

tories is the river model with the heat effect superimposed. In this type of model, 

the testing involves setting a variety of river flows and river stages on the model and 

then superimposing the steam plant cooling water flows at the proper locations. At 

the model steam plant, this means withdrawing the correct flow from the river at the 

plant intake location and introducing the heated flow at the selected discharge or 

outlet point. The flow patterns developed by the hot water and the changes in the 

flow pattern of the river, with the hot water being introduced and the cooling flow 

withdrawn, are then documented. It has been desirable to reproduce river temper-



ature over the range from summer to winter operation. In the extremes this has 

required a river temperature variation from 320 to 85*F ., representing extreme 

winter and summer conditions. This requirement means that there must be a large 

amount of water heated and available.  

In the case of rivers where the hydro-electric development is complete, large 

quantities of water at various temperatures mu .st be available to allow the model to 

be operated over some cyclical program, such as a weekly cycle. In most cases, 

the operation of such a model is carried out for at least two weeks of operation.  

The first week is run to develop the proper distribution in the reservoir and the second 

week is run as the test of record. This system allows the model to start and run 

through a typical week for the record.  

The operation of the tidal models also involves some time in developing a quasi

steady state. The model must be run through a number of tide cycles, with the 

cooling water being withdrawn, heated and re-introduced, in order for the heat dis

tribution to develop over the whole section being modelled. The number of tide 

cycles necessary to produce this state must be determined for each model by monitorir 

its operation after adjustment. Data on the temperatures is recorded versus time and 

the time is usually developed in, portions of the tide cycle.  

In all of the model studies data reduction has been an increasing problem. Thus 

it has been necessary to turn to computer techniques of data reduction as well as data 

recording compatible with the computer. At the present time, data is being read and 

transferred to punched cards directly. All. the latest model data will go directly onto 

magnetic tape for data processing .



SCALING 

The Reynolds Number (ratio of inertia and viscous forces in all modelling work 

must be greater than certain minimum limits in order for the model to perform in a 

turbulent manner similar to the prototype. Also in river model work the Froude 

number (ratio of gravitational and inertia forces) must be maintained for both model 

and prototype. The normal Froude relationship is applied to the various quantities 

to be scaled such as distances, flows, velocity and time. On this basis, for a 

model scale of 1/1000 horizontal and 1/100 vertical, which happens to be those 

for a model under construction at the moment, the following ratios developed: 

Lm _
1/1000 

Length Lp 

Height Hm = 1/100 
Hp 

Flow 
Qm Lm Hm 1, 0 

Q- L H3/2 1,000,000 

Velocity Vm - m = 1/ 
Vp H 

Time Tm Vm/Lm 1/10 

Tp VP/Lp
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Also involved with the warm water flow into the reservoir or river is the densi

metric Froude number which is normally written as: 

r - where Vo = jet velocity 

v/ Do = mass density of jet 

g = acc. gravity 

Do = dia. jet 

This special form of the Froude number is used in determining the density difference 

of the warm water and the receiving water for correct modelling. This relationship 

reduces to the form: 

A(' -or Prototype - A e for Model ( e) 9 

which means that if the temperatures of warm water and the receiving water are the 

same model and prototype, then the mixing characteristics will be the same.  

Finally, a distorted model has certain advantages in addition to the Rn limit, 

namely that certain combinations of scales allow the model to theoretically scale the 

heat transfer phenomena.  

Since the amount of heat added to the reservoir is the flow rate in pounds per 

second multiplied by the temperature rise, the ratio of model and prototype is given 

as the following relationship: 

Y', Q," (t1 ) Ratio of heat added 

GP QP(A ) 

where Y = specific weight of water 

Q - volume flow rate 

t = temperature



Since in the Froude scaling above

Qm 
Qp

Lm Hm / 

LI H p31

YSp = Yrn

'6t =Atm 

The heat transfer in both model and prototype is dependent upon a surface area so the

(Heat Trans) m 
(Heat Trans)p

L 2 

LTM

Then in order to have these terms modelled properly from the prototype, the scale 

ratios must be such that

Lm 2 Lm Hm 
3 ' 

Lp H p ;4

or Lm 

Hp 

as, for example, the ratio of

Lm - 1/1000 Hm 
and H -

does satisfy this relationship.

1/100



RESU LTS 

The results from the model studies can be presented in a number of ways in order 

to make maximum utilization of the tests. The various methods are all aimed at 

showing how the flow patterns of the warm water have developed and predicting the 

extent of the effects in the prototype. All of the studies have indicated that the 

basic patterns developed in the model are similar to those of the prototype. Th is 

means that with the pattern defined by the model, the transfer from model to proto

type is involved with evaluating the temperature difference intensity. This basic

ally is what has been done for model studies where receiving water has ranged in 

temperature from 320 to 85 0 F. and temperature differentials produced by condenser 

cooling have varied from 00 to 450 F.  

Thus, once the basic patterns have been established, it is possible to use these 

patterns and the prototype operating conditions, including atmospheric conditions, 

to predict the resulting warm water distribution. In addition, this allows an evalu

ation of such things as, the amount of re-circulation that will be experienced at the 

power plant and the overallI effect on the body of receiving water. Temperature 

gradients, both in terms of time and depth, can be esta blished at specific locations.  

It is important to note that in going from the model to the prototype, there are 

a number of basic parameters that must be taken into account. First, in the model 

tests, within the building the wind velocities are maintained practically at zero; 

second, because of the closed building and the lack of circulation and changing of 

air, the relative humidity over the model is extremely high; finally, because of the



completely enclosed structure, the solar effects are eliminated from the model.  

Experience has shown that the net result of these various differences between proto

type and model, tend to produce a heat loss from th e model to the atmosphere that 

is considerably less than a normal situation in the prototype. It has been found, in 

all cases to date, from data taken in the field, that the temperatures tend to be a 

bit higher for a given set of operating conditions in the model than the prototype.  

Figure 1 shows the model layout of a heat study for a relatively simple run of 

the river situation. There are peculiarities to each particular study and the details 

will bring this out, even in this more or less typical case. It willI be noted that 

there is a water supply and distributor box at the upper end of the model to Iprovide 

a controlled, measured and variable river flow. In addition, at the plant location, 

there is provision for taking water from the river, at the intake for each unit of the 

plant, and provision for heated water, at the proper temperature and amount, to be 

re-introduced to the model through the outlets on the individual units as designed.  

The individual features that make this model study a bit different is the fact that 

there is an existing unit and that its intake and outlet are not rearranged in the light 

of additional future units downstream. It will also be noted that the fuel barg es 

moored offshore from the plant are in place during the studies. This was necessary 

in order to duplicate the flow Patterns that would take place with fuel barges in the 

moored positions, as they will be for a major portion of the time that the plant is in 

operation.  

In this particular study, a number of thermistors were used for sensing temperatures 

at different locations and at different depths in the model . These sensors were placed 

on a frame that could be moved up and downstream and across the model. A minimum
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of 24 individual readings could be taken at a particular time, and over the period 

of about one hour, a survey of wellI over 200 test points could be obtained.  

Because of the steady state condition of a particular river flow and plant operating 

condition, it was not necessary to get simultaneous readings over a large area of 

the model. In most instances, it was found that the model for a particular oper

ating condition and river stage would stabilize in five to ten minutes'. However, 

in most cases, the model was not subjected to a data survey for at least one half 

hour after all the flows and temperatures had been set and operating in a constant 

or stable manner.  

Figures 2 through 5 indicate the type of data and results obtained from this 

model work. These take the form of isotherms of excess temperature, based on 

ambient river water temperature, plotted on a plan view of the mo del. Figures 

2 and 3 are with the old plant, plus units one and two of the new plant, operating 

with a river flow of 7000 cfs. This means the river flow exceeds the total plant 

flow by a factor of a little over three to one. Figure 2 is an indication of isotherms 

for the water surface obtained in the general area of the plant. It should be noted 

that the guide wall at the outlet for Units I and 2, as well as the fuel barges, have 

an apparent effect on the flow patterns of the warm water. Figure 3 is a similar 

plot of conditions 2 feet (prototype) below th e surface. Figures 4 and 5 are similar 

plots but for a larger river flow, but the same plant conditions. The river flow in 

this case, about 25 times the total plany flow. It is now seen from the isotherms 

plotted for the surface and for a depth of two feet, how a much larger river flow 

tends to moderate the excess temperature in the area of the plant. An added aspect



in this particular model study, was a study of the sedimentation or bed load motion 

that occurred in the general vicinity of the plant and a prediction of the dredging 

requirements that would be necessary to maintain the intake.  

The second study to be reviewed is that of the completely developed river and 

a thermal plant located on the reservoir. The flow in this reservoir is, to a large 

extent, controlled by the operation of these plants and by a pump storage plant, 

which uses the reservoir as the lower basin of its two basin system. The weekly 

cycle was found to vary with the predicted flow of the undeveloped river. Because 

of this schedule, the model has been required to operate on the weekly time schedule.  

The scales of the model are such that a weekly prototype time period consumes a 

model test time of roughly three hours and forty minutes. As indicated previously, 

in order to properly duplicate this time cycle and the flow patterns in it, at least 

two weekly cycles are run in succession, in order to obtain meaningful data. The 

temperature probes are spotted at the critical locations over the model, as well as in 

other areas that are considered important, and for basically three different elevations, 

one at the surface, and five feet below the surface and one ten feet below the surface 

There are 240 sensors taking data at a rate of better than every 50 seconds. The 

general arrangement of 1he model is shown in Figure 6. The supply l ines to the 

various hydro-electric plants should be noted as well as the direction of the flow at 

each plant. The sump is necessary to supply the water at the required basic reservoir 

tempera tures and the boiler and appropriate pipe lines provide heated water as 

required.  

Figures 7, 8, 9, and 10 are isotherms of excess temperature at the reservoir 

surface and at a depth of ten feet for two times in the weekly cycle. Figures 7 and
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show the isotherms for a Thursday afternoon situation. While Figures 9 and 10 show 

the isotherms for Sunday morning conditions. It is-apparent from an inspection of 

these figures that the time of the day and week are significant to the temperature 

effects in specific sections of the model. The differences noted, in reviewing the 

isotherms, point up the influence of the hydro-electric station's flows on the reservoir.  

After a weekend when pumping has been most active at the pump storage plant, the 

excess temperatures are moving well upstream in the reservoir, due to the draw down 

and the draft of the pump storage plant and its location relatively far up "he reservoir 

on the opposite bank from the thermal plant.  

It is apparent that the type of outlet structure can influence the flow patterns of 

the warm water effluent from the plant. There is a possibility of varying the in

fluenc-e of the cooling water flow on the reservoir by the structural arrangement at 

the thermal plant outlet.  

Figure 11 shows a general layout for one of the tidal models studied at Alden 

Research Laboratories. The location of the controls and water supply necessary to 

vary the water level and the flow into and out of the model at either end are shown.  

The sump, oil-fired water heater and pumping supply necessary to produce these 

tidal flows at any temperature between 40' and 90'F. are indicated. It should be 

pointed out that in most tidal studies the cooling water flows are small relative to 

the maximum flow. The cyclical variation of tidal flow with the smaller heated 

flow thus becomes the critical aspect in the study. In addition, to the permanent 

sensors, a portable probe with eight thermocouple sensors in a vertical array is 

provided to probe any area throughout the modei. This probe provides information 

to develop the vertical profiles of temperature. The operation of the model, with



the scales that were chosen, requires that the complete tidal cycle take about thirty 

minutes. Usually it is found necessary to operate the model for about four hours or 

about eight tide cycles before taking data for as many tidal cycles as required.  

The data being taken was always referenced to the tide phase so that any specific 

point or bit of data could be considered in its proper time sequence. Figures 12, 

13 and 14 are plots of surface isotherms of the middle section of the model showing 

he results of structural changes to the outlet canal . Figure 12 is for the longest 

structure while the other two show the results of different amounts of shortening.  

These are allI for the same phase of the tide. Additional data was developed for 

other tide phases and model arrangements.  

The results presented in this report have been taken directly from the model 

studies and no attempt has been made to make any of the necessary adjustments to 

the prototype. Also, in all cases, the arrangements shown have been subject to 

further revision so that final conclusions can not be drawn from the data shown.  
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SUMMARY 

A number of river model studies have been undertaken at the Alden Research 

Laboratories to determine the influence of heated water effluent on bodies of 

water. The flow patterns developed from these model studies have been used to 

predict the flow patterns and temperature patterns in the prototype. This lype of 

study, using similar techniques, has been applied to rivers, reservoirs and estu

aries. Although it is difficult to obtain detailed data from the field after completion 

of projects, the results that have been obtained indicate gjood agreement with those 

of the model study. It is hoped that the future will see a further improvement in 

the mcdelling techniques and instiumentation and that the theoretical development 

will allow more complete analytical treatment of the problem. It is also apparent 

that more detailed data on accomplished projects are necessary to the whole process.
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The factors to be taken into account in the design of the model for this 
type of work have been described in a previous paper. In brief, the effects 
may be summarized by pointing out that inasmuch as the problem is associated 
with low flow in the river, it follows that the depth and velocity in the 
field will both probably be small. These facts lead to large physical 
models in order to keep the flow conditions in the model above laminar. This 
naturally leads further to distorted models for economic reasons. We have 
always used heated water in our model studies to provide the effect of the 
heating by condensers in the power plant since this duplicated the density 
conditions as well as all of the other properties of the water. Further
more, it allows the analysis of the performance of the model to be made by 
the heat balance.  

Model experience 

It is proposed in the following paper to describe some of the difficulties 
that have been experienced with model testing of re-circulation of condenser 
cooling water in power plants and to discuss further some of the types of 
results that can be obtained from such studies.  

The greatest problem that was encountered in this type of model study is the 
establishing of standard conditions for test or even maintaining control of 
all of the conditions that affect the heat balance in the model. All models 
of this type at the Alden Hydraulic Laboratory have been constructed outdoors 
because of their size. It was quickly found that the sun and the wind both 
had a tremendous effect on the heat radiated into and out of the model. When 
time is not pressing and the work can be done in the summertine, it is 
usually best to wait until late in the afternoon when the sun is low and 
there is no heat coming in; the breeze that has stirred during the day has 
died away and the evening flow of air has not commenced. This naturally 
means that there will be a large number of days when the model will be fired 
up but the weather conditions will not become satisfactory and the model will 
be shut down to wait for a favorable situation.  

The best possible solution is a model located indoors or completely covered 
in. This may add considerable to the expense, but it is definitely desirable 
to provide for covering in the model. It not only makes the work go faster, 
but it also provides better control so that the results are apt to be more 
accurate.  

Where work must- continue into colder weather with an outdoor model, it has , 

been founhd desirable toprovide two boilers so that the river water could 
be heated as well as the circulating water. Although some study was given to, 
heating both the river water and the condenser flow, with one boiler, it..  
seemed to produce a very complex arrangement of controls with a good possi
bility of interaction.) For this reason, the simpler method of using two.  
boilersT was: adopted. In the first case, there was found a condemned 100 hp_:.  
boiler which was vented to the atmosphere so that it worked under no stear, 
pressure. .For the second boiler, a simple insulated box with expanded metal
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tubes and an oil burner was used to provide the necessary heating effect.  

This made it possible to control the temperature coming into the model as 
well as the temperature rise provided by the condensers and made the opera
tion of the model considerably simpler.  

Most of these models for studying re-circulation are difficult to operate 

because of the pondage effects. Naturally the bed of the river is large 

compared to the flow and the very low velocities make control difficult.  

Work with these models have also indicated that it is very desirable to take 

much more temperature data than one would at first think necessary. It is 
obvious that the river temperature, the condenser inlet temperature, the 

condenser discharge temperature and the river discharge temperature will all 

be necessary in making the heat balance. It will quickly be found in exper

ience that many more readings can be taken of the surface temperature in 

order to arrive at an average figure of surface temperature of the pool sur
face to be used in computing the heat transfer coefficient "U". Further, 
readings may also be desirable at various spots along the bottom so that the 
temperature profile can also be estimated.  

On one of the model studies, there was made available a multipoint recording 

resistance thermometer which took temperatures in twelve different locations 

in succession. The calibration of the instrument was modified in order to 
make the temperature range of the model extend across the full scale of the 

instrument. This was found very desirable in controlling the model, inasmuch 
as variations in flow and temperature became apparent more quickly and it was 

found valuable thereafter in providing information that was needed in-the 

analysis of the results.  
TEST RESULTS 

All of these re-circulating water studies have the effects of density and 

consequent stratification to a greater or less degree. Unfortunately, the 

density effect is not the only one acting, but there are also the velocity 
effects which can modif~y the pattern of flow considerably. It is obvious 

that where there is a deep pool the density effects will predominate, but 

where the depths are shallow, the flow and velocity effects may be the domi
nant factor in establishing the pattern.  

One of the interesting facts found on an early model was the pattern of flow 

at the intake to a proposed steam power plant. In this case, the tests were 
being made with approximately 50% re-circulation and there was'a pool, al

though quite shallow. As will be noted in Figure 1, the relatively cool 

water coming from upstream, was on the left bank of the river and the re

circulating water returning to the intake was also on the left and convex 

bank of the river. Whereas one might have expected that each of these flow 

would have gone into the nearest intakes, the reverse was found to be true.  

As will be seen in Figure 1, the hot water flowed beyond the center line of 
the intake and entered the upstream entrance, whereas the cold water flowed 

underneath and beyond the centerline of the intake and for the most part, 
entered the downstream intake opening. The temperature of the incoming 
water of each 'section of the intake was recorded throughout the tests and 

differences between the two intakes as great as 10 were found. It was not 

known whether this would constitute a problem in the operation of the plant,0 

so that steps were taken to mix this flow should it be necessary in the 

field. Although a means was found of doing this, it proved to be more
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W difficult than anticipated. The corrective work consisted of' a wall extending 
out into the stream and this was not put in until actual experience with the 
plant indicated its need. So far as is known, no trouble has been experienced 
with the variation in temperature between the cooling water to the two units 
and the wall to provide mixing has not been installed.  

Another effect that may be a little surprising is the matter of' discharging 
the discharge, where possible, parallel to a bank of the river. The velocity 
along the bank will present a lower pressure than is present in the main 
stream, so that the moving stream will be held on contact with the bank until 
its kinetic energy is dissipated (Figure 2). Reference to Figure 3 will show 
the relative increase in cooling area of the pool at a given river flow that 
could be secured by taking advantage of this velocity effect. Naturally the 
effect is easier to maintain on the concave bank of the stream than on the 
convex, but it will work in both cases.  

An interesting indication of the interplay between velocity and density 
effects, is seen in Figure b, which shows the velocity patterns at river 
discharges of 1500 and 600 cfs, with a condenser re-circulating flow of 800 
cf's. This pattern was found in a river where the depths were varying between 
a minimum of approximately 5 feet to a maximum of about 15 feet, so that the 
pool effects were becoming more prominent as the river discharge decreased.  
It will be noted that at 1500 cfs the surface water flow pattern is showing 
signs of instability with areas where the water is apparently sinking or 
stagnant rather than flowing. On the other hand, the bottom flow for this 
condition is completely definite and stable as is shown by dye indications.  
At 600 cfs, however, the reverse is true. It will be seen by this time that 
the surface flow is completely stable, whereas the bottom flow has now the 
unstable characteristics that were seen before in the surface flow. Needless 
to say, when a model is being operated in a transition range of this sort, 
it is much more difficult to secure consistent heat data.  

As an indication of the type of result that is normally found from this study, 
there is included the test result of one of the model studies, Figure Ij. This 
is for a river where there is a considerable pool effect at the low river 
discharges. It will be seen that the model indicates a temperature rise of 
16 degrees at the intake due to re-circulation when the river flow drops to 
500 cf's. The condenser flow for this condition was taken at 800 cf's, with 
a 14~ degrees Fahrenheit rise. At 800 cf's the temperature rise at the intake 
is still 9.3 degrees, and even at 1500 cfs, which is nearly twice the cooling 
water flow to the condensers, it is found that there is re-circulation causing 
a temperature rise of 3.7 degrees.  

From this model curve, there is predicted immediately below it, another curve 
which indicates the expected temperature rise in the field. Experience has 
indicated that the minimum heat transfer obtained in the model for conditions 
of little heat transfer to the air, is 3 BTUJ per square foot per degree F.  
per hour. Experience in the field, however, indicates a minimum value of 6 
or 7 BTUJ per degree, per square foot, per hour. The predicted curve, there
fore, reflects the difference of 3 and 6 in the heat transfer coefficient.  
Beyond this, the use of a distorted model results in a smaller area, in 
proportion to the volume of water, than will be found in the field. 'Even 
further, in this particular model, more area of the pool will be affected by 
higher temperatures than was represented in the model. In predicting the 
field result, therefore, a heat balance calculation was made at several
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discharges by a method of arithmetic integration to evaluate properly the 
increased area and the increased heat transfer coefficient that will be found0 
in the field. As shown in the curve,, this anounted to 4.5 degrees at the low 
flow. The modification of temperature was only 1.14 degrees at a discharge of 
1500 cfs. In the latter case, the increased velocity of the stream prevented 
the warm water from traveling very far upstream so that the modification of 
area as between the model and the field was very small.  

There is an interesting possibility in the re-circulation problem of using a 
heat storage effect of a pool to tide over the period of worst operating 
conditions during the day. Briefly the highest daily temperature comes be
tween 12 and 6 o 'clock in the afternoon; the humidity and a lack of wind are 
apt to go along with this high temperature as it is the maximum peak load due 
to air condition. On the other hand, after 6 o'clock the temperatures drop 
as a rule, and during the night a modest breeze may spring up to give a much 
better operating condition. Obviously, if the pool is large enough, there can 
be an averaging effect between the night operating conditions and those found 
during the worst part of the day. Unfortunately, in none of the models that 
we have tested, has this pondage effect been adequate to be of any economic 
interest.  

The possibility of reducing load and dropping the pool temperature was studied 
on one of the projects. It was assumed that reduced load on the plant would 
be maintained until noontime and then full load would be carried from noon 
until 6 o'clock. In this study, it was found that only four degree-hours of 
storage could be secured by operating the plant at 50% load for six hours in 
advance of the desired maximum load condition. The re-circulating time in 
the pool was three hours and the study showed again that most of the benefit 
obtainable was secured in one re-circulating period.  

However, where a steam plant is located on a deep pool and where density 
stratification is possible, it should be entirely feasible to secure consid
erable benefit from storage effects.  

There is one further item that is shown from the studies made at the Alden 
Hydraulic Laboratory, concerning the re-circulating problem of a steam power 
plant located on a river. This is the fact that the power plant should 
preferably be located on the outside or concave bank of the bend. In the 
first place, this will be effective in bringing the deepest water to the 
intake of the power plant and at the same time minimizing any trouble that 
may occur from silting. As the depth of the pool increases, the lbcation 
on a concave bank is still important since to secure the maximum benefit of 
stratification, the intake must be located as deep as possible and with very 
low velocity of inflow if the stratification is not to be disturbed.  

In conclusion,it is felt that some of the results found from tests indicate 
that the model test of a steam power plant to determine the factors of temp
erature, re-circulation, time, silting and stratification at steam power 
plant inlets may well be of value in indicating the design of such intakes.  
With the increasing size of steam power plants, the problem of securing 
adequate supplies of cooling water is becoming more serious. In some loca
tions, there is a further complication that States are beginning to talk of 
considering heat in a stream under the same category as acid, and other 
industrial wastes; in other words, an undesirable pollution. In one instance, 
it is known that a committee on legislation is toying with the idea of
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considering that any single steam power plant must not raise the total temp
erature of the river water by more than 2 degrees. It is obvious that if 
such thinking is expressed in the regulation of steam power plants, there 
are many plants now in operation which will find themselves in difficulty 
during severe warm weather operating conditions.
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Mr. George T. Cowherd, Jr.  
Environmental Engineer 
Consolidated Edison Company 
of New York, Inc.  
4 Irving Place 
New York, New York 10003 

Dear Mr. Cowherd: 

The accompanying report has been written to provide theoretical 
support for the planned submerged outfall design for efficient 
discharge of heated waters from Indian Point Unit Nos. 1,2 and 3.  

As you know, the proposed outfall, which will consist of twelve 
4 X 15' slots, spaced on 20' centers, submerged 18 feet below the 
water's surface, and discharging at 10ft/sec normal to the River's 
longitudinal axis, was selected after extensive testing in an 
undistorted hydraulic model of the outfall site at the Alden 
Research Laboratory. Alden's results showed that the maximum sur
face temperature rise would not exceed 50% of the plant temperature 
rise, and that the surface area encompassing temperature rises 
greater than 40F would be rather small.  

This study consists of the development of a mathematical model 
which is based on a consideration of the fluid mechanics of sub
merged jets (Chapter I), a comparison of the theoretical model to 
observations of actual submerged jet behavior made in the Alden 
model and in the Hudson River (Chapter II), and a prediction of 
behavior at Indian Point under a different and more severe set 
of conditions than those studied in the hydraulic model (Chapter III).

Study results are summarized as follows:
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Mr. George T. Cowherd, Jr. -2
October 13, 1969 

1. A mathematical model describing the behavior of a sub
merged jet in the Hudson River was developed and success
fully programmed for computer solution.  

This model consists of a set of twelve simultaneous equations, 
and incorporates the effects of plant intake temperature 
density and salinity, plant outfall temperature, density, 
salinity and flow, outfall geometry, including port size, 
shape, edging, orientation, and submergence, and river 
velocity (both runoff and tidal), tidal phase, and 
ambient temperature, density and salinity.  

Initial jet momentum, induced buoyancy, and entrained 
river flow and momentum are the major controlling mechanisms 
accounted for. Drag force and the influence of the river 
surface and bottom on the expanding jet are not included.  

