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ABSTRACT 

Monthly heat transfer coefficients were calculated for each 
of the Great Lakes including Georgian Bay by means of a 
steady—state model. Overlake meteorological data gathered 
during IFYGL provided information on lake modification 
of atmospheric parameters. Using updated predictions of 
the waste heat inputs to the Great Lakes in the year 2000 
A.D., evaporative losses due to once—through cooling were 
estimated at l per cent of the mean flow down the St. 
Lawrence River. The use of wet cooling towers is expected 
to increase the losses by 40 per cent. An estimated 17 
per cent of the evaporative losses from either system is 
expected to be recovered within the basin as precipitation.
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SUMMARY AND. CONCLUSIONS ' 

Over a long period, man-made additions 0f heat to the'Great 
:_LakeS'will result in an equal outflow’of heat from-the‘ 
I.1akes'to_theirfenvironment.¥ This permits the‘calCulation> 
sof increased evapOrative water lOSS due to waste heat load-. 
ings on each of the lakes by use\of a steady—state model 

'linkwhich the heat transfer Coefficient is the_sum othe" 
} llQWing Components; 

(a) conduction of heat to the lake bed;v v 

x I, 5 .IN ~ n 
2(b) .Heat content of precipitation falling on the lake; 
»g(c) _Heat advection by inflow and outflow of water; 
'(d) 'Incoming ShOrt—wave.solar radiatiOn) 
(e) -Long-wave back’radiatiOn from lake; 
'(f)t Heat transfer by evaporationxor Condensation;gn 
’(g) 'Conduction of heat to or from the atmosphere.. 

‘Heat transfer as a result of conduCtion of heat to the lake 
bed is considered to be insignificant-in determining the ' 

long—term average temperature. “Similarlyithe‘heat content 
of precipitation has been excluded,since it is independent', 
wdf lake temperature. ,Both_short— and long-Wave radiation) 
components, (a) and (e)J can be indirectly altered by the~ 
potential effects of small increases in4heat flui and Water 
vaporfiflux'from the lake:. This feedback is particularly 
likely when cOnditions are conducive to cloud formation 
over the lake. ‘Using'overlake radiation data obtained dur-_ 
ing lFYGL, it was found that an increase in lake temperature 
can decrease the incoming Solar radiation, thereby reducing 
-the lake temperature and, in turn, tending to,decrease'ther 
evaporated losses; 'HoweVer, this feedback is small relative 
to the remainin§.terms (c), (e), (f) and_(g). 
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eIThe lakeLexerts a marked modifying influence on stability~ 
of the air and Wind speeds, thus modifying the local-sensible 
and latent heat transfer coefficients. As-a result of the’ 
intensive data gathering program carried out under fEYGL) 
a better definition of the nature and extent of atmospheric 
modification by-Lake Ontario has been possible, resulting in. 

‘;monthly heat exchange coeffiCients fOr each_of the Great} 
‘Lakes, including Georgian Bay. v <. \a" " - 

Using updated thermaL electric power predictions for the" 
year 2000, an evaporative water ioss of 2,320 cfs‘is pre— 
dicted.: This represents a reduction of l per cent”in the 
total flow down_the-St.-Lawremce River as a result of Using 

A‘ once—through cOOling systems on allcermal electric generaép 
[ting stations in the Great Lakes Basin.t I 

\If wet cooling towers are installed; the evaporative Water 
loéses to the Great Lakes are~ekpected to amount\to approxi-/' 

_mately 2,800 5 3,200 cfs; a.40 per cent increase over the» 
lloSses due to oncefthrough cooling systems;_‘ " 

An estimated 17 per cent of the losses frOm either system 
Iis_expected to be.recoyeredithin the Great Lakesasin as 
'a.result of precipitation! 

IEvaporative loss isvdirectly dependent on the ratio’of' 
evaporatiye heat transfer coefficient (KE) to the total heat 
transfer coefficient (K)} ~In a previous study; Acres (1970), 
heat_transfer coefficients determined for Lake Ontario were 

I 

used as estimates for\the entire Great Lakes BaSin. -FrOm 
' the results of the present Study('it appears that the use"" 
of Lake Ontario 3(a relatively cold lake, haVing a ratio of 
KE/K of ;4674) leads to an.underestimate‘of the losses.

1

k
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Through the use of IFYGL data and individual treatment of the 
Great Lakes, a more reliable estimate of the evaporative 
losses, due to once—through cooling systems, has been 
possible. 

However, the estimate of evaporative losses due to wet cool— 
ing towers is not entirely satisfactory due to limited 
documentation. Further work concerning the spatial variation 
of evaporation rates within the Great Lakes Basin may be 
justified in order to provide a more valid assessment of 
the effects of once—through cooling systems as compared 
to wet cooling towers.



l - DATA COLLECTION AND 
TREATMENT 

As part of the International Field Year for the Great Lakes 
(IFYGL), the Canada Centre for Inland Waters (CCIW) main— 
tained a meteorological buoy system on Lake Ontario for the 
period April to December 1972. This system consisted of 
eleven buoys monitoring wind velocity, air temperature, vapor 
pressure, water temperature, solar radiation and air pres— 
sure. The location of each of the buoys, as well as the 
"Thiessen" polygons used to obtain lake—wide daily averages 
of the various parameters are indicated on Plate 1. Instru- 
mentation and error analysis has been discussed by Elder and_ 
Brady1 in Environment Canada's Technical Bulletin No. 71. 

Monthly climatic data necessary in calculating heat transfer 
coefficients are presented on Plates 2, 4 and 5. 

Monthly water surface temperatures for each of the Great 
Lakes are based on the Atmospheric Environment Services 
(AE8) ART surveys.2 When these were insufficient to calcu- 
late reliable monthly averages, data presented in the papers 
by Richards and Irbe, 19693, Jones and Meredith, 19724, and 
Webb, 19725, were employed. 

Average overland air temperatures for Lake Ontario were 
obtained using seven stations around the lake. From 
airborne data6 obtained at Wesleyville, Ontario, it appeared 
that land stations may be defined as lying at least 5 miles 
from shore, while stations lying within 1 mile of the lake 
are defined as shore stations. By necessity, two of the 
stations (Kingston and Oswego B.) were shore stations, 
while the remaining five stations (Rochester, Buffalo, 
Hamilton, Toronto and Trenton) were considered to be land 
stations. To be consistent, monthly overland air tempera- 
tures for the other Great Lakes were obtained using data



\ 
from stations presenting the same five and two distribution. 
Station locations are presented on Plate 3, with average 
monthly overland air temperatures based on 30-year climatic 
normals presented on Plate 4. 

Overlake to overland wind ratios were calculated using the 
string of buoys lying between Toronto and the Niagara River. 
These have been compared in Table l with the ratios deter— 
mind by Richards, Dragert and McIntyre.9 Although the 
results of the present study are consistently less than 
those of Richards et al (possibly due to the relatively 
short mean fetch of 17 miles for the buoy stations used in 
this calculation), the trends are similar. In order to 
determine the effects of fetch on overlake winds, the wind 
ratio (R) was plotted against fetch for those days on which 
the wind was aligned with the axes of the lake (see Plate 
6). Although there have been suggestions that the winds 
synthesized by Richards and Phillips7 may underestimate the 
overlake conditions, in the case of Lake Ontario the results 
of the present study tends to substantiate their calcula- 
tions. Therefore, the monthly overwater winds presented 
on Plate 5 are based on Richards and Phillips work, with 
the Lake Michigan data having been obtained from a 1970 
report by T. G. Asbury.8 

Tabulated monthly values of overland air temperatures, water 
surface temperatures, and overwater winds can be found in 
Appendix A.
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mission reportll, as well as the 1970 

2’4*WASTE‘HEAT INPUéS‘“, 
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'In_a l970 report-entitled fiThermal Inputs to the Great". 
.Lakes 1968 e 2000", Acres Consulting Seryices summarized j 
thermal inputs according_to shoreline for eaCh othe7 
Great Lakes 1° 'These included industrial sources (steel and 
chemical industries), sewage_and thermal electric generationFI 
Since then, more recent information concerning heat 
erejectionjrates and load factors for.thermal.eleCtric‘e 
generation (both fossil and nuclear) have_been made avail- 

‘ able by Ontario Hydro. :This.information made itfposs1ble 
to update the waste heat inputs for the Canadian shOrelineI

7 

’Iof the Great Lakes in 1973. '
I 

' V‘ 
' 

V:- >.’ if
a Data on waste heat inputs from American thermal generating, 

facilities were obtained from a 1973 Federal Power Com— 
12 13 

., and l972 Sumi‘ 
Vmaries of new generating.plants compiled by PoWer Engineer- 
"ing. To be consistent, load factors cited by Ontario Hydro _'\ 

.were used in all cases. 

