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ABSTRACT 

' Ontario Hydro is planning the construction of a nuclear power 

station at Darlington, Ontario. The cooling and process water will be 

drawn from Lake Ontario. The water intake will be constructed at a 

depth of 10 m and a perforated slab will be placed above the intake to 

prevent fish and other foreign objects from entering the water intake. 

The blockage of the water intake by frazil is one of the concerns of - 

the water intake and for that the author is requested by Ontario Hydro 

to examine the frazil blockage. This report is produced in response to 

the above request. - "A 

In the analytical study, the thermo-hydrodynamics for the 

heating and cooling of a lake for water near the freezing point is 

first explained. Then a mathematical model is developed to predict the 

cooling and the expansion of the mixing layer. The frazil blockage 

problem is translated into a problem of supercooling of the mixing 

layer after it has reached the bottom of the lake. Based on the 

mathematical model, a computer program is developed which permits the 

calculation of the temperature and the propagation of the mixing layer 

under different hydro-meteorological conditions. Some computed results 

are shown in the report. _

" 

Based on the computed values, it is concluded that there 

could be a frazil blockage problem under the combined 

hydro-meteorological condition of a strong (10-15 m/s) and durable 

(6-10 hour) wind, a cold air (-20°C or less), a clear night and a low 

water temperature at the onset of the cooling cyle after sunset (1°C or 

less). Although the occurrence of such a combined hydro-meteorological 

condition is rare, it is probable for the Darlington site. 
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RESUME 

Hydro-Ontario prévoit construire une centrale nuciéaire a 

Dariington (Ontario). L'eau de refroidissement et de traitement sera 
puisée a meme tie iac Ontario. La prise d'eau sera située a une 

. My 

profondeur de 10.m et eiie sera recouverte d'une d311e perforée qui 

empechera les poissons et autres corps étranqers d'y entrer. La 
eompaqnie d'é1ectricité a demandé 3 1'auteur d'étudier 1e probieme du 

biocage de 1a prise d'eau par 1e frasii. Le present rapport a été 
préparé en réponse a cette demande. 

Dans 1'étude anaiytique, on expiique d’abord ies caractéris- 
tiques thermohydrodynamiques de réchauffement et *de refroidissement 
d'un iac au voisinage du point de conqéiation. Puis, on éiabore un 

modeie mathématique pour prévoir 1e refroidissement et 1'expansion de 

la couche de méianqe. rLe probieme du biocage par ie frasii est traduit 
en un probieme de surfusion de la couche de méiange une fois Qu'e11e a 

atteint ie fond du lac. A partir du modeie mathématique, on met au 

point un programme informatique qui permet de caicuier la temperature 
et 1a vitesse de propagation de la couche de méiange dans différentes 
conditions hydrométéoroiogiques. Certains résuitats des caicuis sont 
produits dans ie rapport. 

Les caicuis permettent de conciure qu'i1 pourrait y avoir un 

probieme de biocage par 1e frasii si ies conditions hydrométéoro1ogi- 
ques suivantes survenaient en_ meme temps: vent fort (10-15m/s) et 
durabie (6-10 h); au froid (-20°C ou moins), ciei dégagé ia nuit et 
basse temperature de 1'eau au début du cycie de refroidissement apres 
1e coucher du soieii (1 °C ou moins). Meme si une teiie situation se 

produit rarement, eiie est probabie dans 1a région de Dariington.
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MANAGEMENT PERSPECTIVE 

Frazil ice can cause severe operational problem if provisions 

are not made to overcome it either by physical means or by operational 

adjustments. _

~ 

This report provides a fairly simple method of analysis to 

ascertain if frazil ice is likely to occur at a lake intake. However, 

knowledge of the icinq up of submerqed structures by frazil formations 

remains oualitative. Research has not yet established methods to 

predict quantitatively the rate of frazil ice build up. Because of the 

uncertainties in the knowledge of frazil ice behaviour, the enqineerinq 

decisions must be very conservative which in some case could lead to 

increased costs. 
‘ Frazil ice research remains a requirement for the design of 

engineering structures and the assessment of stream or canal 

conveyance. 