Computer output includes the path of the expanding jet, 
and, at any port along this path, the jet diameter, velocity, 
density, temperature and dilution factor.. Stops are in
cluded to indicate when the jet boundary reaches the 
river surface or bottom.  

2. Computed results agree reasonably well with measurements 
made in the undistorted hydraulic model, and in the vicinity 
of the submerged outfall of Orange and Rockland Utilities' 
Lovett Unit #4, located at Tornkins Cove on the Hudson River's 
west bank, less than two miles south of Indian Point.  

Improved agreement is obtained by adjusting computed 
results to account for the boundary and drag effects not 
included in the mathematical model, and for interference 
between adjacent jets in the multiple-port design.  

3. Computed results for a condition of a maximum ambient 
temperature oif 790F, and a maximum condenser rise of 171F, 
showed that the maximum surface temperature can be expected 
to be 90F. The surface area bounded by the 40F isotherm, 
and the lateral distance from shore, bounded by this 
isotherm, can be expected to be on the order of the values 
given for these parameters in our report to Con Edison of 
February, 1969..
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Mr. George T. Cowherd, Jr. -3
October 13, 1969 

These results show that the submerged outfall will perform 
as previously estimated, and that this design should meet 
the Thermal Discharge Criteria of the New York State Water 
Resources Commission.

P. Lawler

JPL:kk
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I. THEORETICAL ANALYSIS OF SUBMERGED JET DISCHARGE 

A. Introduction 

The characteristics of any hydraulic phenomenon, such as a hydraulic 

jump or a submerged jet, may be analyzed by application of the 

fundamentals of fluid flow. The applicable principles of 

fluid flow include: 

1. The principle of conservation of mass, from which the 

equation of continuity is developed; 

2. The principle of kinetic energy, from which certain 

flow equations are derived; and 

3. The principle of momentum, from which equations describing 

dynamic forces exerted by flowing fluids may be established.  

In the case of a jet submerged in a quiescent body of liquid of 

the same density, the pressure distribution is assumed to be 

hydrostatic, and, if drag forces are neglected, the momentum flux 

in the direction of the expanding jet remains constant. Assumption 

of a particular velocity function (such as the Gaussian frequency 

distribution) then permits evaluation of the rate of jet expansion
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between the jet. and surrounding water is reduced to zero. This 

phenomenon is called initial jet dilution. Further dilution 

occurs by turbulent transport mechanisms.  

The relative motion between the plume and the river water develops 

shear stresses. Turbulence is generated and mixing takes place 

first around the periphery of the column and finally throughout 

the whole column. This results in a continual growth in jet 

size, a decrease in jet temperature, and an increase in density 

of the heated jet as it nears the surface.  

Entrainment of horizontal momentum possessed by the river itself, 

as the jet entrains the river water, causes the plume to move 

upstream or downstream depending upon river flow direction.  

In estuaries, the introduced heat is ultimately lost to the 

atmosphere and flushed from the estuary in the seaward directed 

flow of the surface layers.  

The purpose of this theoretical analysis was to develop a mathe

matical model and computer program, suitable for the prediction of 

the coordinates of the axis of the jet, and, at any point on this 

axis, for the prediction of jet size, velocity, dilution, density
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and temperature. Model inputs include port size, initial jet 

velocity, jet orientation, discharge water salinity, maximum 

plant temperature rise, river ambient temperature, river water 

salinity and river runoff and/or tidal velocity.  

C. Formulation of the Mathematical Model 

In this section the basic equations for a circular jet discharging 

into a river are developed in terms of the known above mentioned 

design parameters.  

The problem is formulated based upon the following assumptions: 

1. Initial jet momentum is conserved, i.e., dragforce is 

neglected and the jet, at any point, will contain this 

momentum as originally distributed in the three 

dimensional system, as well as any momentum picked 

up from the river itself.  

2. The jet is axially symmetric along its entire length.  

3. Jet expansion continues indefinitely.  

4. Boundary effects are neglected and an infinite source 

of water is available for dilution.
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The first assumption has been adopted in submerged discharge 

analysis by many investigators. Field and laboratory measure

ments have shown the second assumption is valid in most practical 

cases, at least until the river bottom or surface begins to 

interfere. The effects of drag force and boundary interference 

are discussed in Chapters III and IV, under verification and 

application of the model.  

Figure 1 shows the coordinate system chosen for the analysis. The 

"x" axis is horizontal, perpendicular to the longitudinal axis of 

the river (this is the "z" axis), and values of "x" increase 

positively as one moves away from the outfall (x=0) laterally into 

the river.  

The "y" axis begins at the outfall (y=O) and moves vertically 

upward toward the river's surface. Values of "y" increase 

positively as one moves vertically upward.  

The "z" axis begins at the outfall (z=O). Values of "z" increase 

positively as one moves downstream along the river's longitudinal 

axis, which, of course, is normal to the lateral, or "x"1 axis, of 

the river. In tidal rivers, the river itself possesses a positive 

"z" momentum during ebb, and a negative "z" momentum during flood.



QUIRK, LAWLER F6 MATUSKY ENGINEERS

-6

The momentum in the lateral or "x11 direction is considered to be 

constant. This implies that the buoyant forces, produced by 

differences in the mass density of the effluent and the receiving 

waters, will cause the plume of diluted effluent to surface before 

the lateral momentum is diminished by the effect of viscous or 

frictional resistance.  

Vertical or "y" momentum, at any reference point in the plume, is 

equal to any initial vertical momentum from the outfall,plus the 

total buoyant force occurring at the point. Notice that this 

recognizes the addition of momentum to the system, as the jet 

becomes exposed to the influence of the river.  

Momentum in the longitudinal direction is equal to the component 

of initial momentum in this direction, plus the added amount due 

to the exchange of momentum from the receiving waters entrained 

into the jet plume. This recognizes that the entrained river 

water is part of the river's flow and , as such, possesses a "z" 

velocity and, therefore, a "z" momentum.  

The origin of this coordinate system (x=O,y=O,z=O) is actually 

the vena contracta of the jet as it emerges from the submerged
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outfall. For sharp edged ports or slots, this will be slightly 

beyond the opening itself (and slightly below, if the jet is 

directed downward at some angle from the horizontal). For 

rounded openings, the center of the opening is the origin of the 

coordinate'system.  

1. Development of the Momentum Equations 

Consider the flow path shown in Figure 1 in which sections so and s 

are normal to the centerline of the jet at the outfall and at any 

arbitrary section beyond the outfall, respectively.  

Adopt the following nomenclature: 

Ao  = Cross-sectional area of the vena contracta 

A = Cross-sectional area of the jet at any point x,y,z 

C3  = Slope of the jet boundary 

x = Lateral distance from point of discharge 

y = Vertical distance from point of discharge 

z = Longitudinal distance from point of discharge 

s = Length along centerline of jet from point of discharge 

Do  = Diameter of the jet's vena contracta 

D = Diameter of the jet at any point x,y,z
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vo 

v 

vr 

Po 

P 

Pr 

M 

Mx, My Mz 

ex, y, 9 z 

00 

Q 

Vn

= Initial average jet velocity = Qo/Ao 

= Average jet velocity at any point x,y,z = Q/A 

= Average river or tidal velocity (positive = downstream) 

= Mass density of effluent 

= Jet mass density at any point x,y,z 

= River mass density 

= Initial jet momentum = PoAovo
2 

= Total jet momentum at any point x,y,z 

= MCos ex,ey,oz 

= Direction of angles between a tangent to the center

line of the jet at any point x,y,z and the x,y,z axes 4 
= Effluent flow rate 

= Flow rate of the jet at any point 

= Incremental volume of jet over an incremental 

distance Ls

Momentum balances are written for the three directions using the 

control volume approach. This is particularly suitable for the 

system under study, since the discharge is continuous, and for 

this study, assumed to be operating at steady state.

We are dealing, therefore, with rates of momentum flow, i.e., the



QUiI1PhAWI.EQ & MATIISKY ENGINEERS

-9

momentum per unit time flowing past an inlet or outlet section of 

the jet volume chosen for analysis, and the basic equation is 

developed by inventorying the momentum as it flows in. and out 

of this volume, and is produced by development of buoyant forces, 

lost due to viscous drag, or added along the length of the volume 

element due to entrainment of river water possessing a momentum 

of its own.  

This inventory equation is written on each of x,y, and z momentum 

over the jet volume between the sections so and s as follows: 

Rate of Rate of + Forces Acting on Jet and 
Momentum Input Momentum Output Momentum Flow Gained or Lost 

-Time Rate of Accumulation of 
Momentum within Jet ...... (1) 

For the steady state condition, the only one investigated here* 

the right side of Equation 1 is identically zero.  

Consider "x" momentum. Since drag is neglected, the third term in 

Equation I is zero and the momentum equation in the "x" direction 

is written as follows:
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Vo = CoAf o ...  .......... (2) 

Consider "y" direction. In the "y" direction, the vertical momentum 

flux (flow) increases due to the net buoyant effect. Application 

of Equation 1 to "y" momentum over the volume between 0 and s yields: 

A~ ~ Afo. ~ *4 06 

/"l/o$i =g 0 
.... .... (3) 

Consider "z" momentum. In the "1z" direction, the rate of change 

of momentum flux along the jet is equal to the rate of entrainment 

of river momentum flux, which is inherently "z" directed. Since 

the jet entrains river water, and since this water has a "z" 

velocity, which we assume will not be lost or decreased, the "z" 

balance must include the introduction of river "z" momentum into 

the jet.  

The magnitude of this rate of momentum introduction will be the 

product of the entrained mass flow, prdQ, times the river velocity, 

vr. Application of Equation 1 to "z" momentum, over the jet
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volume between so and s then yields: 

'4 

= 4 ........... (4) 

We are in the process of developing a system of simultaneous 

equations to provide a unique solution for a number of unknowns 

(p,v,A,xy , Sz). The unknown p, which appears in the integral 

in Equation 3, and dQ/ds, or sVA), which appears in the integral 

in Equation 4, are complex functions of s, i.e., of location.  

Analytical solutions of this eventual system of equations, therefore, 

will be virtually impossible to obtain.  

A numerical technique, suitable for high speed digital computation, 

will be used to solve the equations. The development of this 

solution begins by breaking the jet plume into a finite number of 

sections, each of length Ls, along its centerline (see Figure 1).  

Equations 3 and 4, describing the balance of "y" and "z" momentum 

over the jet lengths, are rewritten for incorporation into the 

numerical solution technique as follows:
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.......... (5)

'7 

=

Ole MW

Co's , A, cJj 4., *~~i 9,,srJ 2
.......... (6)

The following definitions apply: 

Mn = the momentum flowing out of the segment n. This 
is equal to the product of the density, velocity 
and cross-sectional area of the jet at the down
stream end of the volume segment Vn

COSayn = the "y" direction cosine of the tangent to the 
jet centerline at the downstream end of the 
segment Vn. CO5Gzn is defined similarly.  

Vn = the volume of any jet segment n. This is equal 
to the average cross-sectiOnal area of the segment, 
An, times the segment length As.  

AQn = the incremental river flow entrained into the 
segment n. The total jet flow leaving the seg
ment at its downstream end includes this flow, 
all previously entrained river flows,-. , 

and the jet flow, Qo. 'td 

The final momentum relationship, which will be necessary to pro

vide sufficient equations to obtain a unique solution, is written 

by recognizing that the total momentum at any point is the vector 

sum of the momentum in the x,y and z directions. This is written: 0
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A .......... (7)

or, in terms of the scalars which appear in the individual 

component equations:

'z ........... (8)

Since each component momentum scalar can be written in terms of 

the product of M and the pertinent direction cosine, Equation 8 

just requires that the sum of the direction cosines equal unity.  

Thus, we have:

.......... (9)

and

zo. 49 1L .......... (10)

/7

/tV4 t /7 .t4l
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The following definitions apply: 

Pn mass density of the jet, at the downstream end of 

the segment Vn 

vn average jet velocity, at the downstream end of 

the segment Vn 

An = cross-sectional area of the jet, at the downstream 

end of the segment Vn 

Note that the average segment density and area, nAn, which 

appear in the previous set of definitions, are hatted to dis

tinguish them from Pn and An

We have now developed five independent equations, namely equations 

2,5,6,9 and 10. Observation of these equations show that ten 

unknown variables have been generated, namely the total momentum 

Mn , the three direction cosines 9x, y,8z , the geometric quantities 

An and Vn , the mass quantities Pn and Pn, and the flow quantities 

vn and AQn" 

Thus, we will have to develop at least five more equations, and 

more if any new unknown variables are introduced. The following
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sections consider the geometric and flow relationships available 

to do this.  

2. Development of Geometric Relationships 

Extensive literature on the expansion of submerged jets shows 

that the slope of the jet boundary generally is in the range of 

1 to 4 to 1 to 6. Actually, most authors recognize a core flow, 

or zone of establishment, in which the boundary increases at a 

slower rate, say 1 to 6 to 1 to 10, for a distance of about six 

port diameters, followed by a zone of established flow where the 

expansion rate is of the order of 1 to 5. (1), (2), (3) 

This fact has been utilized as a key element in the solution of 

the present problem. We have insufficient field data to establish 

empirical expansion coefficients for the Hudson River, but have 

recognized that any jet will show a volume expansion. The 

expansion coefficients, or slopes, used, therefore, have been 

taken from the literature. Evaluation of the sensitivity of the 

results to choice of slope has been made and shows that this 

approach is an acceptable one.  

The slope of the jet cone, relative to the jet centerline, is 

assumed to be fixed and is given by the coefficient C3. The
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diameter of the downstream end of any jet segment Vn is written: 

4D,7 4..,.......... (11) 

In the programmed solution of this problem, the existence of two 

zones of different slopes is recognized. C3 is replaced by C1 

in the zone of establishment, which is stated to exist for a 

total distance S2. In the established zone, instead of using the 

value of C1 , C3 in Equation 11, is replaced by a larger constant, 

designated C2 .  

Equation 11 introduces one more equation, but at the same time one 

more unknown variable. Dn, of course, can be computed directly 

from Equation 11 without recourse to other equations, but this 

calculation removes Equation 11 from further use and we still 

need five more equations (11 variables, 6 equations at this point).  

Once the jet diameter Dn is known, however, geometric relationships 

for An and Vn can be introduced, and we will have two more 

equations without introducing any addition unknowns.

The area An , is given simply:
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*..... ..... (12) 

Each segment of the expanding jet is the frustum of a cone, the 

volume of which is written: 

= ;j4> ( i-zA* 4 .4 7.....(13) 

We now have 11 variables and eight independent equations. One 

additional geometric relationship can be developed.  

If we consider the case of a constant density, constant temperature 

system, relative velocity is the only difference between the jet 

and the surrounding medium. In this case the volume of any seg

ment Vn is equal to the volume of the preceding segment plus the 

volume of river water introduced by entrainment. This is written: 

7r,-f I, .......  
This, of course, is trivial for the constant density case and new 

information is not provided. For the case of discharge of a 

fluid of one density into a fluid of another density, but at the 

same temperature, the mass occupied by the volume segment Vn, can
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be obtained in terms of the mass occupied by the previous volume, 

Vn I , and the mass introduced by entrainment of river water. This 

is written: 

13k;=A' *4 'z~i) ....... (15) 

In other words, the mass in the segment n is equal to whatever is 

in segment n-l plus that which is added by entrainment of river 

water. This incremental mass, of course, must equal the river 

density times the volume increment, Vn-Vn_ 1. This equation 

provides additional information for a constant temperature system.  

For our case, since temperature and density both vary, the mass 

relationship will still hold, but it cannot be expressed as 

simply as is done in Equation 15. Vn must reflect a certain 

shrinkage, due to the fact that the average temperature within 

Vn is not as high as that within Vn_.1 In other words, were a 

volume of average density Pn-l and average temperature Tnl mixed 

with a volume of average density pr and average temperature Tr' 

which is cooler than Tnl., the resultant volume would be smaller 

and the density larger than would occur if both temperatures 

were equal. Thus, Equation 15 is incorrect since (Vn-Vn-l) no 

longer represents the exact volume of entrained water.
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Recognizing the temperature effect on the density, the equation 

of state for water is then introduced to provide additional 

information on density. This is written: 

.......... (16) 

This function appears in the programmed solution as a least squares 

polynomial fit of tabulated density-temperature relationships for 

waters of various salinities. Actually, the program incorporates 

the entire density-temperature-salinity relationship, as well as 

an equation of continuity on salinity, so that it may be used 

in situations in which the effluent salinity is different than 

the river salinity.  

Equation 16 introduces one more unknown variable, Tn, as well as 

one more equation, so that three equations are still needed. We 

know, however, that a heat balance will eventually be introduced, 

even if the equation of state had not been, since a knowledge of 

Tn is one of the solution objectives.  

Equation 16 was introduced at this point because an alternative 

approach, and in fact our original approach, is to use Equation 15.
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This approach, however, introduces substantial error in the 

location of the surface boil, because the buoyant forces, which 

control the upward movement of the jet, are, of course, strongly 

influenced by the jet density.  

Actually, Equation 15 is quite useful and does appear in the 

programmed solution. A trial and error solution technique has 

been used and Equation 15 is employed to obtain an initial 

estimate of jet density. This estimate then becomes the point 

of departure into the trial and error solution.  

It should be noted that there is a slight anamoly in the solution, 

since the jet slope is held constant and was originally defined 

as a measure of the entrained water. The incremental volume in 

segment Vn , i.e., Vn-Vn-1, now represents the entrained volume 

less the temperature-induced shrinkage which has occurred. The 

volume change due to the temperature effect is insignificant, 

however, and there need be no further concern on this point.  

Recognition of the temperature-induced effect was necessary 

because of its effect on density. Although equally small, the 

change appears in the (Pr-p) buoyancy term, where small changes 

in p cause large changes in (Pr-P), since p is numerically very
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close to Pr" 

We now have nine equations and twelve unknown variables. Conti

nuity and energy relationships are now developed to provide 

additional information.  

3. Development of the Continuity Relationship 

Application of the inventory equation for mass, similar to that 

given by Equation 1 for momentum, gives:

mid.  

'V

-7'V
J 

-o

alf /,
.......... (17)

Using the segmented approach, Equation 17 is rewritten: 

or, since the river density is usually assumed to be constant, 

or, in terms of the characteristics of the previous segment

.......... (18 )
1, /" 4 , - 4-, W'~4 Q
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No new unknown variables have been introduced, so we now have 

a total of ten equations and twelve unknown variables. A heat 

balance over the jet will provide an eleventh equation, as 

shown next.  

4. Development of the Heat Balance 

An inventory of thermal energy over the jet is written in accordance 

with the principles of Equation 1 as follows: 

or 

C/0 !4'.. (19) 

In Equation 19, CPoCPr and Cp are the heat capacities of the 

effluent, river and diluted jet waters, respectively. These 

vary only slightly with temperature, and from this point forward 

are considered to be constant and equal, with a value of 

1.0 BTU/#/°F.  

Heat losses have been neglected. Previous work has shown that 

only negligible losses occur in the near vicinity of a heated 

discharge. Loss along the submerged boundary of the jet is 

totally insignificant, and even at the surface, significant heat
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transfer to the atmosphere does not occur until the surface area 

affected by the heated water is much larger than that associated 

with the jet. In other words, atmospheric heat transfer does not 

become significant within the zone of initial dilution.  

In segmented form, Equation 19 may be written: 

or 

or 

................,....................(20) 

Any reference temperature may be chosen to define the datum for 

the various AT. In this work, Tr, the river ambient temperature, 

has always been held constant. If Tr is chosen as the datum, the 

terms in Equations 19 and 20 containing ATr vanish, and the heat 

balance becomes simply: 

o r . . . . . . .  

....... ..................................... (21)
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Notice that the ratio, ATn/ATO , is just equal to the flow dilution 

factor, pnvnAn/poVoAo. This factor is included in the computer 

output printout and, as will be shown, is used as a primary con

trol in the interpretation of results.  

Equation 21 introduces a new unknown variable, Tn (ATn, of course, 

is just equal to Tn-Tr), so we now have eleven equations and 

thirteen unknowns.  

5. Nature of Average Density and Temperature, Pn and Tn 

Two of these unknown quantities are Tn and Pn' the average tempera

ture and density in the jet segment Vn . These must bear some 

relation to the segment outlet temperature and density, Tn and Pn

These quantities only arise because the numerical solution tech

nique requires that the segment volume be finite.  

As this volume becomes increasingly small, pn-#p n , and Tn.-Tn; in 

the limit, the defining equations are differential equations, not 

difference equations, and Pn' which appears in the equation for 

"y" momentum, does not appear at all, being, for point behavior, 

identical to p. The average temperature Tn' of course, appeared 

upon introduction of the equation of state for Pn- The point 

temperature value, T, would be required to evaluate the point 0
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density, p.  

The computer solution employed is an iterative technique and 

requires relatively small segment lengths for rapid convergence.  

For small segment lengths, pn/Pn and Tn&Tn, and, for this model, 

have been set identically equal to the segment outlet density 

and temperature, Pn and Tn

6. Model Development Summary 

At this point, we have succeeded in introducing sufficient 

equations to permit a unique solution, given numerical values of 

the input parameters (Po,Tovo,Ao,exo,Gyo,zo,Pr,vr,Tr).  

The eleven unknown variables are Dn,An,Vn, Pn,vn,Tn,AQn,MnGXn, 

eyn 9Zn 

The solution proceeds by solving for the various outlet section 

variables for the first segment, n=l, in which the inlet section 

variables (the n-l subscripted variables in the various equations) 

are the known parameters in the jet's vena contracta (Po,ToVo,Do, 

Ao9xo,@yo,9zo). These results then become input for segment 2 

and the equations are now solved for the outlet variables p ,T ,
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V., etc. This procedure is usually continued until vn = Vr, 

although, in interpreting results, a number of controls have 

been instituted, as will be discussed in latter sections.  

In the actual solution technique, DnAn and Vn are obtained 

immediately from Equations 11,12 and 13. The remaining eight 

variables, PnVn,Tn, AQnMn,9 Xn,9yn and 8zn, are obtained by a 

trial and error solution of the eight simultaneous equations, 

2,5,6,9,10,16,18 and 21.  

D. Submerged Discharge Computer Program 0 
The foregoing procedure has been programed in Fortran IV for 

solution on RAPIDATA time-sharing facilities. Chart I is a 

schematic diagram of the relation of the model, the solution 

technique, the program and computer input and output.  

Plate I is a listing of the input or data file for the program, 

and includes a description of each item of input data and its 

location in the data file. This facilitates use of the program 

bypersonnel previously unfamiliar with it. The main program is 

THOUT3, standing for the third modification of our thermal out

fall routine. The data file is designated THOUTA.



C H A FRT" I,

SUBMERGED DISCHARGE ANALYSIS 
FLOW SHEET

Analytical Framework 
Conservation or Mass 

Conservation of Momentum 
Geometric Relations

.Port size 

.Jet initial velocity 

.Depth of submergence 

.Orientation of port 

.Maximum temperature of 
heated liquid 

.Mass density of effluent 

.Port coefficients 

.Ambient temperature 

.River velocity 

.Mass density of river water

.Path of jet 

.Jet velocity 

.Jet size 

.Mass density of jet 

.Dilution ratio 

.Jet temperature



PLAT L 1 

-SUBHE.RGED OUTFALL INPUT DATA FILE

OLD 
NAME: THOUTA 

ALEADY 
LIST

13:58 ADS2 OCTOBER I0, 1969

1,100 
* 1, .16, .2, 62., 12., .05 
I0.,2-9,.7071, 0, -. 7071 
.961.04,90-, 90.  
92., 72-,2.,2.  
THE SEUUENCE OF PARAMETER DEFINITIONS WHICH FOLLOWS IS THE 
SAME AS THE SEQUENCE OF DATA WHICH APPEARS ABOVE.
NRUNS 
DS 
Cl 
C2 
S2 
YLIM 
DDWI 
DO 
Vo 
COSA 
COSY 
COsz 
VTMAX 
VRI V 
ANGT 
ANG 
TO 
TAI V 
SALO 
SALA

(I OF INDEPENDENT RUNSiKT(KT*DS=PRINTOUT INTERVAL) 
(INCREMENT ALONG JET CENTERLINE)(FT) 
JET SLOPE WITHIN COi.FLOW 
JET SLOPE BEYOND CORE FLOW (AFTER 52) 
LENGTH OVER WHICH Cl IS APPLICABLE (FT) 
DISTANCE OF SURFACE FROM'INITIAL JET'CENTEhLINE (FT) 
INITIAL INCiEMENT OF FLOW-ADDED To JET 
INITIAL DIAMETER 0A JET (PORT DIAMETFR)(FT) 
INITIAL JET VELOCITY (FT/SEC) 
ANGLE THE JET CENTERLINE MAKES WITH +XAhIS (LATERAL) 
ANGLE THE JET CENTEA.INE MAKES WITH +YAXiS (VERTICAL 
ANGLE THE JET CENTERLINE MAKES 'WITH +ZAXIS (LONGITUD 
MAXIMUM"VELOCITY (TIDAL)(FT/SEC)' 
RIVER VELOCITY (FT/SEC).  
ANGLE INCREMENT ADDED TO iNITIAL ANGLE FOR MULTI-ANG 
INITIAL STARTING ANGLE (,;TNE CURVE)(.DEG) 
INITIAL JET TEMPERATURE (F) 
INITIAL RIVER TEMPERATURE (F) 
INITIAL SALINITY OF JET (PPT) 
INITIAL SALINITY OF RIVER (PPT)

) 
I NAL)

THOUTA 

1000 
3000 
4000 
5000 
6000 
10000 
10100 
10200 
10300 
i0400 
10500 
10600 
10700 
10800 
10900 
11000 
i i I00 
1 12o0 
11300 
S11400 
11 500 
11600 
1700 

11800 
11900 
12000 
12100.