1‘. InduStrial_and sewage Wastelheat inputs are based on a linear 
interpolation-of the data presented in Acres report (1970}; 

3Using 1973 ontario Hydro data as well as the prediCted‘ 
‘waste heat input given in‘Acres report (1970), new values fOr 
"the year 2000 were calculated for each of the Great Lakes. 
These results, as presented in Table 2, are based on 1973 
plant operating conditions- and, since plant efficiencies' 
are expected to inCrease by the year 2000, these values may 

,,be high. However, no such assumption has been made_at this 
'time; Due to the current energy situation, further improve— 
ments to these predictions are not considered feasible{ 

.1 

Sample calculations for this section are presented in - 

'Appendix B,



TABLE 2 

WASTE HEAT INPUTS* TO THE 
GREAT LAKES IN THE YEARS 
1973 AND 2000 

Lake Superior 
Lake Michigan 
Lake Huron 
Georgian Bay 
Lake Erie 
Lake Ontario

9 *10 Btu/hr 
**This value represents a 5 per cent increase 
Acres (1970) predictions. 

1973 

1.1 

69.9 

.6 

4.6 

60.4 

19.0~ 
155.9~~ 

20_oo 

5.8 

329.7 
'98.3 

225.4 

238.7 

269.4 

1,16713** 

over the



3 - STEADY-STATE MODEL 

Over a long period, the total extra heat input to the lake 
will result in an equal outflow of heat. The steady—state 
model used for this calculation neglects the changes in heat 
storage within the lake and, under this assumption, the 
increased heat input will be balanced by an equal heat out— 
flow. 

3.1 - Conduction of the Lake Bed 

The long—term effects of heat flow through the lake bed can 
be neglected as the heat flow path will be of the order of 
half the lake width. ' 

3.2 — Precipitation 

Depending on temperature differences between rain falling 
on the lake and the lake surface, heat may be added to or 
removed from the lake. In the case of snow, heat can only 
be removed from the lake, partly because of the colder 
temperature of the snow, but primarily because of the latent 
heat of fusion required to melt the snow. The expected 
change in the form and/or temperature of precipitation 
falling on the lake that would result from a small increase 
in lake surface temperature is expected to be small in 
relation to other terms in the heat balance equation,and 
has been neglected.
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3.3 9 Heat Aduection H 

Artificial heat sources are normally of thistpe and Will 
be'considered as an inflow of heatia As‘a-system; the'Onlyf 
lOss of heat fromlthe Great Lakes due to an increaSe in 

'.lake'temperature will result from outflow down the_St,y' ', 

Lamrence River. VASSuming a mean flow of 225;000 ofs (based
I 

‘:On the years 1962 — 1970; during Which time Lakefdntario_has‘ 
; 
been regulated), the resulting Change in heat outflow will; 
"be 5.05 x lO 

‘ 

' 

' 

‘ 

' 

‘ 
'

W 10 AT Btu/hr; 

3.4 - Solar Radiation and 
I " 

_ 

‘j -: 
'Weather Modification 3 

0 
Feedback ' 

r Adding heat to the lake and conSequently increasing the 
vertical fluxes of heat and Water'vapor,Hcould»considerably 
alter the overlake climate which Could then alter

' 

the lake temperature. 

The most fundamental form.of such a climatic changegwould 
be an alteration of_the general circulation over and around 7 

vthe lake.» This'possibility'has been examined.previouSly,I 
'using a mathematical model,and the results indicate a change 'I 

\of the order of 10 degrees C (18 degrees F) over lakes Erie - 

and_Ontario‘WOuld be required to cause a change in type of 
‘circulation. This Would require a heat input about one 
order-of magnitude greater than at firesent enVisaged by 2000

\ 

There is still the possibility that, on'a smaller scale}'7 
. 
additional fluxes of moistUre and heat'could change the' 
‘cloud cover and consequently_modify both long4Wave and



short-wave radiation. The case of long—wave back radiation 
10 where the extreme was discussed briefly in Acres (1970) 

upper limit approach was used and the effect of additional 
cloud on heat exchange was found to be small. For this report, 
we have briefly examined the effects of moisture flux on 
solar radiation,using data obtained during IFYGL. 

The conclusion is that under most conditions the feedback 
is such as to reduce the temperature rise resulting from 
waste heat discharge by an amount in the order of 10 per 
cent. Where the existing land-lake temperature and vapor 
pressure differences are large, with the lake warmer than 
the air, the feedback can change sign and act to magnify 
the temperature rise. However, differentials of at least 
12 degrees C (21.6 degrees F) and 12 mb (.35 in Hg) would 
be needed to cause a 10 per cent increase in temperature 
above that computed,excluding feedback for a particular 
waste heat discharge. 

Radiation data over the lake was available for a number of 
separate occasions at the two stations, 3 and 7, in Lake. 

Ontario. Periods were selected during which the wind was 
consistently blowing from land stations at Toronto toward 
the lake stations, and where a continuous record was avail- 
able both in the lake and on land. A total of 19 sets of 
data was generated in this way of which 12 were during 
periods for which the lake was warmer than the air and 7 

‘ were for periods during which the lake was cooler. 

The former were tested for correlation between the variables: 
— Fractional reduction in radiation, AQ; 
- Temperature difference between the lake and the land, AT; 
— Vapor pressure difference between the lake water and the 

air over the land, Ae.



All differences were of the form land value minus lake value. 
It was found that the best fit was between the ratio AQ/AT 
and the independent variables AT and Ae. The correlation 
coefficient was R2 = 0.718, and the correlation was signifi— 
cant at better than the l per cent level according to the 
"F" test of significance. 

The relationship derived from this data analysis was 
differentiated with respect to the lake temperature TW and 
the result was: 

36w = —F.QA (12.32 + (1.07 + 0.36 sew) AT + 0.36Ae) 
'_3TW 5600 ET—w 
Where: 
6w langleys is the average solar energy input to the lake 
along a fetch extending F kilometers offshore, and QA is 
the solar radiation onshore, upwind of the fetch. 

As the data available were limited to fetch up to 56 km. 
extrapolation beyond this cannot be carried out reliably. 
However, the functional form given above can be considered 
to give an upper limit to the feedback effect from larger 
fetch distances. Further,the relationship can be considered 
only as a general guide because of the very limited data 
used (with considerable scatter), and the essentially non-linear 
behavior of many of the mechanisms that come into play in 
going from water temperature to shielding of solar radiation. 
The data used were biased in a number of ways, including 
months from July to November only, more morning than after— 
noon periods,and leaving out periods of wind change. While 
the biases introduced are such that the_actual values of 
coefficient in the equation for aQw/BTW may be out by a



factor of 2, the general conclusion that the effect is small 
and such as to cause a lower lake temperature for a given 
waste heat addition should be valid. 

In terms of water budget, this means that an increase in 
the water temperature tends to decrease the incoming solar 
radiation,which in turn lowers the lake temperature and 
thereby reduces the evaporative losses. Unfortunately, 
sufficient radiation data to calculate reliable estimates 
on a monthly basis were not available. 

3.5 — Long—Wave Radiation 

The net outgoing long—wave radiation from the lake is the 
total of the radiation from the lake less back radiation 
from the atmosphere to the lake. This net radiation depends 
directly on the lake temperature, and also indirectly on 
the effect of the lake temperature on the atmospheric 
temperature, humidity and cloud cover. 

An upper limit can be obtained by noting that increasing 
the lake temperature should increase the back radiation from 
the atmosphere. If the increase in back radiation is 
neglected entirely, the heat flow from the lake will be

3 increased by 4A aTW .AT for each AT of surface lake tempera—L 
ture increase. The Stefan Boltzmann constant is denoted 
by a and the lake area by AL. This relation forms the 
upper limit on the increase in long-wave radiation loss 
from the lake.



-Where: T‘ 

"\ 336 1 Evaporation'v 

Most of the change in heat flow resulting from small changes 
in lake temperature is a result of changes in conduction and 
evaporation, 

Evaporation has.been shown to.be a function{of vapor” 
pressure.gradient and wind velocity. For small bodies of._ 
.water, the empirical formula establiShed in the Lake 

. Hefner Studies is widely used to calculate eVaporation. 
This formula gives the_evaporation rate E.in ihches per day 
as E i_0.0024 (ew — es) V whereeW and eS are the vapor 
pressures close to the surface of the lake and in the air 
above the lake in inches of mercury,and V is the wind'speed ' 

in miles per day. The terms‘(ew - es).can be poSitivexas 
'in the_case of cold, dry-air‘moving across a relatiVely 
‘warm lake surface, or negative when the air is warmer than

H 

the lake surface and Carries more moisture than the Saturated 
layer of air adjacent to the lake surface. As the air ‘ 

moves across the lake, it becomes increasingly saturated 
more distant from the Shore. The'difficulty in applying 
the Lake Hefner equation to the Great Lakes lies in the 

V 

present lack of data concerning the term (ew — es). sing 
IFYGL buoy data, it was poSSible to define (ew e es)» 
as a function of atmospheric stabilityl(TA - TW) and waterr 

W'
I 

. 1f (TA f TW) 

temperature T "acCOrding to the following} 

- es) = .123; - .000191 (TA — T T jW) W 

V 

(TA -. TIN) < 0 
‘ 

g I 

‘ 

" 

. .; _ _ "2 _ '3 l.‘. 

fKew Hes).— .944 x 10 .153 X 10 (TA _ TW? TW 

f .316 xlf TWI .. ., 
‘j ‘; 

A is overland’air temperature averaged arOund the, 
\' lake measured in degrees F. "
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V'fw isithe‘averqgedwater surface temperature 
‘measured in.degreel » 

- 'V 
' 4. 

e5 is the average overwater Vapor pressure measured, 
in inches of mercury l 

' 

_

‘ 

ew_is the average saturation vapor pressure at the 
'water surface-measured in inChes of mercury. 

