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SUMMARY

The problem of predicting downstream changes in river temperatures
due to the addition of various forms of therimal pollution can be expected
'y assume grealer importance as man increasingly uses river water as a
coolant and »3 a medinm for transporting binlogical wastes, A possible
result of such pollution is the maintenance of icesfree river reaches
during the winter which might have benefictial consvguences to river traf-
fic on navigable waterways. Previous methods for predicting downstream
temperature decrease, which could be used to estimate lengths of ice-
{ree reaches, are limited {n tha! only a few of the several pertinent
meteorological factors determining heat loss rates are considered.

This report formulates a differential vquation for the steady-state
heat balance of & volume element of a river, which leads to the expres-~
5100

Twx

where x is the distance downstream {rom the thermal poliution site to

the cross section wherc water temperature equals T,,, Twy is the water
temperature at x equals zero, Q* is the rate of heat loss from the water
surface, and Cy is a constant which includes flow velocity and depth,

Q* is the sum of heat losses due to evaporation, convection, long- and
short-wave radiation, and other processes, each of which is evaluated by
an empirical or theoretical expression, For given hydrometric and
meteorological conditions (air temperature, wind speed, humidity, cloud
cover, cloud height, etc), 1/Q* is a complicated function of waler tem-
peraturc, A computer program numerically evaluates the integral and
calculates the distance x for given values of Tyx. The value of x when
Tyx €quals 0C is ltaken as the length of the ice-free reach.

There are two principal liritations to accurale prediction of down-
stream temperature changes, First, it is difficult to estimate the de-
gree of lateral mixing in a natural river., Second, there is considerable
uncertainty astohow tobestevaluate convective and evaporative heat
losses under conditions of local atmospheric instability, Two approaches
are used in this report, both based on the application of the Bowen ratio
to: (1) the widely uscd Kohler equation for evaporative heat loss; and
(2) an equation for convective heat loss developed empirically by Russian
workers under wintertime conditions, The latter equations predict quite
well the cbserved lengths of ice~free recaches associated with power and
sewage plants along the Mississippi River at Minneapolis = §t. Paul,
Minnesota.

It is shown that s:gnificant portions of the St, Lawrence Seaway can
be kept icedrec by the installation of nuclear reactors at appropriate
locations.




THE EFFECTS OF THERMAL POLLUTION ON RIVER ICE CONDITIONS
I. A GENERAL METHOD OF CALCULATION

by
S. L, Dingman, W.F., Weeks, and Y.C, Yen

INTRODUCTION

The general problem of the magnitude and extent of downstream changes
in river temperature due to the addition of "thermal pollution" in various
forms is assuming greater importa.ice a8 man increasingly uses river water
as a coolant and as a medium for transporting biological wastes. This paper
treats a special case: the effects of such heat additions on river ice conditions,
The basic approach, however, is applicable to the general problem.

If temperature increases due to thermal pollution arec of sufficient magni-
tude, an appreciable reduction in thickness, or even complcte disappearance,
of the winter ice cover will result. The thermonuclear production of electrical
power with the associated production of large quantities of waste heat is now
becoming competitive with the more conventional methods of power production.
If it can he established that this waste heat is sufficient to keep major portions
of navigable rivers free from ice, the proper positioning of the thermonuclear
reactors might permit the effective use of the river by shipping throughout a
significant portion of the winter. The advantages of being able to calculate the
effects of changes in the amount of thermal pollution, the hydrometric param-
cters of the stream, and the weather conditions on the position of the ice front
below a pollution site are thereforce obvious.

PREVIOUS WORK

While heat balance studies of lakes are numerous, very few such investi-
gations exist for rivers, Eckel and Reuter (1550), who rccognized the need
for such work, were conccrned primarily with predicting temperatures in
rivers under natural conditions, Thereforc they attempted to develop an equa-
tion to estimate the changes in tempcerature of a reach of river or moving
parcel of water with time, rather than with distance. They considered heat
budget items associated with short- and long-wave radiation and cvaporation
and convection to the atmosphere. Becausce of the complexity of the total heat
balance term, the differential equation they developed could not be solved in
closced form, and they uscd graphical itcrative procedures which gave satis-
factory agrcement between measured and calculated river temperatures, at
least for clecar summer days,

Prudcen ct al. (1954) studicd the heat balance of the St. Lawrence River
in an attempt to determine the feasibility of keeping much of the river ice-
free for parts of the winter, They considered the meteorological dependence
of the various heat balance terms in somewhat morce detail than had Eckel and
Reuter. Because plots of the heat loss rate (Q#) vs air temperature (Ta) and
vs water temperature (T,,) were close to lincar (using average monthly values
for meteorologic conditions), they wrote

«

Q* = 183.6 + 15.5T_ + 43. 1(T, - T,) (1)
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where Q% is in cal cm~? day~! and T, and T, are in degrees C. This ex-
pression for Q% was then incorporateg in a differential equation for cooling
rate with distance, which is similar to the one derived in this paper. The
inversc of their expression for Q% can be integrated in closed form, and
they found a simple exponential decrease of water temperature with distance
which is very similar to that found in the present paper (Figure 3 shows a
typical, nearly linear exponential curve), Their approach is, however, less
satisfactory, as their expression for Q* was developed for monthly average
values at one general location only, and does not take into account the many
meteorologic variables which affect the heat loss rate. Wind speed, for
example, is shown here to be an extremely important factor in determining
Qx%,

Ince and Ashe (1964) used observations from the St. Lawrence River to
compare two methods of calculating downstream water temperature de-
creases. DBoth of these arc based on a finite difference approach for aparcel
of water moving at the average velocity of the river:

= Q'
TWZ - Twl -Fp-\:c; (2)

where Qt is heat-loss rate (cal sec™!), D is river discharge (cm?®sec~!), P
is mass density of water (g em~?), Cp is specific hcat of water (calg™! °C“‘x.
and (T, - Ty, ) is temperature change of the water parcel over some time
period (7°C). In the first method, heat exchanges due to radiation, evapora-
tion, convection and precipitation were accounted for in evaluating Q%, using
daily averages of the metcorological variables, but no details of the various
expressions were presented. This approach was compared by Ince and Ashe
(1964) to that using the simple formula

Q% = 46.4 (TW - Ta) (3)

recommended by the Canadian Joint Board of Engineers, where Q% is heat
loss rate in cal cm-% day~! and (T,, - T,) is based on daily averages of air
and water temperatures in °C. Both approaches gave satisfactory estimates
of water temperature under certain conditions,

While the basic approaches of these earlier studies are scund, and led
to some success in river temperature prediction, they are all limited in
some respect, The principal limitations lic in the formation of the expres-
sions for heat loss rate Q%, The present paper largely overcomes these
limitations by use of formulas for the heat budget components that can he
used with daily averages of meteorological variables and by use of a com-
puter program which allows numerical integration of a more complete and
complicated cxpression for 1/Q%, The limitations of the present approach
arise from: 1) uncertainties in estimating the evaporative and convective
components of heat loss from open water during periods of pronounced local
atmospheric instability; 2) diffi_ulties in evaluating the degree of mixing of
the heated water through the stream cross-section; and 3) the assumption
of steady conditions.
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LIST OF SYMBOLS

When units used in the derivation in the text are different from those used
10 the computer prograin, the unils used in the compuler program are under-

lined,

T ext Meanng Units Fortran

A Snow accumutation rate g cn-? day™! ACL

C Cloud cover dimensioniess CLDC

€,  Specific heat of ice calg-t*c*!