BYE 
OFF AT 14:01

LE RUN6
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Numerical values of the jet slope and port coefficients(l) used 

in the program (line 3000 in THOUTA) are summarized below:

Coefficient 

Diameter, Do 

Jet Slope, C3 

zone of flow establishment, C1 

Zone of established flow, C2 

Length of zone of flow establishment, S2

Circular Port Slot 

Do 4Ao/r

0.16 

0.20 

6.2 Do

0.15 

0.25 

5.3 X width

Plate II is a listing of the main program THOUT3. This program 

is reasonably general and can be used to evaluate a large number 

of submerged outfall situations.  

For example, between lines 1440C and 1680C, the river velocity at 

any phase of the tide is computed, given the runoff velocity and 

the maximum tidal velocity. The computer is then directed to 

print results at any desired number of equally spaced time 

increments over the full tidal cycle.  

Between lines 1800C and 2102C, the density is given as a function 

of temperature and salinity. Coefficients employed were obtained 

previously by a least squares polynomial fit of density-temperature-



OLD PLATE " 
NAME: TZ4o0r3 SUBMERGED 'OUTFALL Plt~OoAM I OF'S 
SEADY 
LIST L sT|NG 4 
ThOUT3 13:41 ADS2 OCTOBEAi 10, 1969 

1000 INTEGEi ~OF1,0F2,1)ENCT 
1020 CALL 0?ENF( 1,'"THOUTA") 
1022 CALL OPENF(2,"Th0UT0") 
1040 IFI=I 
1060 1i=66 
1062 0F2=2 
1080 102 FOiAMAT(IH P5FI0*2,FI0,4//) 
I100 III FO*IMAT(IH ,8Xp2hDS'8X,2HC1*8,,2HC2,j8A2AS2o 
1120& ' 64,4HYLiMs62i44DDUI/) ..  

1140 112 FOMAT(Ii ,As2jiD0,8X,2fiVO,6A,4HC0SA* 
1 160& 6X, 4HCOSY* 6A, 4HiCOSZ/) 
1180 192 FORMAT(1h P17HTOO MANY CUT....* 4,j3A,6HDDU = ,F1U.5) 
1200 AIEAD(IFI,) NAUNSKT 
1220 NR=0 
1230 DTOL=I.E-05 
1240 PI=3.14159265 
1260 PII=p1/l80.  
1280 ToL=0.3 
1281 ITOLI=1000 
1282 CUT=2* 
1283 NCUTS=50 
1284 Jtmo=1 
1286 iio0 .= •E-2 
1288 TBOUN = 10' 
1292 JSUAFT=0 
1300 200 :tEAD(I F1,)DS,C1,C2, 2,YLIM DDUI 
1320 AEAD(IF1, )D0, VO, C0S, COSY, C0SZ 
1340 READ(IF1p)VTMAsVIVANGTANG 
1360 AEA)( F i, )TO*Til V, SALOS ALh 
1380 TANG=360* 
1420C 
1440C TIDAL AIVER VELOCITY FUNCTION 
1460C 
1480 1091 VA=/R= V+VTMA*SIN(ANG*Pl 1) 
1500 WAiTE(FI,312) 
1520 312 FOAMAT(IH ,TX,3HANG,8X*2HVH/) 
1540 311 FORMAT(1IH ,2F10.2//) 
1560 WAI(TE(OFI,311)ANGsV.R 
1580 D-O• 
1600 DDQ=DDil 
1620 ITOL=ITOLI.  
1640 I0 
1660 J=O 
1680C 
1700C TEMeLPATUAtE CONVE"ISION 
1720C 
1740 C0=(5./9.)*(T0-32.) 
1760 CAt=( 5./9. )*(TAIV-32o ) 

1780C 
1800C LEAST-SUUARiES EVALUATION OF MASS DENSITY FAOM TEMP.  
i820C 
1840 COFI=9.99163E-01 
1860 COF2=7.7364515E-04 
1880 COF3=.- 7•6762273E-07



1900 D0S "-'C0F I +U F2*6AL0+0F3* "AL0* 
1920 f)l0SA=COF I +COF2*bALh+COF3*bALft**2. M''e 
1940 F1=1.0000S12 2o S 
1960 F2=3.5764685E-0b 
2000 F3=-6• 972574h-06 
2020 F4=2.61171324-U8 
2040 DENO=FI+F2*CO +F3*CO**2. +F'4*C0**3.  
2060 DENLi=F1 +F2*Cri +F3*Ctt**2. +F4*CA**..  
200 AIi00=l .93569627*(DLNO+ 0mb0-.9991 ) 
210U iHO1•93b69627*CIEzNse+Dzi0 -. 9 99 l) 
2101C 
12C K( ND 0 T

7 MA66 DENSITY EVALUATION 

2 104G 
2105c VAaIOUA INITIAL VALuES 
-1061; 

2120 A0.=*7654*I)0*D0 
2121 V0L=A0*i)6 
2140 0MEN0U=i00*A0*VO*VO 
2160 0=0MENO*COSA 
a2180 Y0O=0M.N0*COSY 
2200 M0=0,M.'.*C0 S 
2220 DMOM=0 .  
2240 AMOM=ZM0 
2260 1OU'y=0.  
e280 2=0* 
2300 b=0.  
2320 A=0.  
2340 Y=O.  
2360 K=U 
2350 Z=O.  
2400 D=DO 
2420 V=VO 
2440 A=AO 
2460 riho=trlo0 
2470 TEMe2=TO 
2472 bAL2=6AL0 
2450 113 FOiMA'i( ri A,,2HTO, 6Xa4HTTlVj6.X,4riSALOp6Aj4HSAL t/) 
25001C 
2520C -'AINT OUT INPUT DATA 
2540C 
2560 WrIFE(OFI,111) 
2550 WAITI'E(01"&s 10)DS, C1, 2-S2,YLIMDDwl 
2600 WnITE(OFI;112) 
2620 WAITE(0F1, 1S5)DOoOC.OSX*COSY, (OSZ 
2640 155 FOiAMAT(lri p5FIO.2//) 
2660 WAITE(OFI, 113) 
2680 WnITE(OF1, 156)T, TtiVSALOSALm 
2700 158 FOKIMAT(UH *4FIo*2////) 

2710 WAITE(OFI, 50O) 
2720 WrlITE(OF1 501) 
2722 WhI'E(0F2,816) 
2724 816 FOALMAAr(///Yl Ii ,7Us 1ASs 6A* lADj ",t9HDIAECTIONp 
2726& 6Ai COINESp4A.*21,HADILS OJECTIONS ON) 
2728 Wni ITE(OF2a117) 273U 817 FOKMAT'(IH pi5Aj2(24.t6HX-A2£lSo2Ao6lY-A2 ISp2Ap 6ziZ/-AAIS)/) 

2740C 
2760C V4AJ0i L00 TO INCREMENT JET CENTkn LINE DISTANCE 
27501 
2500 1 S=-+DS 
2502 TEMP 1 =TEMP2 
2604 SALI=SAL2 
2820 AI=A 
2640 hiN01 :AH0 
2660 VH1=r8 

2880 Dl=D



2900 
2920 
2940 
2960 
2980 
3000 
302U0 
3040 
3060 
3060 
3100 
3120 
314U 
3160 
3180 
3200C 
3220C 
3240C 
3260 
3280 
3281 
3282 20 
3283 
3284 
3265 
3266 
3287 
326b 
3289 20 
3290 20 
3291 
3292 
3293 20: 
3294 20 
3295 
3296 20 
3300 
3320 
3340 

3360 
3380 
3400 
3420 
3440 
3460 
3480 
3500 
3520 
3540 
3560 
3580 
3660 
3680 
3700 
3720 
3721C 
3722C 
3723C 
3740C 
3760 C 
3780C 
3782C 
3784C 
3786C 
3800 
3820

VOLI=VOL PLATE 

20 C3=ul 3 O 
GO TO 23 

21 U3=C2 
23 DD=C3*2. *D;: 

D=D+DD 

A= 7654*D*D 
VOL=.2615*1)*(D*D+D!*D+Dt*Dl) 
AIM OM=ALM OLY+ DM OM 

B=32 • 2* ( r"0Ai-mH. )* VOL 
B0UY=BOUI+b 
iH0 = (AiH01 *VOL +Hktt*( VOL-VOL 1) )/VOL 
YM=YMO+BOUY 
AM=XMO 

T IAL AND EAROA SOLUTION F0A ENTzAAINED FLOW AAT INCA.  

70 DW=DU+DDU 
1=1+1 
dd=l 

50 TEM4P2 = (iH01 *TEMP 1*V I*A l +RH0¢i* D6*TeI V ) / ( ( V*A l+DQi) *itk0) 

TC2=(5./9. )*(TEMlk2-32.) 
SAL2= (SAL I *V I *Al *I I0 + SAL*DQ*i0Hi) ( V I *Al +DW) *rUi0) 
ri-HOC=F1 +F2*TC2+F3*TC2**2+F4*TC2**3 
Dri0=COF1 +COF2*SAL2+C0F3*SAL2**2 
HOC=l .93d6927.*(Ad 0C+DO-.9991) 
IF(AB (riH0C- i0 )-iliOTL)2000,200O,2010 

10 I F(JJ-JA0)2030, 02Oj220 
30 JJ=JJ+l 

drlio=iOC 
GO TO 2050 

20 WRI TE(OF1,2021 )AHO, RHOC, TEMP2 
21 FO*IMAT(18 ,5HiAO= ,E15.9j6HRHOC= ,E5.9v6HTEMP2 = ,E15.9///) 

GO TO 910 
O RiHO=AHOC 

DMOM=AHORI'* Vii* DQ0 
ZM =MOM+ DMOM 
TM=SuzTC(xM*xM+YM*YM+ZM*ZM) 
V=SUtRT(TM/(RHO*A)) 
DUC=(AHO*V*A-AIHO1*J1*A1 )/HOiR 
T=ABS ( DU-DIC) 
IFcI- TOL) 40, 40, 50 

50 IF(I-ITOL)70,70,51 
51 IF(J-NCUTS)52a191s!91 

52 D =O.  
DDQ=DDQ/CUT 
I TOL= ITOLI *DDUII/DD(.  
1=0 
J=J+I 
GO TO 70 

40 1=0 
DD(=DDU*CUT 
J=J-1 
I TOL=I 'rOLI DDQI/DDQ 

END OF TRIAL AND EAOt LOOP 

COMPUTATION OF ANGLES AND DIST- FO ,JET CENTEtLINE.  

ANGXANGYANGZ..AAE DIRECTIONAL COSINES OF MOMENTUM 
VECT0* AND POSITIVE () X,T AND. Z AAIS RESPECTIVELY.  

ANGA=XM/TM 
ANGY=YM/TM



3840 ANG4=ZM/'fM 
3842 AN6A=SWl' ( !.-ANGX**2) PLATr 
3844 SANGY=SUwT( I . -ANGY **2) 
3846 SANUZ=SUiT( 1 .- ANGZ**2) 4 oi 
3860 DX=ANGA*D " 
3880 DY=ANGY*DS 
3900 DZ=ANGZ*DS 
3902 ,,.OJmA ANG*(D/2*) 
3904 iriJRY=SANGY*(D/2.) 
3906 POJaii = SANG4* (D/2.) 
3920 A=A +DX 
3940 Y=Y+DY 
3960 /=4+l)4 
398 0 K=K+I 
4000 DIL=A*V*iiHo/(Au*VO*AHO) 
400 IC 
4002C EVALUATION OF AVEAAGE JT TEM-JATUAiL 
4003C 
4020 fDIL=TO/DIL+(I.-( ( DIL))*ThIV 
4040 F5=-15383679E+05 
4060 F6=3*1249029E+05 
4080 F7=-1.5864127E+05 
4110 SALJ= (ALi*(A*V -AO*VO) +SALO*A0*VO)/(A*V) 
4111 DEN=AH0/1 .93869627 
4115 "I'EST=F5+F6*DEN+F7*DEN**2.  
4116 D'rEST= 1E-02 
4120 TESi =TEST-TBOUND 
4125 DENCT=I 
4130 DENI=COFI+COF-*SALJ +COF3*SALJ**2.  
4140 410 DEN2=FI+F2*TES'i' +F3*TESTI**2 . +F4*TESTI**3.  
4150 ,AHOT=193869627*(DEN2 +DENI -0.9991) 
4160 DIF=AB6(AQHOT-HO) 
4170 IF(DIF -DTOL)400,400,401 
4180 401 IF(TESTI-TEST-TBOUND)40 5,t45, 406 
4190 405 TESTI=TESTI +DTEST 
4200 GO TO 410 
4210 406 DTEST=DTEST/2.  
4212 DiNC T=DLNCT+1 
4214 IF(DENCT-10)422422972 
4220 422 TESTI=TEST-1.  
4230 GO TO 410 
4240 400 TiIHOF=(9./5.)*TESTI +32.  
4241 IF(JSURFT)80Op80,81U 
4242 800 YTEMP=Y+(D/2.)*SANGY 
4244 IF(YLIM-YTEMF)8028O2,81O 
4246 802 JSUAFT=1 
4248 WRITE(OF1.803) 
4249 WAITECOFe.,803) 
4250 503 FORMAT(//,IH ,26HAT NEXT LINE OF OUTPUT JETj 
4251& 20H INTERSECTED SURFACE//) 
4252 WiITECOFIIO0 )j3';)rYZ*D, VTDIL, TAIOF.DIL 
4254 WRITE( OF-,815 )5DANGX &NGYPANGZP OJPX P OJitY • P OJitZ 
4256 815 F0*kMAT(IH+ of'8qlpF7qlp3Fd*5j3F8.1/) 
4258 810 CONTINUE 
4460 IF(K-KT)622. 623,910 
4480 623 CONTINUE 
4500 500 FO.MAT( IH a 7X* IHS, 7XP .k I 7A IHY, 7XP lHZ, 6X& lHD* 5X* IHV* 
4520& 2X, 4$rEMP,2X,41TEMP,6X,3HDIL/IH *49X*2HbYs4X*2HSY3 
4540 501 FORMAT(IH ,48X,3HDIL.3X*3HDEN?) 
4600 WkhITE(OF1, 100)SX,?, Z*-D V, TDIL, TiHOFDIL 
4605 WiI TE(OFi,1O1)TEMP2, .J-.2inO 
4606 WRITE(OF2,815) 5D, AiX ANiYANGZ, PROJ.XPROJaY PC 00¢ Z 
4610 101 FOR(MAT(/I3HT= ,PF12-3,3S= ,F12.25H"IHO= ,F12-3) 
4620 100 FOAiMAT(1H *4F8i*IF7.13F6.1,F9.2/) 
4640 K=0 
4660 622 CONTINUE



4680 
4700 
4720 
4740 
4760 
4780 
4790 
4795 
480 
4 20

IF(Y-YLIM)1,1,901 
901 ANG=ANG+ANGT' 

IF(ANG-TANG)1091,900,900 
191 WAITKE(OFI,192)JDDQ 
900 N=N+ I 

IF(Ni-NAUNS) 200,910, I0 
972 wmITE(OFl,973)DENCT " 

973 F0MAT(1X ,///15H DENCT > LIMIT ,IIU) 
910 CALL EIT 

END

S OFSP %.A$ =
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salinity tables. These relationships are used later on in the 

program in solving for density.  

Between lines 2520C and 2730 the computer is instructed to print

out basic input data, so that output can be readily interpreted 

by the engineer, in terms of the input or controlling system 

parameters.  

The program then proceeds through an iterative solution of the 

previously developed equations, segment by segment.  

Plates III and IV are typical solution printouts. Plate III 

includes the input data, identified in Plate I, and basic output 

information. The first four output items, s,x,y and z, locate 

the position of any point on the jet centerline, which is a 

distance s from the origin along the centerline, in terms of its 

x,y and z coordinates. Units, which will be included in a print

out revision, are FT. for each of these four variables.  

"D" is jet diameter in FT., measured normal to a tangent to the 

centerline at the point x,y,z. "v" is average jet velocity, across 

the jet section, normal to the centerline tangent at x,y,z.
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"TEMP BY DIL" is the calculation of the jet temperature using 

Equation 21. To check the numerical consistency of the program, 

temperature is also computed (after the solution is complete) using 

Equation 18 and the program solution value of p. This value is 

"TEMP BY DEN . Differences are virtually always less than l°F 

apart.  

"TEMP BY DIL" is the correct value of jet temperature at any point.  

There will generally be a small difference between the two values, 

due to the trial and error nature of the solution. Temperature 

computed by Equation 21, which computes "TEMP BY DIL", is less 

sensitive to density errors than is temperature computed by 

Equation 18, and is the choice to set the jet temperature value.  

"DIL" is the jet dilution factor, pQ/poQO . The second line of 

output data includes jet temperature, salinity and density for 

the x,y,z above it. Temperature is merely a repeat of "TEMP BY 

DEN" to greater precision and is included to identify the line 

with the line above.  

Plate IV is additional printout, which includes the 'S" and "D" 

for identification with output data on Plate III, and gives 

the direction cosines and the projection of the radius on each
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of the three coordinate axes. This information is used in com

puting the size of the jet isotherms, particularly as they 

appear at the surface.  

E. Limitations and Uses of the Theoretical Solution 

The mathematical model developed above deals with an ideal sub

merged discharge case. Due to the complexity of the inter

relationship between the different fluid mechanical principles, 

which control the submerged discharge phenomenon, assumptions 

were necessary in formulating the model.  

These assumptions consider that axial symmetry is maintained 

throughout the jet expansion, and that drag is negligible. In 

most of the situations under study, depths of submergence are not 

great, and the outfall, in general, is located near the river 

bottom. In such situations, drag is probably not totally neg

ligible, and the jet will not continue axially symmetric once 

river surface or bottom interferes with its boundaries. The pro

gram results, in cases where these effects are present, must be 

interpreted carefully.

This program is being used to evaluate the merits of several
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submerged discharge schemes along the Hudson and East Rivers.  

In the course of its development, several modifications, such as 

the use of the equation of state, have already been adopted to 

improve the program's applicability. Further improvements are 

planned as the work on these projects progresses.  

The Indian Point submerged discharge design, however, has been 

based on several hydraulic model tests. In this case, the pro

gram is used to provide theoretical support for the hydraulic 

model results, and to evaluate seasonal variations in the be

havior of the Indian Point submerged discharge.  

In the next chapter, model computed temperature results are 

compared to results obtained in the undistorted Indian Point 

submerged discharge hydraulic model at Alden, and to field 

temperature measurements on the submerged outfall of Orange and 

Rockland Utilities' Lovett Unit #4 at Tompkins Cove. This 

station is located less than 2 miles south of the Indian Point 

Plant, on the opposite shore of the Hudson River.  

Adjustments in computer model results are made, and recognize 

boundary effects at both of these locations. Comparison of the 

adjusted results with field and hydraulic model measurements,
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shows reasonably good agreement, and supports use of the computer 

model to predict jet temperature distributions under other sets 

of conditions. The computer model is so used in Chapter III, to 

predict behavior at Indian Point under sets of conditions not 

studied in the hydraulic model.
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II. COMPARISON OF THEORETICAL RESULTS AND FIELD TESTS 

A. Introduction 

The effect of various submerged outfall designs and depths of sub

mergence was studied in detail in an undistorted model of the 

River in the near vicinity of Indian Point by the Alden Hydraulic 

Laboratory. A copy of Alden's report on this study is appended 

to this report. A summary of the various designs is given in 

Table III in the Appendix.  

In addition, several prototype temperature surveys were conducted 

this summer in the vicinity of Orange and Rockland's submerged 

discharge effluent at Lovett.  

A comparison between these measurements and the corresponding 

computed results is summarized below.  

B. Hudson River Model Tests 

Hydraulic model tests in an undistorted model of ratio 1:50 indicated 

that an initial temperature reduction of about 50% may be achieved 

in several submerged discharge schemes. A comparison of the 

effectiveness of these outfall configurations favoured the selection 

of a 240 foot long structure with twelve 4'X15' openings.
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A summary of the design parameters and major model findings of the 

selected outfall design is given in Table 1.  

Hydraulic model results showing the temperature distribution for 

these conditions are presented in Figure 2 (Figure 6 of Appendix).  

1. Computed Results 

Computer printout for the conditions of the hydraulic model run is 

given in Plate V. The input data included the design parameters 

outlined in Table 1, as well as the proper port coefficients 

(ClC 2 and S 2 , see page 27, Chapter I) and a diameter of an equiv

alent circular port of 8.75'. Stable behavior was obtained using 

an incremental segment length AS, or DS, of 10 ft. Typical run 

time was about 1500 seconds.  

Definition of the different parameters used in the program is 

given in Plate I.  

Figures 3 and 4 show the computed lateral, vertical and longitudinal 

location of any one of the 12 jets. The boundaries of the plume 

shown in these figures represent the vertical and longitudinal 

projections of the computed jet size at different locations.



TABLE 1

SUMMARY OF ALDEN HYDRAULIC LABORATORY FINDINGS 
FOR SUBMERGED DISCHARGE OF INDIAN POINT HEATED WATER 

Test Conditions 

Model Scale - 1:50 undistorted 
Total Length of Discharge Canal - 240 ft.  
Depth of Submergence below MSL - 20 ft.  
Submergence to Centerline of Port - 18 ft.  
Number of ports - 12 
Port Dimensions - 4 ft. high and0 15 ft. long 
orientation of Ports - 0 0,4900,90 0with lateral, longitudinal and 

vertical axes, respectively 
Port Spacing - 20 ft.  
Initial Jet Velocity - 10 fps 
Effluent Channel Temperature Rise -140F 

Ambient Temperature - 40OF 
River Velocity - 0.4 fps (Ebb) 

Summary of Findings 

Maximum Surface Temperature Rise - 70F 
Location of Maximum Surface Temperature Rise -150' off shore and 

350' downstream of 
discharge channel 

0 
Dilution Effluent Channel Temperature Rise =14 =2 

Maximum Surface Temperature R-se -70
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The computed jet velocity and dilution ratio along the centerline 

of the path of the jet are also shown in Figure 3.  

Four important points on the jet path are indicated in Figures 3 

and 4, as well as on the computer printout. These are designated 

as control points because they represent points at which boundary 

interference occurs. These three points are the point beyond 

which the boundaries of any two adjacent jets in the multiple port 

system touch, the points where the upper boundary and centerline 

of the jet reach the surface, and the point where the lower 

boundary of the jet touches bottom.  

Jet interference between adjacent jets occurs when the plume diameter 

exceeds center to center port spacing, which, in this design, is 

20 feet. The upper boundary reaches the surface when the 

vertical projection of the jet's radius exceeds the difference be

tween the depth of submergence and the vertical location of the jet.  

The lower boundary hits the river's bottom, when the vertical pro

jection of the jet's radius is greater than the difference between 

the water depth and the vertical elevation of the jet's centerline.  

The centerline of the plume reaches the surface when the vertical 

location of the plume is equal to the depth of submergence to the 

port centerline.
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The significance of these four locations will be discussed later.  

For convenience, these four locations will be referred to, in this 

report, as the interference, boundary and centerline surface con

trols, and boundary bottom control.  

Major jet characteristics for this run, associated with these four 

controls, are sumnmarized in Table 2.  

2. Interpretation of Computed Results 

a- Boundary Control4 

The assumption of unlimited jet expansion, outlined in the previous 

chapter., requires that the amount of river water available for 

dilution is infinite. Therefore, if the computations are allowed 

to proceed beyond a certain limit, where river water is not 

available, i.e., beyond the boundary surface and/or bottom control 

locations, the program will give dilution ratios. greater than the 

exp ected values.  

In other words, beyond the points where either the upper boundary 

reaches the surface, and/or the lower boundary hits the river bottom, 

before the computed centerline location of the jet reaches the 

surface, only part of the rising plume will experience entrainment



TABLE 2

SUMMARY OF INDIAN POINT MAJOR JET CHARACTERISTICS* ASSOCIATED 
WITH CONTROL LOCATIONS

Parameter 

1. Location of Centerline of.  
Jet Measured from Discharge 
Channel, Ft. (Lateral, 
Vertical and Longitudinal) 

2. Jet Diameter, Ft.  

3. Average Jet Velocity, Ft/Sec 

4. Average Dilution Ratio 

5. Average Temperature Rise, OF

Interference (1) 

Control

40,0.2,1.1

20.7 

4.2 

2.37 

6.0

Boundary Control 
Upper(Z) Lower (3)

82.7,0.9,4.6

34.3 

2.6 

3.93 

3.6

6. Jet's Radius Projections on: 
x - axis 0.6 2.0 
y - axis 10.4 17.1 
z - axis 10.4 17.0 

*Test conditions are summarized in Table 1.  
(1) Location where jet interference occurs.  
(2) Location where upper boundary reaches the surface.  
(3) Location where lower boundary hits the River's bottom.  
(4) Location where jet centerline reaches the surface.

186.6,6.3,29.1

87.8

Centerline (4) 

Surface Control

274,18,71

140.0

1.0 0.7

10.38

1.3

17.0 

0.8 

38.0 
68.0

41. 3

15.5 
43.8 
41.3
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of the river water into the jet.  

Thus, the computed dilution ratios beyond a boundary control location, 

must be adjusted on the basis of actual to computed jet size. A 

weighted average of the jet size may result in a more practical 

dilution ratio. Considering only one jet, i.e., no interference 

in the run discussed previously, the boundary control dilution is 

3.93.. The computed centerline surface control dilution is 17.  

Therefore, these two values represent the lower and upper limits 

of dilution. Actual dilution may be obtained using these limits 

and available water for dilution beyond the boundary control location.  

b- Interference Control 

When the submerged discharge scheme consists of several ports, 

interference between the individual jets will occur when the jet 

size exceeds port spacing. This effect will reduce the amount of 

river wat er available for dilution.  