All lake data are aueraged according to the "Thiessen"
' 

Polygons_indicated on Plate 1 and are based on a 31-day 
‘moving average_of Values_obServed_between April 19 and 
December 8, 1972. The acCuracy of these eStimates of the 
overwater vapor preSSure difference (ew - es) has been 
.shown on Plate 7. ,Justification for a 3lfday moving average 

n lies in the fact that,whenrthese equations are<applied to 
Great Lakes other than Ontario, the.air and water temperatures 
are determined from monthly normalsQ, Therefore, to be 
‘consistentr'all,relationships should be determined for time 
=periods Compatible with these monthly values.” 

' Substituting\in the Lake Hefner equatiOn and differentiat- 
ing with\respect to lake temperature, TW, the change in j'

_ 

heat output by_evaporation can be determined for both Stable 
and unStable atmospheric conditions. ' 

I

' 

.‘1 

' 3.7 — Conductionr
/ 

Conductiveiheat transfer\is goVerned by'a similar form of 
'lake atmosphere interaction as evaporative transfer. When" 

I 

the standard Bowens‘ fOrmula relating the cbnductive and 
‘evaporative heat losses is comhined with the Lake Hefner 
formula. the.follQWing equation is obtained:I 

‘QC =lo,1435 \(TW — TS) VW.



Where: is the conductive heat transfer in Btu/hr 
is the wind speed over water in miles/hr 
is water surface temperature in degrees F 

is air temperature over the water in degrees F 

The overwater temperature difference (TW - TS) can be de— 
fined as a function of atmospheric stability (TA — TW) and 
overwater modification of temperature (j), where: 

j = (TS — Twp/(TA - TW)
9 

This parameter j, as plotted on Plate/7, is based on a 31— 
day moving average of the daily values observed at the eleven 
IFYGL buoy stations. Substituting in the equation for QC 
and differentiating with respect to water temperature, TW, 
the change in heat flow by conduction is equal to .1435 j 

VW AL AT. 

Details and results of the heat transfer calculations are 
presented in Appendix C.



4 - EVAPORATIVE LOSSES DUE TO 
ONCE-THROUGH COOLING 

'The increase in evaporation from each lake can be calculated 
according to the following: 

E = .00433 x KE x QWH x Days id Month —— Area of LakeK 
Where:

’ 

E ‘is the evaporation in inches/month 
KE is the evaporative heat transfer coefficient 
K is the total heat transfer coefficient 
QWH is the waste heat input in Btu/hr 
Area is in square feet 

Much of the evaporation from the lakes resulting from the 
increase in heat is expected to be carried outside the

' 

drainage basin, resulting in a reduction in flow through 
the system as indicated in Table 3. This loss is cummula- 
tive with an expected yearly average reduction in flow in ' 

the St. Lawrence River of 2,460 cfs for the year 2000. 
Monthly estimates vary between 2,115 cfs in May to a maxie 
mum of 2,870 cfs in September. 

A time lag, introduced because of lake storage, has 
been neglected in these calculations, but is not expected 
to seriously change the results. Further assumptions made- 
in the calculation are that all extra evaporation is lost 
.from the basin and that the lakes are icetfree all year 
'round. This latter assumption is expected to result in 
slightly higher evaporative losses during the winter months 
than would normally occur. However, it has also been, 
necessary to assume that the waste heat is evenly distributed 
over the body of the lake, a condition which may counter— 
balance the ice—free assumption.



TABLE 3 

REDUCTION IN FLOW (CFS) 
IN THE YEAR 2000 ’ 

January 
February 
March 
April 
May 
June 

July 
August 
September 
October 
November 
December 

Average
~ ~ ~ 

St. Mary's St; Clair Niagara St. Lawrence 
River River River River 

12 1,384 1,878 2,417 

11 1,352 1,838 2,361 

11 1,349 1,837 2,350 

10 1,266 1,744 2,196 

9 1,244 1,714 2,115 

7 1,213 1,718 2,151 

8 1,334 1,836 2,342 

11 1,536 2,105 ‘2,666 

13 1,651 2,244 2,870 

13 1,637 2,219 2,825 

13 1,574 2,135 2,727 

12 1,462 1,979 2,527 

11 1,417 1,937 2,462~ ~ ~



During the winter months a portion of waste heat goes into 
melting the ice cover; however,such a term represents a 
storage of heat within the lake,and on a yearly basis is not 
expected to seriously affect the result. 

Details of the evaporation calculation are given in Appendix 
D of this report.



5 - COOLING TOWER EFFECTS 

Increases in lake temperatures caused by the input of cooling 
water from once-through cooling of thermal electric generating. 
StatiOns around the Great Lakes may be avoided by using cool- 
ing towers either as an addition to a once—through cooling 
system to reduCe the temperature of the effluent,or as part 
of'a closed cooling system. 

There are two classes of cooling towers; the wet, or evapora- 
tive, in which the water comes in direct contact with air 
and cools by evaporating part of the cooling water, and the 
dry cooling tower, where the water passes through an air— 
cooled heat exchanger. The air in these towers is moved 
either by mechanical means, as in the forced—draft tower, 
or by density differences and a chimney effect, as in the 
natural—draft cooling tower. There is no water loss from 
dry cooling towers except for small systematic leaks, so 
these will be unimportant in the water balance investigation. 

Mechanical-draft cooling towers contain air-moving fans 
which require energy, as much as .5 per cent of the output 
from a power generating station, and so these are economically 
inefficient, but their operating characteristics are very 
similar to the natural—draft cooling towers.14 

The amount of water released into the air by a cooling tower 
may have some local effects such as raising the humidity 
downwind for a considerable distanCe (5 miles), causing 
localized fog and icing, but only under certain meteorological 
conditions will the cooling towers affect cloud intensifi- 
cation or formation of clouds. Natural-draft cooling towers 
will have a release point 250 - 500 feet above the ground 
and an effective discharge height of up to 2,500 feet,



so they will have little effect on ground level fogging 
or icing. On rare occasions the plume may evolve into low— 
level stratus clouds.15 

Mechanical—draft cooling towers will have release heights 
of 30 — 80 feet and will cause ground level fogging and 
icing under certain conditions, but these will be very 
localized. 

The water vapor released from a cooling tower is at least 
an order of magnitude less than the water entrained into a 
moderate rain cloud, and almost always will be dissipated 
in the atmosphere rather than returning to the earth locally 
as precipitation.16 

Heat release, although concentrated, is relatively minor in 
comparison with that from other man-made energy sources. The 
cooling towers at the Zion Nuclear Station on Lake Michigan, 
for example, release only 5 per cent of the amount of heat 
that is released by Chicago.17 

Quantitative data concerning evaporative losses through 
the use of wet cooling towers in the Great Lakes Basin is 
limited; however, losses are expected to be in the order 
of 2.5 x 10—9 cfs per Btu/hr of waste heat; This value 
is based on data presented in the 1973 Federal Power Com— 
mission Reportll, referred to in Section 2, and is consistent 
with the 2.86 x 10—9 cfs per Btu/hr calculated from informa— 
tion presented in McVehil's report to the Commonwealth 
Edison Company concerning Zion Generating Station.18 

The resultant evaporative losses and reduction in outflow 
are presented in Table 4(a) and (b) for the years 1973 and 
2000. If one assumes the higher value of 2.86 x 10”9 
per Btu/hr (estimated for Zion Generating Station), the 

cfs



_evaporatiyé losses for the entire basin amdunt to 37200fcfs_’ 
.Ifll 

III_.III

‘ 

'

- 

-

_ 

W 

'- 

Or l;4 per cent of the flOw in the St. Lawrence River. Not. _ 

'included in these estimates are.the water losses incurred .7 

I‘during the blowdown procedure, which are‘expected to-be of 
the same order of meghitude as the evaporatiVe losses; 

,y' 

I For all calculations in this section; it has been assumed 
that use of Wet cooling.towers would only apply to thermal‘ 
electric generating stations (see_Appehdix E) ahd; therefOre,- 

“the Waste heat from industrial and municipal sources (apprOXi—- 
“mately 5 per cent Of the.total) has been excluded. For\' 
comparison; a 5 per cent reduction ih the waste heat from. 
once—through cooling would result in a total loss from the 
'Great Lakes of 2;320-cfs. Thus the use_Of wet cdoling 
towers is likely to produce-evaporative'loss 40 per cent larger 
than'oncefthrough;cooling systems.j



TABLE 4 

EFFECT OF WET COOLING TOWERS 
ON GREAT LAKES WATER BUDGET 

(a) Evaporative Losses* 

Lake Superior 
Lake Michigan 
Lake Huron 
Georgian Bay 
Lake Erie 
Lake Ontario 

(b) Reduction in Flow* 

St. Mary's River 
St. Clair River 

Niagara River 
St. Lawrence River 

*Using an evaporation rate of 2.5 x 10— 
cfs/(Btu/hr). (Yearly average recorded 
at Painesville, Ohio.) 