CP Specific heat of water cal g-t*c™! L

D River discharge em? sec”!

E Evaporation rate < day*”!

H Cloud height m CLDH

J Thermal equivalent dy cm cal®!

L Latent heat of fusion of ice calg™!

P Atmospheric pressure mb PRES, P

Q, Heat added to river by calem=? day”! QA
long-wave radiation

Q“. Long-wave radiation reflected  calem”™ day~! QAR
at river surface

Qp Net heat lost from river as calem™t day ™! QB
long-wave radiation

Q,, Loung-wave back radiation calcm~d day”! QBs
from river surface

Qe Incoming clear sky short-wave cal cm ™ day ™! QCL

i radiation

Qg Heat lost from river by calem ™ day ™! QFE
evaporation

QF Heat produced by fluid friction calem”¢ day™!

Qg Heat added to river by geo- calem-¢ day~!
thermal heat flow

QGW Heat uqded to river by ground- calem~? day”!
water inflow

QH Heat lost from river by calem~? day™! QH
convection to atmosphere

Q,, Heat added to river as thermal cal seeT! POLL.
pollution

QR Hecat added to river by short- calemé duy”! QR

wave radiation
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LIST OF SYMBOLS (Cont'd)

Text Meaning Units Fortran
QRI Short-wave radiation incident  calcm*? day”! QRI
at raver surface
Qpgp Short-wave radiation reflected calem™? day*! QRR
at river surface
Qg  Heat lost from river due to calem-? day*! Qs
in-falling snow
o} Heat advected into elemental cal sec”!
volume
Q, Heat conducted into elemental  calsec”!
volume
Q; Heat advected from elemental calsec”!
volume
Q, Heat conducted from elemental calsec-!
volume
Q! Hcat-loss rate from water calsec-!
surface
Q* Heat-loss rate per unit area calem™? sec”! QSTAR
of water surface calem-? day*!
R Bowen ratio dimensionless
S Slope of river surface dimensionless
T, Air temperature ‘K, *C TA, TAC
T; Initial water temperature pro- °K, °C TWIN, TWINC
duced by thermal pollution
T at Natural water temperature *K, *C TWNAT, TWNATC
ab: ve thermal polivtion site
T, Datum tempevature ‘K . I
Ty, Water temperature ‘K, ’_C_ TW, TWC
T, Water temperature at distance ‘'K, °C TWINIT, TWFINL
x below thermal pollution site
u Relative humidity percent U
v Visibility km v
X Total length of ice-free reach om, m
a Empirical constant (eq 20) A
b Empirical constant (¢q 20) B
ca Vapor pressure of air mb EA
€.a Saturation vapor pressure of mb VAP(TA)

air at temperature Ta
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LIST OF SYMBOLS (Cont'd)

Text Meaning Units Fortran
e Saturation vapor pressure of mb VAP(T W)
aw
air at temperature T,
Average depth of river cm, m H
Thermal conductivity of water calcm*!sec-!*C"!
v, Wind velocity masec™t vA
v, Average river flow velocity cmsec!, msect VW
w Average river width cm, m w
= Distance downstream from cm, m X
thermal pollution site -
Y Weight density of water dyem*?
® Ratio Kh/rcw dimensionless FUG, K
x,  Eddy diffusivity of heat in air  cm? sec*!
x,  Eddy diffusivity of water vapor cm? sec™!
inair
P,  Mass density of water gcm™?
o Stefan-Boltzmann constant calem™2day~!*K"* SBC

BASIC EQUATION

The differential equation for : vnstream changes in water temperature
under certain simplifying assun.pt’ .ns is developed as follows. Referring
to Figure 1, consider a stream, c..orying a steady flow, whose geometry is
~constant in space and time. Assume further that meteorological condi:ions
above the stream are spatially and temporally constant, If water tempera-
ture changee in the downstream (x) direction only, the amount of heat ad-
vected into valume element w.h.dx in unit time, Q; (cal sec-}), is

Q =

pwvwthp(Tw - Tnat) (4)

The heat transfer to the volume by conduction, Q, , is

aT
Q; = -khw —y—. (5)

Here pg, is the mass density of the water (g ¢cm=3), v, is the flow velocity

of the water (cm sec”!), h is the flow depth (e¢m), w is the stream width (cm),
Cp is the specific heat of the water (cal g™! *K"!), considered constant in the
temperature range Ty t0 Tpate Ty is the water temperature (*K), kis the eddy
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thermal conductivity of the water {ca!
cm-! sec-} *K-!), and T,,,is the natur-
al water temperature just upstream
from the thermal poliution site (*K).
The amount of heat advected from this
volume is

daT
Q, = ’wvwthP{(Tw-Tnat) +-3;c!' dx“

(6)

ke

and that leaving by conduction is

dT atT
Figure 1. Definition sketch for Q = -khw ¥ 4+ . dx :l
basic equation, | dx d

1))

The water surface acts as a heat sink, and the total heat lost from it, (!,
is

Of = Q% w-dx, (8)

where Q#* is the heat loss rate per cm? of water surface. A heat balance
statement for the volume of water may be written as

Q +Q =Q +Q +at, (9
which reduces to
dT dsz
Q% = -pwvwhcp = + kh s (10}

Neglecting the second order (conduction) term, eq 10 simplifies to

] T
dTw
x = -pwvwhcp -m—. (ll)
Ty
where
T. = T__ + % (12)
i nat pwvapr'

Tx = water temperature at x.

, Tpat is the natural water temperature just upstream from the thermal

t pollution site, and Qp is the heat of pollution (cal sec”!), By evaluating

' eq 11 at different values of Ty, the cooling curve downstream from the
thermal pollution site can be obtained,
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Before examining Q# further, the assumptions involved in the deriva-
tion of «q 1l shuuld be considercd. In most ¢cxses, the assumption of steady
flow is reasonably good for ice-covered rivers, and, unless large tributaries
cnter, dischiarge can be considered nearly constant over fairly long reaches.
Where large tributaries are present, or where there are significant changes
in stream geometry along the reach of interest, the total reach can be sub-
divided and each subrcach considered separately, A similar approach could
be used to consider spatially varying meteorologic conditions.

The assumption that water temperature is constant throughout any cross
section of the river is more difficult to evaluate, The intensity of turbulent
rnixing in a given direction equals the product of the coefficient of turbulent
diffusion and the velocity gradient in that direction., Thus vertical mixing
tends to be more compliete {(and hence temperatures more uniform vertically)
in a shallow, fast stream than in a deep, slow one. By the same reasoning,
one would cxpect narrow, fast streams to have more complete lateral mixing
and more uniform temperature horizontally than wide, slow streams. Sayre
and Chamberiain (1964) found that the coefficient of lateral turbulent diffu-
sion is approximately proportional to the 3/2 power of the mean flow depth,
so that one may add that, velocity gradients and other things equal, greater
depth of {low promotes lateral mixing.