Comparison of computed results to the hydraulic model results also 

shows that the surface plume is located farther downstream, but 

nearer. to shore in the hydraulic model than it is in the computer 

model. Possible reasons for these differences follow.
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Consider horizontal jet expansion in a quiescent fluid. As the jet 

expands, velocity normal to the jet centerline, initially zero, 

grows ever larger. This is particularly true at the jet boundary, 

since the streamlines continue to diverge away from the centerline 

at an increasing rate. This normal velocity must arise at the 

expense of momentum in the direction of the jet centerline.  

Thus, in our orientation, some lateral momentum must be lost, in 

developing these "z" or longitudinal directed velocities. Between 

this and drag, the actual available lateral momentum at any point 

must be less than the computed amount. Since the buoyant forces 

would be unaffected, the actual location of the surface boil should 

be closer to shore, as, in fact, does occur in the hydraulic model.  

The fact that the boil is located farther downstream in the hydraulic 

model than the computations predict also follows from the above 

supposition. In the presence of a downstream river flow, which is 

the case studied in the model, the jet is bent downstream as river 

water, with a downstream velocity is entrained. Longitudinal com

ponents of velocity all around the jet boundary are directed down

stream, so that additional "z' directed velocity, arising at the 

expense of lateral momentum, will add to the river velocity. The 

net effect will be to pull the jet farther downstream than computed.
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These observations do not appear to be a function of interference.  

The explanations offered should be valid for single jets as well, 

and in fact, the surface boil at Lovett #4 is actually closer to 

the shore than the computer model predicts. At slack conditions, 

the location in the longitudinal direction is roughly the same, 

but during ebb, the actual boil is farther upstream, rather than 

downstream, than the predicted boil. The Lovett boil, however, is 

influenced by many things, including physical obstructions, rela

tively rough location estimates, and surface inteference from 

adjacent surface outfalls.  

In the case of the hydraulic model run, the interference control 

dilution ratio is 2.37 and the centerline surface control location 

of the plume is 274!, 18' and 71' in the lateral, vertical and 

longitudinal directions, respectively.  

c- Comparison of the Computed and observed Results 

A discussion of the interference effect on dilution is considered 

below, followed by the effect on the location of the centerline 

of the plume.  

The effective lower limit of dilution ratio, when interference is 

present, is now somewhere between 2.37 and 3.93, (the dilution
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for boundary surface control). The lower limit of the dilution 

ratio represents the absolute minimum expected dilution and was 

used in this study.  

Figure 5 compares the temperature distribution measured in the 

hydraulic model with the computed results using the conservative 

lower dilution limit without location adjustment.  

The theoretical isotherms were computed on the assumption that the 

temperature distribution, across any plane perpendicular to the 

path, follows a cosine function between a maximum value and a 

boundary value of 30F. The location of the boundary temperature 

was taken at the location where the upper boundary reaches the 

surface. The behavior of the Lovett plant submerged discharge 

also agrees reasonably well with this assumption.  

The maximum surface temperature rise is then computed as follows: 

Maximum plant temperature rise 
Average surface temperature rise = 

Dilution Ratio 

14 
- = 5.90 

2.37 

Average temperature rise above boundary temperature (30F) = 5.9 -3 = 

2.90F
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Maximum temperature rise above boundary temperature (3 F) =

X 2.9= 4.550F 

Maximum surface temperature rise = maximum temperature rise above 

boundary temperature + 30 = 4.55 + 3 = 7.55OF 

The temperature distribution between 7.550 and 30F may be obtained 

by using the following cosine function: 

T = k sin nd 3 
D/2 

where 

k = maximum temperature rise above boundary temperature 

d = ratio of the distance from the location of 
D_2 boundary temperature of any temperature rise 

and maximum temperature rise.  

The agreement between the measured and computed temperatures is 

reasonable. Notice that the modified program result is more con

servative (yields a higher maximum surface temperature) since it 

credits the heated effluent with an absolute minimum dilution. The 

computed location and shape of the individual isotherms is also 

conservative since it distributes the temperature over a very wide 

range (between the unadjusted locations of the centerline and upper 

boundary).
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A closer agreement between the theoretical and observed location 

of the isotherms may be obtained by taking into account the effect 

of jet interference and drag on the lateral and longitudinal 

momentum.  

Additional lateral and longitudinal displacements of the surface 

location of the plume's centerline, equivalent to the uncorrected 

longitudinal displacement and half the lateral displacement of an 

individual jet, have been arbitrarily selected in this study (140' 

and 70' respectively, in this case).. The selection of the adjust

ment was guided by the discussion above under "interference" as 

well as by consideration of a hypothetical case of twelve solid 

jets, i.e., no mixing. If the jets were solid, the maximum dis

placement that could occur would be twelve times their size 

(1440' in this case). However, the fluid jets are well mixed upon 

interfering, and the displacement must be far less than the 

hypothetical case.  

This selection of one uncorrected longitudinal displacement may be 

interpreted as doubling the river flow effect on the location of 

the path.. The new location of the centerline will cause a shift 

of all the points along the path. The magnitude of the shift is 

shown in Figure 6. The steps required to effect the shift are
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described in detail below.  

1. Shift the computed surface location of the centerline of the 

first, middle and last jet, a distance equivalent to lateral 

(.:) and one longitudinal displacement (i) of one jet, i.e., 
274 137' towards the discharge in the lateral direction and 

2 

71' downstream of the discharge. The new locations are 

represented by points A', B and C' in Figure 6.  

2. Shift the location of the upper boundary surface location of 

these 3 jets by their relative displacement ( V2 - where 

= ratio of the distance from the discharge measured along 

the path of the original surface location of the centerline and 

the upper boundary). This corresponds to 25' and 40' in the 

longitudinal and lateral directions, respectively. Designate 

the new locations by D,E,F.  

3. Apply the maximum uncorrected jet radius projection (60') on 

the longitudinal axis to the new surface location of the 

centerline of the first and last jets. Designate A,B,C to these 

new locations.
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4. Connect the points A,D and C,F by straight lines. Call the 

point of intersection of these lines G.  

5. Distribute the temperature between point B and G, A anc C 

using the cosine function mentioned earlier.  

The points D and F represent the new locations of the upper boundary.  

Point B is the new location of the center of the plume. Point G 

represents the extent of the boundary temperature. The adoption 

of these new locations is still conservative since the procedure 

extends the location of the boundary temperature even beyond the 

location where the upper boundary first reaches the surface.  

Figure 6 compares the measured temperature distribution and com

puted values obtained using the above described procedure. The 

computed results agree reasonably well with the observed values 

and are on the conservative side.  

C. Lovett Plant Submerged Discharge Surveys 

Extensive field measurements of the temperature distribution in the 

Hudson River resulting from the submerged discharge of existing 

Lovett Unit #4 effluent, were performed throughout the daylight
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hours of 7/3/69, 9/23/69 and 10/2/69. These data were converted 

to temperature isotherms in the surface and across the cross

section at 1 ft. intervals. Figures 7 and 8 show two surface 

temperature isotherms corresponding to two different tidal con

ditions (maximum ebb and high water slack). Temperature rises 

downstream of the submerged pipe include the effect of the sur

face discharge from Units # 1,2 and 3, which are located about 25' 

downstream of Unit #4.  

Unit #4 design and operating characteristics, in effect during the 

surveys, as well as major s urvey findings, are presented in 

Table 3. The measured dilution ratios vary with tidal current 

conditions, tidal elevation and variation in plant output. The 

values shown in Table 3 represent upper and lower limits of mea

sured dilution ratios.  

Figure 9 shows the variation in dilution ratios with depth of sub

mergence throughout a tidal cycle for one of the surveys. The 

measured dilution values varied between 1.5 and 3.  

Computer printouts for two tidal conditions (maximum ebb and slack) 

for 9/23/69 operating characteristics are given in Plates 4 and 5.
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TABLE 3 

SUMMARY OF LOVETT PLANT UNIT #4 CHARACTERISTICS 
AND MAJOR SURVEY FINDINGS

Unit Characteristics 

Rated Capacity (MW) 
Maximum Cooling Water Flow (gpm) 
Maximum Condenser Temperature 
Rise (OF) 
Intake Temperature (OF) 
Discharge Temperature (OF) 
Ambient River Temperature (OF) 
Diameter of Port (Ft.) 
Centerline Depth of Submergence 
Below MHW (Ft.) 
Jet Velocity (fps) 
Orientation of the Jet 
Cosex,Cosey,Cos9z 

Summary of Findings

Design

198.5 
104,000 

17

7/3/69 

170 
104,000 

17 - 18 
75 - 76 

92 - 94 

74.3 
10

11.3 
2.9

11.3 
2.9

9/2 3/69 

175 
104,000 

18 - 19 
72 - 73 
90 - 92 

71.8-72.5 
10

11.3 
2.9

10/2/69 

170 
104,000 

17 
71 
88 
68.2 
10

11.5 
2.9

0.7071,0,0.7071

Maximum Surface Temperature Rise (OF) 
Location of Maximum Surface Temperature Rise 

Lateral (measured from 
Longitudinal discharge pipe) (ft) 

Dilution = Effluent Temperature Rise 
Maximum Surface Temperature Rise

9 - 13

1.4 - 1.5 2.1 - 1.5

6 - 9

2.8 - 1.9
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81.6

78.9 79.8

00040 _ _ _ _" 

00050 S D DIRECTION COSINES RADIUS I 

00060 X-AXIS Y-AXIS Z-AXIS X-AXIS 
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The computed jet characteristics for the maximum ebb run, associated 

with the boundary surface control, and the centerline surface 

control locations are summarized in Table 4.  

The computed dilution ratio and surface location of the jet, for 

this condition, are compared to actual observations in Table 5.  

The computed dilution ratio used in this comparison (1.81) is the 

boundary surface control value introduced in the previous section.  

Since there is no jet interference in this case, the governing 

parameter is this boundary control. This value (1.81) compares 

favorably to the range of the observed values of 2.1 to 1.5.  

The computed lateral, vertical and longitudinal locations of the 

centerline of the jet for the two tidal conditions are compared 

with the observed values in Figures 10 through 13. The agreement 

between the observed and computed lateral and longitudinal locations 

is quite good. In the vertical direction, the measurements show 

a faster plume rise. This, however, is to be expected, since the 

program neglects the effect of the drag forces which tend to de

crease the lateral momentum.

The computed temperature isotherms using the procedure outlined in



TABLE 4

SUMMARY OF LOVETT. UNIT #4 JET CHARACTERISTICS* ASSOCIATED 
WITH CONTROL LOCATIONS

Parameter 

1- Location of Centerline of 
Jet Measured from Discharge 
Channel, Ft. (Lateral, 
Vertical and Longitudinal) 

2. Jet Diameter, Ft.  

3. Average Jet Velocity, Ft/Sec 

4. Average Dilution Ratio 

5. Average Temperature Rise, OF 

6. Jet's Radius Projections on: 
x - axis 

y - axis 
z - axis

BoundaryO Control

- 12.9,2.5,15

16.4 

2.0 

1.81 

11.0 

6.7 
8.0 
5.2

Centerline Surface Control

23,9.4,30.8

22.8

1.6

2.91 

7.0 

10.3 
10.3 
7.0

*Test conditions are for 9/23/69 maximum ebb survey as summarized in Table 3.  

Oraken from computer printout values close to control locations.



TABLE 5 

COMPARISON OF COMPUTED AND MEASURED LOVETT PLANT 

SUBMERGED DISCHARGE SURVEY FINDINGS

Computed observed

1. Maximum Surface Temperature Rise, OF 

2. Location of Maximum Surface Temperature 
Rise (Measured from Discharge Pipe) 

Lateral, ft.  
Longitudinal, ft.

15.5 9-]13

1.81 2.1-1.53. Dilution Ratio 1.81
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the last section (i.e.* boundary control dilution and no location 

adjustment) are compared with the measured temperature distribution 

in Figures 14 and 15. The overall agreement between the results 

are considered to be reasonable. The deviations may be due to 

the effect of the surface discharge of Units 1 through 3 on the 

shape and location of the measured isotherms as well as errors 

in estimating distances smaller than 50 feet.  

An adjustment of the plume's location, similar to the one adopted 

earlier, will result in a closer agreement..
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III. EVALUATION OF INDIAN POINT SUBMERGED DISCHARGE 

The proposed Indian Point submerged discharge was studied in detail 

in an undistorted hydraulic model of the River. Those results 

agreed reasonably well with the theoretical solution as outlined 

in Chapter II. For the port configuration selected, however, those 

studies were based upon an effluent channel temperature rise of 14
0F, 

an ambient temperature of 400F, and a River ebb velocity of 0.4 fps.  

The same design was theoretically evaluated under a different set 

of conditions. The mathematical model used for this purpose is the 

adjusted and verified theoretical solution presented in Chapter II.  

Results of this evaluation follow.  

The new condition represents a more critical case. It differs from 

the hydraulic model run condition, summarized in Table 1, in the 

following manner: 

Effluent channel temperature rise = 170F 

Ambient temperature = 790F 

Maximum discharge temperature = 960F 

River velocity = 1 fps 

River salinity = 2000 ppm
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This condition was regarded as the summer condition of maximum 

severity and was studied because summer conditions are considered 

by many to constitute the critical biological condition.  

Expected capacity operation of all three units at Indian Point will 

result in a 16.4 0F rise in the 2,040,000 gpm. cooling water flow.  

All results presented in this chapter are based on continuous, year 

round operation at rounded values of 170F and 2,100,000 gpm and 

represent a maximum loading condition.  

This heat load is 6% higher than that associated with the maximum 

possible 3 unit electrical output (stretch rating) of 2351 MW.  

Planned operation, however, is 90% of this value, or 2114 MW. This 

latter value is slightly less than the manufacturer's guaranteed 

rating of 2123 MW, the maximum value at which the station may 

operate under initial Atomic Energy Commission operating licenses.  

These latter facts lead to a design heat load of 340X109 BTU/day, 

which corresponds to a temperature rise of 140F rather than 170F.  

The use of temperature rise of 170F, therefore, represents the most 

severe condition expected.

The maximum River ambient surface water temperature used in this
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evaluation is 79 0F. This is considered to be the highest ambient 

water temperature that will be seen by the intake at any time.  

Ambient water temperature does not reach this value every year.  

For example, the maximum ambient water temperature observed in the 

vicinity of Indian Point this year occurred in August and was 77.5
0F.  

A River ebb velocity of 1 fps was used in this run rather than .4 fps.  

This velocity represents an average tidal velocity in the vicinity 

of Indian Point.  

Computer printout for the critical surmmer condition is given in 

Plate 8. Computed submerged discharge characteristics, for this 

run, corresponding to the controls described in Chapter II, i.e., 

interference , and boundary and centerline surface controls, are 

summarized in Table 6.  

Figures 16 and 17 depict the computed lateral, vertical and longi

tudinal location of any one of the twelve jets. The jet boundaries 

shown in these figures represent the vertical and longitudinal pro

jections of the computed jet size at different locations. The com

puted jet velocity and dilution ratio are also shown in Figure 16.  

The three controls are also located on Figures 16 and 17.
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TABLE 6 

SUMMARY OF INDIAN POINT JET CHARACTERISTICS ASSOCIATED 
WITH CONTROL LOCATIONS 

(CRITICAL SUMMER CONDITION)

Parameter 

1. Location of Centerline of 
Jet Measured from Discharge 
channel, Ft. (Lateral, 
Vertical and Longitudinal) 

2. Jet Diameter, Ft.  

3. Average Jet Velocity, Ft/Sec 

4. Average Dilution Ratio 

5. Average Temperature Rise,0 F 

6. Jet's Radius Projections on: 
x - axis 
y - axis 
z - axis

Interference 
Control

39.9, 1.1,2.7

20.7 

4.2 

2.39 

7.1 

1.5 
10.4 
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Center line 
Surface Control

125,18,30
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3.0 1.7

3.46 
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14.7 
14.5

7.50 

2.26

17.0 
27.4 
25.5



0



ivlllll'WI'ir

IIIIliE

I l l l

Illiillllli|lll

ilirlJllillllll

Ill)Ill[

I[111111

IIIIIII

illlJJI

i 1 

i 
i 
i 
i 

]

i i 

i 
b 
i 
i 
i 
i 
i

i i 

ii

.. . .........  

H+k 

EH 

-------- -- --
1141 

----------

-- - -- - -- --

. . . . .. . .. . .  

.. .. .. . .. . . . . . .. .  
I I I T 

. .. . .. . .. .... . .. . .  

I I I I T I I 

...... ....  

++ ++ 

:t 

-F -H+ RF

. I . I I 

----------- ----- ----- --
---------- I T l l 

------ -----------

- -------- -----

1111911 

--- ----------------

-------- 

... 

-------- 
tO E--: 

HLH 
HIT -4fd+



QUIRK, LAWLER &~ MATUSKY ENGINEERS

-51

Figure 18 shows the relative locations of the centerline of the 

twelve jets. The three critical locations are also shown.  

The procedures outlined in Chapter 11, i.e., boundary control 

dilution' and longitudinal and lateral centerline adjustment, were 

used to predict the temperature distribution resulting from a 

temperature rise of 170F in ambient waters of 790F. The predicted 

isotherms, for this condition, are shown in Figure 19.  

By comparison to the hydraulic model run, the critical summner jet 

reaches the surface faster, even with a higher river velocity. .In 

other words, the jet does not see as much water as it rises in the 

summer. This, of course, results in a smaller jet size and a 

lesser control location dilution.  

Interestingly, the dilution ratio at a given distance along the 

centerline of the jet is somewhat greater in the present run, than 

it was for the hydraulic model conditions. Appearance of the jet at 

the surface, however, controls the available dilution, and the 

dilution ratio associated with boundary surface control was used 

for the prediction of the temperature distribution.

The faster jet rise, in this case, is caused by a higher buoyancy
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flux, which is due to a greater difference between river and jet 

densities as a result of 170 F instead of 140F temperature rise.  

This difference, which represents the driving force in the vertical 

direction, is even greater than the effect of an increase in the 

river velocity from 0.4 to 1 fps. A maximum surface temperature 

rise of 9.45OF (( al -) , f - ) is expected at the surface.  

This may be compared with 7.55°F temperature rise computed in 

Chapter II for a temperature rise of 140F and an ambient river 

temperature of 400 F.  

The predicted maximum surface temperature rises for this condition, 

as well as the hydraulic model condition agree reasonably well with 

the previously computed values summarized in Table 16 in QL&M's Feb., 

1969 report to Con Edison on Indian Point Thermal Discharge, (4).  

In interpreting the computed results, however, the following points 

should be taken into account: 

1. The computed results are probably conservative. The actual 

maximum temperature rises may be lower than those shown in 

Figure 19. This results from the fact that the computations 

ignore any dilution beyond the location where the jets start 

to interfere.
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In reality, however, entrainment of the river water into the 

individual jets will occur beyond this location, due to the 

availability of large volumes of ambient water in comparison 

to the total discharge flow. This can be best appreciated by 

realizing that the interference between the centerlines and upper 

boundaries of adjacent jets occurs some 16 and 17', respectively, 

below the water surface. The water contained in this part of 

the river above these elevations has an ambient temperature. The 

computation neglects any entrainment of this water.  

2. The procedure puts the location of the jet boundary at the sur

face farther from the surface centerline location, than the 

unadjusted model result, i.e., the projection of the jet area 

on the surface is greater after adjustment than before. Water 

is still entrained, and, even if not at ambient temperature, 

still requires the jet to expand at approximately the same rate.  

Figure 19 shows that the area bounded by the 40F isotherm is con

siderably lower than the estimate made previously in QL&M's February, 

1969 report (4) on this question. At that time, however, the sub

merged discharge dynamics were not fully understood and the esti

mates were made using temperature decay functions obtained during 

studies of the existing surface discharge..
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These field results showed that temperature decay across the River's 

cross-section and surface width vary exponentially with percentage 

of these parameters. When applied to the submerged discharge, a 

correction was made to account for an expected lesser degree of 

stratification between the surface and the section as a whole, but 

no change was made in the exponential nature of the surface and 

area decay functions.  

Consideration of the computed submerged discharge results shows 

clearly that the temperature decay is not exponential in this case, 

i.e., at least not exponential from the point of discharge down 

through temperature rises less than 10F.  

The exponential behavior is replaced by a sharp drop in the immediate 

vicinity of the discharge down to about 30F. This is then followed 

by a much slower movement down through the lower A~T values.  

This behavior is consistent with known fluid mechanical behavior 

upon introduction of an effluent into a receiving waterway. In the 

case of a low velocity, top to bottom discharge, heated effluent 

will rise quickly to the surface and then move away under the in

fluence of turbulent transport mechanisms.
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Analytical solutions of simple turbulent transport problems 

usually result in exponential or similar type functions 

describing the decay behavior of introduced contaminants.  

Thus, the observed exponential behavior of the low velocity 

discharges was not unexpected. These concepts have been 

pointed out in early reports to Con Edison on Indian Point 

behavior, in January, 1968 (5) and in February, 1969 (4).  

In the case of the submerged discharge, initial dilution 

mechanisms have been shown to control dilution of the plant 

effluent, down to the 3 to 50F temperature rise range. Beyond 

this point, turbulent transport mechanisms-(6) and overall 

dispersion and dissipation mechanisms (4),(5) begin to control.  

The submerged discharge results shown in Figure 19 indicate 

that the surface areas bounded by the 40F isotherm are on 

the order of a few acres, and the lateral distance bounded 

by this isotherm will be on the order of a few hundred feet, 

rather than on the order of 2000 feet, as estimated previously.  

The submerged discharge model, however, does not predict 

what will happen to the plume as it moves away from the 

point where it breaks the surface. A flattening out will 

occur and the heated water will move along the surface, 

gradually mixing via turbulence with cooler water. We know 

that this will occur at a point a few degrees above ambient, 

but to guarantee that such movement will occur at 30F rather
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than at 4°F is not possible with this model. To be con

servative, therefore, the extent of the 41F isotherm should 

be considered to be on the order of the values presented 

in our February, 1969 report.  

The effect of the critical summer condition submerged dis

charge during tidal slack conditions was investigated. Com

puter printout for this condition is given in Plate IX.  

The interference control dilution ratio and centerline 

surface location of the plume in the lateral direction were 

essentially the same as those used in the maximum ebb com

putations.  

Therefore, the computed isotherms for slack conditions are 

essentially the same as the maximim ebb isotherms in magni

tude and lateral location. No longitudinal displacement of 

the plume occurs at this condition.
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INTRODUCTION 

Consolidated Edison Company in a letter of March 7, 1969 requested that 

additional tests be carried out in the undistorted 1:50 scale model of the outfall 

and its near portion of the Hudson River. Tests according to the specified condi

tions were performed between March 23 and March 28 and preliminary results from 

these tests were verbally reported in conjunction with the data evaluation.  

This progress report gives the test results in terms of isotherms plotted in the 

vicinity of the outfall structure as covered by the undistorted model. Also, the re

sults of some computations have been included indicating an "efficiency" of each 

particular outfall configuration in terms of the ratio of the highest observed river 

surface temperature to the temperature of the cooling water effluent. In order to 

give a more complete picture of the variation of "efficiency" with outfall configu

ration pertinent results from the previous tests (August and November 1968) have also 

been included.  

It is felt that a rather complete survey of possible outfall designs, possib le 

within the limits of topography and available space for construction, has been ac

complished.



4.3 Test Results 

The outfall configurations tested and reported herein are summarized in the 

following Table III and detailed results are presented in Figures 5 - 14: 
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feet feet feet F F 

March 1969 340 20 17 2 .4 x 15 1.5 13.8 0.48 5 

March 1969 240 20 12 4 x 15 1.5 14.0 0.50 6 

Aug. 1969 240 20 6 4 x 30 1.5 17 0.53 7 

March 1969 340 20 17 2.8x 15 1.25 13.9 0.54 8 

Oct. 1968 240 20 6 8 x 30 0.3 17 0.59 9 

March 1969 240 20 12 6. x 15 0.5 13.7 0.61 10 

Oct. 1968 240 20 6 ,7x 30 0.4 17 0.67 11 

March 1969 340 20 224 2.5 DIA. 0.6 12.9 0.67 12 

Oct. 1968 240 25 6 7 x30 0.4 17 0.70 13 

Oct. 1968 240 30 6 7 x30 0.4 17 0.65 14

TABLE III DATA OF TESTED OUTFALL CONFIGURATIONS



In general the tests results have been arranged as to decreasing efficiency. It 

is noted that the smaller the ratio between maximum observed river temperature and 

effluent temperature the more effective is the outfall structure in providing dilution.  

Thegeneral trend indicated by the table values is that dilution primarily in

creased with discharge velocity. It is also seen that within the range tested the 

length of the outfall structure does not have a significant influence on the dilution.  

Submergence of the outfall openings does have an effect on dilution, increasing sub

mergence improves the dilution, however, this effect is not as marked as that due to 

exit velocity.  

It should be noted that the efficiency values shown for the tests of August and 

October, 1968 are not as accurate as those shown for the tests performed in March, 

1969. For two reasons the latter are more accurate. The ambient temperature was 

more stable due to more uniform temperature of the water and the flow pattern of the 

water representing river flow was improved by better designed guide vanes in the up

stream part of the model.  

One of the tests seems to fall outside of the general efficiency pattern namely 

the test with six 8 by 30 foot openings, Figure 9. It is felt that the relatively favor

able efficiency value indicated for this test is in error. A probable explanation is 

that the highest surface temperature escaped measurement due to the particular flow 

pattern produced by this outfall configuration.  

The test with 224 circular openings, 2.5' diameter in two rows, spaced 3 feet 

center to center distance both horizontally and vertically, indicates a relatively low 

efficiency. Despite the higher exit velocity this design is equivalent to 6 openings 7



by 30 feet in terms of dilution.  