T. Milne Dick 
Chief, Hydraulics Division
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PERSPECTIVE DE GESTION 

_ 

Le frasil en giace 
V 

peut causer de graves Vproblemes 

d'exp1oitation si des mesures ne sont pas prises pour 1'enrayer par des 
moyens physiques ou des modifications au programme d'exp1oitation. " 

Ce rapport décrit une méthode d'ana1yse reiativement simpie 
pour prévoir 1a formation de frasii en giace dans une prise d'eau de 

lac. Cependant,A 1es connaissances sur 1'eng1acement des ouvrages 
immergés par 1a formation de frasil demeurent quaiitatives. La 
recherche n'a pas encore permis d'étab1ir des méthodes pour prévoir 
quantitativement 1e taux de formation de frasii en qiace. A cause de 
]'incertitude des connaissances sur 1e comportement du frasii en qiace, 
ii faut prendre des décisions technioues tres prudentes qui s'averent 
parfois tres coflteuses. 

La recherche sur 1e frasii en glace demeure essentieiie pour 
1a conception d'ouvraqes de qénie et 1'éva1uation des possibiiités de 

transport dans des cours d'eau ou en canal. . 

T. Milne Dick, chef 
Division de 1'hydrau1ique
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1.0 INTRODUCTION 

Ontario Hydro is at present planning the construction of a 

nuclear power station near Darlington, Ontario. For cooling and other 

operational purposes, water will be drawn from Lake Ontario. The 

proposed water intake will .be of an unusual design and »will be 

constructed at a. depth of 10 IO. For continuous operation of the 

station, the flow of the cooling water cannot be interrupted. 

However, with the proposed design and location, it is feared that 

frazil and anchor ice blockage may occur at the water intake. The 

author was requested by Ontario Hydro through National Water Research 

Institute to give a specialist's opinion on this matter and this 

technical report' is produced in response to this request. The 

correspondence and information leading to this scientific consultation 

are shown in Appendix A. 

Although a brief response devoid of much technical detail 

was requested by Ontario Hydro, it was decided that a sound opinion 

must be based on,a fairly complete scientific analysis. 

u.
I
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2.0 
A 

THE BASIC PHYSICAL PROCESSES CONTROLLING ATHEA HEATING, 
COOLING AND FRAZIL PRODUCTION IN A LAKE 

Frazil is produced in turbulent, supercooled water. Frazil, 

by itself, does not cause blockage problems. However, when it adheres 

to underwater objects and forms anchor ice, then flow blockage will 

occur. Anchor ice may also be formed when supercooled water parcels 

are brought down by turbulence to be in contact with underwater 

objects and nucleate, over them. For most practical and important 

cases, however, anchor ice formed by frazil, adhesion is the 

predominant mode. '

. 

According to the above, one sees that the problen of frazil 

and anchor ice blockage is really a problem of frazil formation; if 

frazil will form at the depth of the water intake, then there could be 

a blockage problem for the water intake. Because frazil will only 

fonn in turbulent, supercooled water, the above problen is translated 

into one of whether a supercooled and turbulent environment will be 

present at the depth of the water intake. The actual design of the 

water intake, although it may alleviate or aggravate the blockage 

problem, is immaterial to the existence of the problem. As a conse- 

quence of the above discussion, the study here, therefore, will be on 

the turbulence_and supercooling conditions of the water. 
Before embarking with the analysis, the ‘change of the 

density of water with temperature should be ~noted. This density- 
-temperature functional relationship is shown in Fig. 1. It is seen 

from Fig. 1 that the maximum density of water occurs at 4°C. At 

temperature greater than 4°C, the water density decreases‘ as the 

temperature of the water increases. At temperature less than 4°C, 

however, the water density increases with the increase of the tempera- 
ture. Because of this density-temperature relationship, the heating 

and cooling of a lake at a temperature less than 4°C will be that 

as shown by Fig. 2. 

Figure 2A shows a stable temperature profile of a lake at 

the onset of the heating-cooling cycle. Because the water tempera- 

ture is less than 4°C, the cooler water is at the top and the warmer
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water at the bottom. Such a temperature distribution is statically 
stable.