If there is a basis for estimating the lateral temperature gradient at
various points along the reach of interest, consecutive sub. raches of vary-
ing width can be used to approximate the natural conditions. Where no
such information exists, one must be satisfied with the assumption of com-
plete isothermality in all cross sections. For an example of how erroncous
this assumption can be, see Mackay (19686),

EVALUATION OF Q*

To solve eq 11, the heat transferred from the water to the air must be
written as a function of water temperature T,,. To do this, a second heat
balance equation is written in which all the modes by which heat can enter
and leave the volume of water w+h.dx, aside from advection, are enumer-
ated, The magnitude of the heat transferred by each mode is written as a
function of hydrometric and meteorological variables, and the sum of these
equated to Q¥, As shown below, the terms which contribute significantly to

——-—— - —Q% can be evaluated under given climatic and flow conditions, = .

Q* can thus be written as

Q*'QR-QB-QE-QH-QS+QG+Q Q (13)

cw t 9p

QR is heat added at the river surface as short-wave radiation;

is net loss of heat by the exchange of long-wave radiation with
the atmosphere;

QE is heat loss due to evaporation;
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Qy s sensible heat lost by conduction and subsequent convection
from the water to the atmosphere;

QS is heat lost as a result of snow falling into the water;

Qs s heat added by the flow of geothermal heat through the stream
bed;

Gw is heat added by the flow of ground water into the stream through
its bed and banks;

QF is heat increase due to fluid friction,

with these definitions, Q* is negative when there is a net loss from the
volume wr hedx,

Ir

Direct measurements of solar and atmospheric short-wave radiation at
the site under consideration are obviously best for determining the magnitude
of the energy supplied by this means, Where these do not exist, measure-
ments from stations at some distance from the site can be substituted, pro-
vided there is reason to believe that the cloud cover conditions at the two
sites are comparable during ihe period of concern. If direct measurements
of short-wave radiation are lacking, estimates of its magnitude can be made
by using tables, graphs, or formulas relating percentage of possible sun-
shine or cloud cover to the percent of possible solar radiation which reaches
the ground (see, for example, List, 1963, Tables 151, 152; Anderson, 1954,
p. 74-77; Jensen and Haise, 1963, App. I). Bolsenga (1964) has provided
tables of daily sums of cloudless sky short-wave radiation for various lati-
tudes and air mass conditions which can be used as a basis for such esti-
mates, For the purposes of the present paper, the ainount of incident short-

wave radiation Qpy is estimated using the relation initially suggested by
Angstrom (List, li“)bs):

Qpy = Q¢ [0.35 +0,061(10 - C}] {14)

where Qe-7 is the incoming short-wave radiation for a cloudless sky and C
is the cloudiness expressed in tenths (i.e,, with complete cloud cover, C =

roy, oo S TTTTT TR EENE Tefey M SOMPEE SO EREER 2T

A portion of the short-wave radiation which reaches the water surface
is reflected, and this must be subtracted from the incident radiation to find
the energy actually absorbed. Stucics at Lake Hefner, Oklahoma (Anderson,
1954, p. 78-88) showed that water surface albedo ranged from 0.05 to 0, 30,
was a strong function of solar altitude, and depended to some exten! on cloud
conditions, Unfortunately, it is difficult to usc Anderson's relations because
the empirical constants must be changed to correspond with the type of cloud
cover, Koberg (1964) has suggested a way around this problem by plotting
curves for reflected short-wave radiation versus measured short-wave
radiation for both clear and cloudy skies. In the present paper the amount
of reflected short-wave radiation Qpp was estimated by fitting a polynomial
to average values between Koberg's clear and cloudy sky curves:

= - - 2
QRR O.IOBQRI 6,766 x 10 QRI . (15)
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Koberg estimates that this should be accurate to within 10%. The amount of
energy absorbed by the water is then calculated by

QR . QRI - QRR' (16)

Under conditions where Ty, > Ty, and windspeed is low, fog generally
occurs., Such conditions are more likely the greater the difference (T, -
Ta) becomes. QR, therefore, is commonly appreciably less than QC1 and
contributes only slightly to the total energy budget.

Qp

The net heat lost from the water surface as long-wave radiation is
given by

-QB s Q. - Q.- Qb. (17
where Qg is the incoming long-wave atmospheric radiation, Qap is the re-
flected long-wave atmospheric radiation, and Qy,  is the back radiation
from the water surface. The Lake Hefner studies (Anderson, 1954, p. 96-
98) have established that the emissivity of water ia 0.970 and is independent
of the temperature and concentration of dissolved solids. Thus

Q,, = 0.970 aT3, (18)

where ¢ is the Stefan-Boltzmann constant (1. 171 x 10°7cal cm ™ day™! *K™4)
and Ty, is water temperature in °K,

Where Q, is not measured, it can be relaied empirically to air temper-
ature, vapor pressure, and cloud conditions (Anderson, 1954, p, 88-98),
For clear skies the relation initially suggested by Brunt is used with the
empirical constants determined by Anderson:

4
Q, = (0.68 + 0.036 \fc?;) eT} {19)

- wh;;'e/’l‘. is the air temperature in *K, e, is the vapor pressure of the air

in mb, and Q, is expressed in cal cm=? day-!. For cloudy skies Q, was
estimated by

Q, = (a+be)eT (20)
where
a = 0,740 + 0,025 C exp [(-1.92)(10-4)H] (21)
b = (4.94107%) - (5.4)(107%) C exp [(~1.97){10"%)H] (22)
and
500 ¢ H< oo,

\
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Here C is the cloudiness expressed in tenths and H is the cloud height in
meters. For cloud heights less than 500 m, the cloud height is taken as
a constant at 500 m (Anderson, 1954). Because the emissivity of water is
0.970, its long-wave reflectivity is 0.0}, so that Q.. = 0,03 Q,.

1f weather observations are available, the value of e, can be computed
from

U
e 1;'3" (2%

where U is the relative humidity and e,, is the saturation vapor pressure
of the air at temperature T,. The value of e,,, which is a function of
temperature alone, can be calculated with the boff-Gutch formula (List,
1963, p. 350).

Qg +Qu
In studies of this type, Qp + Qp is generally estimated by using an

empirical formula to calculate either Qp or Qpy, and then using the Bowen
ratio

Q
H
R = (z‘)
Be
to find the other, The value of R is calculated from
T T
R = (6.1)10"4) P|*—= (25)
sw a

where P is atmospheric pressure (mb), e,,, is saturation vapor pressure
at the temperature of the water (mb), e, is vapor pressure of the air (mb),
and other symbols are as previously defined,

Equation 25 is derived on the assumption that the eddy diffusivities of

literature reveals uncertainty about the conditions under which this assump-
tion holds true. Pasquill {1949), Veihmeyer (1964) and Fritschen (1965)all
reported satisfactory results using eq 25 when atmospheric conditions are
neutral or stable. Anderson (1954, p. 117) also concluded as a result of
the Lake Hefner studies that little error appears to be introduced in the
estimates as the result of neglecting the effects of atmospheric stability.
Brutsaert (1965, p. 13) cites one report in which K = 1, /K, was found equal
to unity regardless of atmospheric stability, and another where the ratio
was found equal to unity except under highly stable conditions, where it
increasedto 2 or 3. In umt;be conditions (T, >>T,), Pasquill (1749) re-
ported that ¥ could be as large as 3. A similar increase in the value of x
with an increase in (T, - T,) was noted by Roll (1965, Fig. 81), However,
Rimsha and Donchenko (195,). whose work is discussed more fully below,
successfully used the Bowen ratio with kK s 1 to calculate wintertime heat
losses from calorimeters and open river reaches, with (T, - T,) as great
as J0C, Inview of these latter studies, it seems reasonable to use the
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Bowen ratio in calculating Qg and Qs under the conditions of interest here.
Since © enters the theoretical derivation of R as a product term, the lack
of information as to ity true value can introduce considerable uncertainty
in the estimates of Qpy or Qp., and hence in the total heat loss rate. The
possibilities of such error must be kept in mind in situations such as dis-
tussed herein.