The effective exit velocity is indicated by the water level difference between 

the outfall channel and the river. The exit velocity is approximately equal to 

\1-1 where h is the water level difference, g is the gravity constant. The exit 

velocity determined this way is higher than the nominal velocity computed as Q 

where Q is the effluent flow rate and A is the total area of the outfall openings.  

The reason is that the flow is contracted by passing through the sharp cornered open

ings. A coefficient of contraction was computed for several of the tests and found 

to have a value of between 0.6 and 0.7. It was found that the coefficient increased 

slightly with the longer outfall structure presumably due to the relatively lower 

channel velocities. This is reflected in the fact that the height of the openings could 

be somewhat reduced without exceedingwater level difference of 1 .5 feet between 

channel and river. The nominal area with the 240 foot long channel was 720 feet 2 

while the nominal area with the 340 foot channel was 612 feet 2 for 1 .5 feet water 

level difference. The 720 foot 2 opening area yields an opening height of 2.8 feet 

with the 340 foot long channel. A test with these conditions was performed, see 

Figure 8.  

Tests were performed to determine the effect on water level difference of ad

justable openings at the downstream end of the outfall channel. These tests were con

ducted with the outfall configuration consisting of a 340 foot long structure containing 

17 openings 2.4 feet high and with 5 foot partitions between the openings. Figure 15 

shows the results. It is seen that the "head loss" decreased rapidly when the last 

opening was extended up to the water surface, one free opening reduced the water



5 

level difference by 50%. A plot on semi logarithmic paper indicated that the gain 

in "head loss" varied exponentially with the number of free openings. It is seen from 

Figure 15 that the additional gainwhen more than 3 openings were free, was insig

nificant.



CONCLUSIONS 

Model tests in an undistorted model of ratio 1:50 simulating a variety of out

fall configurations indicated that an initial reduction of the effluent cooling water 

temperature of approximately 50% may be achieved in one of several ways: 

1) a 340 foot long structure with 17 openings 2.4' x 15' reduced the maximum 

surface temperature to 48% of the effluent temperature.  

2) a 240 foot long structure, 12 openings 4' x 15'; reduction to 50% 

3) a 240 foot long structure, 6 openings 4' x 307reduction to 53% 

4) a 340 foot long structure, 17 openings 2.8' x 30'.Oreduction to 54% 

While structures 1), 2) and 3) produced a water level difference between the 

channel and the river of 1 .5 feet, structure 4) caused a difference of 1 .25 feet.  

It was found that the water level difference between channel and river may be 
ii 

reduced by 50% by extending the furthermost downstream opening of,40 structure to 
A 

the water surface. The gain with additional free openings decreased exponentially.  

Adjustable outfall openings would be used at times when the need for initial dilution 

is reduced.  

It is interesting to note that the rather well developed theoretical approach to 

the dilution problem applied to the flow conditions of structure 1) indicates a tem

perature reduction to approximately 25% of the effluent temperature. The theoretical 

approach assumes an infinite depth above and below the outfall "slot" and is therefore 

not applicable to the boundary conditions of this outfall. The model results indicating 

only about 50% reduction reflect the reduced entrainment of ambient water due to the 

boundary conditions.
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OUTFALL CONFIGURATION
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Mr. George T. Cowherd, Jr.  
Environmental Engineer 
Consolidated Edison Company 
of New York, Inc.  

4 Irving Place 
New York, New York 10003 

Dear Mr. Cowherd: 

S Pursuant to your request, we are pleased to submit our report on 
the evaluation of the influence of Hudson River net non-tidal 
flow on temperature distribution in the vicinity of Indian Point.  

This report -provides an additional theoretical support of the 
reduced temperature effect arrived at empirically in our February, 
1969 Report.  

Several Hudson River current observations and salinity measurements 
at various depths throughout several cross-sections have been 
utilized in the study. These field studies were conducted by 
the U.S. Coast & Geodetic Survey in 1929, 1958 and 1959 and by 
our firm in 1964.  

Study results are summarized as follows: 

1. The salinity and current measurements showed that there is a 
net upstream movement of sea water in the lower layers and a 
downstream movement of fresher water in the upper layers of 
the Lower Hudson River. The surface of no net motion which 
separates the two layers usually occurs somewhat above mid
depth. This movement is induced by density differences which 
exist on account of the vertical and longitudinal distribution 
of salinity. Such movement exists mainly in the saline portion 
of the estuary. This effect is called the net non-tidal flow.
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2. At Indian Point, the net non-tidal flow is present when the 
fresh water runoff in the Lower Hudson is less than 20,000 
cfs. The effect is weakest where salt is not present.  

3. Field measurements showed that when the lower Hudson fresh 
water runoff is about 7,300 cfs, there is a seaward flow of 
about 22,000 cfs at Indian Point in the upper layer and an 
upstream flow of some 14,700 cfs in the lower layer. These 
values indicate that, under such conditions, a total flow of 
some 36,700 cfs is available for dilution purposes at Indian 
Point. This flow is about five times the fresh water flow.  

4. The U.S. Coast and Geodetic survey observations indicated that 
during August-September, 1929, the total dilution flow, in 
both layers, ranged from some 192,000 cfs, at the ocean entrance 
to the fresh water flow value of about 8,000 cfs some 60 miles 
above Battery. The total dilution flow at Indian Point was 
about 36,000 cfs.  

5. The net no 'n-tidal flow concept succeeded in explaining the 
measured area-average temperature rise at Indian Point better 
than all previous attempts. The predicted area-average 
temperature rise across Indian Point plane of discharge was 
only 9% less than its observed counterpart measured in 
July, 1966.  

6. The discharge of a three unit Indian Point design heat load 
of 340 BBTU/day is expected to cause an area-average temperature 
rise of about 1.70F when the fresh water runoff is about 
7,300 cfs. A maximum value of about 3.2 0 F may occur when the 
net non-tidal flow effect is weak and the fresh water runoff 
is some 20,000 cfs. Therefore, this temperature parameter may 
be expected to range between 1.70F and 3.2 0F.  

7. The net non-tidal mechanism indicated that a substantial re
duction in the area-Average temperature rise is expected to 
occur downstream of Indian Point and effectively no temperature 
movement (other than tidal) in the upstream direction.
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October 28, 1969 

8. The establishment of the existence of the net non-tidal flow 
in the Hudson and the conclusions outlined above offer an 
additional support of the results of our February, 1969 Indian 
Point Report.  

Very truly yours, 

QUIRK LAWLER& MATUSKY ENGINEERS 

SKarim A. Abood, 
Project Engineer

KAA/mmn
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I. PURPOSE AND SCOPE 

In February, 1969, Quirk, Lawler and Matusky Engineers submitted 

a report 1on the expected effect of simultaneous operation of three 

nuclear units at Indian Point on Hudson River temperature distribution.  

The results of February, 1969 were arrived at empirically by 

adjusting our mathematical model to yield better agreement with 

available Indian Point field dat a.  

Reasons for the differences between the measured and predicted 

temperatures and rationale for model revision were discussed in the 

Report. The net non-tidal flow concept was assumed to be the 

major reason for lower measured temperatures.  

After reviewing the February, 1969 Report, the State Depar tment of 

Health asked for additional information regarding the Hudson River 

salinity gradients, dispersion and dilution mechanisms at Indian 

Point during high and low fresh water flow conditions.  

The purpose of this report is to supply an additional support of 

the February, 1969 empirical reduced temperature effect on the 

basis of the net non-tidal flow concept.
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The work required to achieve this objective includes: 

1. Establishment of the existence of the net non-tidal flow 

mechanism in the lower Hudson.  

2. Evaluation of the magnitude of this flow and its variation 

in the vicinity of Indian Point.  

3. Comparison of the area-average temperature rise at Indian 

Point measured in July, 1966 with its predicted counterpart 

using the net non-tidal flow approach.  

4. Prediction of the expected area-average temperature rise 

resulting from the discharge of a three unit Indian Point 

design heat load.
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II. CHARACTERISTICS OF PARTIALLY STRATIFIED ESTUARIES 

In partially stratified estuaries, such as the Hudson, where the 

mixing of salt and fresh water is incomplete, there is a net 

upstream movement of sea water in their lower layers and a down

stream movement of fresher water in their upper layers. The 

conditions in such an estuary are represented in Figure 1.  

The salinity increases with depth at a less rapid rate of change 

at the upper and lower layers than at an intermediate layer which 

experiences a greater rate of change of salinity with depth as in 

Figure 1-C. The salinity in both layers, however, decreases 

steadily from the ocean entrance to the head of the estuary (see 

Figure 1-b).  

Because of the greater density of the water in the lower layer, 

the reversal in flow from ebb to flood occurs earlier at the bottom, 

i.e., the duration of the bottom flood current exceeds that of the 

bottom ebb. In the upper layer, where the water is fresher, the 

reverse is true, i.e., ebb current duration at the surface exceeds 

that of the surface flood current.

Also, the ebb velocity is a maximum at the surface and decreases
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with depth, while the flood velocity is minimum at the surface and 

increases with depth until near mid-depth, and then, because of 

bottom friction, decreases as it reaches the bottom as shown in 

Figure 1-d.  

Since the river inflow is in the same direction of the ebb current, 

the ebb velocity is always greater, in magnitude, than the flood 

velocity.  

There is also a very small net vertical motion of the more saline 

upstream-moving lower layers towards the surface layers and 

corresponding downward movement of the downstream-moving upper 

layers, as in Figure 1-d. The intensity of this motion increases 

in the upstream direction with almost no vertical mixing at the 

ocean entrance and a maximum rate of change at the upstream end of 

the ocean-derived salt intrusion. These mechanisms result in a 

low vertical salinity gradient at the ocean entrance, and a sub

stantial difference between bottom and top salinity at the end of 

the salt intrusion region.  

The net flow pattern, induced by density differences which exist on 

account of the vertical and longitudinal salinity distribution, may 

be measured through evaluation of long-term current observations, 

at various depths throughout cross-sections within the salt intruded
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reach, and over a full tidal cycle.  

The net circulation pattern described above is often called the 

net non-tidal flow, but must be distinguished from the fresh water 

runoff, which is the actual difference between total upstream and 

downstream tidal movement. Several investigators have evaluated 

this effect in partially mixed estuaries including the James River 

2 3 in Virginia , the Mersey Estuary , and the Juan de Fuca Strait, 

British Columbia.4 Values of ten to forty times the fresh water 

flow have been observed. The actual value increases in the sea

ward direction of the estuary due to entrainment of the lower layer 

water by the flow in the upper layer.
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III. HUDSON RIVER NET NON-TIDAL FLOW 

Extensive long term field current measurements have not been con

ducted in the Hudson River. However, several Hudson River current 

and salinity surveys are available and were used to evaluate this 

phenomenon. Results of this evaluation are presented below.  

The surveys used in the evaluation include: 

1. QL&M Kyma Salinity Survey, 1964 

2. Marmer Current and Salinity Survey, 1958-59 

3. Finnegan Current and Density Survey, 1929 

The salinity and density measurements were used to show that the 

net non-tidal flow phenomenon exists in the Hudson. The current 

measurements were used to compute this effect.  

A description of these surveys follows: 

5 

A. 1964 Kyma Salinity Survey 

1. Description of the Survey 

This salinity survey was carried out under the direction of QL&M 

personnel and included the section of the river from mile point 

22.825 near Dobbs Ferry to mile point 77.38 in the vicinity of 

Roosevelt Point.
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Data were collected continuously over the 6-day period, November 

19-24, 1964.  

The locations of the stations sampled during the period are shown 

on Figure 2.  

At each of these stations the following data were collected: 

1. Hourly (10 per tidal cycle) salinity measurements at each of 

three depths (1 or 1.5 ft., depth and 5/6 depth) and at each 

of three points across the river (east bank, midchannel, and 

west bank). A total of some 90 samples were collected at each 

station. The salinity sampling procedure was dependent on the 

salt water concentration; for salinities less than 3,000 ppm, 

Nansen bottles were used in conjunction with a laboratory 

salinometer. When the salinity exceeded 3,000 ppm, an in-situ 

salinometer was employed. When using the in-situ instrument, 

a Nansen sample was taken at the midchannel station at 5/6 depth 

for every third run. These samples were titrated as a check 

on the in-situ readings.  

2. Temperature measurements at each of the points described in 

item #1 above. When the Nansen bottles were used for salinity, 

the temperature data were obtained using a bathythermograph.  

When the in-situ salinometer was employed, the thermistor on
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this instrument was used to determine temperature. Supplementary 

bucket temperatures and bathythermographs were used as checks 

during the use of the in-situ instrument.  

3. River bottom profile across each station, using a recording 

fathometer.  

4. Time, tidal stage and weather conditions were recorded.  

Figure 3 shows a typical raw salinity data at three depths at the 

east bank, midstream, and west bank locations for Indian Point.  

Salinities were first averaged through the depth, then across the 

river width; The resultant mean sectional salinity curve is shown 

on Figure 4 for Indian Point.  

Figure 5 shows the mean salinity profile for this survey together 

with the fresh water histogram at Green Island during and prior to 

the survey period. The salinities shown are averaged over tidal 

cycle and River cross-section. The average fresh water flow in the 

lower Hudson corresponding to the survey period is 4,000 cfs.  

2. Interpretation of Survey Results 

The vertical mid-channel salinity variation during high water slack
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at the nine Kyma stations is shown in Figure 6. Figure 7 depicts 

the maximum vertical salinity variation, for this condition, as a 

percent of the mean vertical salinity, with distance.  

These two figures indicate the following: 

1. The upper layers are always lighter than the bottom layers.  

(Figure 6).  

2. The maximftim difference between the surface and bottom 

salinities ranges between 200 to 500 ppm. This change.  

represents about 5 to 35% of the mean vertical salinity 

(Figure 6).  

3. The surface layer has a weak vertical gradient. The gradient 

increases with depth and reaches a maximum at about mid

depth then decreases again near the bottom (Figure 6).  

4. The increase in the relative vertical salinity change is 

gradual in the saline part and increases substantially as 

one approaches the fresh water regimen. (Figure 7).  

5. The salinity in both layers decreases steadily from the 

ocean entrance to the head of the estuary. (Figure 6).

These facts indicate that the net non-tidal flow, described earlier,
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exists in the Hudson. Item #4 also indicates that the vertical 

circulation intensity increases in the upstream direction with 

almost zero vertical mixing at the Battery and a maximum rate at 

the upstream end of salt intrusion.  

B. 1958-59 Marmer Survey 6 

1. Description of the Survey 

The observations of 1956 and 1959 were conducted by the U.S. Coast 

and Geodetic Survey, using the survey vessel Marmer. The survey 

covered the section of the River from New York Harbor to Highland 

Falls (mile point 51). The locations of four Marmer stations 

are shown in Figure 2. These stations cover the reach of the Hudson 

of interest to this study (between mile points 27 and 51).  

At each of these stations, Roberts radio current meters were employed 

to obtain current observations each half hour over a 100-hour period 

at several depths. At most stations, observations were made at 

three depths, though at stations in shallow water observations were 

made at one or two depths, the numbers of points in the vertical 

depending on the total depth to the bottom. These four stations 

were occupied twice, once in October 7-16, 1958, and again in June 

17-21 and April 20-24, 1969.

During the period of the field study, from February 1958 to November
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1959, the Coast and Geodetic Survey also obtained measurements 

yielding salinity as a function of depth at each of the stations.  

The observations were made using the CBI induction conductivity 

temperature indicator (Schiemer and Pritchard, 1961). This in

strument gives direct readings of temperature in degrees centigrade 

and conductivity in millimhos/cm. The observed data were then pro

cessed to give the salinity as determined by temperature and 

conductivity.  

2. Interpretation of the Survey Results 

The current measurements at stations 45 through 48 were used to 

compute the net non-tidal flow in the Hudson during the survey 

periods. The raw data consisted of continuous velocity measure

ments for several days at three depths. A summary of the measure

ments during October 13, 1968 at station 48 is reproduced on 

Figure 8.  

The net non-tidal velocity was then computed using the following 

equation: 

U= z Ve Te -v )C (1) 

where: U = net non-tidal velocity in ft/sec.  

Ve = maximum ebb velocity ip ft/sec.  

Vf = maximum flood velocity in ft/sec.
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Te = duration of ebb cycle, in hrs.  

Tf - duration of flood cycle, in hrs.  

Equation 1 assumes a sinusoidal variation of tidal velocity with 

time. This assumption is valid in the Hudson River . Also, both 

Marmer current observations shown in Figure 8 and Kyma salinity 

measurements shown in Figure 4 support this assumption. The net 

non-tidal velocity exists when the product of maximum ebb velocity 

and ebb duration and the corresponding flood product are not 

equal.  

These products represent the maximum tidal excursion during ebb and 

flood. Therefore, the net non-tidal velocity in a given layer may 

also be defined as average net change of the position of a fluid 

particle, in either layer, over a period of one tidal cycle.  

The presence of a net non-tidal flow in a partially mixed estuary 

may also be shown using Equation 1.  

In such estuaries, as described earlier, Ve>Vf and Te>Tf, and 

therefore VeTe>VfTf in the upper layers. Therefore, U is always 

positive (i.e., downstream flow) at the surface. Similarly, since 

VeTe<VfTf in the lower layers, U is always negative (i.e., upstream
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flow) near the bottom. When both products are equal, there is no 

net motion. This occurs at about mid-depth.  

The vertical profiles of the maximum ebb and flood currents for the 

October 12-16, 1958 and April 20-24, 1959 periods at station 48 are 

shown in Figures 9 and 10.  

The net non-tidal velocity, computed using Equation 1, for the same 

periods is plotted as a function of depth in Figures 11 and 12.  

Positive values indicate, seaward flow and negative values landward 

flow.  

In general, there was a net downstream flow in the upper layers of 

station 48 and a net upstream flow in the lower layers during the 

period October 12-16, 1958. Figure 12, on the other hand, indicates 

the absence of a two layer flow in April, 1959. The reason for this 

behavior is the magnitude of fresh water flow. The fresh water flow 

in the lower Hudson in April 1959 was about 44,000 cfs as compared 

to about 10,000 cfs during October 12-16, 1958. These values in

dicate that station 48 did not experience any salt intrusion during 

April, 1959, and some 600 ppm in October, 1958. These values were 

obtained using a generalized correlation between salt intrusion and 

fresh wate r flow. 6 The actual measurements sI~owed similar results.
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The net non-tidal velocity vertical profiles for the periods October 

7-16, 1958 and June 17-21, 1959 at the other stations are shown in 

Figures 13 through 20. Only the weighted average profiles of all 

tidal cycles are shown.  

The net non-tidal flow, Qn' was then computed using the following 

equation: 

~X )K d.........(2) 

where: A~d =Depth increment, in ft.  

B =Average channel width over the depth increment, in ft.  

U =Average net non-tidal velocity over the same increment 

in ft./sec.  

The River channel was divided into several increments four to five, 

feet in depth, and the flow through each segment was computed using 

Equation 2. The negative and positive flows through all of the 

segments were added. The results are summarized in Table 1.  

Some of the computed values are not realistic. The difference 

between the seaward flow and the landward flow, which should be equal 

to the fresh water flow, is significantly smaller or larger than the 

actual fresh water flow (600 to 100,000 cfs vs. 10,000 cfs in 

October 1958) .



TABLE 1

NET NON-TIDAL FLOW IN THE HUDSON RIVER 

1958-59 MARMER SURVEY

Seaward 
Miles Flow 
above in the Upper 
Battery Layer, cfs 

27 7,823 

27 8,645 

33.4 114,357 

33.4 70,486 

33.1 10,235 

33.1 5,058 

49.6 6,716 

49.6 39,640

Landward 
Flow 

in the Upper 
Layer, cfs 

- 367 

- 437 

-3117 

-2273 

-6881 

-18654 

-6133 

-2377

Period 

October 7-11, 1958 

June 17-21, 1959 

October 7-11, 1958 

June 17-21, 1959 

October 7-11, 1958 

June 17-21, 1959 

October 10-16, 1958 

April 20-24, 1959

Station 

45 

45b 

46 

46b 

47 

47b 

48 

48b

0
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The reason behind these descrepancies stems from lack of extensive 

field measurements which necessitated numerous extrapolations of 

velocity profiles to the surface and bottom. Also, the selected 

stations represent the velocity behavior in only a part of the 

channel (either on bank side or mid-channel). These values were 

assigned to the total river cross-section.  

In conclusion, the Marmer data clearly indicate the presence of net 

non-tidal flow in the Hudson, but are not sufficient enough to be 

used for the measurement of net non-tidal flow.  

C. 1929 Finnegan's Survey 

1. Description of the Survey 

The observations of 1929 covered the section of the River from 

Riverdale to Troy. The locations of the first 21 stations (between 

Riverdale and Danskammer Point) are shown in Figure 2. Data were 

collected over a 17-day period. Water density, D, temperature, and 

current velocity were measured generally at several different depths.  

The survey densities were reduced to the standard temperature of 15°C 

and converted to salinity concentrations using Equation 3.  

C = I.3I'X x D...... (3) 

where: c = Salt concentration in ppm 

AD = Increase in fluid density at 150c
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The intrusion profile together with fresh water histogram at Green 

Island is shown in Figure 21.  

The fresh water discharge used for computation of flow characteristics 

from these data was determined from an analysis of gaging records 

at Green Island, tributary inflow below Green Island and the detention 

time requirements of the channel. The average inflow during the 

survey period was about 8000 cfs along the entire saline water 

stretch of. the river.  

A 15-foot current pole was used for the surface currents except 

where insufficient depths made it necessary to use shorter poles. 0 
Price current meters were used to obtain subsurface velocities.  

2. Interpretation of Survey Results 

The mean vertical salinity profiles at stations F-1 through F-21 

are shown in Figures 22 through 24. The shapes of these profiles 

are similar to those shown in Figures 6 and 1. Therefore, con

clusions similar to those of Kyma Survey measurements (see item 

A-2) may be drawn.  

The current data (velocity and duration) 'are summarized in Table 105 

of Reference 7. Current observations included 50 hours at each
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station in order to cover complete tidal cycles.  

In general, there were three locations for each station (east bank, 

mid-channel, and west bank) and the tidal velocity was measured 

at three to six different depths at each location.  

Compared with the Marmer Survey, Finnegan's data are more comprehensive.  

The net non-tidal velocity and flow at these stations were computed 

using Equations I and 2. The vertical profiles of the net non-tidal 

velocity at these stations are given in Figures 25 through 35. The 

shapes of most of these curves are similar to those of other 

partially mixed estuaries (see Figure 1) and indicate a net flow 

in the seaward direction in the upper layer (positive values) and 

up-estuary in the lower layer (negative values).  

The surface and bottom net non-tidal velocities were determined by 

extrapolation. A few of these profiles indicated .that there was 

virtually no net flow in one part of the river. Others showed that 

the net flow in one half of the channel is in a direction opposite 

to the other half.

The net non-tidal flow was computed by arbitrarily sectioning the
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River's cross-section into three segments and assigning them to the 

corresponding locations of the velocity measurements. :The net non

tidal flows for this survey are summarized in Table 2.  

The results in the upper layer were generally better than those in 

the lower layer due to a more complete set of velocity measurements 

in this layer. A material balance, however, could not be obtained 

in most cases, i.e., the difference between the net upstream and 

downstream flows was not equal to the fresh water flow of 8000 cfs.  

This could be due to several reasons including: influences of 

temporary meteorological conditions on current observations covering 

only a few days, the choice of allocating part of the river's cross

section to a particular velocity measurement location, the use of 

the only available velocity measurements (mostly mid-channel) as 

representative of the whole cross-section, and lack of velocity 

measurements in the upper and/or lower ten feet of the channel.  

Figure 36 shows all of the measured points. Those representing 

either complete or typical of partially mixed estuaries net flow 

behavior in the upper layer are shown by closed circles. These 

points were assumed to represent an average condition that existed 

in September, 1929. Further discussion of this measured function



TABLE 2

NET NON-TIDAL FLOW IN THE HUDSON RIVER 

(AUG. 29 - SEPT. 14, 1929) FINNEGAN'S SURVEY

Station 

F-l,F-2,F-3 

F-4,F-5,F-6 

F-7,F-8,F-9 

F-10 

F-11,F-12,F-13 

F-14 

F-15 

F-16 

F-17,F-18 

F-19,F-20 

F-21

Miles 
Above Battery 

15.0 

23.0 

27.0 

31.8 

33.1 

36.0 

40.1 

44.0 

51.4 

55.5 

66.1

Total Seaward
1 

Flow in the 
Upper Layer, cfs 

48,742 

24,774 

38,874 

15,7503 

4 
19,600 

33,0183 

27,4083 

17,6245 

12,0005 

4 
3,000.  

3 
23,673

Total Landward
2 

Flow in the 
Lower Layer, cfs 

- 2,945 

- 1,798 

- 857 

-39,810 4 
- 9,665 

- 440 

0 

-10,863 

- 4,592 

- 4,013 

0

1. Estimated freshwater flow is 8000 cfs.  
2. Incomplete measurements. Values are obtained by extrapolation of 

a few points.  
3. Only mid channel net velocities were available.  
4. Inconsistent net velocity variation which may be caused by influences 

of temporary meteorological conditions.  
5. Mid channel and one bank net velocities were used.
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is presented in the next section. This curve represents the variation 

in the upper layer seaward flow with distance above the ocean 

entrance of the estuary. The selected curve through the measured 

points in the upper layer indicates that the volume of water flowing 

toward the ocean increases as one proceeds from the head to the 

mouth, a mechanism that occurs in all partially stratified estuaries.  

The lower layer landward flow was then computed from a material 

balance between the upper layer net flow and the measured fresh water 

flow (8000 cfs). This curve is represented by a broken line in 

Figure 36.  