1973 
(cfs)
~ 

1.5 

145.8 

10.1 

0.0 

111.2 

36.1 

1.5 

157.4 
268.6 

304.7

9 

2000 
(cfs) 

13.3 

781.0 

561.5 
243.0 

538.5 

658.0 

13.3 

1,598.8 
2,137.3 
2,795.3

20



6 - RECOVERY WITHIN BASIN 

Estimation of the ultimate fate of the increased moisture 
leaving the Great Lakes as a result of increased thermal 
inputs is complex, involving consideration of vertical and 
horizontal movements of the water vapor, uptake by Vege- 
tation and other landscape features, removal by cloud forma- 
tion and precipitation processes, fog and dew deposition, etc. 
In—depth study of these phenomena is beyond the scope of this 
report. Consequently, an estimate has been made based on 
the simple assumption that,during periods of precipitation, 
all of the increased moisture is returned within the basin. 
The assumption is considered to be conservative in the sense 
of overestimating recovery. 

Hours of occurrence of all forms of precipitation were taken 
from the Atmospheric Environment Service publications, 
Hourly Data Summaries 3, 6, 7, 87 and 5 for Toronto, London, 
Wiarton, Sault Ste. Marie and Lakehead, respectively. 

The average of these, 1,481 hours or 16.9 per cent of the 
time, was taken as the basin average. This was applied to 
the calculated annual average increases in evaporation in 
the year 2000, giving an estimated recovery within the basin 
of 416 cfs and 541 cfs for once-through cooling and wet 
cooling towers, respectively-
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AVERAGE MONTHLY OVERLAND AIR TEMPERATURES * 
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LAKE LAKE LAKE GEORGIAN LAKE LAKE 
_' qEn Ion MICHIGAN HURON BAY ,.ER,LE__ _,ONIAR I 0 

. JAN -11.7 ~5.6 -6.2 ~a.9 —3.8 —5.6 

I FEB -10.6 -5.2 —6.3 —a.4 —3.7 -5.3 

I 
MAR -5.2 -.7 —2.0 ~3.4 0.7 -i.’7 

11-,--, APR ,2.8 ,6.5 ,5.5 4.5 7.4 6.4 

I MAY 9.0 12.5 11.3 10.7 13.3 12.6 

JUNE 14.1 18.2 16.9 16.2 19.0 16”? 

.I . JULY 171.2 1 21.2 19.8, 19.1 21.5 21.0 

1 AUG 16.8 20.5 19.2 18.4 20.7 20.2 

SEPT 12.5 16.2 15.1 14.3 16.9 16.2" 
. ___0,(_1.T., 7.1 110-....4. ., . ,,_9.0 11.0 10.3 

' 

NOV 41.0 2.8 2.8 2.1 4.3 3.9 
_' DEC -a.2 -3.3 —3.6 ~5.4 -1.8 32.9 

1 *Degrees Centigrade (0C)
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AVERAGE MONTHLY OVERNATER wINDs* 
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A110 7 
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10.1 I 
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11.1 12.1 12 . 1 

7 f SEPT: 'f~ 13.5. 016.4.- *16.1 16.1 14.4, 14.1- 

OCT 15.5 ' 20.0 
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19.6 19.6 
‘ “““ 17.1W " 

'00.. 
1 

18-1"" 24.3 22.5 22.5 20.9 / 20.0 _, __ 

_’ 
‘ DEC hfl "16.9 
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In...” --_. - _. 
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AVERAGE MONTHLY OVERwATéfi—GTN0§}"“_ 

LAKE LAKE LAKE GEORGIAN LAKE LAKE 
SUPERIOR MICHJGAN HURON a“, _JAI_ _____,_,,_ E_R_I_E____2QN,TARVI__O 

, JAN 7.3 9.09 . 9.4 9.4 9.4. 8.7 

7'0 8l6 806 9:0 8:4 

MAR 
' 

6.7 10.0 8.1- 
" 

0.1 8.8 'a:0 

;

: 

i 

'

I

J 3 \ 

-11MAP3_ ,2 .7.0112 2210.1,107.e .7.8 m- 8.3 , 7.5I 

8-0 607 607 7.1 606 
JUNE 4.6 5.5 5.0 5.0 4.8 4.é"”" 

,. -1... .JULY.” .w .40...0_,...... 1.4..-6. , V , .. 4.0.3. . ._ ., .4...3 .. . . 4.. 0 4.1 
AUG 4.5 5.0 5.4 5.4 4.8 4.9 

5597 6.0 7.3 7.2 7.2 6.4 
W 6.3” " 

_._- OCT. 6.9_*_ 1. 1.8.1.111- 1-112845 ._,__ -2 _,.__&_-,8 0.71.6 . ., . 7.3 II

l 

NOV 8.1 10.9 10.1 10.1 9.4 8.9 
DEC 7.6 10.8 9.3 9.3 "“é.a"”’ 8.2 

I *Metres per second (m/sec)
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WASTE HEAT CALCULATiONs 

Fossil-Fuelled Thermal Electricv 
lGenerating Plants‘ Btu/kwh 

Average Heat Rate* 7 
_ 

I 

I 
9,090 

In—plant and Stack Losses 
1' 

’
" 

(13 per cent) -‘ ' 

. 1,170, 
Heat Equivalent of Generation ’ am .3f413.' 
WaSte Heat-Generation ' 

I 

4j4l7: 

Nuclear—Powered'Thermal.Electric 
V Generating Plants.

\ 
'. AVerage Heat. Rate*-ll- 11,500

_ 

.Misoellaneous Losses (.2 per‘ ' 

-

W 

, 

Cent)‘ 
. 

. 

‘ 

. 
‘23 

‘vHeat Equivalent Of generation _V." n3;413 
Waste Heat Generation ; 

I 

‘ 

8;064 

Load Factors* 

Fossil Plants operate at.30.— 40 Per Cent.Cafiacity 
‘Nuclear Plants Operate at 70 — 80 Per Cent Capacity 

sased'on 1973 Ontario Hydro information.
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'AdveCtion Coefficient K 

Appendix C 4 l

L 

Heat outflow per = Disdharge x HC X'AT 
Sq ft of surfaCe area Surface‘Aréa 

Wherefi -Dis¢harge is outflow in cfs . 

HC is the heat capacity of water taken as- 
l Btu per ft3 per degree Ff 

” ' 

Surface area is in sq ft,” 

Defining the advective heat transfer Coefficient as KqQL 
dTW 

KL”= DisCharge x HC' 
1 

surface Area 
KL only applies to Lake Ontario since none of the other lakes 

[will result-in loss to the system. 

'Ekample: Lake Ontario 
'if we assume a mean discharge down the St. Lawrence River of 
225 x 103 cfs, 
We haVe: 

I 

,- "‘ ' 

KL ; 225 x 103 x 62.4 x 3,600 ‘-§tu 
_ .. 7,520 x (5,280)‘ 

. 

hi“fE2‘°F 
= .241 , Btu 

hr ftz 0F
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ADVECTION COEFFICIENT KL *
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ii l ! 

.-_.'.
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LAKE LAKE NLAKE GEORGWAN LAKE‘ ' LAKE 
SUPERIOR‘iMICHIGAN HURON BAY ERTE ONTARTOF' ~ 

' 

. 

JAN 0.000 0.000 0.000 00.000 -0”§§30~ 

7-“ 
. FEB 0.000 0.000 0.000 0.000 0.000 

' 

0.23? 

MAR 0.000 0.000 0.000 0.000 0.000 0.233 
“‘l' 

APR '0.000 0.000 0.000 "0.000 H01000fWW700:533” 

_ 

MAY 0.000 0.000 0.000 0.000 0.000- ' 10.231 

I JUNE 0.000 0.000 0.000 0.000 0.000 0.242: 

f 
0 JULY' W0.000 0.000 'm0T000wmwww0T00dfww070C000.fmwwbiédé' 

_l AUG; 0.000 0.000 0.000- 
' 20.000 0.000» 

-- .‘ 
’ 

SEPT 0.000 0.000 0.000 No.000 .0.000 
‘ 

0.250 

_ 

> 

007 0.000 0.000 0.000 0.000 0.000 

,I 
" NOV 0.000 0.000 

, 

0.000 0.000 0.000 - ~ \ 0.24330 

‘0 IDEC 0.000 0.000 0.000 0.000 >0.000 
I 

0.249” 

.lls‘
V 

I” . *Btu 

m 
'hr ft2 OF 

I , 

III.

I
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ADVECTION COEFFICIENT KL* 
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'LAKE GEORGIAN LAKE ) 

f 
' 

' SLIP Eq 10;; MICHIGAN HURON. RAy FR IF ONTARIO 
4!,fl 

_ 
I 

, 
_.- ; 

"mflgwflfl ..JANA " 00000 00000 
I 

00000 0.000 0 000 1.320 

FEB 0.000 0.000. 0.000 0.000 0.000 '1'.3_45 

I; ‘ 

m 0.000” 0.000 0.000 ; 0.000 'g‘0."0‘00 mil-320‘”— 

fi. 0‘ AERN 0L000W0ffifia000M”__0000000wwM004000fww*;04000WW0mfl1,320 
.MAY 0.000 0.000 10.000 ' 0.000 90,000 1.314 

"' 
' 

_ 

JUNE‘ 0.000 0.000 0.000. ' 0.000 0.000' 1.375 

...I_._._7_.__fi_..__,.__-_,.J.uL1,.',.___.‘__0_.~0,0.o._ “0.000 0.000 04000 
I 

r 

0.000 1,.;.A_0.5. 