' 

During the daytime warming period, a positive heat' flux 

qin is received by the water (see Fig. 2B). This heat gain warms up 

the surface layer, which now, because of becoming heavier, sinks to 

the lower layers and _the colder and lighter water from the layers 
below rises to the top to replace the warmed up water. The natural 
convection so set up equalizes the water temperature in the lake to a 

depth where the ambient temperature is equal to the temperature of the 
warming up layer. Below this depth, the original temperature profile 
is not affected. At the end of the heating period, a temperature as 

shown in Fig. 2C will result. This temperature profile indicates an 

isothermal layer overriding an undisturbed, original layer. If the 

lake is shallow or if the original temperature differential of the 

lake water is small, then it is very probable that the natural convec- 
tion will penetrate the whole lake right to the bottom, resulting in 

an isothermal lake. Although an isothermal, warming up layer will be 

produced by the natural convection whether there is a wind or not, the 
presence of a wind and the force turbulence field produced by it will 

accelerate the establishment of an isothermal warming up layer.
' 

Figure 2D shows the cooling of the lake as night approach- 

es. It is seen from Fig. 2D that, because now the heat flux qout is 

negative, the surface layer of the water is cooled. This colder 
layer, being lighter, is .statically stable over the warmer lower 
layers. Under quiescent conditions, this surface cold layer will be 

thin and the temperature discontinuity at its lower surface will be 
sharp. when the temperature of this thin surface layer reaches the 
freezing point, a thin surface ice sheet will be formed which thickens 
as heat is continuously lost to the atmosphere by conduction. Because 
an ice cover is a good insulator, the heat flux from a lake is greatly 
reduced following the formation of the surface ice sheet. This leads 
to a relatively wahn water body under the ice cover. 

when there is a wind, however, a turbulent surface mixing 
layer will be produced. In studying the turbulent mixing layer in 

oceans and lakes, it is usually assumed that the turbulence in the
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mixing layer is sufficiently intense that the thermal and fluid 

properties in it are uniform and the transition fran this layer to the 

undisturbed layer below is abrupt, as shown in Fig.2D. Although the 

mixing layer will continue to grow as a result of kinetic energy being 
received continuously from the wind, its temperature may decrease or 

increase ,depending on whether the heat gained from entraining the 

warmer water from below is less or greater than the heat lost at the 

surface. 
It should be mentioned that Fig. 2 and the above description 

are highly idealized and simplified. For example, the heating of the 

lake, strictly speaking, is not. limited to a thin surface layer 

because the solar radiation can penetrate into water to a certain 
depth, depending on its clarity, albeit it attenuates on its way. 

Nevertheless, for the investigation here, such a simple model appears 
to be adequate. 

During the cooling cycle, as a result of surface heat loss 

and mixing layer expansion and the accompanied warmer water 
entrainment, the_ following three different’ thermo-hydrodynamic 
conditions may result: 

Condition 1 (Fi9- 3A) 

Because of intense surface heat loss, the temperature of the 
water in the mixing layer reaches the freezing point before the mixing 
layer expands to the bottom. This happens when the wind is light, the 

air is cold, the sky is clear so the long wave radiation is strong, 
and the initial water temperature is low. Under this situation, the 
water will be supercooled as shoum by the dashed line in Fig. 3A. 

when the nucleation temperature is reached, frazil wfill be formed in 

the turbulence mixing layer. Once formed, the frazil will agglomerate 
and float to the top. On the other hand, the turbulence in the mixing 
layer will bring some frazil back into the lower layers. At equilib- 
rium, a frazil concentration distribution will be established showing 
a progressive decrease of frazil concentration with depth. Accompany- 
ing this frazil distribution is a stable stratification.
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Y The growth of the mixing layer is controlled by the conver- 