Using the Bowen ratio, two approaches to calculating Qp and Qn were
attempted. The first involves using a simple, wellsaccepted iormula for
calculating Jdaily evaporation rates {Kohler, 1954),

E = [(G.u28H{10°t) + {1,007){10%) v‘} {e,, = &) {26)

w &

where E ix evaporation rate (cm day*!), v, in aversge wind velocity at the
4-m level {m sec™!), e, 15 saturation vaper pressurc at the temperature
of the water surfuce (mb), and e, is the vapor pressure of the air at the
é=m level (mb)., Multiplication of eq 26 by sujtable constants allows the
heat lost as u result of evaporation to be calculated by

QE = (3.135 + 6,011 Va“".w -e

R (27)

where QE is in cal cm*? day®!, vg is inm sec™!, and ¢gy and e, are in mb,
Assuming that cq 27 is applicable within small limits of error when 2-m
wind velocities are used. and that P = 1000 nub, its awltiplication by eq 25
yields *

QH = (1.91 + 3.67\/.‘)('1'w - Ta)' (28)

The second approach uses the equations developed by Rimsha and
Donchenko {1957), who assumed that Qpq could be calculated by a relation
of the form of eq 28, and determined the wind function parameters by
least squares analyscs of data from calorimeters exposed adjacent to
natural ice-free reaches. The principal difference in the two approaches
lies in the fact that the "constant' in the wind function was found by Rimsha
and Donchenko to vary with (Tw - Ta). Thus, after adjustment for appli-
cation to natural reaches (based on actual comparison of heat losses from
rivers and calorimeters), they wrote -

QH £ (kn t L9v NT,, - T,) (29)

where vy is 2-m windspeed in m sec! and k, is empirically found to be

k, = 8.0+ 0,35(T,, -~ Ty). (30)

# If changes are made in eq 26, 27 and 28 to correct for the substitution of
average wind velocities determined at the 2«m level in cquations based on
4-m wind velocities, these equations change to

E = [(0.525)(10=%)4 (1.229)(10°2) va)(egw=ca) (26a)

Qg -~ (3.1354 .33 v )(eqw =€) (27a)
and

Qp (1.91 ¢+ 4. 47 vy} (Tw - Ta). (28a)
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Figure 2. (Qp+QH) va (Tw -~ Ta) at vy = 0, 5, and 10 m sec*t,
U = 100%. The different curvas are calculated by the Russian
winter equation and by the Kohler equation method.

The parameler kp thus repreaents the portion of heat transfer due to free
convection. The Bowen ratio, assuming P = 1000 mb, was then applied by
Rimsha and Donchenko (1957) to eq 29 to give

!

s QE = (1.56 %k + 6. 08 va) (egw - €3). (31)

[t is interesting to note that the wind coefficient in eq 31 is very close to
that found by Kohler (1954, eq 27), Thus cq &7 is a special case of eq 31,
which is, according to eq 30, appropriate for (T, - Ta) < IC.

Figure & caompares Qp + Qp as calculated by eq 27 and 28 with that
calculated by eq 29 and 31, and illustrates the large differences which ari-»
from introduction of a term accounting for natural convection. The dil-
ferences are, as expected, most pronounced at low windspeeds,

It is recognized that eq 26-31 are simplifications, and that the con-
stants in cach actually depend upon such factors as wind sheltering, fetch
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lengths, and the amplitude and irequency of wind varistions al the sites foF
which they were determined, Some field tents are described below, but
many more are nceded before the general applicability of one or the other
set of equations is demonstrated,

Figure 3 shows the relative importance of Qp, Q and Qi under
differing meteorological conditions using eq 29, 310 and 31},

Qg
The heat lost as & result of snow falling into the water Qg {cal cm=?
day“!) can be estimated by using the relation

Qg = Al + i, - T} {32}

S

where A is the snew accumulation rate (g cm*? day™!), L is the latent heat
of fusion of ice (cal g-!), and Cj is the heat capacity of ice, If possible,
A should be taken from direct measurements of snowfall rate. In many
cases these do not exist, but estimates of visibility will be available, and
a satisfactory estimate may be possible using a relationship such as that
suggested by Mellor (1966):

A = 7,85v"3078 (33

where V is visibility in km, Equation 33 was found to hold reasonably well
over the range 1 € V € 10 under calm conditions, A feel for the relative
importance of Qg in contributing to the value of Q* can be obtained by
cornparing Figure 4 with Figure 3.

%

An exact value for this term requires a knowledge of the geothermal
gradient in the area of concern and the thermal diffusivity of the stream
bed material, Lacking this, values measured under similar conditions
may be found in the literature. The only reports found were by Ince and
Ashu (1964), who indicated that, in December, Qg x 5 cal cm "2 day™! for

— "~ some Swedish rivers and by Rimsha and Donchenko {1987) who gave Qg -

10 to 20 cal cm*? day”! for some Russian rivers, Both of these values

can undoubtedly be considered high inasmuch as a r(.?rcsumalivc heat flow
value for the Canadian Shield is roughly 0.1 cal cm=? day*! (Lev and Uycda,
1965). Thus in most cases it is vafe to consider Qg negligible,

Qcw

Fairly detailed knowledge of the river is required to cvialuate this term,
Stream discharge hydrographs can be analye¢ed to provide a rough estimate
of gains or losscs attributable to ground water., If it proves necessary to
consider ground water, the mean annual air temporature at the site should
provide a reasonable cstimate of the temperature of the shallow ground
water. Since, if ground water flow is sigmficant, assumptions of constant
discharge are violated, Qgw is considered negligible,

“

Lo
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“F

The heat added due to fluid friction can be calculated using a relation
given by Ince and Ashe (1964, p. 8):

QF = 8.64 x 104 %é- (34)

where D is river discharge {em?sec=!), y is weight density of water (dy
cm™?), Sis the slope of the water surface, w is the width of the river (em)
and J is the thermal cquivalent (4,187 x 107 dy cm cal™), CUnder most
conditions, Q. is insignificant,

CALCULATION OF X

The distance downstream from the site of thermal poliution to the
cross-section at which the water temperature has decreased to a given
value is found by substituting the chosen expressions for the heat budget
components {eq 14-34) in 2q 11 and integrating hetween suitable limits, It
is clear that if the meteorological parameters T,, ., ¢4, QCL' Vv, C, H
and P can be considered as known constants over the reach of river of
interest. Q% is a function of water temperature only, Unfortunately, the
function

‘S dTw/Q-r-
cannot be integrated in closed form and numerical intcgration niust be used,
4 T T T T -
T,*-18°C
Vo* 7.0 m sec
Ue34%
3 —-

T 2L -
(°c)

i+~ -

|

!