I", 
V 
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—‘ 
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I 
' 

OCTv ,.0.,._0_0_o,,_ 0 .000 0'. 0'00.__ ....0;0_0_0_;._0._..;;-.-00-0.0;0.W.._ _[_-.1__.:__4.05. 

- ,0 :_.N0v 
” 

0.000 00,000 0}000_ '0.000 _00000_ 1.381 

"fl 
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., DEC 0.000 0.000 0.000 0.000 _' 0.000 1:012
' 

lr0~ 
_ .w-» “000 _w_ _- 

‘ 

l 
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' m2 °C 
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.,|

" 
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_EvaporatiOn Coefficient K 
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E. 

‘ ‘ 

Evaporative heat loss (QE) = L.E _ 

v (1) 

Where: QE is the evaporative heat loss in Btu/hr — ft2 
E is.the rate of evaporation in inChes/hr 

And: L is the latent heat of vaporization, assumed 
to be equal to 1065 Btu/ft3'

V 

'The Lake Hefner evapOration study shows that: 

, 

E *x-(ew ' .es’ Vw. I ; . 1(2). 
Where:-- \{.is an empirical‘coefficient equal to 

'
I 

i 
' 

'o.0024 
‘

. 

ew is the vapor pressure at the water surface in‘ 
‘inches of mercury _‘ ‘ 

e 'is the vapor pressure of air oVer the water'_a 
surface in inches of merCUry 

'

I 

'And: VW is the wind speed over the water surface in' 
_ 

mph (based an Richards'and Phillips7). " 
From IFYGL data, vapor pressure difference could be estimated 

by the following equations; 
If: 1 (TA e TW) 1 0

‘ 

' 
s _ _ V 

—3 
n _ , I-‘ 

I 

,,ew_— eS — .1232 .191 x 10 (TA TW) TW 
p (3)V 

‘If:' 
I 

' 

(TA - TW) <"0
. 

ew — eS = - .944 x 10'2 4 .153 x 10'3 
’ 

- (4)v 
' '—4 2 

' 

(TA - TW) TW + .316 x110 TW 
Where; T is the air temperature over land averagedA 

‘ around the lake in degrees F 
T is average lake surface temperature in W . 

degreeS~F 
substi-_, \ 

. 

_

’ 

tuting: EQ (3) and (4) into EQ (1) and (2) 

I 

we haveé -

' 

_If:l '- (TA .— ITW? :10 _~‘ ‘_*' ---3 _~ v‘ '. 

QE — 13.3 (.1232 .191 x 10 .(TA .VTW) TW)IVW(5)
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Evaporation Coefficient KE (Cont'd) 

"‘If:‘ ‘(TAh-ITW)_<10.
‘ 

QE 2 13.3 (—.944-x 10'2 — ;153 x 10’3 
' 

. (6) 
‘ 

I —4 2 
(TA - TW) TW + .316 x 10_ TW ) VW 

Definingz‘ KE = dQE 
. 

I 

‘ dTw 
‘ _ 

V
‘ 

we have the following equations: 
' If‘ 7' (TA ‘ TW) 1 °.'. _ 

_ _ 
_ 

. _3 _ KE — 13.3 ( .191 x 10 (TA 21W)) vW\ (7) 

IIf; .- (TA - TW) f 
0

‘ 

, _ _ _ ; 

e3 1 _ 
‘ 

_

g 
/ 

1 
>.KE — 13.3 ( .153 x 10 .(TA 2TW) I 

i 
‘ (8) 

V 

—4 + ,633 x 10 TW) VW 
‘K is in Btu _‘ 

E 2 o " hr fty' F
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EVAPORATION COEFFICIENT KE * 
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LAKE LAKE LAKE GEORGIAN LAKE ,ELAKE,HW 
SUPERIOR MICHIGAN HURON BAY ERIE ONTARIO 

~_” " 'JAN 2.469" ”' 2T643mww'"3I093"” “2.099 ' 2.405‘ 2.613 

_ FEB 2.079 2.593 2.495 2.355 2.216 213061 
llii 

MAR 1.671 2.269 1.946 1.887 1.882 1.876 

“iiu“fl“ “APR VVVVV 
1.153 1.720.“ 1.290 1.352 1.627 1.260 

MAY 0.845 2.018 0.883 1.031 1.466_1_-10.288_V 

I JUNE 0.558 1.679 0.747 0 957 1.556 1.048 
w” JUL? 

" 
0.669 

A 1395*“ 1.067 "1.437" 1.542 1.384 

AUG 1.145 2.291 1.893 2.270 2.323 ,_118_89..,, 

I 
SEPT 1.828 3.469 2.900 3.009 2.978 2.754 

— MBCT """"" 
2”.”2 "3”.924HWW' 3'74 4 “‘3'72’18- 3.07 6" 

a 

2.608 

_l| NOV 2.749 4.303 3.528 3.610 3.191 2.874 

DEC 2.642 3.456 3.201 3.273 2.672 2.545 

r *Btu

u 

hr ft2,...°E.,_ , 
- 1 _ _, _ 

.1l 

__

I

I 

_l__.__



E9150375150802FFmm Ks 5 aqll
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I, 

LAKE LAKE 5 LAKE GEORGIAN 

. JAN ,-,149019,21 15 006 
’ 

17.560 16.461 

fFEB 11.806 
‘ 

14.726 - 14.166 
' 

13.374 

,SUPERIOR MICHJGAN iWMHuRON.1121118012m121 
LAKE 

138654 
12.582 

9.489 12.883 11.048 10.713 

'2221221088120226150212-M 
MAY *4.795 11.456 .5.013 65.856 

,19.7651; 7.325 _ 

'-7.677‘ 

'8.32311 
, 9.2311111 

MWHAppgndiw.712W;n,, 1.1.1. 

LAKE 
ERIE,MNQNTARIOi_ 

14.839 
13,084 

{6:656“__fljfargggwwwww.m. 

HZAlfiéwwwm 
5.609 

JUNE.- _ 3.168 .9.535 
3 

4.242 '5.431 
§III 

Il-é 

llfl._-I!_

.

; 
'.

g 
I > I)

I | 4 1‘— C r—\ L<

. ;3-80012228.62222w16105224mm81162 
6.501 . 

‘13.018» .10.751 . 12.892 

8.837 

m228175312- 
.13.191. 

25.949 

.1M7.856f-. 

10.728
1

> C.

- 

C) 

SEPT 18.379 :,19.698' 16.466 1 17.084 

ocr 
' 

1215201212221281211212186612 18.275 

Nov 
I 15.608 24.433 20.035 20.500 

16.910 
1117.464 

18.118 

15.636 
114.808..1 
16.319 

15.003 19.625 18.177 18.587

4 

15:170 

51 l r 1 i1 

'14.454,

I
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"Appendix C — 8 

COnduction Coefficient KC 

CondUCtive = QE x .0108 x (TW a TS) 

I 

heat loss QC 
‘ 

_ ew’ es) 

Where: QC is the conductiVe heat ices in 
Btu/hr per ftz

' 

T5 is the overwater- air temperature (OF) 

_ And} -, TW is the water surface temfierature (OF) 

Combining equations (1), (2) and (9) we have: 

VQC = .1435 (TW - TS) vW 
_From IFYGL data it was found'that: 

.TW'- Tsié j (TW - TA)
V 

Where: TA is overlandf air temperature (OF)> 
' laveraged around the lake 

[j 
is correction factor accountiné'for’ 

‘ 

,the-bverléké modification of temperature 
(see Plate 8) 

Defining the conductive heat loss coefficient as 
'Kcv= dQc _. 

_ 
,aTw‘ 

We have: KC = 0.1435 3 v Btu .. 
‘ ' 

» 

' "W “‘ 
2 0 hr ft F 

(9)v 

(10) 

(1117 

(12)



CONDUCTION COEFFICIENT KC* 

, 
“Appendix C,-,9.

~ 
LAKE 1 LAKE LAKE__§EQB§1AN 1.1,.LAKE 1... LAKE, 

SUPERIOR MICHIGAN HURON ERIE ONTARIO 

1.832 1.838 2.048 1.610 1.751 

1.583, , 1.809 1.719 1.497 1.578 

1.180 1.419 1.252 1.128 1.160 

0.787”’ 0.980 0.825 0.898 0.791 

0.702 0.870 0.686 0.244 n.676._1 

0.466 0.590 0.504 0.530 0.503 
‘0i4fiémmu‘ 0.542“~‘_“0T444”‘wm ' 

0.490 
’ V 

0.445 

0.475 0.679 0.640 &L&Q&___mwu+h24., 

0.760 1.210 0.999 1.006 0.934 

0.992 “A1.609 1.425 1 223' 
_' 

1.043 

1.577 2.180 1.811 ,115681__1111436 

1.798 2.137 1.957 1.607 1.569



coNDucT10N7coEFricféNr KC* _. 

LAKE 
"umSUPFRInR 

_wJAN H2210.A0163mm 
FEB ‘8.988 

7 
LAKE. 

>MYCHIGAN 

‘ 10.272 

LAKE GEORGIAN 
"MHURQNN RAY 

9.762 9.957 

LAKE 
_FRIF 

11-628 .MW11L897.2MWWQLLA2. 
8.501' 

-_mAppendiX.C--.10. 