sion between kinetic energy and potential energy. Before the forma- 

tion of_frazil, the kinetic energy received from the wind, in the form 

of turbulence energy, is spent in increasing the potential energy of 

the mixing layer by the denser water from lower layers 

against gravity. ‘The conversion of these two energies determines the 

rate of expansion of the mixing layer. Following the formation of 

frazil, in addition to the stable stratification produced by tempera- 

ture difference between the mixing and the undisturbed layers, another 

stable stratification is formed in the mixing ‘layer _because of 

progressive reduction of frazil concentration with depth. For the 

turbulence in the original mixing layer to transport fluid parcels 
between layers, now it also has to spend energy in overcoming‘ the 

density gradient produced by frazil concentration variation. Because 
of the high apparent viscosity of frazil, more energy will also be 

spent in overcoming viscosity. The net result of the above is that, 

following the formation of frazil in the mixing layer, one should see 

the suppression of turbulence in the layer. In other words, following 
the production of frazil in the mixing layer, one should see the 

shrinking of the mixing layer, or its disappearance over a course of 

time.
V 

It is seen from the above that, for a water intake situated 
on the bottmn of the lake, unless the_downdraw velocity is high, it 

should experience little frazil problem under the described situa- 
tion. For the Darlington water intake, because the supplied informa- 
tion fron Ontario Hydro shows that the vertical velocity component at 

the water intake will be low, at most points less than 1 cm/s, so the 
water intake should experience no frazil problem under the above 
hydro-meteorological condition. . g 

Condition 2 (Fig. 3B) _ 

_ 

When the turbulence generated in the mixing layer is strong 
but the surface heat out-flux is small; this usually means a strong
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wind, a relatively warm air and an overcast sky, the mixing layer will 

grow to the bottom of the layer before the temperature of the water in 

the mixing layer reaches the freezing point. This situation may also 

occur if the initial water temperature is high. Now, if the hydro- 

meteorological conditions are such that for the remainder of the 

cooling period, the heat loss from the water column is insufficient to 

bring the water temperature to the the freezing point, then no frazil 

will fonn in the water and a water intake located at the bottom of the 

lake wfill experience no frazil problems. 

Condition 3 (Fig. ac)
h 

Alf, different from condition 2 above for the remainder of 

the cooling period, the heat loss from the water column is high enough 

such that the water temperature reaches the freezing point, then 

frazil will fonn everywhere in the water column and the water intake 

at the lake bottom will experience frazil problems. ‘ 

It is seen from the above discussions that frazil will not 

form if the water and air are warm and the surface long wave radiation 

is weak, as depicted by Fig. 3B, nor will it necessarily form at 

appreciable depths in very wintery weather characterized by cold wind 

and a high surface heat loss, as shown in Fig. 3A.. Frazil will only 

form throughout the water column when the combined effect- of the 

hydro-meteorological conditions and previous heating hand cooling 

(which determines the initial temperature of the water) is such that 

Condition 3 results. Thus, it is not surprising to see that frazil 

conditions at a given site can be highly unpredictable and sites of 

seemingly similar geographic and limnological conditions can have 

quite different frazil conditions.
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3.0 CONSTRUCTION OF MATHEMATICAL ODEL FOR CALCULATING THE 

FORMATION OF FRAZIL AT DARLINGTON HATER INTAKE A 

Figure 4 is a map showing Lake Ontario. In the map, the 

lake is divided into ten regions. A check of Fig. 4 with an Ontario 

road map will show that Darlington is at the shore of Region 2. 

The water temperature for Region 2 has been measured by 

Boyce et all for the winter of 1972-73. From their measured data, 

the water temperature versus depth curves are plotted as shown in 

Figs. SA to SD. It is 'seen from the plotted curves that, as the 

winter advanced, the lake water was gradually cooled down. The lake 

water was at its lowest temperature during February and March. As 

April arrived, the lake water was gradually warmed up again. All the 

temperature distribution curves show a stable stratification in the 

lake. The curves also show that for depths greater than 20 meters, 

the change in temperature was regular and smooth. The effect of short 

term hydro-meteorological changes seems to be felt only by the surface 

layer of 20 meters deep. 
Since the Darlington water intake will only be at a depth of 

10 metres, based on the above discussion, it will be reasonable to 

assume that at the end of the daily heating cycle, the mixing layer 

will expand to the bottom of the lake at the site. In other words, at 

the end of the day, we may assume a uniform temperature distribution 

in the lake at the Darlington water intake site. 