1 | 1 1 Il 1 1 1 _J

0 2 L) 6 8 10

X, km
Figure 5. Typical downstream tempcrature profile below a
thermal pollution source,

A computer program was prepared to provide a means of evaluating
eq 11 by using Simpson's rule. The program was prepared so that calcula-
tions could be perforined for any combination of values of the hydrometric
and meteorological parameters. The water temperature at the site of
thermal pollution {x = 0) was calculated using eq 12, Simpson's rule was
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3 then uscd to compute the value of the integral ind the cotsesponding value
of x in 0, ! K steps downstream until some cutoff temperature was reached,
Inthe problemns considered in this paper the :utotftemperature was273.2 X,
the ice point.

Figure 3 shows the form of a typical temperature vs distance curve.
The program maeay, of course, also be used to caiculate temperature pro-
files downstrcam from thermal pellution sites under motceoroiogical cone
ditions such that no lce will form, as long as the river is cooling at the
surface.

"EXPERIMENTAL'" CHECKS

It is difficult to state the accuracy with which the approach outlined in
this paper will permit the calculaticn of the pousition of the ice front. Be-
s.des the difficulty in accurately predicting Q#%, it is »bvious that an ice
sneet will not form exactly at the point where the water temperature
reaches 0C, Under conditions of intense turbulent mixing, frazil ice may
form initially. Where vertical mixing is weak, the theorectical position of
the ice sheet will in general also lie upstream from the actual ice front,

It should be emphasized that this paper calculates only the steady-state
ice-free reach. The calculations shouvld, therefore, be most resresentative
when the weather conditions and Qp have ueen relatively constant. When
either the air temperaturc or Qp are decreasing with time the calculations

should also be representative, because the position of the ice front should
rapidly adjust to the new steadyestate vaiue, Sowever, the length of the
calculater' ice=[ree reach may be in considerable error when an appreciable
cold peri- :. is followed by a warming trend. During the cold period, ice
-«will accumulate on the river below the position of the ice front, When the
air termperature rises, some of this ice must melt as the length of the ice-
free reach increases to the new steady-state value, Th-: tire required for
this ice to melt will cause a time lag in achieving the new steady-state
position of the ice front.

kel AE LA S

Because of these difficulties and because many of the assumgtions
involved in writing eq 11 are not strictly true in a real situation, itishighly
b —— —desirable-to-be-able-to-comparefield measurements—of-ice-free reaches- —— ——
below existing thermal pollution sites with computed values. Unfortunately,
careful field observations of this phenumenon are extremely limited. How-
ever, it was possible to obtain unpublished data collected by the Corps of
Engineers, St. Paul District, * regarding the length of ice-free reaches
below the Northerr State Power Compan;'s Riverside and Highbridge steam-
power generating plants. These plants are located on the Mississippi River
in the vicinity of Minneag: *is-8t. Paul and discharge thermal pollution
directly into the river, .* a test area this general reach of the Mississippi
haz several disadvantages: several sther small plants discharge thermal
pellution and small tow boats frequently pass up and down the river when
ice conditions are not too severe. Both these factors undoubtedly disturb
the ratural development of an ice sheet. The extent to which they enlarge
: the ice-free reaches below the Riverside and Highbridge plants is unknown,

E Further, at a point 3 kin below the Riverside plant there is a lock and daix:

* M. Nelson, personal communication.
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Table I. Obeetved and calculsted valuen fot the ateas and leggilis of the ire-free teaches below thetmal
pollution nites slong 1he Mivsinsippl River. Minnespoiin-St. Panl. Minnesota.

Riverside Highbridge
Calculated T Calculated ie
! _Calovlated length ! [ Coleulaind longrd
Obsorved Gburudg Runaian Obsetvod | "‘Obaetved'' | Russian '
Date afen length | witterag) Kohlereq } stes | length | winler eq' Kohier eq
| Gy | ) | Gw) | e amh | am ot ] kmy
i { ‘
0 Js | 2100 wo | e e | 4w | wo | szs | e2s
MWlamts| .M 43 ! 43 7.0 882 76 | 118 | 188
4Feb 6| .80 49 | &3 10.0 10 | 8.0 | i1 [ @8
1 Jante) - N 2428 ! 212 | L7 | 21.8
14 Jan0s| 2023 1.3 16.0 28.9 4,233 i %8 | 43 ! me
4 Jan 68! 1311 7.8 ae 5.8 1.646 | 1834 0 121 ! 2ne
28 Jan e 1.287 7.2 35 5.3 1076 | 94 1 w4 13.8
eaTeb 06| 2.161 12,0 171 00.8 5083 | 40 | 306 124.8

complex, and # 4 km below the Highbridge plant a significant amount of
thermal pollution is introduced by the Minneapolis-St. Paul Sanitary Dis-
trict plant, Therefore neither of these locations represents an ideal test
site (i.e., a location where an isolated thermal psliution source introduces
heat i)nto a river that possesses relatively constant hydrometric param-
eters),

The total area of open water below these two plants was determined
from aerial photographs on several different dates during the winters of
1965 and 1966. Because the open water - ice boundary was usually quite
irregular, the area of vpen waler was converted to an effective length by
dividing it by a representative width of the river. Below the Riverside
plant the full width of the river was used, However, below the Highbridge
plant an effective width of one-half the actual width was utilized because
field observations indiczted that thermal mixing was confined to the left
half of the river, The meteorological data used are from the U.S. Weather

1?

Bureau Station at the Minneapolis-St, Paul Airport {average daily values), .

_and the daily average thermal pollution values (Qp, cal sec-1) for the

Rivcerside, Highbridge and Minneapolis-5t, Paul Sanitary District plants
were provided by the St. Paul District, U.S. Army Corps of Engincers,
These data are tabulated in Appendix C.

The question immediately arises as to the time period over which the
metecrological conditions should be averaged or, stated another way, how
quickly the length of the open watcr reach respends to changes in meteoro-
logical conditions. While no study was undertaken to resolve this matter,
Bilello's (1967) study of Seneca Lake, Michigan, suggests that near-surface
water temperature trends follow air remperature trends with a lag of about
! day. The work of Ince and Ashe (1964) on the St. Lawrence River suggests
a similar response time. In most cases considered in the present paper, the
length of time required for the water to tr.verse the ice-free reach is less
than o only slightly greater than ! day, Therefore, the average meteoro-
logical data from the date prior to the date of ice observation were used in
calculating the length of the ice-free reach,

Table | presents the observed ice-free arcas below the thermal pollution
siter and "obsarved" ice-free len-ths calculatec from these areas. Ice-free
lengths calculated using the Kohler equation method and the Russian winter
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reaches, Measurements bslow the Highbridge

Plant are shown as open circles and measure-
ments below the Riverside Plant as dots,

1{
equation are also listed. In the calculations regarding the Highbridge ‘
plant, the calculated open reach is longer than the distance (6.4 km) to the 1
next large thermal pollution source, the Minneapolis-St. Paul Sanitary Dis- !
trict plant, Therefore, to calculate the total length of the open reach, the ;
calculated water temperature 6.4 km below the Highbridge plant was taken |
as the natural water temperature T,,, when the thermal pollution associated ‘
with the Minneapolis-St. Paul Sanitary District plant is introduced. The
final length of the open reach produced by both plants is then simply the S
e —length of the calculated reach below the Minneapolis-St, Paul Sanitary Dis-
' trict plant plus 6.4 km.