LAKE 
mgwflNTARJD._,M 

‘ 

.9.940 
8.960 

MAR 6.702, 

“-WAaawwm,M-4.A6a-w-; 

MAYa ' 35989 

8.056 

'4.949 

7.108 7.293 

--5.5612222-A;685.-N2W4ga63 
3.597 ‘ 3.935 

6.405 

.M5.09b 

4.223 

6.5aaMmmm'm'V 

4.490,“ 

3.839 

f JUNE _. 2.646 

JULY 
‘ ‘62-g&22WMM 

AUG 2.699 

3.349 

‘ 3.854
' 

.2.859 .12.908 

W3......o.z.5...__.._2.2.2.52 2-. 1.6.9... , 

3.636 ' 3.962 

3:011' 

2-184munw 
3w962 

""ér..asa'. 

_2.526. 

3.542‘ 

A

. 

I... 
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‘

v

r
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§‘

3

.

!

‘ 

5

' 

fsEPT‘ 
. 

4.318 
ocr 

‘ 

5.635 
'Nov 3.953 

6.369 
9.136 

12.38; 

5.672' 
_ 

'6.124 

8.090 7.689 

10.281 10.713 

6.945 I 

"3,902 

5.304 

8.157 

DEC 10.208 "12.134 11.113 11.828~ _8.9o7‘ 
_*Watts 
m2 °c ‘ 
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;
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:
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BackéRadiation Coefficient K- 

Where; 

And: 
Similarly, defining the radiative heat loSs coefficient as 

Thereforei' 

»Appendix:C‘—-ll 

BR 

As indicated in the text; the longewave.back 
radiation is a direct fUnction of the surface 
water'temperatUre and is_defined as: 
QBR-= o (TW + 460)4

t 

'o is the Stefan-BoltzmannVconStant‘equaI_to 
1;73 x 109'Btp/hr — ft2 (0F)4, 

' 
I

’ 

TW is the surface water temperature in OF 

460 is the conversion Constant from 0F to_Rankine- 

KBR'; dQBR 
» dTW' 

KER = 4 0(TW + 460)3.
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BACK RADIATION COEFFICIENT KBR * 
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_ LAKE LAKE LAKE GEORGIAN 1,-LA5E" -LAKE, 

I SUPERIOR MICHIGAN HURON BAY ERIE ONTARIO 

' " 

JAN 0.841 0.831 0.857 0.837 0.833 0.846 

FEB 0.826 0.828 0.840 0.824 0.829_.1___,_.Q1§§5__§__.1 

I MAR 0.824 0.831 0.833 0.824 0.831 0.835 
' Aim" 0.829 '0T'8‘5‘8""”” 01842 

" 

0.841 0.864 0.847 
I MAY 0.839 0.916 0.854 0.861 0.892.. 0118.98. ,1 

I .JUNE 0.861 0.970- 0.888 0.905 0.983 0.924 
‘ 'JULY 0.899 '0'.949 0.988 1.025 0.998 

AUG 0.936 1.034 0.997 1.003 1.044 41,019“ 
SEPT 0.939 1.021 0.980 0.984 1.018 1.002 

_ ""W”0é'f"'hw’(I906"""" 07678W“"—07‘95'2 "0336 "‘"w67962'm 0.937 

_' NOV 0.883 0.925 0.903 0.904 0.905 0.893 

DEC 0.859 0.865 0.875 0.872 0.862 0.862 

I 
1 _ _ _.-__._.1._,...- _ 1 

_r W *Btu 
_ n

I I 

2

I F



BACK RADIATION COEFFIEIENT’KHR * 
Appendix C - l3 

LAKE LAKE LAKE GEORGIAN LAKE LAKE 
_ SUPERIOR MICHIGAN HURON BAI____HLERL§___QNIABlD,-, 

1 11“ JAN 4,774 H,4.721 4.868 4.754 4.731 4.806 
' FEB 4.691 4.703 4.769 4.680 4.705 4.746 

I MAR 4.680 4.718 4.728 4.680 '4‘.‘717_—“ 4774—40 

111 - , APR 4.208 ,4LQZ§ _ 44250 4.174 _ 
4.906 4.812 

I MAY 4.766 5.199 4.847 4.888 5.094 4.926 

JUNE 4.891 5.509 5.043 5.136 5.579 
_ 5T249H’" 

.JULY 5.103 ‘ 1-5.1.7] 5.389 5.612 5.820 5.670 

I 
' AUG 5.314 5.869 5.660 5.696 5.926 5.787- 

— 
SEPT 5.333 5.796 5.563 5.589 "57781 57692 

” ' 

__.,.,_._..._Q.C..I,. . . ..,_4.6.5 . 5 .320 

Nov 5.016 5.255 5.127 5.133 5.136 5.073 
“I DEC. 4.879 4.912 4.971 4.950 4.897 4.897 

.ll. 
-1- -11- . .WWWWWWWH -_. 

_I| *EEEEE 
__ __ 

m2 0 

lm- 1_-mw ._ L- EL“_LWW 1- _ __- 

I

I 

-I 

.I__.___” _ ,1 __ m mmw__n



APPENDIX D 

EVAPORATIVE LOSSES DUE TO 
ONCE-THROUGH COOLING



Appendix D — l 

Evaporative Losses Due to 
Once-through Cooling 

Heat loss through = EE X QWH evaporation K 
Where: QWH is the waste heat input in Btu/hr 

KE is evaporative heat transfer coefficient 
And: K is total heat transfer coefficient defined as 

K=z K.
' 

.— ll 
Evaporative losses = .00433 x KE x QWH x Days 
in inches per month K_ Area 

Where days are the number of days in month 
Area is area of lake in sq ft 
Evaporative losses = 4.17 x Ea x QWH K

. 

The reduction in outflow is cumulative commencing with 
Lake Superior and ending with Lake Ontario.



l- 
HEAT TRANSFER COEFFICIENT K * 

VW/Appendix D — 27 

ga—

~ 
LAKE LAKE LAKE GEORGIAN LAKE ,-_L.AKE__., 

SUPERIOR MICHIGAN HURON BAY ERIE ONTARIO 

I” w ‘ mJAN H 

5.141 
W 5.312"."WW5.998‘ “5.832” 4.848 5.444 

FEB 4.488 5.231 5.054 4.933 4.542 4.9551,"- 

I MAR 3.676 4.518 4.030 3.995 3.841 4.104 
WAER " _ 2:769 WW‘3‘75fi5'8'wmm2 .957 _ W 3.049 3.388 3.131 

I MAY 2.386 3.803 2.423 2.585 3.107 1.121-212}... 

I JUNE 1.885 3.239 2.139 2.373 3.069 2.718 “WWW”TOD '17370W "H372‘5W4MM 2.460 
‘ “2.912” 3.057 3.074 

1 AUG 2.556 4.004 3.530 3.971 4.064 3.785 

SEPT 3.527 5.700 4.878 5.071 5.002 4.940 

061 3.115 ' 
6.511 5.823 5.509 ""5'2‘2'61WW 4.836 

_' NOV 5.209 7.409 6.242 6.401 5.663 5.447. 

DEC 5.299 6.458 6.034 6.228 5.141 5.225 
.1“ - _ -- _ _.- - -11-..- .____1_- 

*Btu 
.1..-“ hr ftz: °F _ __-- ,1- _- _

I

I

_I



Appendix D — 3 
HEAT TRANSFER COEFFICIENT K* 

LAKE LAKE LAKE GEORGIAN LAKE LAKE 
11...- _, _ _ .._S_UE.ER1.0R_ _MI..CHLG_A_J\i , _, "HURON . 84y ERIE ONTARIO

. 

JAN 29.194 30.163 34.058 33.113 27.527 30.912 
FEB’ 25.485 29.701 28.697 28.011 25.788 28.134 

M A R 7"‘2'678 7 $7838" 25 . 8875' 
7' 

{22 L 6 86 2 1 . 810 23 .3 0 2 

APR 15.725 20.205 16.790 17.314 19.239 17.778 

I ' MAY 13.550 21.595 13.757 14.679 17.640 ‘ 15.689 
'mJUfiEW {8.705 18.392 12.144 13747é"' W17.427 ' "15.432 

JULY 11.184 -18.475 13.969 16.937 17.357 17.458 

AUG 14.514 22.733 90.047 22.549 93-079 21.494 
EEETw méb.o3o" 7730:364‘ '27.781 é8.797 28.403 28.050 

NOV 29.577 42.068 35.444 36.346 32.155 30.930‘ 
I OCT 23.387 36.972 33.063 31.281 129.873 27.459 

l DEE” 30.090 
' 

36.671 "34.260 357386““E9119‘évmmé9.869' 

I *Watts~



Appendim e 4 

EVAPORATION RATE IN THE YEAR 1973 * 
-* 

LAKE LAKE LAKE GEORGIANWHM ,LAKE1~ ~ 'l SUPERIOR MICHIGAN HURON BAY ERIE
" 

'iiwm 
‘* 'MJAN '“ 

0.000 0.007""”” 0.001 0.000 0.015 0.006 
FEB _01000 0.007 0.001 , 0.00011_,_0.01370. 0.005 ,M‘* 

I MAR 0.000 0.008 0.001 0.000 0.014 0.006 
APR “0.000”“””‘07005“””W”6T001”mw“W67000WMMWA0.014 " 