In this section, we shall study the growth of the surface 

mixing layer of a lake water column of 10 m deep and the heat balance 

of this mixing layer. Initially, the temperature of the water column 

is uniform and the thickness of the mixing layer is zero. The goal of 

the study is to establish a physical-mathematical model to calculate 

the temperature and expansion of the mixing layer under different 

hydro-meteorological conditions. 

____Zi_-i--ii , 

1 F. M. Boyce, W. J. Moody and B. L. Killins, "Heat content of Lake 

Ontario - estimates of average surface heat fluxes during 

IFYGL". Tech. Bull. 101, IND, CCIW, I977.
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Although sophisticated computer models for calculating the 

growth and temperature of a surface mixing layer are available, they 
are not used because of their complexity and the lengthy time needed 
for their familiarization; at this time, such a sophistication is not 

asked for. Besides, the complex mathematics and programming often 

tend to distract one from the main physical issue. Here, a simple 
model involving calculations of first order approximation will be 

developed to illustrate the physics involved and to produce an 

appraisal of the potential for frazil formation at the Darlington 
water intake site under likely local hydro-meteorological conditions. 

Figure 6 is a diagram showing the expansion of a mixing 

layer in, an originally isothermal lake of temperature To fF0m la 

depth d to a depth (d + Ad). At the beginning of the time period, the 

water temperature in the mixing layer is Ta and at the end Tb. 
During this time period, the heat outflux from the water surface is 

qout and the mixing layer expands at an average entrainment velocity 

ue. Denoting the time period by At, one may write 

At = Ad/fie (1) 

to relate the time involved, the expansion velocity and the expansion 
depth. At the end of the time period, one may write the folowing 
equation for the conservation of heat 

CO (d + Ad) Tb = CDdTa + CpAdTo - qout At (2) 

where c and 0 are the specific heat and density of the water 
respectively. In the above equation, the left hand side is the heat 
in the mixing layer at the end of the time period, the first term on 

the right is the heat in the mixing layer at the beginning of the time 
period, the second term is the heat gained from entraining the water 
from the underlying layer_ and the third term is the surface heat 
loss. Substituting Eq. 1 into the above equation and rearranging, one 

hi5
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» 

~ q Ad 
T = __£L___ T + __l!l__ T - _£!§L_________ (3) 
b d + Ad a d + Ad ° cpue (d + Ad) ,,_ 

For an initially isothermal lake of temperature To and depth 

D, if it is divided into N layers of equal thickness, then as the 

mixing layer .expands from the surface to the bottom of the first 

layer, one may write, according to Equation 3, the following equation:

q 
T1 -= To _ _£!£E_ (4) 

' cpuel 

where T1 is the temperature of the mixing layer when it expands to the 

lower surface of the first layer, counting from the top, and uel is 

the average entrainment velocity or expansion velocity of the mixing 

layer as it expands through the tfirst layer. 
_ 

As the mixing -layer 

continues to expand from the bottom of the first layer to the bottom 

of the second layer, the following equation may be written:
' 

. T T “t T2=_i+._°_-_°_‘1_ ls) 
2 2 Zcouéz , 

where TQ and uez have the same meaning of T1 and uel, but refer to 

the second layer._ In general, as the mixing layer expands through the 

nth l_ayer, one has 
_

V 

_ n - 1 1 » qout 
Tn ‘ -7,"-Tn-1*;To' -T (5) 

ncpuen 

According to the above equations, if one knows the average expansion 

or entrainment velocity of the mixing layer at different time 

intervals and the surface heat outflux, then one can calculate the 

temperature of the mixing layer as it expands from top to bottom.
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The expansion of the mixing layer is caused by the turbué 

lence in the mixing layer and is impeded by the stable stratification 
between the mixing and underlying layers. The turbulence intensity in 
the mixing layer is measured by the friction velocity of the mixing 

layer and the stability of the stratification is measured by the 

Richardson number of the stratification. The expansion velocity or 

the entrainment velocity of the mixing layer ue, therefflre, TS 8 

function of these two parameters. Denoting the friction velocity in 

the mixing layer by w* and the Richardson number by Ri, the func- 

tional relationship between ue, w* and Ri then is shown by Fig. 