As would be expected from examining Figure 2, the lengths calculated
by the Russian winter equation are always shorter than those calculated by
using the Kohler equation method, They are also clearly in better agree-
ment with the observed lengths., Figure 6 presents a plot of the observed
lengths of the ice~free reaches againstthe lengths calculated using the Russian
winter equation. The agreement is very cncouraging. Although there 18 a
. slight tendency for the calculated lengths to be longer than observed, no
i consistent pattern is apparent,
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APPLICATIONS TO THE ST, LAWRENCE SEAWAY

The ship traffic on the St. Lawrence Seaway is completely stopped by
ice for 3! to 5 months each winter. Particular difficulty is encountered in
the vicinily of the lock areas and ship canals, If these arvas could be kept
ice-free il would be possible 10 move shipping into the Great Lakes during
most of the winter, This wouldbe agreat convenience and would save trans-
portalion costs of several million dollars per year, One conceivable way to

accomplish this is to use the excess heal produced by nuclear powar reactgrs
to remove ice at critical iocations. The production of electricity by nuclear
power is now becoming commercially competitive with conventional forms of
power production. In addition, the exact positioning of power reactors is not
important as long as there is a major river nearby that can be used as a
scurce of coolant and the reactor can be coupled with the general power grid
system currently in use in eastern Canada and the United States, If it can

be shown that the thermal pollution from a reactor is sufficient to keep a
significant length of a shipping canal ice-free during the winter, a strong

case can be made for positioning future reactors along the St. Lawrence
River.

Two types of nuclear reactors are considered here: those presently
available with a th:rmal pollution output of 2.9 x 10% cal sec=t (~ 1.2 x 10?
watts) and those in the design stage with a thermal output of 8.4 x 10? cal
secl [~ 3.5 x 10? watts). As an estimate of extremely severe winter con-
ditions for the general seaway area, a value of T, = ~17C was used, This
is based on the mean monthly minimum temperatures from Ottawa {January,
~16,7C; February, =15,6C; 31 years of record) and Quebec (January, -16.1C;
February, -15.6C; 32 years of record), A windspeed of 5 m sec~? was as-
sumed as representative, based on January and February data from Cornwall,
Ontario. This windspeed is undoubtedly high because in the general St, Law-
rence area low temperatures are usually associated with relatively calm
conditions and pronounced radiational cooling., A representative average
temperature for the seaway area during January and February is =L1Co——— ——

~ ___As an exampic-the ship canal around the Montreal area is considered:
the South Shore Canal with the St, Lambert and Cote St. Catherine Locks.
in the fall and early winter the water temperatures in this arca are 1 to 2
degrees lower than upstream in the vicinity of Cornwall; therefore, the
South Shore Canal is the {irst location on the Seaway thatl encounters signifi-
cant ice problems. The averape width of the canal is 150 m, the depth is
9 .n and the water flow veiocity 0.5 m sec-!, The len:th of ti,e So:th Shore
Canal from Montreal Harbor to Lake St. Leuis is roughly 32 km. As can be
seen from Figure 7 the lengths of the Canal that can be kept ice-free with
Ta = ~17C, vg = 5m sec-! and C - 10 are 17 (Russian winter) and 25 km
(Kohler's equation) using 1 conventional reactor, With a larger reactor the
calculated lengths are 50 and 75 km respectively., If similar estimates are
made by using the Russian winter equation and the average winter temperature
of -11C, values of 27 and 75 km are obtained for the conventional and design
reactors respectively. It is obvious that even a conventional reactor would
considerably lengthen the shipping season, while the larger reactor would
effectively keep the canal oper ail winter,

These figures indicale the definite feasibility of using nuclear reactor
power plant cooling effluent to keep selected portions of the St. Lawrence
Seawayice-free for much of the winter. The prevention of ice formation in
the vicinity of locks would be especially beneficial.
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and wind speed (m sec-!): South Shore Canal, St. Lawrence Seaway.

Solid curves are based on the Russian winter equation and the dashed
curves on the Kohler equation method.

CONCLUSIONS

__The general method for calculating the downstream temperature profile =
of a river and the length of reach which can be kept ice-free by artificial heat
addition was stated, but not developed, by Pruden et al. (1954). They and
previous workers did not develop a universally applicable expression for the
heat loss rate Q* which could be used with daily averages of the meteorologic
variables, The present paper derives the basic temperature-distance rela-
tion from fundamental considerations and, by use of a computer program,
allows the use of several of the many previously developed empirical and
semiempirical formulas for the heat budget terms comprising Q*. The com-~
puter program thus makes possible more universally applicable estimates of

r temperature profiles and lengths of ice-free reaches than were heretofore

8 practicable. It has at least three important additional advantages: 1) tem-

B perature profiles and lengths of ice-free reaches can be quickly calculated
|
1
i

for any combination of heats of pollution and meteorologic and hydrometric
variables; 2) downstream changes in meteorologic and hydrometric variables
can be accounted for, if desirable, by dividing the river into any number of
sub-reaches and treating the water temperature at the outlet of one sub-reach
as the temperature at the beginning of the next sub-reach downstream; and

3) the computer program can be easily modified to permit the use of differ-
ent expressions for the heat budget items or the addition of other heat budget
terms which may be significant in a particular case,

The important problems that must be overcome to improve the "accura-
cy'’ of the present method of calculation are the limited understanding of the
evaporative and convective heat loss processes when an unstable vertical
density distribution exists over open water, and the lack of a general method
for evaluating the vertical and especially the horizontal mixing of heat in a
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river. It is, however, encouraging that ocbservations on the Mississippi River
at Minneapolis=St. Paul show reasonable agreement with computed lengths of
ice-free reaches, Better tests of the method are highly desirable.

Calculations based on representative values of the meteorologic and hydro-
metric variables for the South Shore Canal portion of the St. Lawrence Seaway
suggest that significant reaches of that waterway could be kgpt ice-free .bv .the
proper placement of nuclear reactors. Significant tengthening of the shipping
season with concomitant economic advantages would thus be feasible.

Although the current computer program is aol designed 10 handie #ituations
where the air temperature is warmer than the water temperature, it can easily
be modified to include such situations. It this were done, the program would be
useful in treating such problems as the cumulative effect of the positioning nf 2
number of nuclear reactors along the Columbia River on the temperature of the

river (Geraghty, 1967).
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_ APPENDIX A: COMPUTER PROGRAM FOR CALCULATING WATER 23
TEMPERATURES BELOW THERMAL POLLUTION SITES

Symbolegy

The postscript ~--IN denotes the initial value of ihe variable ===+, the
postacript --~DEL indicates the incremenial value of -~-, and the postacript
«--F indicates the final value. The variable ---INC denotes the initial value
: of -~ i{n degrees ceontigrade, atc, The units to be used for the vartables
Py are as listed in the List of Symbols, Baecause the ---DEL values are always

Z positive, ---IN should be a smaller value than ---F {e.g., VAIN = §,, VADEL
- = 5.0, VAF = 28. 9., or TAINC = -%0. 8, TADEL = 18. 8, TAFC = 1. 8,

which correspond to TAIN = 223,2, TADEL = 18,9, TAF =~ 263,2), INT is
the number of intervals used in the Simpson's rule calculation; a value of
INT = 1§ waa found satisfactory,

Sense Switch Instructions
Sense Switch |

= OFF: FOLL = POLL + POLLDEL (POLLDEL is uted and there
= is a constant additive increment).