The total river water flow available for dilution throughout the 

River's cross-section and over a period of a tidal cycle is the sum 

of the net upper and lower layer flows. This curve is also shown 

in Figure 36.  

Figure 36 also expresses these net flows in terms of fresh water flow.  

At Indian Point, for example, the upper layer seaward flow is about 

three times the fresh water flow. The total river flow available 

for dilution throughout a tidal cycle is, therefore, about five 

times the fresh water flow. These ratios are small when compared 

with those of other partially mixed estuaries (20 to 40 times the 0
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fresh water flow). 12However, the .magnitudes of the Hudson River 

hydrodynamic characteristics are somewhat smaller.  

3. Net Seaward Flow in the Upper 15 Feet of the Channel 

The results presented in the previous section were obtained using 

Finnegan's direct results as derived from his current observations.  

These measurements covered intervals of only a few days and include 

the effects of local eddies and counter currents which may be created 

by shoal s or other obstructions as well as the influence of temporary 

meteorological conditions.  

The U.S. Coast and Geodetic Survey adjusted these as well as several 

series of observations in the same general locality. The method of 

adjustment is described in Reference 7 as follows: 

"The adjustment was accomplished by plotting on cross-section 

paper the observational data, using the distance of each station 

from the mouth of the river as measured by its latitude as the 

abscissa and the result to be adjusted as the ordinate, separate 

adjustments being made for each current phase interval and for 

flood and ebb velocities. The stations used for the adjustment 

were those located well out in the stream, stations near the 

shore being excluded.
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Smooth curves were drawn to follow as near as practicable the 

general trend of the plotted points." The resulting interval 

curves are reproduced in Figure 37 and the velocity curves in 

Figure 38.  

"The adjusted values were then scaled off from these curves. For 

convenience in making comparisons between the times of the tide 

and the current phases, the values were taken for the same 

localities as those used for the adjusted tidal data in Table 97.  

A direct comparison in the times may be made through the Greenwich 

intervals.  

The times of slack water and flood and ebb strength are referred 

also to the times of the high and low water at the Battery, and 

through the application of these differences to the predicted 

tides at the latter place, the times of the current phases may be 

readily estimated. It should be kept in mind, however, that the 

differences represent average values and are subject to variations 

depending upon the special conditions which may prevail at the 

time." 

The adjusted current values represent the average Velocities at 

strength of flood and strength of ebb. These velocities refer to0
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the mid-channel of the Hudson River and are taken to include those 

to a depth of 15 feet.  

The computed net non-tidal channel velocity and flow in the upper 

15 feet of the lower 82 miles of the Hudson River are summarized in 

Table 3. Figure 39 depicts the variation in net non-tidal channel 

flow with distance above the ocean entrance. The total upper layer 

flow computed using Finnegan's data is also shown in Figure 39 for 

comparison purposes. Notice that the total flow curve represents the 

net seaward flow contained in the upper layer, i.e., from the surface 

to zero net velocity depth which may be more than 15 feet.



TABLE 3

"HUDSON RIVER NET NON-TIDAL FLOW" 

USING ADJUSTED CURRENT DATA MID CHANNEL AND TO A DEPTH OF 15 FT.*

Station 

SThe Battery 

George Washington Bridge 

Riverdale 

Dobbs Ferry 

Tarrytown 

Ossining 

Haverstraw 

Peekskill 

Iona Island 

Bear Mountain Bridge 

West Point

(1) (2) (3) (4) (5) 
Miles Maximum Ebb Flood Flood 
Above Ebb Duration Strength Duration 
Battery (Knots) (Hours) (Knots) (Hours) 

0 2.3 7.71 1.5 4.71 

12 2.2 7.61 1.6 4.81 

15 2.0 7.60 1.6 4.82 

23 1.7 7.47 1.3 4.95 

27 1.5 7.32 1.1 5.10 

31.8 1.3 7.12 .9 5.30 

36 1.3 7.07 .8 5.35 

42 1.2 6.57 .8 5.85 

44 1.1 6.58 .8 5.84 

46 1.1 6.58 .8 5.84 

51.4 1.1 6.64 .9 5.78

(6) 
Average Net 

(2X3-4X5) 

X 2X1.69 
TX12.42 

.92 

.78 

.65 

.554 

.467 

.385 

.424 

.277 

.223 

.223 

.182

(7) 
Average 
River 
Width 

0-15' ft.  

5800 

4165 

4700 

4600 

5000 

6750 

6000 

3900 

2000 

2150 

1950

(8) 
Upper 15' 
Flow, cfs 

6X7XI5' 

80,000 

48,400 

45,700 

38,200 

35,000 

39,000 

38,000 

16,200 

6,700 

7,200 

5,330

0 __W - I



0

TABLE 3 (CONTINUED) 

"HUDSON RIVER NET NON-TIDAL FLOW" 

USING ADJUSTED CURRENT DATA MID CHANNEL AND TO A DEPTH OF 15 FT.*

(1) (2) (3) 

Miles Maximum Ebb 
Above Ebb Duration 
Battery (Knots) (Hours)

(6) 
(4) (5) Average Net 

Flood Flood (2X3-4X5) 
Strength Duration X 2X1.69 
(Knots) (Hours) nTX12.42

(7) 
Average (8) 
River Upper 15' 
Width Flow, cfs 

0-15' ft. 6X7XI5'

55.5 1.1Storm King 

Newburgh 

Hyde Park

1.1

6.66 

6.74 

7.16

.9 5.76 

.9 5.68

1.2 5.26

.183 

.197 

.258

2600 

3000 

3000

7,140 

8,850 

11,600

*Current and duration data were taken from Table 106, Reference 7. These values were obtained 

using Finnegan's results as well as several series of other observations in the same general 
locality.

Station
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IV. EFFECT OF NET NON-TIDAL FLOW ON TEMPERATURE DISTRIBUTION 

IN THE VICINITY OF INDIAN POINT.  

A. Thermal Discharge in Partially Stratified Estuaries 

A lighter effluent, such as a heated liquid, discharged into a 

partially stratified estuary rises to the surface and tends to 

remain in the upper layer and be carried with it. Therefore, the 

hydrodynamic characteristics controlling the fate of such a dis

charge are those of the upper layer.  

Turbulent mixing, however, leads to a horizontal and eventually some 

vertical dispersion. Vertical'mixing, however, is counteracted-by 

the tendency of the estuary itself to stratify. Before introduction 

of the heated effluent these opposing mechanisms are already in A 

,state of balance. An effluent, whose stable state is to locate near 

the surface, will be subject to a smaller vertical mixing than the 

natural waters of the estuary or an effluent having a density equal 

to the River's density.  

Little of the heated effluent water, is transferred to the lower 

upstream moving layer. However, the temperature decay is primarily 

at the surface and the heat has every opportunity to dissipate to 

the atmosphere. Thus, by the time the water in the upper layer is
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exchange with lower layer's water, much of the heat may be gone. In 

other words, the return of this water in the lower layer past the 

original plane of discharge will be at a time when this water 

possesses relatively little heat.  

The heated liquid is ultimately flushed from the estuary in the 

seaward directed flow of the surface layers.  

In dealing with an area-averaged and tidal-smoothed temperature rises 

both the upper seaward flow and lower layer landward flow must be 

taken into consideration.  

B. Prediction of Area-Average Temperature Rise Using the Net 

Non-Tidal Flow Concept 

The area-average temperature rise across the plane of discharge may 

be expressed as follows: 

,OK=pHQ... 4oO(4) 
to X CP X Qaj X 1, 

where: H = Heat loss to River in BTU/day.  
9 = Water Density in #/cu.ft.  
Cp Heat capacity of water in BTU/#/OF.  

= Total dilution flow in cu.ft./sec.  

The total dilution flow, in this case, is the sum of the upper layer 

seaward flow and the lower layer landward flow. Its magnitude is 

influenced by the fresh water flow, longitudinal dispersion, channel 

geometry, tidal characteristics and vertical salinity gradients.  

Equation 4 is identical to those expressing the area-average tempera- 0 

ture rise in terms of these parameters.
7
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For a water density of 62.4 lb/ft 3 and heat capacity of 1 BTU/#/°F, 

Equation 4 reduces to: 

H . (5) 

where: AT = Area-average temperature rise across plane of 
discharge in OF.  

H = Heat load in billion BTU/day.  

Qd = Total dilution flow in thousand cu.ft/sec.  

C. Comparison of Indian Point July 1966 Temperature Measurements 
and Net Non-Tidal Predictions 

A comparison of predicted (using the net non-tidal approach) and 

measured (5) (during July 1966) area-average Hudson River temperature 

rises in the vicinity of Indian Point follows.  

The upper seaward flow at Indian Point may be obtained from Figure 

36. The Figure values are valid for fresh water flow conditions 

of about 8000 cfs. The fresh water flow that prevailed during July 

1966 was about 92% of this value (7300 cfs). Therefore, the use of 

the Figure values in the computation is valid.  

Thus, for July 1966 conditions: 

1. Indian Point upper layer seaward flow = 22,000 cfs (from Fig. 36) 

2. Indian Point lower layer landward flow 22,000 - 7,300 = 14,700 cfs 
(from material balance)
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3. Total channel net flow available for dilution Qd = 22,000 + 14,700 
= 36,700 cfs 

4. Measured area-average temperature rise across the plane of 
discharge = 0.20F (see Table 1 of Jan. 1968 Report).  

5. The predicted area-average temperature rise across the plane 
of discharge may be computed from Equation 5.  

H = Heat loss to the River during July 1966 survey period 
= 36 BBTU/day (see Table 1 of Jan. 1968 Report).  

- Q6 
5.4 X56.7 

This value is only 996 less than the actual.  

Therefore, the agreement between the measured area-average tempera

ture rise at Indian Point, and that predicted using the net non-tidal 

concept is better than all previous attempts at explaining this 

temperature parameter.  

D. Prediction of Indian Point Temperature Distribution usinq the 
Net Non-Tidal Flow Concept 

Indian Point design heat load is 340 BBTU/day.1I The total dilution 

flow at Indian Point during fresh water conditions similar to those 

of July 1966 is 36,700 cfs (see previous section). Therefore, the 

expected area-average temperature rise across the plane of discharge 

is 340 o.1.710F (from Equation 5).  
5.4 X 36.7 

r o0 For other heat• load and/or dilution flow values, the expected area



QUIR~K, LAWLER~ F6 MATUSKY ENGINEER~S

-27

average temperature rise may be obtained from Figure 40, which 

represents a graphical solution of Equation 5.  

The effect of variation in available dilution flow in both layers 

on the area-average temperature rise is shown in Figure 41.  

An increase of 50% in dilution flow results in a reduction of about 

70% in the area average temperature rise. An equivalent decrease 

in dilution flow, on the other hand, results in a 100% increase in 

this temperature parameter. However, the total dilution flow at 

Indian Point is always greater than 20,000 cfs. No ocean derived 

salt is seen at Indian Point when the fresh water flow in the lower 

Hudson is 20,000 cfs. 5The net non-tidal flow, under these conditions, 

is all in one layer and in the downstream direction. The minimum 

total dilution flow, therefore, is equivalent to this value. Higher 

dilution values result from either fresh water flows in excess of 

20,000 cfs or net non-tidal flows caused by salt intrusion.  

Thus, the maximum area-average temperature rise at Indian Point is 

not expected to exceed 3.20 F. which corresponds to dilution flow of 

20,000 cfs (see Figure 41).. Lower values occur during the summer 

and fall of dry years, when the fresh water flow is minimum and the 

salinity gradient is maximum or during very high fresh water flow 

periods. The variation of this parameter with fresh water flow is 

shown in Figure 42.
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The behavior beyond the plane of discharge is controlled by the 

variation in the upper layer and total dilution flows at Indian 

Point. The upper layer flow, which carries the heated effluent, is 

always in the downstream direction. Figure 36 shows that the 

magnitude of this flow increases significantly as one proceeds from 

Indian Point to the Battery. The lower layer landward flow, on the 

other hand, decreases in the landward direction. The total flow 

available for dilution is greater downstream of the discharge.  

Therefor e, a substantial reduction in the area-average temperature 

rise is expected to occur downstream of Indian Point and effectively 

no temperature movement (other than tidal) in the upstream direction.  

Indian Point temperature measurements as well as recent thermal 

surveys along the Hudson River showed similar behavior.  

E. Conclusions of February 1969 Indian Point Report 

our February 1969 Indian Point predictions were arrived at empirically 

by adjusting our mathematical model to yield better agreement with 

field data.  

The net non-tidal flow concept, on the other hand, helped to 

theoretically explain these measurements better than all previous 

attempts.  

Therefore, the establishment of the existence of the net non-tidal
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flow in the Hudson and the conclusions outlined in this Report, may 

be taken as representing an additional support of the reduced 

temperature effect model used in our February 1969 Report.
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INDIAN POINT MODEL NO. 2 COOLING WATER STUDIES 

1. INTRODUCTION 

A hydraulic model was designed and constructed for the Consolidated Edison 

Company of New York at the Alden Research Laboratories of Worcester Polytechnic 

Institute during the Winter and Spring of 1968. The model was constructed in an 

existing building in an area which had previously been the site of the Indian Point 

Model No. 1 . The No. 2 model was designed to reproduce a section of the Hudson 

River from Verplanck Point about 9000 feet downstream from the Indian Point Plant 

to Roa Hook about 9000 feet upstream from the Plant. A horizontal scale of 1:250 

and a vertical scale of 1:60 were selected. The model was designed to simulate the 

cooling water flow conditions pertaining to generating units No. 1 and No. 2 and 

those pertaining to generating units Nos. 1, 2 and 3 in which case a changed con

figuration of the outfall applied.  

Since the tidal action of the Hudson River is a dominant hydraulic factor in 

determining the flow pattern as well as the dispersion of released cooling water the 

model was designed with automatic tide controls.  

The so-called Moth Ball Fleet consisting of some 160 World War 11 cargo 

ships, ancho red along the western side of the river, opposite the Indian Point Plant, 

was considered to influence the river hydraulics and was therefore incorporated in 

the model.  

Although of secondary importance in terms of heat effect, the Rockland

Orange Company's Lovett plant situated on the western shore of Hudson River was 

included in the model.



In order to assure satisfactory hydrodynamic similitude between model and 

prototype rather comprehensive field measurements were planned by the Alden Re

search Laboratories and Consolidated Edison Company. The field studies, based on 

aerial mapping of drogues, were carried out on two occasions, August 14 and Sep

tember 20, 1968. The model was adjusted on the basis of field data .  

Changes in the New York State regulations stating the limiting temperature 

conditions b"r the River required radical changes in the design of the cooling water 

outfall structures on two different occasions during the course of testing . The tem

perature requirements pertaining to the near vicinity of the outfallI were such that 

a submerged outfall proved necessary in order to accomplish sufficient initial dilu

tion of the cooling water. In order to determine the design and dimensions of 

adequate outfall structures it was necessary to conduct tests in an undistorted scale 

model. Such a model was constructed to scale 1:50 and comprehensive testing was 

carried out with two purposes: 1) to guide Consolidated Edison Company in their 

design of the outfall structure so as to meet the given temperature requirements; 

2) to establish a set of boundary conditions to be imposed on the main model . The 

results of these tests were reported in a progress report of August, 1968 and, due to 

renewed changes in state regulations, which invalidated the application of these 

test results, a progress report of October 1968. Additional tests were carried out in 

the small model in March of 1969 and results presented in a progress report of April, 

1969. Since the outfall test results are essential both in regard to the design of the 

prototype outfall structure and also to the testing of the main model a summary of 

these tests and their resulIts are presented herein .
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The final testing of the main model was carried out between November 4 and 

December 6, 1968 and the results of these tests are presented in this report.



2. MODEL DESIGN 

2.1 Model Topography 

Reproduction of the river bed topography was based on essentialIly two 

sources: 

A 1:24000 map which shows depth contour lines at 6, 12, 18 and 30 feet 

below mean low water and in addition a number of point soundings and the Coast 

and Geodetic Survey map No. 282 to scale 1:40000 which gives a great number 

of point soundings and information about dredgings. Templates were made based 

on the above information and placed on the model foundation concrete slab ac

cording to an adopted coordinate system, see Photo No. 1 . The templates were 

back filled with sand which was compacted to within about 2 inches from the tem

plate edge. The remaining 2 inches were filled with concrete, molded to the 

shape of the river topography using the templates as guides, see Photo No . 2.  

Two foot high 4" concrete walls, cast on the concrete slab, provided with the slab 

a water tight enclosure for the model .  

The area containing the cooling water intakes and the outfall channel was 

molded in fiberglass in order to facilitate changing of these structures to model the 

configuration pertaining to different construction stages. Photo No. 3 shows the 

intake-discharge configuration for Units 1, 2 and 3 with connecting piping while 

Photo No . 4 shows the fiberglass part representing the outfall for Units 1 and 2.  

Figure 1 shows the general arrangement of the model including the model topo

graphy.
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PHOTO NO. 3 INTAKES AND DISCHARGE CHANNEL, 
UNITS 1 + 2 + 3

PHOTO NO. 4 DISCHARGE CHANNEL, UNITS 1 + 2



2.2 Water Supply, Tide Controls 

The river flow at Indian Point is strongly dependent on the tide action of 

the Atlantic Ocean. A tide cycle at Indian Point comprises a flood period with 

an average duration of about 6 hours and an ebb period of about 6.5 hours, flood 

plus ebb thus making a tide cycle duration of approximately 12.5 hours. The flow 

associated with the tide action varies from 0 at slack tide to approximately 250,

000 cfs. upstream flow at peak flood, back to 0 flow at slack before ebb and 

approximately 250,000 cfs downstream flow at peak ebb. The tidal flow varies 

due to-variation in the tide as a function of mutual position of moon and sun,.wind 

and-barometric-conditions. These variations would, in general, be in the order of 

20% but may at times be twice this value.  

Superimposed on the tidal flow is the Hudson River fresh water flow which 

varies from about 4000 cfs. associated with a severe drought to in the order of 

40,000 cfs due to a high spring run-off.  

In order to model the flow variation over a tide cycle control apparatus was 

designed and fabricated. The tide controls constituted two sets of specially de

signed discharge valves and overflow weirs, one set for each end of the model.  

Valves and gates were operated by cams, mechanically driven at a speed such that 

one revolution was equal to the period of a model tide cycle. Photo 5 shows the 

downstream control apparatus with its overflow weir and the constant head tank 

for the discharge valve 

Water for the model was supplied from a 20 HP propeller pump placed in a 

sump outside the model, see Figure 1 . 12" piping connected the pump to each of 

the constant head tanks. The function of the head tanks was to minimize variations



in flow to the tide valve due to fluctuations of pump discharge. In this way a flow 

with variations of less than 1% was supplied to the tide valves. The tide valves di

rected the proper amount of flow, at any instant, to the modelI while the excess was 

directed back to the sump.  

The tide machine cam design was based on data obtained from "Tides and 

Currents in Hudson River" by Paul Schureman, U. S. Coast and Geodetic Survey.  

Heated water for simulating the cooling water effluent was supplied from a 

50 H-P boiler. The pipe line delivering the water to the model outfall channel was 

equipped with a calibrated flow meter and valves for regulating the flow rate. A 

cold water line supplied water upstream of the meter for adjusting the temperature 

of the effluent.  

Flow from the cooling water intakes was withdrawn by a pump with pipes, 

containing flow meters and valves, leading from the intakes to the suction side of 

the pump. Thus the flow from each individual intake could be adjusted and metered.  

2.3 Instrumentation 

In order to measure temperatures at various points in the model and of water 

entering the model and leaving it, a system of thermocouples connected to four 24

channel recorders was adopted. The recorders (Esterline Angus) were operated in 

parallel, each recorder printing the temperature reading from a thermocouple every 

2 seconds. With 24 thermocouples per recorder a complete scan of 96 thermo

couples would thus be carried out in 48 seconds. Simultaneously a data logger 

digitalized the recorder outputs and fed this information to an IBM computer tape 

for data processing . After completing one scan the recorders would automatically
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THERMOCOUPLE MOUNTING

DRY BULB -WET BULB INSTRUMENT, 
DEW POINT INSTRUMENT



start a new scan. Photo 6 shows one of the recorders and the data logger.  

Fixed thermocouples were mounted according to Table I

Position 

Intake Unit No. 1 

Discharge Channel 

Air Temperature up
stream end of "Moth 
Ball Fleet" 

Discharge to and from 
model, downstream end 

upstream end 

Thermos bottle

Number of Thermocouples 

2 )one close to the upper edge 
2 )-of the intake opening, one 
2 )near the bottom 

2 

2 

4

16 

TABLE I POSITION OF FIXED THERMOCOUPLES

The remaining 80 thermocouples were distributed withint the model, supported 

on wooden dowels as shown on Photo No. 7. The boards were movable in horizontal 

directions and the dowels could be adjusted as to elevation.  

As indicated by Table 1, 4 thermocouples were mounted in a thermos bottle.  

In this way a check was provided on recorder drift. In addition to the 96 recorder 

registered thermocouples a portable thermistor apparatus was used providing 23 addi

tional temperature probes. The thermistor instrument was manually operated as to 

switching between probes as wellI as read-out.



In order to record air temperature and humidity a dry bulb-wet bulb instrument 

was used, see Photo No. 8. This instrument was calibrated to a dew point instru

ment in order to achieve the correct compensating air stream provided by a small 

fan.  

Timing with respect to the tide cycle was based on the tide machine cam mo

tion . A set of electrical switches placed at equal time intervals activated a bulb 

which provided time signals. A zero time was arbitrarily chosen as the time when 

water started flowing into the model at the downstream end. This would essentially 

correspond to slack before flood at Verplanck Point.  

The velocity distribution in the model was measured by a photographic method.  

A camera was mounted vertically above the area to be investigated. The camera 

was equipped with a slowly rotating disk below the lens with "spokes" which inter

mittently interrupted the exposure. Candles on styrofoam floats supplied with sheet 

metal cruciforms, adjustable as to depth, were traced by the camera. The candle 

paths so photographed would show time marks due to the interrupter and would thus 

yield information both about velocity magnitude and velocity direction. Photo No.  

9 shows as an example a photograph obtained this way.



3. MODEL CRITERIA 

3.1 Model Similitude Relations 

It is the purpose of the model to simulate the hydraulic behaviour of the Iibdson 

River within the modeled area. The dominating forces, governing the flow distribu

tion, are gravity forces and inertia forces. The gravity forces include so-called 

buoyancy forces caused by differences in specific weight,, It is therefore essential 

that the ratio between inertia and gravity forces be maintained equal in the proto 

type and the model . The ra tio between these forces can be expressed as 

Fi V 2 

-where Fi stands for inertia force, F0 for gravity force, V is the G LG 

velocity at a given point in the flow and L is a characteristic length at that point, 

generally the depth of flow. The square root of this ratio is generally called the 

Froude number and the model criteria then can be expressed as the requirement that 

the Froudle number for any point in the model be equal to the Froude number of the 

corresponding point in the prototype.  

With this criteria and the chosen length and depth ratios of the model the dy

namic and kinematic scale ratios between model and prototype can be computed.  

These ratios are given in Table 2.  

It should be noted that modeling of specific weight according to the Froudle 

law requires that the ratio between prototype specific weight and model specific 

weight be unity. When specific weight differences are caused by temperature dif

ferences, this requirement will be fulfilled by modeling the same temperature in 

the model as would occur in the prototype, i e., a one-to-one temperature scaling.
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RELATIONS BETWEEN PROTOTYPE AND MODEL PROPERTIES

INDIAN

GEOMETRIC 

KINEMATIC

DYNAMIC

Length 

Width 

Depth 

Volume

Ti me 

Velocity 

Flow Rate

Pressure 

Gravity Force

POINT II MODEL

Foot 

Foot 

Foot 

Foot 3 

Second 

FPS 

CFS 

PSI 

Pound

PROTOTYPE 

250 Feet 

250 Feet 

60 Feet 

375,000 Feet 3 

32.2 Seconds 

7.74 FPS 

116,000 CFS 

60 PSI 

375,000 Pounds

TEMPERATURE

The Kinematic-Dynamic-and Temperature Ratios are 
Forces are considered dominant forces.

based on Froude Scaling i.e. Gravity and Inertia

TABLE II



Since the specific weight of water varies with temperature in a non-linear way the 

one-to-one density ratio can be modeled also when the model ambient temperature 

is different from the river ambient temperature . Figure 2 illustrates this. An am

bient temperature for the river of 78F was assumed as a basis for the diagram. As 

an example, if the model a mbient temperature is 60F the model temperature differ

ential should be 20.5F in order to properly model a prototype differential of 15F.  

The primary concern, thus, is in modeling the correct specific weight ratios 

and therefore when a "'distorted" temperature of the warm effluent is used in the 

model the model effluent may be thought of merely as a tracer, having the true 

specific weight. This "tracer" has the advantage of being conveniently detected 

and also the hydrodynamic advantage of possessing the correct diffusion properties.  

When temperature differences in the model are in excess of those of the prototype 

a proper reduction must be made when test results a re presented in terms of pre

dicted prototype temperatures.  

Specific weight differences in the prototype may also be due to variable 

salinity. The lower part of Hudson River is a typical estuary with salt water being 

forced upstream from the Atlantic Ocean due to the tidal action and partly due to 

the higher specific weight of the salt water which causes a "density flow" in the 

upstream direction. However at Indian Point density measurements presented in 

"Tides and Currents in the Hudson River" indicate that the specific gravity at 

Verplanck Point was 1 .002 1 as an average of 8 measurements taken during a sur

vey in September, 1929 and that the maximum specific gravity difference was 

0.004 with depth. This difference corresponds to a temperature difference of less



than 3F at an ambient temperature of 78F. More recent measurements of salinity 

have indicated a maximum salinity of approximately 5 parts per thousand (Dr.  