0.005 
_l| MAY 0.000 0.008 0.000 0.000 0.014 0.004 

JUNE 0.000 0.008 0.000 0.000 0.014 0.005- Wuw‘ " 
“JULY 5:50 0mm boHd-éwmw 0 . 001 0 . 000 .005 
AUG 0.000 0.009 0.001 0.000 0101z_1___0100611111 

SEPT 0.000 0.009 0.001 0.000 0.017 0.007 
OCT 0.000 0.009 0.001 0.000 A N0.015 

> 

“'01007 
Nov 0.000 0.008 0.001 n.000 -n.016 -1101006 ..... 
DEC 0.000 0.008 0.001 0.000 0.015 0.006

‘ 

7*Inches per month (in/month)

1 
~III 

.1—



Appendix D — 51- EVAFORATION RATE IN 1HE YEAéwi973'*"

I LAKE LAKE LAKE GEORGIAN LAKE LAKE 
QUPERIDR MICHIGAN HURON BAY ._ER_I_E,___ ‘IARJDH1 

_, JAN 0.000 0.019 0.002 . 0.001 0.037 0.015 

I FEB 0.000 0.017 0.001 0.001 0.033 0.013 

I 
MAR 0.000 0.019 0.002 0.001 0.036 0.011 

......... APR 0.000 0.018--_ 0.001 0.001 0.035 0.012 

I MAY 0.000 0.020 0.001 0.001 0.035 0.011 

JUNE 0.000 0.019 0.001 0.001 “0.03707 0.011 
. JULY .. 0.0.00 0.0.2.01... 0.001 0.001. _ 1 0.038 0.014 

AUG 0.000 0.022 0.002 0.001 0.043 0.015 
‘1' SEPT 0.000 0.022 0.002 0.001 0.043 0.017 

ll“ , 311-001. -w.01000.111 01023-11_10100211_- 01001.1,-.0.0As._ 0.017 

NOV 0.000 0.021 0.002 0.001 0.041 0.016 

DEC 0.000 0.020 0.002 0.001 0.039 0.015 

*Centimetre per month (cm/month)



EVAPORATIVE LOSSES IN THE YEAR 1973* 

LAKE _ LAKE LAKE GEORGIAN ___LAKEWV1HW1LAKE11 
SUPERIOR MICHIGAN HURON BAY ERIE ONTARIO 

‘WJANmmww “M212'WH” 14511””” '7‘9.9 1.3' 
' 

124.9 37.9 

FEB 2 .1 1 4 4 . 6 9 . 5 1 . 2 12? . 9 ' 

...3.6._.._7._._._-1, 

NAR 2.1 146.4 9.3 1.2 123.4 36.1 
"'WARRM”" WW1.9 “m‘ 14170”“W“”””a;4“”' '" 

1.1 120.9 31.0 

MAY 1.6 154.7 7.0 1.0 118.8 28.3 

JUNE 1.4 151.2 6.7' 1.0 127.7 30.5 
—WWUULY "“ 

1.6 151.9 3.4 1.3“ W127£6””W”"”35I6 

AUG 2.1 166.9 10.3 1.5 144.0 39.4. 

SEPT 2.4 177.5 11.5 1.5 150.0 44.0 

OCT 
‘W 

2.5 "175.8 11.4 1.5 '"147.2 * 
42.6 

Nov 2.4 169.4 10.9 1.4 141.9 41.7 

DEC 2.3 156.1 10.2 1.3 130.9 38.5 

1 i n x 1 

*Cubic feet per second (cfS) 

__Appendix_,_.D1._:__ ,



,-Appenc1i§.__!;._:171 1 EVAPORATIVE LOSSES IN THE YEAR 1973*m" 
w —

I 
' LAKE LAKE LAKE GEORGIAN LAKE LAKEV 
1'- - . .. SUP E BLQR .MIC HI GLAN ._ H U R 0 N 8 A Y E R I E 0 N T A R I 0 

- JAN 11.2.1 ,41- 1 0 4 3 0 . 0 
. 3,5 1 . 1 

I FEB 0.1 4.1 0.3 0.0 3.5 1.0 

MAR 0.1 4.1 0.3 0.0 “Efflm— TIF— “ 

m- -1- . AER- . . 1.1.1.0.. ., 1.0-. 0., . .. . 3.. 4. .. ., .0 . 
9' 

I MAY 0.0 4.4 0.2 0.0 3.4 0.8 
‘- JUNE 0.0 4.3 0.2 0.0 3.6 0.9

‘ 

11.11.10 L1. ... . -1010...1.1.4.13-m-_m.;101..2w “-0. 3... 6 1 . 0 

I AUG 0.1 4.7 0.3 0.0 4.1 1.1 

i V 

‘ SEPT 021 5.0 0.3 0.0 4.2 
~ 

1.2
' 

.Iww.._,.__001. . “.011. 51 0 0 . 3 0 . 0.--._ 4. . 2 1 . 2 

NOV 0.1 4.8 0.3 0.0 4.0 1.2 

I DEC 0.1 4.4 0.3 0.0 .7 "W171" m 

I 
M v.1 _ 

l ' *Cubic n1etres per second (m3/S)

I 

I . 

LI 

I . 

"I

I



REDUCTION IN OUT-FLOW IN THE YEAR 1973* 

Aapendix 1? ,7 8

~ 
- _ ST.MARYS ST.CLAIR NIAGARA. SI..LAw_R_E.NCE,1 

I RIVER RIVER RIVER RIVER 
‘ 

JAN "2".2 ‘ 
188.5 

” - 

283.4 321.4 
FEB 2.1 157.5 280.3 1__,,___1;11J_1.1 _. .. 

' MAR 2.1 159.0 282.5 318.6 m” KER" " 1.9 152.4 
' L 

273.3 305.1 
I MAY 1.6 164 .4 283 . 2 1 ._____,,_1__,____311 

I 
JUNE 1.4 160.3 288.0 318.5 mum—m. “WhalJ-‘L-JLQY ‘ W n "—1.6 D 

163.1 
L 

290.1 325.6 
AUG 2.1 180.7 324.7 136,411, , 

SEPT 2.4 192.8 342.8 386.9 luv—MM WW06? “M— ss 191.1 338.4 
n M " 

"381.0 

1 NEW 2.4 184.1 326.0 367.7 
DEC 2.3 169.9 300.8 339.3 

I--- 1 - _ 1-- 1.. 

I *Cubic feet per second (Cfs)

I

I

I 

I. , ,,,,,,, 

"I 

'T3I ~
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REDUCT 'ffifi ifi'EDfIELofi'tN fiE’YéX0’19ié* 
Appendix D — 9

~ 
ST.MARYS ST.CLAIR NIAGARA ST.LANRENCE 

1* 1 ._A_ .,....____RIVER RLVER RIVER RIVER

l 
_ JAN 0.1 4.5 8.0 9.1 

II FEB 0.1 4.5 7.9 9.0 
‘ 

MAR 0.1 4.5 8.0 
”_ —V* ' *9T0 

!!W--HH ,ARR, .0.1 0.1.3 ,101,‘ 7.7. 8.6 

I MAY 0.0 4.7 8.0 8.8 

7 JUNE 0.0 4.5 8.2 9.0 

.. ...J.UL.Y ..0....0. 1.446 1,8,...2 9.2 

AUG. 0.1 5.1 9.2 10.3 
‘I SEPT 0.1 5.5 9.7 11.0 

I.-_-...,.11.-.--__..1,.._.OC.I. 0.1 .,,_5_..4 9...6 10.8 

. NOV 0.1 5.2 9.2 10.4 

II DEC 0.1 4.8 8.5 9.6W-—”W 

llmm-_ 
M- -1 

I *Cubic metres per second (m3/S) 

I

I 

II

-
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EVAPORATION RATE IN THE YEAR 2000* 

Appendix D — 10 

LA 5 E, .059 8.0. 1A.N_____,_,_LAK E ,!_ , L A K E

~

I 
__ LAKE LAKE 
I SUPERIOR MICHIGAN HURON BAY ERIE ONTARIO 

‘JAN 0.000" 
" 

0:035 "0.032 0.044 0.057' 0.083 

FFB n.nnn n.n32 0.077 0.038 n.n61 7 n n79. H 

I MAR 0.000 0.036, 0.030 0.042 0.057 0.079 

000 
b " 

'0".'0~0'0 01033“— ‘0"'."026 07030 0.054 0.007 

I MAY 0.000 0.038 0.022 0.035 0.055 0.062 

I JUNE 0.000 0.036 0.021 0.034 0.057 0.064 
"m ' 0 "W000? ‘ 0.000"“HE'fiwmf'oé?” " "0.043" " 

"0.058 0.078 

_' AUG 0.000 0.041 0.033 0.050 0.066 _04.0_8_§,_.-__ 

SEPT 0.000 0.042 0.035 0.051 0.067 0.093 
wmi'T W” 07000’_"'"'”"~0T’073W” ‘B'WI't‘bw _’ M07051 " 07068 0'. 093 

_' NOV 0.000 0.040 0.034 0.048 0.063 0.088 

DEC 0.000 0.038 0.033 0.046 0.060 0.084 

If 
_ fl_w.___. _.W _ 

I *Inches per month (in/month)