5 ON: POLL = 1#.# POLL (the program increments POLL ULy
) powers of 1#). In this case any fixed point number is put in the POLLDEL
) site on the data tape,
Senae Switch 2

OFF: Not enowing (this option is given beca isc decreased
visibility does not necessarily indicate snow),
ON: Snowing.

Sense Switch 3

OFF: The Russian equations (2q 29-31} are used to calculate
QE and QH.

ON: The Kohler aquations (2q 27-28) are used to calculate
QE and QH.

Data Input_
The data are introduced in the order and format specified in the program.
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APPENDIX B: COMPUTER PROGRAM FOR CALCULATING HEAT 29
BUDGET COMPONENTS AND TOTAL HEAT LOSS
RATES FROM A COOLING RIVER

Symbology

Initial, incremental, and final values of variables are designated as
described in Appendix A,

Sense Switch Instructions

Sense switches are used as in Appendix A, with the exception that Sense
Switch 1 is not used,

Data Layout

The data are introduced in the order and format specified in the pro-
gram, The FUNCTION VAP(Z) subroutine used in this program is identical
to that used in Appendix A.

Y WS




H
¢

-

T AR T Tl e f e W R S

LRl aXal

Yt W

13

[aNal

20J
202

LI X

(1]

c
208
Y

30 APPENDIX B

VEECLeDINGRAN & LC1aW RN EaTCR

CaLlulslb s Shy 460 G Gwa L%s 8N Co

1) [EC e» romttang

Corvee. tyata

SET SONSTants

LA N B AT 23 4

€1 o 9.4

BEAT ®E1, L8E

R AT SAPE® TAPE Ly GOLLFRFSPLGINLFLEDEL PP,
UL imeCL BCTFLCL s

e sl PALER 180 3, CLlmINaCLTEDILIALENF L INeuDPL,
IFovineoslfLsvbsvatnpvalf svef
l:(:: PAPER TAPF Ty FulCColullLotufr TalINotaDEL,

.

toRratinre,Ch

$08ratire .0

FOMPATIOF 2,0}

INDYIALIZE PET, valjabLts

VASYALA

FuGeFuyin

CLECerLOCIN

CLTreCLOmIN

veL il

vavin

TulnaTulnge27,:2

TalNeTAINC273,:2

IafelafCez?3,.2

TUE»TuFCe272,¢

Tweluln

Tastagn

tuCetue2?d,2

Tale¥a=273,3

PRIMY VARBARLES LLED IMN (Ailul QAT

PRINT &

SORPATINF SGR 4 CCL 5% Sk PRES 0 2» « AX %
1 CLEC 9% 9w CLI»)

PRINT 5S¢ RCLAPRESFLG,NLECLELE»

FORPAT (1r FIS.2,2F0,0,F10.1-7F10.0/0

erial 60

FOEPAY (1v 11X 20 v U2 ¢~ o %y e g8 &% A= T4 @2
lérm 1.0

BaInt 7Co Vo Ls VAo Tue Tuf

FUEPIY (1 FiB,0e FIO.0e PG.l, $10,20 FlL.27)
CALELLATIES LM (ECE, 14 - |2)

Cot] = SlrelB,2% ¢ 0,3¢)eit0. -~ £LELN)
CRAS(0,1I8eCR] =€, 7868-(elrtived, !

GPsCaleLinn

T T T T T OALELLATE Y GO M- 22— —

Qd¢tsC.97ec8CalLees,

EAniLsVAP(TAN/1CG,)

IF(ELDC)IE 6,7
CADI0,6800,03608CRTIF(EAI)I*SECeTAves,

w0 1C 8

ASC . 7€40,02%¢CLLCoERPF Lol ,S2FcCdeCLIn)

Bl , YE~DIe5,8E-CAeCLLCOERPF (=) ,97E=CaeCLD»)
Cantho@afalel@letansed,

Cake0, 03004

GR v =0A ¢ (AR o (@S¢

CALOLLATES CE A0 Gr LEiNG RCRLER £C, MND BIwEAS
Rat)C (FCE. 27 = 2¢)

16 (SENSE Sulite Ny 2C3. Z2C4

PRINY 202

FORPAT (1v 227+ LE ¢ (o= &v «Op ER SCLATICN )
CF = 13,17 ¢ tolllovaleivaP(tul ~ Ea)

G ® (1,05 ¢ I, 60evaletly = Ta)

v TL ¢0e@

CHLPLLATES CF ARD Qr LSING N sS|aN EC, ANl PLuwENS
RATIC (ECS. 26 = 1)

*RIaY 205

FOBPAT [1r ,28F CE o Cw &Y AuSSEAN FELATICONS /Y
LTSN T R LYY S "I F )

GE ® 11,9F00KN ¢ E,CBovidelvaAPiTUY - €8)

S 8 ARk o T . Geypleitn - Ta)

CALCLLATEE €S [F snCulng (#38, 32 - 3I3)

BF 1SENSE SwliCr 21 0o M

ACE & 7,880(1./7vee2,375)

M

Semd




hdl Tt

&
.

ad
v
3

la)

oC

21

24
25

APPENDIX B

Gy » BCCOIPL,. ¢ Chetds - M40}

o 10 d2

85 ¢ 0,

CarCLtates ey FRINTS Dala ant o727 BUDLHY
Oftai & C® - Lp -~ & - Cm = B¢

PRIATL &

Fukeatoir 108 2 Y4 83 an TACH

PRINT 105 VYas 1AL

FORPST (10 FID,20 FIL.2/Y

sRINY 21

FORPATLEM O 2 CN 8K Jr Lk 3 JIn GE 93 Ik Gn
tef 3= @S £ &> CTVAN)

PRIMT 120 GhalveCErCr D 00144

FORPAY (bF1iaiilledsd
INCREEERD L wamipkhyfs
EOTAcTAF1SGaS 1%
taetastaApEL

S0 ' 33

Tastain

P ttustuf 186, 0%,1%
tusteetufipL

0 1C 13

Taastan

Turluln
Ftvevb 1 iBa17a17
YeveVoEL

“0 ¥ 13

Tastaln

Turluln

veylh
IFiL~uF118s19s18
LeLeLDEL

60 1 1)

TaeTall

Tuatuin

[TTF1Y

LsLin

1FLUAVAF 120420021
vasyaeVADEL

G0 1 1)

TamTaln

Tuziuln

Vv it

[YLT%8 § N

vasvaln
IE(CLON=CLDPFIZZ073423
TLIFsCiDreCLErTEL
60 L 13

TasTaln

TusTyln

Vevin

UsLih

vasvalh

CLLr=CLDIN
IFECLDC-CLOCF I 2402902
CLrCoCLDCoCLECTEL
G0 ¢ 13

TasSagln

Tustuih

Vayih

UsL In

VasvalM
CLLFerLD=N
CLECsCLDC N
IF(ELG=FUCF )20027027
FuGsFLGOFLELEL

60 7C 13

£ 2144

Enf

31 4

L




APPENDIX C: METEOROLOGICAL DATA, U.S. WEATHER BUREAU, 33
MINNEAPOLIS-ST. PAUL AIRPORT (AVERAGE DAILY VALUES)
AND THERMAL POLLUTION, Qp, FROM THE NORTHERN STATES
POWER COMPAN" RIVERSIDE AND HIGHBRIDGE PLANTS AND
THE MINNEAPOLIS-ST. PAUL SANITARY DISTRICT PLANT