Gwyneth Howells) with no variation with depth. A salinity of 5 ppth corresponds 

to a specific gravity of 1 .007. It should be noted in this connection that salinity 

varies with the time of the year, being a minimum at the time of maximum fresh 

water run-off and a maximum at the end of the summer or in connection with low 

fresh water flows.  

In view of the uniform density and low absolute salinity at Indian Point it 

was felt that modeling of temperature induced specific weight differentials would 

yield an adequate representation of prototype conditions.  

Also in view of, the uniform density and low salinity it seems reasonable to 

assume that the dispersion properties in the vicinity of Indian Point are due mainly 

to turbulent diffusion and to the non-steady flow pattern associated with the tidal 

f low.  

The turbulent diffusion is proportional to the kinematic eddy viscosity which 

in turn is a function of the Reynolds number of the flow. The Reynolds number 

(Re =
4 Vym) is very high (about 3 x 107) at ebb and flood strength and reduces, 

I) 
theoretically, to 0 at slack tides.  

The non-steady flow behaviour is particularly marked in conjunction with 

slack tides. For instance, it was observed that flood occurs along the Indian Point 

shore a considerable period of time prior to flood at mid River. This indicates that 

a shear zone exists in this area which may account for a considerable increase in 

dispersion. Such large scale dispersion caused by non-steady flow, is mainly due 

to non-uniform river geometry.



From a model point of view, since the diffusion coefficient is a function of 

eddy viscosity it is important that model Reynolds numbers are large. This was ac

complished by distorting the model . Further, in order to maintain a high turbulence 

level, artificial roughness was added to the model bottom. See Photo No. 10. The 

roughness magnitude was computed based on an assumed Manning n-value of 0.02 

for the Hudson River. (No actual data of river roughness is available, therefore the 

chosen value was a conservative estimate based on Open Channel considerations.) 

The distortion factor, depth ratio/length ratio = 4 .16, determines the equivalent 

roughness of the model. With the applied roughness the model maintained rough 

turbulent flow in major portions of the bed for most of the tide cycle period.  

3.2 Velocity Distribution - Field Measurements 

The velocity distribution in the model was measured using the technique des

cribed in 2.3 "Instrumentation" . At the time when the tide machinery was designed 

and the model was put in operation the only available current data were from "Tides 

and Currents in Hudson River" by Paul Schureman, U. S. C. and G. S. Figure 3 

shows the stage versus time and velocity versus time based on these data. Although 

it is indicated in the above pu blication that average conditions were attempted 

based on surveys carried out between 1854 and 1932 the ratio between flood strength 

and ebb strength seems to indicate a condition with a spring run-off of about 30,000 

cfs .  

Figure 3 shows comparisons between the stage and current data from the above 

source and model data based on measurements. It is seen that the midstream velo

city magnitudes agree well with the prototype data. The apparent lag in time is due



to the arbitrarily chosen "0 time". T = 0 was defined as the time when the down

stream discharge valve started opening, an operation which was well defined and 

easily recognizable. Some time ellapses in which the downstream momentum is 

counteracted by the inflow before slack tide can occur.  

The stage curves, Figure 3, are referred to a datum so chosen that the curves 

becomesymmetrical. The average range at Indian Point is approximately 3 feet 

with high tide approximately 2 feet above MSL and low tide 1 foot below MSLO 

The model tide range was generally a few percent higher than that corresponding to 

the prototype range and the model stage produced a somewhat "fuller" curve than 

the prototype, as indicated in Figure 3. It is noted that in terms of flow pattern 

the range has insignificant effect.  

Figure 4 shows a comparison between pathlines obtained by aerial photog

raphy in the field and pathlines photographically obtained from the model off 

Indian Point. The agreement was found acceptable for model operation.  

Detailed comparison was made between flow patterns in the prototype and the 

model in certain areas. A specific feature of the tide that was found to have rather 

a significant effect on temperature distribution was the turn about of the flow along 

the east shore prior to slack at midstream. The field tests indicated, as shown on 

Figure 4, that floats along the east shore followed a velocity versus time curve ap

proximately one hour prior to the curve for midstream velocities. The model results 

were in good agreement herewith.  

Figure 4 also gives a comparison between midstream velocities measured at 

the field tests carried out August 14, 1968 and September 20, 1968 and the data 

obtained from "Tides and Currents in Hudson River." It is seen that for both the



field tests the velocity magnitudes were found to be considerably higher than indi

cated in 'Tides and Currents" . The tide stage of August 14 was recorded and was 

found to yield a range of 3.15 feet as compared to 2.9 feet for an average range.  

This would explain some of the differences in velocity magnitudes. For the tide of 

September 20 only part of the stage curve was recorded. The recorded portion had 

a considerably greater slope than the average stage curve indicating that also for 

this day the range was above normal,.  

As a conclusion the field tests seemed to indicate that the velocities in the 

Indian Point section of the Hudson River are generally higher than indicated by the 

midstream velocities given in "'Tides and Currents in Hudson River.' Since the flow 

rate of the model was based on the latter data the model would tend to yield con

servative results with respect to cooling water dispersion.  

3.3 Heat Transfer Conditions 

An important factor in the heat balance both in the prototype and in the 

model is the heat transfer from the water surface. Since the model was sheltered by 

a building the solar radiation was largely reduced so that this contribution to the 

heat transfer may be neglected. The heat transfer then depends on the temperature 

difference between the water surface and the ambient air, the relative humidity and 

the wind speed. The latter may be taken as zero due to the building.  

Heat transfer coefficients were measured two different ways as part of the test 

program. In one test the temperature distribution in a stratified, still body of water 

was measured over a period of time . The water was enclosed in a 25 foot 2 wooden 

frame separating the test volume from the rest of the model,. For this condition the



temperature reduction within the test volume was due to heat transfer to the air and 

conduction, essentially molecular diffusion, to the underlying, colder water. The 

latter part could be accounted for on basis of the temperature measurements.  

These measurements produced quite consistent results indicating a heat trans

BT U 
fer coefficient of K = 6.0 ft' hour OF 

The second method was based on operating the whole model with a constant 

heat input and determining the equilibrium condition at which the heat input was 

balanced by the heat given off from the water surface of the model and the sump.  

This method was considered as less accurate for the following reasons. 'The heat in

put included the power of the 20 HP pump. It was known from electrical measure

ments that the pump motor operated at approximately fullI load, therefore, the 

nominal motor power was converted to BTU/sec. Whether this amount of heat was 

actually received by the water could not be checked. Also the heat input from the 

model outfall structure would produce areas in the model with higher temperatures 

than the average water temperature and thus with a higher rate of heat transfer, 

Three tests of this type were performed., (Reported in letters of October 23 

and December 2, 1968 to Consolidated Edison) Test No. 1 was performed with a 

heat input corresponding to operation of units 1, 2 and 3 (4670 cfs, AT =16%) 

and gave as a result K = 10.1 it BTU I etN.2teha nu a 
f2hour OF I etN.2teha nu a 

equivalent to operating units 1 and 2 at 13.7F. This test indicated 

K = 8.8 ft 2 hoUF For Test No. 3 the pump with its 20 HP motor was the 

only *source of heat input. This test indicated K = 4. fT2 hUrF This result 

seems to indicate that the heat input estimated for the pump was on the high side.



The experimental determination of heat transfer coefficients mentioned is part 

of a continuing effort at Alden Research Laboratories to improve the knowledge in 

this area. Heat transfer coefficients have been measured in connection with sever

al other cooling water studies, a Master's thesis with this subject was completed 

several years ago and further tests have been planned.  

3.4 Temperature Conditions for the Model as a Whole 

When the model and sump was filled with water and put in operation it may 

generally be assumed that the water temperature was at an equilibrium state deter

mined by the surroundings. As soon as the pump was turned on and the cooling 

water effluent adjusted to its proper temperature the heating of the model water 

would take place. Since the heat loss with the above conditions would be zero 

initially, the rate of temperature rise would be directly proportional to the heat 

input. As an example it may be mentioned that the model temperature rise based 

on operation of units 1, 2 and 3 theoretically should be 1 .4F per hour. A rate of 

rise of 1 .3F per hour was measured in good agreement herewith .  

The initial condition mentioned yields the maximum possible rate of tempera

ture rise. The extreme condition in the opposite direction would be obtained at 

the point where the overall heat loss from the model and the sump would equal 

the heat input. Neither of these conditions would generally prevailI during a test.  

Several tide cycles, each of approximately 23 minutes duration, generally 

elapsed while instrumentation was adjusted and preparations were completed for the 

first test of the day. This would exclude the initial condition of maximum rate of 

temperature rise. On the other hand to reach the condition of equal heat input



and heat loss was impractical since this was a time consuming operation. The heat 

transfer test with 3 units required 12 hours continuous operation and steady state was 

then obtained due to an air temperature considerably lower than the ambient water 

temperature.  

The effect of increasing model and sump water temperature would be to reduce 

the accuracy of ambient water temperature determination. The ambient water tem

perature was measured by two probes in the flow supplied to the model, i e., two 

at the downstream end during the flood tide and two at the upstream end during the 

ebb tide. Therefore at a given time water at Indian Point would have been dis

charged into the model at a different ambient temperature than that measured by th e 

ambient probes at that time. An estimate of this error may be established on the 

basis of the heat transfer tests and the residence time. If from the heat transfer test 

the rate of temperature rise is taken as 1 .3 F per hour and the residence time is taken 

as half a tide cycle or 12 minutes, the resulting error would be-L- x 12 =0.26F.  

This is in the order of the accuracy of the temperature determination and seems there

fore to be without significance.  

3.5 Significance of Model Length as Related to Heat Accumulation 

T1he tidal flow is cyclic but due to the fresh water flow the flow versus time be

haviour is not symmetric, the duration of flood flow is somewhat shorter than that of 

ebb flow. Therefore a water particle released at Indian Point at slack before flood 

will travel a certain distance upstream, turn back downstream at slack before ebb and 

in its downs tream movement pass by Indian Point. The distance downstream from 

Indian Point where it again turns upstream at slack before flood is the net downstream



movement which varies mainly as a function of the rate of fresh water flow. The 

net downstream movement may be estimated at about 1100 feet at a minimum fresh 

water flow of 4000 cfs and 11 ,000 feet at a high spring flood dependent fresh water 

flow of 40,000 cfs.  

A constant release of a conservative substance at Indian Point would pro

duce the following, somewhat simplified, but yet pertinent, picture. Starting at 

slack before flood, accumulation would occur in an area outside the outfall . The 

"island" of substance-containing water would start moving upstream with the flood 

flow. The continuously released substance would immediately be carried with the 

flow in the upstream direction, occupying an area mainly determined by the flow 

pattern of the river flow. At slack before ebb the original "island"' would be formed 

at Indian Point and at slack a new "island" would form at Indian Point. Thus three 

"islands" would be moving upstream during the second tide cycle, two of which 

were separated by the distance of the net downstream movemen t. At slack before 

ebb the third "island" would miss Indian Point by this distance. Theoretically after 

a number of tide cycles a "necklace" of "islands", chained together by substance 

containing water of varying concentration and with equidistance spacing equal to 

the net downstream movement would occur in the River. Longitudinal and lateral 

dispersion would have changed the initial boundaries and reduced the concentra

tion tending to produce a more uniform distribution of the substance.  

The ultimate condition indicated above would not develop in the Indian Point 

11 Model because of its limited length. In fact an "island" produced at slack tide, 

both before flood and before ebb, would be discharged past the weirs of the model 

ends. The distance from Indian Point to the sections represented by the weirs was



approximately 9000 feet while the movement between slack tides is in the order of 

20,000 to 30,000 feet, 

Therefore the model results yield information about the effect of a continu

ous release of cooling water from Indian Point within the modeled area for one tide 

cycle. The effect of build up of heat over a period of time, corresponding to sev

eral tide cycles, was not modeled. The water leaving the model past the weirs 

was received by the sump where vigorous mixing was accomplished by the 20 HP 

supply pump. Therefore the sump temperature would rise with time, i.,, the 

model ambient temperature would increase over a series of model tide cycles. How

ever, the ambient temperature was continuously measured at the inflow sections of 

the model and isotherms based on these temperature measurements.  

In conclusion it should be mentioned that heated cooling water is not a con

servative substance. The heat balance of the river is strongly dependent on heat 

dissipation to the atmosphere. The heat dissipation is determined by the climatic 

conditions defining a heat transfer coefficient and the surface temperature of the 

river. For given climatic conditions the heat dissipation would increase with in

creasing surface temperature and would therefore be maximum for areas affected 

by the above mentioned "islands"I.



4. UNDISTORTED SUB-MODEL 1:50 OF THE COOLING WATER OUTFALL 
STRUCTURE 

4.1 Introduction 

A number of open channel type outfall configurations were tested in the Indian 

Point 11 model . During the course of these studies it was found desirable to dis

charge the cooling water from submerged outfall openings in order to meet more 

rigorous temperature requirements for the Hudson River, Preliminary studies in the 

Indian Point I1 model, which has a distortion of 4.16, indicated that the testing of 

submerged outlets would yield local resulIts not corresponding to equivalent proto

type outlets. The reason was that a jet formed by an outlet, is a specific hydrau

lic phenomenon, which develops without regard to the model distortion. A free jet, 

issuing into an infinite ambient recipient, has an angle of divergence of about 11 .3' 

Therefore in the distorted model the spread of the jet would appear to occur at too 

low a rate. The cooling water jet would entrain excessive ambient water at the 

point where the river surface was reached and would therefore indicate a resulting 

temperature on the low side. Since the results thus would be on the optimistic side, 

rather than on the conservative side, it was decided to carry out the detailed inves

tigation of the outfall configuration in an undistorted model . The aim of these tests 

was twofold: 1) To determine the geometry of the outfalls so as to meet specified 

requirements with respect to river surface temperatures; 2) To determine the bound

ary condition to be imposed on the distorted model so as to obtain correct results from 

this model outside the area directly affected by the outfalls.



Tests in the undistorted model were carried out in August of 1968 (Progress 

Report August 1968) in October 1968 (Progress Report October 1968) and in 

March of 1969 (Progress Report April 1969). A summary of these tests is presented 

herein. In order to evaluate the effectiveness of a particular outfall configuration 

an efficiency parameter is defined as the ratio between the highest surface tem

perature observed in the vicinity of the outfall and the temperature of the cooling 

water. Both these temperatures refer to the ambient temperature of the modeled 

river water.  

4.2 The Model 

It was decided to construct the undistorted outfall model utilizing the heat 

capacity of the boiler supplying the distorted model. Part of the sump area for the 

distorted model was found to be a convenient site for the undistorted model, pro

viding river ambient water for the model without any extra effort in terms of pip

ing, installing of pump capacity, etc. Based on the above conditions a model 

scale ratio of 1: 50 was chosen. Photo No. I1I shows the modelI discharge channel 

with six 4-foot high openings as viewed from the river, The river bottom topog

raphy was modeled on the basis'of the data used for the distorted model. The 

lateral slope of the river bottom outside the outfall is relatively gentle and con

stitutes an almost plane sloping surface within the nearest 300 to 400 feet off 

shore. Therefore the increased submergence of the outfalls could be modeled by 

increasing the depth of water in the model rather than by actually excavating to 

greater depth of the outfall . This saved considerable time in testing and also gave 

the advantage of more direct comparison of different amounts of submergence.



Part of the discharge channel and the sheet piling along the river shore, con

taining the outfall openings, was modeled in sheet metal to an elevation such that 

a water depth in the discharge channel of up to 32 feet could be modeled, A regu

lating gate was installed at the downstream end of the model to regulate the depth 

of water. A 4" warm water pipeline containing an orifice meter and valves for ad

justing the temperature as well as the flow rate was installed.  

The model was equipped with 22 thermocouples connected to one of the re

corders of the distorted model, see Photo No . 12. These were placed with refer

ence to a grid system for which N60 and the grant of water line were base lines.  

For detailed measurements a thermistor set with 12 probes was used, providing more 

flexibility than the more stationary thermocouples.



PHOTO NO. 11 UNDISTORTED MODEL. SIX 4 FOOT HIGH OPENINGS



0

PHOTO NO. 12 UNDISTORTED MODEL IN OPERATION
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4.3 Test Results 

The outfall configurations tested and reported herein are summarized in the 

following Table III and detailed results are presented in Figures 5 - 14: 

> 
I 00 L 

'A I.

MacI99 34n0 1 . 0 5 15 1. 0.4 a 

0 ) 4 ) 

u 0 6 V 17- 0 0 

Oc. 96 2 200 6 0 0.3 17 0.9 

-- j .- E E 

M 0 C > x I. > a0 0 7 x0 01 0 
a C <... 0 

Mac 99 30 20.. 224 2. DA 0. 12. 0.6 12 

.68 0 U 5 E 0 . 7 .0 13 
- -Lu 
Z) LU~ CeV) 

feet feet feet F F 

March 1969 340 20 17 2 . 4 x 15 1.5 13.8 0.48 5 

March 1969 240 20 12 4 x 15 1.5 14.0 0.50, 6 

Aug. 1969 240 20 6 4 x 30 1.5 17L 0.53 7 

March 1969 340 20 17 2.8 x 15 1.25 13.9 0.54L 8 

Oct. 1968 240 20 6 8 x30 0.3 17 0.59 9 

March 1969 240 20 12 6.5 x 15 0.5 13.7 0.61 10 

Oct. 1968 240 20 6 7 x30 0.4 17 0.67 11 

March 1969 340 20 224 2.5 DIA. 0.6 12.9 0.67 12 

Oct. 1968 240 25 6 7 x 30 0.4 17 0.70 13 

Oct. 1968 240 30 6 7 x 30 0.4 17 0.65 14

TABLE III DATA OF TESTED OUTFALL CONFIGURATIONS



In general the tests resulIts have been arranged as to decreasing efficiency . It 4 

is noted that the smaller the ratio between maximum observed river temperature and 

effluent temperature the more effective is the outfallI structure in providing dilution.  

The general trend indicated by the table values is that dilution primarily in

creased with discharge velocity. It is also seen that within the range tested the 

length of the outfall structure does not have a significant influence on the dilution.  

Submergence of the outfall openings does have an effect on dilution, increasing sub

mergence improves the dilution, however, this effect is not as marked as that due to 

exit velocity.  

It should be noted that the efficiency values shown for the tests of August and 

October, 1968 are not as accurate as those shown for the tests performed in March, 

1969. For two reasons the latter are more accurate. The ambient temperature was 

more stable due to more uniform temperature of the water and the flow pattern of the 

water representing river flow was improved by better designed guide vanes in the up

stream part of the modelI.  

One of the tests seems to fall outside of the general efficiency pattern namely 

the test with six 8 by 30 foot openings, Figure 9. It is felt that the relatively favor

able efficiency value indicated for this test is in error. A probable explanation is 

that the highest surface temperature escaped measurement due to the particular flow 

pattern produced by this outfallI configuration.  

The test with -224 circular openings, 2.5' diameter in two rows, spaced 3 feet 

center to center distance both horizontally and vertically, indicates a relatively low 

efficiency. Despite the higher exit velocity this design is equivalent to 6 openings 

7 by 30 feet in terms of dilution.



The effective exit velocity is indicated by the water level difference between 

the outfall channel and the river. The exit velocity is approximately equal to 2h 

where h is the water level difference, g is the gravity constant. The exit velocity 

determined this way is higher than the nominal velocity computed as .... where Q 

is the effluent flow rate and A is the total area of the outfall openings. The reason 

is that the flow is contracted by passing through the sharp cornered openings. A co

efficient of contraction was computed for several of the tests and found to have a 

value of between 0.6 and 0.7. It was found that the coefficient increased slightly 

with the longer outfall structure presumably due to the relatively lower channel vel

ocities. This is reflected in the fact that the height of the openings could be some

what -reduced without exceeding a water level difference of 1 .5 feet between channel 

and river. The nominal area with the 240 foot long channel was 720 feet 2 while the 

nominal area with the 340 foot channel was 612 feet 2 -for 1 .5 feet water level dif

ference. The 720 foot 2 opening area yields an opening height of 2.8 feet with the 

340 foot long channel . A test with these conditions was performed, see Figure 8.  

Tests wer e performed to determine the effect on water level difference of ad

justable openings at the downstream end of the outfallI channel . These tests were 

conducted with the outfall configuration consisting of a 340 foot long structure con

taining 17 openings 2.4 feet high and with 5 foot partitions between the openings.  

Figure 15 shows the resulIts. It is seen that the "head loss" decreased rapidly when 

the last opening was extended up to the water surface, one free opening reduced the 

water level difference by 50%. A plot on semi logarithmic paper indicated that the 

gain in "head loss" varied exponentially with the number of free openings. It is 

seen from Figure 15 that the additional gain, when more than 3 openings were free,



was insignificant.  

4.4 Conclusions of Sub-Model Tests 

Model tests in an undistorted model of ratio 1:50 simulating a variety of out

fall configurations indicated that an initial reduction of the effluent cooling water 

temperature of approximately 50% may be achieved-in one of several ways: 

1) a 340 foot long structure with 17 openings 2.4' x 15' reduced the 

maximum surface temperature to 48% of the effluent temperature 

2) a 240 foot long structure, 12 openings 4' x 15'; reduction to 50% 

3) a 240 foot long structure! 6 openings 4' x 30'; reduction to 53% 

4) a 340 foot long structure, 17 openings 2.8' x 30'; reduction to 54% 

While structures 1), 2) and 3) produced a water level difference between 

the channel and the river of 1 .5 feet, structure 4) caused a difference of 1 .25 feet.  

It was found that the water level difference between channel and river may 

be reduced by 50% by extending the furthermost downstream opening of structure 1) 

to the water surface. The gain with additional free openings decreased exponenti

ally. Adjustable outfall openings would be used at times when the need for initial 

dilution is reduced.  

It is interesting to note that the rather well developed theoretical approach 

to the dilution problem applied to the flow conditions of structure 1) indicates a 

temperature reduction to approximately 25% of the effluent temperature. The theo

retical approach assumes an infinite depth above and below the outfall "slot" and
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is therefore not applicable to the boundary conditions of this outfall. The model 

results indicating only about 50% reduction reflect the reduced entrainment of 

ambient water due to the boundary conditions.



5. TEST RESULTS, MAIN MODEL 

5.1 General 

When the testing of the undistorted model was completed and an outfall con

figuration was selected based on these tests, satisfying the temperature requirements 

prevailing at that time, an extensive series of tests were conducted in the main 

model. These tests were carried out between November 4 and December 6, 1968.  

The adopted outfall configuration consisted of six 7 foot high, 30 foot wide openings 

with 10 food wide separations. The upstream opening was placed 500 feet down

stream from the intake for Unit No. 3. The bottom of the openings was flush with 

the channel bottom at elevation -20 feet with reference to MSLo 

The main model outfall structure was mounted with an adjustable gate. The 

gate position was determined by trial and error so as to produce the same tempera

ture increase at a distance corresponding to 200 feet from the outfall as determined 

in the undistorted model. The model results presented in the following are, strictly 

speaking, applicable to this outfall configuration only. However the results of the 

undistorted model tests presented in Section 4 indicate that a number of outfall con

figurations yielded temperature patterns quite similar to those for the tested outfall .  

Therefore, with the aid of Section 4 the following tests results may be used to ex

tend the application to other outfall structures.  

It should be noted that an outfall configuration with higher "efficiency" than 

that of the tested configuration would yield generally lower temperature elevations.  

Therefore the following test results may be interpreted as conservative distributions, 

i.e., temperatures on the high side, for such an outfall.



The main model tests consisted of 79 recorded tide cycles, representing a series 

of different conditions. Excluding probe positions as a variable the prime variables 

were as indicated in the following table:

TEST SERIES 

310-325 

501 -531 

532-55 1 

600-611 

410-418 

420 -421 

TABLE IV.

NUMBER OF UNITS 

1 +2+3 

1 +2 + 3 

1+ 2 

1+ 2

AMBIENT RIVER 
TEMPERATURE_ 

48 - 53 F 

41 - 49 F 

42 - 54 F 

40 F 

45 - 55 F 

49 F

DISCHARGE 
TEMPERATURE 

17 - 19 F 

17 - 19 F 

33 - 35 F 

26 - 28 F 

16 - 18 F 

32 F

TESTS CONDUCTED AND APPROXIMATE CONDITIONS

Within the test series indicated in Table 4 the thermocouple positions were 

varied both horizontalIly and with respect to depth.  

For each tide cycle 28 scans were recorded covering all 96 probes. One scan 

would produce data for plotting the isotherms within the modeled area of the river 

and the time for sampling the data was approximately 0.4 hours (prototype) . In 

plotting the data the mid-point of the time interval was chosen to represent the 

"instant" of the isotherm pattern.  

A great number of isotherm patterns were plotted for comparison and evalua

tion of the cooling water temperature effect. For presentation in this report were 

chosen eight "instants" in the tide cycle as representative for the development with



time of the cooling water pattern over a tide cycle. 'Rw 

The position of probes was varied both horizontally and with respect to depth.  

Comparison between data taken at two different sets of horizontal positions showed 

that one set was adequate for determining the isotherm pattern, It also showed that 

superposition of data from two positions required extensive treatment of the data to 

match'the two sets. The reason was primarily that the isotherm location varied rap

idly with time. Therefore the scanning of two tide cycles would have to be started 

at almost exactly the same time in the cycle to produce compatible data.  

The depth of the thermocouples were varied between 0 (water surface) and the 

bottom, generally in steps of 6 feet from the surface down to 24 feet depth and in 

greater increments below 24 feet depth. 0 depth was by definition 1/4 inch (model) 

below the surface at low tide. In terms of prototype this meant at low tide 20" be

low the water surface or, at high tide 4 feet 8' below the water surface.  