I 

I

l 

I 0 _ _ 

i 

. I i



lli 

lll 

Ill EVAPORATION RATE IN THE YEAR 2000*" 
,Mmmflygg:lkw;wm_m

~ 
LAKE LAKE LAKE GEORGIAN ' LAKE LAKE 

--_ _ “WUVLWHWSUPERLQR. MICHIGAN HURON BAY ERIE ONTARIO 

_ JAN 0.001 0.090 0.001 0.111 0.146 0.210 
‘FEB 0.001 0.081 0.070 0.097 0.130 0.184 

MAR 0.001 0.090 0.075 ‘0.106 '0.144 ‘umbjéfib “wuwum 

1 . APR. . 0.001 ,01005 101066 01026 _.0.137 0.171 

MAY 0.001 0.095 0.057 0.009. 0.139 0.157 

JUNE 0.001 0.090 0.053 0.087 0.144 0.163 

-wmflgwwwmguLx-.11101001-1111010251111101060-111101110H11L101118 ,0.197 
‘ 

AUG 0.001 0.103 0.004 0.128 0.163 0.219 

SEPT 0.001 0.106 0.090 0.129 0.169 0.236mhfl" 

.11111111111100111111.01001 1 0.10§_11._101022’1111 01151 1.0.122. 0.236 
‘ ‘NOV 0.001 0.101 0.085 0.122 0.160 0.224 

DEC 0.001 0.096 0.083 0.118 0.153 0.213 

*Centimetre per month '(cm/month) 

Illv 

lll 

Ill 

lll 

ill 

[lll' 

lll 

lll 

lll 

lll 

lll 

ill 

lll‘ 

III 

illl 

lll



HVAppendix D — 12 

EVAPORATIVE LOSSES IN THE YEAR 2000* 

__ _ LAKE111 1LABE1.H17.LAKE ,EEORQIAN .LAKE, 7 
LAKE 

SUPERIOR MICHIGAN HURON BAY ERIE ONTARIO 

i“ V " 
JEN 

H" “11.6" “"60110"“£043 ' 

203.8 493.7 
' 

539.3 

FEB 11.2 681.7 464.0 195.7 485.6 __, ., 522.4 

| MAR 11.0 690.3 453.8 193.6 487.8 513.6 “m " E ' " "KER" 170.17" 367.57"— "7'31’0". "'"'1—81"L’é""""""7”"4‘77'.é'”"“ 452.2 
' MAY 8.6 729.4 342.5 

_ 

163.5 469.7 401.6 

I 
JUNE 7.2 712.7 328.3 165.2 504.7 433.1 "WW ’ ""7301? " "832-“ 717.?” "502137 502.0 505.5 

AUG 10.8 786.8 504.1 
‘ 

234.4 56.81211115.60.27,, 

SEPT 12:5 836.8 558.7 243.2 592.6 ' 626.2 
— 

OCT 13.0 
E 

828.6 557.6”.2wwm239.5nM 581.9 
N 

605.9 

_' NOV 12.8 798.5 531.3 231.2 560.8 592.7 

DEC 12.1 735.8 498.7 215.4 517.2 547.3 
,.|1__ 1 1--- __ -11-... ._._ ._- ,. .__.- . . 

Average 10.8 738.8 461.7 205.8 520.2 525.0_ 

I *Cubic feet per second (cfs) 

I

I

_I



_ mvéppeaéix,9_i.l3 
EVAPORATIVE Losseégri’HTWE5—fifimfi00‘f 

LAKE LAKE LAKE GEORGIAN 
' 

LAKE LAKE 
I____.__11“__n_nsue50103".01001060-”-_HURQN wBAY 1_. ERlE ONTARIO 

JAN 0.3 19.4 13.7 5.0 14.0 15.3 

I FEB 0.3 19.3 13.1 5.5 13.8 14.8 

I 
MAR 0.3 19.5 12.8- 5.5 

' 13.3mm 14.5 
W ' 

_. APR 0.3 18-8. ,-.11.6 . _5.1 . 13.5 12.0 

I MAY 0.2 20.7 
I 

9.7 4.6 13.3 11.4 

JUNE 0.2 20.2 9.3 4.7 14.3 12.3—“ 
' 

. JULY .012 ._ . 2.0.__._3 . 11.5 0. 1 14.2 14.3 

I 
A00 0.3 22.3 14.3 6.6 16.1 15.9. 

— 
SEPT 0.4 

' 

23.7 15.8 6.9 16.8 '17.7 

_I1111111111001..11 -0-4_w_. 2315-MM_.15.8 11, 16-0 ., 16.5 17.2 

NOV 0.4 22.6 15.0 6.5 15.9 16.8 

{I DEC 0.3 20.8 14.1 6.1 14.6 15.5 

‘*éfibiéufiefifég pg} sééond (fi3yéééiw 
.... .1. ,



REDUCTION IN OUT—FLOW IN THE YEAR 2000* 

Appendix _D_1:____1_4,_1 , . 

_ ST.MARYS__u_h__§IJQLAlRU1_MH__,N1A§ABA,-WWSI1LAWRENCE 
RIVER RIVER RIVER RIVER 

JAN 11.6 1384.0 1877.7 2417.0 

FEB 11.2 1352.611.1_____18§8121111., __2360.6 

I MAR 11.0 1348.7 1836.5 2350.1 

‘iiw 
WXRRNVW V’mwyfl10.1nmnw 1266.3’"W 1744.2 2196.4 

MAY 8.6 1244.0 1713.6 2115.3,111 

I JUNE 7.2 1213.4 1718.2 2151.2 
'“M”"M 'JULY “W” '“~"'"’8.24’-_"' "133473WWM’HHU'H1836.2" 2341.8 

_l AUG 10.8 1536.1 2105.0 2665.7 

SEPT 12.5 1651.2 2243.8 2870.0 
“I'm; ' ’"WEEF’M "—1‘3” 

. 
0"”’_"—‘”17<>‘37". 3"""MWW2219.2 ' 

2825.0 

_l Nov 12.8 1573.8 2134.6_._. 2727.3 

DEC 12.1 1461.9 1979.2 2526.5 
.IIH-.1_ “ 

_ Average 10.8 1416.9 1937.2 2462.0 

I *Cubic feet per second (cfs) 

I. 
_ , _ _, .7 ,. 7- W n.-- - 1... , -

I

I



~~~ 
_' __ ' _ . . w” __ _. ,, __ ..-___AppendiXIDw:_lS,__..........I 

REDUCTION IN OUT-FLOW IN THE YEAR 2000*

I ST.MARYS ST.CLAIR NIAGARA ST.LANRENCE 
................. IRIVER RIVER RIVER RIVER 

.www-r,n -,.JANH 0.3 39.2 53.2 68.4 
' FEB 0.3 38.3 52.1 66.8 

MAR 0 .3 38.2 52.0 
_ " 

66.5
" 

__ .055, ,W - ...,-W 5.9.4.5 .6292. 

I MAY 0.2 35.2 48.5 59.9 
JUNE 0.2 34.4 48.7 60.9 

.II-MM “WMWIW JULY 2,.” .. ~~0.2 37.3 . 52.05-2-5,. 66.3w 
AUG 0.3 43.5 59.6 75.5 

SEPT 0.4 46.8 63.5 ‘81.3 

0012“ .0.4. wm46.4 “62-0WW_- 50.0,- 
NOV 0.4 44.6 60.4 77.2 
DEC 0.3 41.4 56.0 

""" 
71.5 

*Cubic metres per second (m3/sec)

E ii



APPENDIX E 

EVAPORATIVE LOSSES DUE TO 
WET COOLING TOWERS



(a) 

(b) 

(c) 

Painesville Thermal Electric 
Generating Plant 
Painesville, Ohio. 

Average consumption of cooling 
water ” 

Capacity power generation 
Average waste heat rejection 
Total waste heat rejection 
Consumption of cooling water 
per Btu/hr 

According to 1973 Federal 
Power Commission Reportll 
Evaporative Loss Can Be 
Estimated at 50 Per cent 
of Total Waste Heat 
Evaporative losses per Btu/hr 

According to McVehil18 
the Two Generating Units at 
Zion Generating.PlantsWould 
Produce waste Hea at a 
Rate of 14.3 x 10 Btu/hr 
Evaporative losses would be 
Consumption of cooling water 
per Btu/hr 

Appendix E — l 

.98 cfs 

35.5 Mwh 
11,008 Btu/kwh 
3.91 x 108 Btu/hr

9 2150 x 10‘ cfs 

=1 
1,065 x 62.4 x 3,600 

= 2.20 x 10‘9 cfs 

18,000_gal/min 

18,000 x 2.23 x 10'3 
II}3 X 109'r

9 = 2.86 x 10‘ cfs



WASTE HEAT INPUTS* DUE TO 
THERMAL ELECTRIC 
GENERATING STATIONS 

Lake Superior 
Lake Michigan 
Lake Huron 
"Georgian Bay 
‘Lake Erie 
Lake Ontario

9 '*10 Btu/hr 

1973 

.6 

58.3. 
4.0 

0.0 

44.5 

14.4 

121.8 

Appendix E — 2 

' 2000 

5.3 

312.4 

224.6 

97.2 

215.4 

263.2 
1118.1