R4 e v ) 44 T W calsec =107
Late __{mb) fcal cm
San 1965
10 996.3 102, 2.2 . =17, 2 .10 12.46 7.66
1n 986. 8 tél. 3.1 70, i N ] 12.719 14,91 9,67
1t 991.9 180, 2.7 -8 -20.6 12,04 15.78 9.89
13 994,2 228, 3% 9. -1%. 6 12,88 15.87 9. 6%
14 995, 6 144, 3.0 ('R -21,3 13,82 18,54 [ 4]
5 998, ) 284, 3.4 4. -16,1 13,22 15.18 9.1
16 10061 218, 2.2 . 18,3 11,31 13,44 8. 14
i? 958, 5 209, 6.3 . - 4.4 9,22 10,22 7.76
18 992.9 198, 4.5 87, .i2.2 13,02 14,59 10.06
19 979,0 133 4.5 . - 6,1 13,30 15,40 10.30
20 948, 2 234, 3.5 9. =111 12,59 14,44 10.22
21 979.0 221, 5.0 . - 2,8 12,43 14,82 11.26
22 9K6. 1 92, 5.9 76, - 4,4 13,17 14,06 9.86
24 946, 1 106, s.6 60, - 1.8 12,20 12,25 8. 66
24 974, 6 181, 2.9 86, - 8.3 9,85 11,43 7.6}
25 71,6 123, 3,3 93, - 4.4 13,21 14,41 10. %0
26 981.7 26!, 6.3 15, -1l.1 12.67 14,38 10.1)
27 9382, 4 149, 4.4 68, -15.0 12.24 15,14 10.51
28 n88. 3 212, 5.7 OB -25.6 13,54 15,09 10.09
29 946, ! 2N, 2.0 57, -25.6 13,52 14,88 .48
10 987.8 278, 4,6 54, -21.7 12.98 14.95 8.7
31 977.0 76, 3,7 69. -2l 1 9. 74 13.04 7.06
teh 07
1 983. 8 303, .2 63, -22.8 13,80 14,68 9.56
2 990. % 269. 3.7 63, -258.0 13,73 15,26 2.7
3 995.9 323, 4.7 63, -21.7 13,81 14,84 9.45
4 96, 3 285, 38 62, -20,0 13.4% 14,92 9,56
Jan 1946
5 948, 5 99, 3,2 96, -10.0 11.86 0. 10. 67
[ 991.2 139, 4.6 60, -16.7 13.63 13,65 10,73
7 997, 3 301, 5.% 56, -2).9 14.05 14,21 10,09
8 993.6 193, 4.3 63, -18,3 6.83 15,27 9.26
9 977.0 218, 5,3 65, -2 4,61 12,22 8.51
10 994, 6 2. 7.1 54. -15.0 12.13 14,18 i0,82
i1 999,0 204, 4.5 s4, -15.9 12,78 14,50 10,71
12 987.8 129, 4,7 83, - 12 12.28 14,17 10, 62
13 984,48 191, 2.5 (1% - 9.4 11,99 11,97 10,79
14 989.2 2517, 3.9 (18 «13,5 12.2) 14,00 10.49
19 998, 3 263. 2,2 67. -14. 4 12,47 12.9¢ 10,37
20 9997 1. Lb.. - 18,0 - — 42,58 — —— B3 33— 1040~
21 999, 3 174, 3.7 68, ~14. 4 1.1 12,59 10, 34
22 995. 6 299, 3.8 60, -19.4 11.30 10.98 8,55
23 9935, 5 312, 4.0 86, -22.8 7.00 10,36 7.59
24 999. 1 270. 2.4 52, <217 10. 62 13.99 10,13
25 1000. 0 243, 1,6 56, -18.3 13.0} 13,07 10,49
26 992,2 168, 5.5 4. -16.1 13,29 13,46 10, 44
27 997. 6 291, 7.9 4, -26.1 13,33 13,67 9.99
28 1001.0 278, 5.7 “. -29. 4 13.73 13,65 9.35
Feb 1966
IR 994. 6 393, 5.9 52, =19, 4 13,97 11,10 9,46
19 1006.8 399, 1.8 42, -20. 8 11,35 11.1% 817
20 1012.2 398, 2.6 46, -19.4 9.53 9.46 7.15
21 1013.2 410. 3.1 42, -16.7 12,34 11,22 9.12
c2 1010, 5 403. 1.8 46, -12,2 11,66 11.02 9.45
24 1003, 1 369. 1.9 63. - 8,9 11,48 11,04 10. 03
24 998.5% 360. 6.0 62, - 4,4 11,45 1i.07 9.7

BT O oY P S VU PO VP




i

et ,.m’; Rk ot =

1 wa
Tw°

-lassifi
OOCUMENT CONTROL DATA-R & D

of sbatrae? and Inden

« ‘aneitication of ttle

]

U.S. Army Cold Regions Resecarch and
Engineering Laboratory, Hanover, N.H.

h.- WEPORT TITLE

THE EFFECTS OF THERMAL POLLUTION ON RIVER ICE CONDITIONS
I: A GENERAL METHOD OF CALCULATION

4. OESCRIPTIVE NOTES (Type of tepati and lngiweive dates)

Research Report
m—;%mﬂmm;

8. Lawrenc. Dingman, Wilford F. Weeks, and Yin-Chao Yen

3. NEPORY SECURITY CLASMFICATION
Unclagsified

i‘n AEPOAY DAYE 78, TOTAL MNO. OF PASES r

5. NO. OF REFE
December 1967 35 . 21
4. CONTRACT OR SRANT NO. 05. ORIGINATOR'S REPORT NUMBE RIS)

M PROJECT NO.

Research Report 206, Part 1

e DA Task 1VOl4501B52A02 WA‘W

[ 3
S ——— u———————
10. ISTRIBUTION STATEMENT

This document has been approved for public release and sale; its distribution is
unlimited,

1. ﬁﬁnuwu-v NOTAS n.T;ouumuc MILITARY ACTIVITY

U,S. Army Cold Regions Research and
Engineering Laboratory

15, ARSTRATY

An attempt is made to calculate the length of the ice-free reach which develops
during the winter below a thermal pollution site on a river, A difierential equation |
“for the steady state heat balance of a volume element of a river is developed, which
leads to the expression

where x is distance downstream from the pollution site to the cross section where
the water temperature equals wa, Two is water temperature at x equals zero, Q%

is rate of heat loss from the water surface, and C, is a constant which includes flow
velocity and depth. The value of x at T, equals é‘c is taken as the length of the
ice-free reach, Q% is the sum of heat losses due to evaporation, convection, long-
and short-wave radiation, and other processes, earh of which is evaluated by an

empirical or theoretical expression. The two principal limitations in accurately

calculating downstream temperature changes are related to difficulties in evaluating

the degree of lateral mixing in natural rivers and the convective and evaporative heat
Abstract cont'd on next page
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losses under unstable atmospheric conditions,

Observations of lengths of ice-free reaches on
the Mississippi River are in good agreement with
the calculated values., Significant portions of the
St. Lawrence Seaway can be kept ice-free by the
installation of nuciear reactors at appropriate lo-
cations, !
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