The isotherms presented in, Figures 16 - 101 are allI converted to a temperature 

rise of the cooling water of 16.4F with 3 units and 14.OF with operation of Units 1 

and 2. The conversion was performed according to the description in 3.1 "Model 

Similitude Relations".



5.2 Test Results Reported 

The isotherm patterns selected to represent the test results are presented on 

Figures 16- 10]. These Figures may be grouped according to the following Table 5.

AT TAMB 
F 

6.4 44 

if 50 

If 51 

1146 

if51 

If80 

1180 

If80 

.0 65 

1156 

.0 80

DEPTH 

0 

6 

12 

18 

24 

0 

6 

24 

0 

6 

0

FIGURE NO.  

16 - 23 

24 -31 

32 - 38 

39 -46 

47 - 54 

55 -62 

63 -69 

70 - 77 

78 - 85 

86 - 93 

94 - 101

TABLE V. TEST NUMBER AND DATA RELATED TO FIGURE NUMBER 

Each group of Figures represents a tide cycle with a given depth of the probes 

and 8 different times in the cycle. The general development of the isotherm patterns 

with time is quite independent of the temperature, the number of units operating and 

the depth. Thus a description is given below for only one test, i .e. one tide cycle.

TEST NO.  

522 

525 

527 

528A 

529A 

533 

534 

542 

410 

416 

420

UNITS 

1+2+3 

1+2

14

I

14



5.3 Tests with Units Nos. 1 + 2 + 3 

Test 522 represents surface isotherms for 3 units discharging 4670 cfs of coolI

ing water with a temperature rise of 16.4F above an ambient river temperature of 

44F.  

Figure 16 shows the isotherms at t = 1 hour. At this time there was a slight 

upstream flow in the river and the cooling water accumulated during slack tide has 

started moving up stream. The accumulation of cooling water was accentuated by 

the upstream flow along the east shore starting in the order of one hour prior to 

slack at mid-river. The highest surface temperature increase was 8F.  

Figure 17, t = 2 hours, shows the cooling water moving upstream. It is note~d 

that the area of the maximum surface temperature has been reduced as compared to 

t = 1 hour.  

Figure 18, t = 3.7 hours, indicates that the areas of representing 1 F, 2F and 

4F temperature rise have been greatly reduced and that the maximum surface tem

perature decreased from 8F to between 4F and 6F. The reason for the overall re

duction of heated surface area is the higher river velocities with resulting increased 

transport capacity and more efficient mixing. The decrease of the maximum surface 

temperature is partly due to the clown-river component of the effluent velocity, 

which, when the cooling water enters the upstream river flow, aggravates the mix

ing. It is seen that for the ebb part of the tide cycle the 8F maximum surface tem

perature was consistent.  

Figure 19, t =4.6 hours, shows some "swelling" of the heated areas indi cat

i-ng that the flood velocities had decreased. At this time slack along the east shore 

is due shortly as indicated by the position of the 4F isotherm.



Figure 20, t = 6.2 hours shows the cooling water accumulated during slack 

before ebb moving downstream. By comparison to Figure 16 it is seen that the ac

cumulation was less extensive than at slack before flood. The maximum surface 

temperature again increased to 8F.  

Figure 21, t = 7.9 hours, is near ebb strength. The cooling water now was 

carried downstream along the east shore. The 1iF isotherm was carried past the 

tide gate .  

Figure 22, t = 9.7 hours, subsequent to ebb strength, shows a reduction of 

the area encompassed by the 4F isotherm as compared to the conditions at 7.9 

hours. This indicates the greater rate of mixing with higher river velocities.  

Figure 23, t = 11 .4 hours, is towards the end of the ebb tide. The affected 

area increased with the reduced flow velocities and the position of the 4F isotherms 

was shifted outwards from the shore indicating the turnabout of the flow near the 

east shore. This isotherm pattern transformed itself into that shown on Figure 16, 

thus completing a tide cycle.  

The temperature conditions for test No. 522, an ambient river temperature of 

44F, produced a m inimum density differential between cooling water and river 

water. (Ambient temperatures below 40F would further reduce the density differ

ential, however such conditions are extremely difficult to model and this was not 

attempted.) It is therefore interesting to compare the results of this test to those of 

test No. 533 where the ambient -temperature was 80F. This represents the extreme 

case in terms of a high density differential . Figures 55 to 62 show that areas af

fected by the cooling water were generally greater and also show a tendency towards 

generally higher surface temperatures. Where in test No. 522 the prevalent surface



temperature was 1 F, test No. 533 indicates occasionally a 2*F area.  

These trends are due to the grater buoyancy of the cooling water in test No.  

533 which tends to bring the sub-surface discharge to the surface. Accordingly, 

test No. 533 should indicate less effect of heat at the lower elevations, A com

parison between tests No. 529A, Figures 47 - 54, and No. 542, Figures 70 - 77, 

both for 24 feet depth, the former with an ambient temperature of 51iF, the latter 

of 80F, bears this out.  

It is interesting to note that the potential energy with respect to the water 

surface of the cooling water at its exit, based on the density differential, is 

equivalent to the energy loss of the river water flowing a distance of more than 1 

mile at 2 fps. Therefore an effect in terms of added spreading would be expected 

with the higher ambient temperature, i . , the higher density differential.  

Returning to the tests with an ambient temperature of about 5OF it is noted 

that the areas bounded by isotherms of given magnitude decrease with depth in the 

river. At 24 feet depth the effect was insignificant and tests at 30 feet depth in

dicated generally no heat effect at all . Results from tests at 6, 12, 18 and 24 

feet depth are shown on Figures 24 to 54. The general development with time fol

lows closely the de scription given above for test No. 522, 

5.4 Tests with Units 1 + 2 

Three tests with discharge from units No. 1 and No. 2 are included. Re

sults for test No. 410 are shown on Figures 78 - 85 indicating surface isotherms 

for 2670 cfs cooling water at 14F above an ambient river temperature of 65F. The 

behaviour of the isotherm pattern with time was similar to that for the three unit 

discharge. A comparison to test No, 522, three units, shows that the areas



affected and the temperature rise produced by the two unit operation was almost as 

extensive as that for three units. There are two reasons for this. The two unit flow 

was discharged through the same outfall structure as used with three units. There

fore the discharge or jet velocity with two units was about 43% less than with three 

units and accordingly the initial mixing was considerably reduced. Also the higher 

ambient temperature in test No. 410 would increase the spread of the cooling water.  

Test No. 416 is shown on Figures 86 to 93. The isotherms are for 6 feet depth 

and an ambient temperature of 56F.  

Test No . 420 was with two units operating and an ambient temperature of 80F.  

Comparison of the isotherms produced by this test with those from test No. 533, 

three units operating and 80F ambient temperature, again shows the effect of the re

duced initial mixing with two units operating . Surface areas affected and tempera

ture elevations were almost as extensive as for operation with three units.  

5.5 Recirculation 

The tendency towards recirculation of heated coo ling water was determined 

from a number of tests. Figures 102 and 103 show the measured recirculation for 

units 1, 2 and 3 operating at a 17F temperature rise. Figure 102 is for an ambient 

river temperature of 5OF while Figure 103 shows the recirculation with 79F ambient 

temperature. It is seen that the recirculation was but slightly dependent on am

bient river temperature. The increase in intake temperature was marked at the 

beginning of the flood tide in connection with the build-up of cooling water in the 

vicinity of the plant as described in Section 5.3. It is seen that the upper part of 

the intakes receive somewhat warmer water than the lower parts. The effective re

circulation did not amount to more than in the order of 1 F and only for some hours
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out of the 12.5 hour tide cycle.  

Figure 104 shows the recirculation measured with units I and 2 operating.  

The recirculation was less than with 3 units and amounted to less than 1 F for about 

5 hours.
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OUTFALL CONFIGURATION

GUIDE VANES X PROBE POSITION
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TEST DATE MAR 169



OUTFALL CONFIGURATION
CHANNEL DEPTH BELOW M.S.L.20' 
NO OF OPENINGS 12 
DIMENSIONS 4,x f15' 

DISCHARGE TEMPERATURE +f4 

RIVER VELOCITY 0.4 fps 
AWL CHANNEL TO RIVER .f 
RATIO &TMAX(RIVER) = 0.50 

ATDISCH.

GUIDE VANES X PROBE POSITION
ALDEN RESEARCH LABORATORIES 

WORCESTER POLYTECHNIC INSTITUTE 

INDIAN POINT II SUB-MODEL 

MODEL SCALE 1:50 (UNDISTORTED) 

SURFACE ISOTHERMS 
TEST DATE MAR ' 69



OUTFALL CONFIGURATION 

CHANNEL DEPTH BELOW MKSL. 20 
NO.OF OPENINGS 6 

_ _ _ __ DIMENSIONS 4X30' 
DISCHARGE TEMPERATURE 170 
RIVER VELOCITY, 0.4 fps 

240 .AWL CHANNEL TO RFVER 1.5 

RATIO ATM A X (RI V1 R) 0 
ATDISCH.

GUIDE VANES x PROBE POSITION

ALDEN RESEARCH LABORATORIES 
WORCESTER POLYTECHNIC INSTITUTE 

INDIAN POINT II SUB-MODEL 
MODEL SCALE 1:50 (UNDISTORTED) 

SURFACE ISOTHERMS 
TEST DATE AUG. , 68



OUTFALL CONFIGURATION

GUIDE VANES X PROBE POSITION

ALDEN RESEARCH LABORATORIES 
WORCESTER POLYTECHNIC INSTITUTE 

INDIAN POINT 11 SUB-MODEL 
MODEL SCALE 1:50 (UNDISTORTED) 

SURFACE ISOTHERMS 
TEST DATE MAR ' 69



OUTFALL CONFIGURATION 

SN.O PEIGCHANNEL DEPTH BELOW M.S.L. 25' 
NO. OF OPENINGS 6

DIMENSIONS 830' 
DISCHARGE TEMPERATURE 170 
RIVER VELOCITY 0.4fps 
AWL CHANNEL TO RIVER 0.3 
RATIO ATMAX(RIVIR) - 0.59 

ATDISCH.

GUIDE VANES x PROBE POSITION

ALDEN RESEARCH LABORATORIES 
WORCESTER POLYTECHNIC INSTITUTE 

INDIAN POINT II SUB-MODEL 

MODEL SCALE 1:50 (UNDISTORTED) 
SURFACE ISOTHERMS 

TEST DATE OCT. '68
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OUTFALL CONFIGURATION

CHANNEL DEPTH BELOW M.S.L. 20 
NO. OF OPENINGS 12 
DIMENSIONS 6.5"X 15' 
DISCHARGE TEMPERATURE 14' 
RIVER VELOCITY 0. 4 fps 
AWL CHANNEL TO RIVER 0.5 
RATIO ATMAx(RIVER) - 0.61 

ATDISCH.

GUIDE VANES x PROBE POSITION

ALDEN RESEARCH LABORATORIES 
WORCESTER POLYTECHNIC INSTITUTE 

INDIAN POINT II SUB-MODEL 
MODEL SCALE 1:50 (UNDISTORTED) 

SURFACE ISOTHERMS 
TEST DATE MAR '69



OUTFALL CONFIGURATION

CHANNEL DEPTH BELOW M.S.L. 30 
NO. OF OPENINGS 6 
DIMENSIONS 7X30' 
DISCHARGE TEMPERATURE 170 
RIVER VELOCITY 0.4fps 
AWL CHANNEL TO RTVER 0.41 

RATIO ATMAX(RIVER) - 0.67 
ATDISCH.

GUIDE VANES X PROBE POSITION

ALDEN RESEARCH LABORATORIES 
WORCESTER POLYTECHNIC INSTITUTE 

INDIAN POINT II SUB-MODEL 
MODEL SCALE 1:50 (UNDISTORTED) 

SURFACE ISOTHERMS 
TEST DATE OCT. ' 68



OUTFALL CONFIGURATION
CHANNEL DEPTH BELOW M.S.L. 20 
NO OF OPENINGS 224 

DIMENSIONS 2.5'DIA.  

DISCHARGE TEMPERATURE 12.9 

RIVER VELOCITY 0.4 Ips 

AWL CHANNEL TO RTVER 0.6' 

ATMAX (RIVtR) 
RATIO SC = 0.67

GUIDE VANES X PROBE POSITION
ALDEN RESEARCH'LABORATORIES 

WORCESTER POLYTECHNIC INSTITUTE 

INDIAN POINT II SUB-MODEL 

MODEL SCALE 1:50 (UNDISTORTED).  

SURFACE ISOTHERMS 
TEST DATE MAR ' 69

0



0

OUTFALL CONFIGURATION 

--- -

CHANNEL DEPTH BELOW M.S.L. 25 
NO.OF OPENINGS 6 
DIMENSIONS 7'X30' 
DISCHARGE TEMPERATURE 170 
RIVER VELOCITY 0.4fps 
AWL CHANNEL TO RIVER 0.4' 

ATM A X (R I VE R) 
RATIO AT=I(CH R -= 0.70 ATIDISC H.

GUIDE VANES X PROBE POSITION

ALDEN RESEARCH LABORATORIES 
WORCESTER POLYTECHNIC INSTITUTE 

INDIAN POINT II SUB-MODEL 

MODEL SCALE 1:50 (UNDISTORTED) 

SURFACE ISOTHERMS 
TEST DATE OLr. -68



OUTFA!L CONFIGURATION

- -- - - -

CHANNEL DEPTH BELOW M.S.L. 30' 
NO. OF OPENINGS 6 
DIMENSIONS 7"9 3 0 ' 
DISCHARGE TEMPERATURE 170 
RIVER VELOCITY 0.4 fps 

4AWL CHANNEL TO RIVER 0.4' 
I ATMAX

( R I V E R ) 

RATIO aTDISCH. 0.6 ATD~ISH. = .6

GUIDE VANES X PROBE POSITION

ALDEN RESEARCH LABORATORIES 
WORCESTER POLYTECHNIC INSTITUTE 

INDIAN POINT II SUB-MODEL 
MODEL SCALE 1:50 (UNDISTORTED) 

SURFACE ISOTHERMS 
TEST DATE OCT. ' 68
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HUDSON RIVER FIELD SURVEYS OCTOBER 1 AND 7, 1969 

General 

As part of the hydraulic studies carried out for the Consolidated Edison Company of 

New York by the Alden Research Laboratories of Worcester Polytechnic Institute, field 

surveys of river velocities were carried out on October 1 and 7, 1969. The primary ob

jective was to collect information about water velocities during ebb and flood conditions 

in various parts of the river as reproduced in the Indian Point No. 3 model. This data 

was needed to provide data necessary to verify the river model performance. Simultan

eously with the velocity survey, water level readings were taken at the Indian Point 

Plant-to-record-the-stage-versus-t-ime-development-.-Through-the effort-o-femployees from 

the Raytheon Company, salinity measurements were taken at river cross sections at North 

Haverstraw Bay. The survey was concentrated to the Haverstraw Bay area with an up

river limit near the Lovett Power Plant. The area between this limit and Fish Island was 

surveyed in 1968 in connection with the Indian Point No. 2 model studies.  

The survey was conducted by staff members from the Alden Research Laboratories of 

Worcester Polytechnic Institute. The aerial photography was carried out by Lockwood, 

Kessler and Bartlett, Inc. Boats were rented from Mr. George Coutant, who also pro

vided personnel for operating the boats and for handling the measuring equipment.  

This report describes briefly the technique employed and also gives the main results 

of the survey. To illustrate the use of the field results a brief description of the corres

ponding model survey is given and an example of comparison between field and model 

results is shown.



Survey Technique 

The reliability of test results from a hydraulic model depends on the degree to which 

the model performance simulates the prototype behavior. Hydraulically the most impor

tant parameter is the distribution of velocities in time and space within the modeled body 

of water. Therefore a check between model and prototype velocity distributions is of 

great importance. Since in an estuary the velocity varies with time as well as position 

a great amount of simultaneous data is required. The gathering of sufficient data by the 

use of conventional current meters would not be feasible due to the time required and the 

number of instruments.  

A method which has been successfully employed by the Alden Research Laboratories 

at a number of sites depends on aerial photography of drogue-carrying floats. The floats 

are placed from boats within the area to be surveyed. Repeated drops are made to cover 

the variation of velocities with time. The floats are photographed from an airplane at an 

altitude of from 2000 to 3000 feet. The surveying camera registers the time of the expo

sure by including the image of a clock in the photograph. Repeated photography provides 

data for determining the movement of the floats as well as elapsed times. The end result 

is velocity direction and magnitude along the pathlines described by the individual floats.  

The floats are usually 4-by-4-foot styrofoam sheets, about 2 inches thick, painted 

with individual patterns for identification. The cruciform-shaped drogue , suspended un

derneath the float, consists of two 2-by-2-foot sheets of steel, masonite or plastic. The 

suspension is adjustable in order to place the drogue at a pre-selected depth. Since the 

drag on the drogue is generally much greater than that on the float the velocity at the 

position of the drogue is essentially obtained. With respect to wind, only when the wind 

velocity is rather high and the current velocity is low will the test results be significantly 

influenced by the wind. Photos 1 and 2 show examples of floats.



The technique described requires that the meteorological conditions are such that the 

floats can be seen by the camera. This does not mean that sunshine is required, in fact, 

some of the best results have been obtained in a slight rain. Bright sunshine tends to pro

duce glare and reflection from the water surface while a hazy atmosphere may severely 

hamper the readability of the photographs.  

Evaluation of data generally consists of transference of the float positions from the 

photographs to a map of the river on which the corresponding times is noted. Path lines 

are plotted through the indicated float positions. Velocities are then computed based on 

distances scaled from the map and time intervals between exposures. In accelerated flow 

more than two successive points are taken into account in determining the velocity.  

Planni.ng of the operations prior to the survey is essential. It is important that a 

meeting be held with every individual involved in the operations to outline the general 

schedule. However, during the survey changes in timing and location of float drops may 

be found desirable depending on current and weather conditions, as they are developing 

and possibly deviating from expected behavior. It is therefore important that radio com

munication is available both between the coordinator, the boats and the airplane in order 

that flexibility can be incorporated in the program.  

SURVEYS CONDUCTED OCTOBER, 1969 

Alden Research Laboratories were commissioned by Consolidated Edison Company to 

conduct field studies in order to gather information for checking and calibrating the Indi

an Point No.. 3 model. Data pertaining to both food and ebb conditions were required.  

These surveys were carried out on October 1 and October 7, 1969 for which days tide 

tables indicated that flood and ebb conditions would occur at convenient daytime hours.  

In planning for the surveys it was found desirable to utilize approximately 80 floats



in order to adequately cover the area of interest. These floats were dropped in batches of 

six floats at two cross sections of the river for each tide condition. The timing of float 

releases was selected such that the turn of the current would be mapped. This, in addi

tion, would reveal the presence of density-induced bottom currents by placing both sur

face and deep water drogues. Stage readings were taken at the Indian Point wharf to 

enable a comparison between the surveyed tide conditions and an average tide. (The 

average tide in terms of stage versus time is well established from data collected over 

many years and available in "Tides and Currents in Hudson River" by Paul Schureman 

(U. S. Coast and Geodetic Survey). Also, for determination of density conditions, sal

inity and temperature measurements were carried out by Raytheon Company.  

RESULTS 

Flood Conditions 

On October 1 when the flood condition was surveyed the weather conditions were ex

cellent and the operations proceeded smoothly from the first drop of floats at 10.45 A. M.  

until about 5:30 P. M. when the last aerial photographs were taken. At the first drop the 

current was still down-river and therefore the turn of the tide was successfully recorded.  

Figures 1 through 6 show pathlines as obtained from six consecutive float drops at a 

river section down-river from Haverstraw. The pathlines are supplied with times in hours 

and minutes and velocities are shown in parenthesis. Figures 7 through 12 show the cor

responding pathlines for the floats placed off Grassy Point about 14,000 feet up-river from 

the first location. Two interesting phenomena were observed from these data. The turn 

of the tide occurred about one half to three quarters of an hour earlier along the west bank 

of the river than at mid-river. Also it was found that at mid-river the bottom water turned 

approximately one hour earlier than the surface water. Salinity measurements taken later
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in the day showed that there was no significant density gradient. The difference in turn

ing time therefore seems to be attributable to momentum differences between the faster 

moving mid-channel surface water and the slower moving bottom and bank waters.  

Figure 13 shows velocity data plotted versus time. The river locations from where the 

data was taken are shown on Figure 14. Figure 13 shows that the maximum flood velocity 

at the down- river section was approximately 1 .5 fps and a slightly higher velocity of 1 .8 

fps was measured at the Grassy Point section where the river has narrowed. Figure 13 also 

indicates the lag between shoreward velocities and those at mid-river and the fact that 

the maximum velocities near the shore are lower than the mid-river maxima.  

Figure 15 shows the results of the salinity measurements converted to density gradients.  

It is seen from measurements at positions 6 - 10 thot no significant density gradient existed 

at the time of the measurements. (Positions 1 -5 will be discussed later in the report.) 

The water temperature was essentially constant over the depth at about 70F and the 

salinity varied between 4 and 6 parts per tj o d. The specific weight with these condi

tions was between 62.5 and 62.6 or somewhat higher than for fresh water. Figure 15 also 

indicates the approximate position and time of the measurements. The stage curve as 

measured by the Indian Point Wharf is shown for reference.  

Figure 16 shows the measured stage at the Indian Point Wharf plotted versus time, 

also velocities at mid-river versus time for the two river sections at Haverstraw and Grassy 

Point. The graph shows that maximum velocities and maximum stage occur essentially si

multaneously. The time lag between the stage at Haverstraw and at Indian Point is of the 

order of a few minutes.  

Figure 17 shows a comparison between su.rface floats and floats with drogues at 20 

foot depth. Distance travelled from the point of release has been plotted versus time. The



surface floats turn up-river considerably later than the deep floats. Figure 18 shows that 

as much as 2 to 2-1/2 hours after the turn of the surface water the velocities at 10-foot 

depth are still higher than the surface velocities.  

Ebb Conditions 

The survey conducted on October 7 in order to record the conditions pertaining to an 

ebb tide were hampered by bad weather in two ways. The visibility from the air was at 

times too low for identification of the floats. About two hours after slack tide an up-river 

wind became so strong that white caps developed. This wind condition persisted through 

the remaining part of the ebb tide and caused the current to turn almost two hours prior to 

the expected slack. Therefore the data from the latter part of the ebb tide do not repre

sent average ebb conditions.  

However, useful information was obtained during the first two hours of the survey.  

The most interesting result is indicated on Figure 18 which shows that the bottom current 

turned of the order of one hour later than the surface current. This behavior was the op

posite of that found with the flood condition and indicated that forces other than those 

due to inertia and pressure gradient were governing the water motion. Salinity measure

ments revealed that a pronounced density stratifi cation was present. The density distri

bution as computed from the salinity measurements is shown in .Figure 15. The average 

water temperature was 68F with insignificant variation. The velocity measurements in

dicated that the effect on the flow velocities of the density gradient overrode the inertia 

effect which was observed during the flood survey.  

The apparent contradiction that a density gradient was observed during the ebb tide 

and not during the flood tide is explained as follows: The salt water wedge has an upstream



extent which varies with the tide. At the end of an ebb tide the front of the wedge would 

be in its furthermost down-river position. During the flood tide the front moves up-river.  

At the time of salinity measurements of the flood survey the front had not yet reached the 

measuring section. At the time of salinity measurements of the ebb survey, the front was 

still up-river from the measuring section . Measurements at a somewhat later time of the 

ebb tide would have indicated a non-stratified condition.  

Comparison Between Model and Prototype 

In order to give an example of the use of the field data for checking the model behav

ior, Figure 19 and 20 have been included. The field measurements were "modeled", i .e., 

model floats were placed in points of the model corresponding to those in the field and at 

corresponding times of the tide cycle. Pathlines and velocities were evaluated from a 

photographic technique similar to that used in the field. Figure 19 shows a curve of vel

ocity versus time as obtained from the field survey of the flood tide. The data points, 

however, are taken from the model survey. It is noted that these points define the proto

type curve with good approximation.  

Figure 20 shows a comparison between path lines from the field survey and the model 

survey. The set of floats chosen for comparison was placed prior to slack before flood.  

The turning times and the velocities agree satisfactorily and the pathlines of the shoreward 

floats are in excellent agreement. It is, however, noted that the prototype floats all 

turned in a clockwise direction while the model floats on deep water turned counterclock

wise. The mode of turning is probably governed to a certain extent by wind and other 

field conditions preceding the time of the survey. The mode of turning is not considered 

to be of importance in terms of heat dissipation or dispersion and the observed phenomenon 

is rather of academic interest.



Conclusions 

Two field surveys were conducted in the Hudson River on October 1 and 7 of 1969 in 

order to gather hydraulic information pertinent to the Indian Point model studies. On 

October 1 the conditions pertaining to a flood tide were successfully surveyed and this 

report contains some characteristic data from that survey. On October 7 the conditions 

of an ebb tide were investigated but unfavorable weather conditions prevented the gath

ering of a complete set of data for an average ebb tide. Some important results were ob

tained, however, thus it was found that a pronounced bottom current, due to salinity dif

ferences, occurs in the upper parts of Haverstraw bay. This is important in view of the 

additional mixing due to fhe shear zone between the salt water wedge and the overlying, 

lower salinity water. This additional mixing takes place at times when the net down

stream transport is low due to low fresh water flow. The fresh water flow at the end of 

September, thus immediately preceding the surveys, was reported as approximately 4000 

cfs. at the Lovett section of the river.  

It is noted that only part of the data obtained from the two surveys has been reported 

here. This is particularly true for the results of the October 7 survey.  

A comparison between model and field hydraulic behavior has been carried out and 

satisfactory agreement was established. Examples from this comparison are included.



Photo I Float Assembly

Photo 2 Placement of Float
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