72. It is seen from Fig. 7 that if we know the values of w* and 

Ri, then we can‘ evaluate the value of .ue from the curve in the 

diagram. 
The friction velocity is defined as 

w = /'1 (7) * 0 

where I is the shear stress at the water surface and may be calculated 
from3 . - 

_
. 

= , 2 1 CD pa U(Z) 
t 

(8) 

where pa is the density of the air, U(z) is the wind speed at 

height z and CD is the drag coefficient corresponding to such a 

wind. The substitution of Eq. 8 into Eq. 7 gives 

.. A .. __ 

2 From p. 300, "The dynamics of the upper ocean", by 0. M. Phillips, 
Cambridge University Press, 2nd Edition, 1977. 
In engineering hydraulics, the drag coefficient is by convention3 

defined by 1 = CDpV2/2. However, in oceanography, the drag 
coefficient is defined by 1 = CDOV2. The drag coefficients, 
therefore, are different by a factor of 2. The drag coefficient 

used here and the one in Fig. 8 are the drag coefficients used by 
oceanographers.
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W-4, 
= (2%)/2, (Pa/_P)1/2' U(z) (9) i 

According to the above equation, if we know the wind speed at’ a 

certain height and the drag coefficient corresponding to it, then we 

can calculate the friction velocity in the mixing layer. 
The drag coefficient for winds measured at 10 m high has 

been measured as shown in Fig. 8“. with Fig. 8, we may now calculate 

w* if the wind speed is known. 
The Richardson number is defined as 

Ri = $9 (10) 
M/3. 

where. Ap is the density difference between_ the mixing and the 

underlying layers. It is seen fran the above equation that once the 
friction velocity is evaluated, the Richardson number can be 
calculated if the density difference between the two layers is known. 

Because, according to Fig. 1, the density difference can be converted 
into temperature difference, therefore, if the temperature difference 
between the two layers is known, the Richardson number can be 

calculated. 
Before using Eqs. 4 to 6 to calculate the temperature of the 

mixing layer, the heat outflux qout must be evaluated. The -heat 

loss to the space and the atmosphere includes long wave radiation, 
sensible heat transfer and evaporative heat transfer. The long wave 
radiation from the water surface is a function of the water surface 
temperature, the temperature and humidity of the air, the cloud 
coverage and the cloud height. Under cloudless conditions and with a 

relative humidity' of 50 percent, the long wave radiation heat flux 
from water surface has been calculated as shown by the Q2 curves in 

“ Fran p. 194 "The dynamics of the upper ocean“, Phillips, Cambridge 
University press, 1977.
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Fig. 95. It may be noted that the long wave radiation heat flux is 

not affected by the presence of wind, so all the Q2 curves in Fig. 9 

for different wind speeds are identical. - 

The evaportive heat transfer from the water surface is a 

function of the water-air temperature difference, the wind speed and 

the vapour pressure gradient at the water surface. The evaporative 
heat flux at different wind speeds and different water-air temperature 
differences is also shown in Fig. 9 by the G3 curves. In calculating 
the g3 curves, it has been assumed that the relative humidity is 50 

percent.
_ 

The sensible heat transfer from the water surface to the 
atmosphere is a function of the wind speed and the temperature 
difference between the water surface and the air. The sensible heat 

flux from the water surface at different wind speeds and different 
water-air temperature differences has also been calculated as shown in 

Fig. 9 in the form of go curves. ,

’ 

After g2, g3 and Q4 are evaluated, the total heat outflux 
can be calcualted from ‘ 

gout 
= Q2 + Gs + flu (11) 

It is seen from the above discussion that, at this point, 
a method has been provided for obtaining the necessary parameters for 
calculating the cooling and expansion of the mixing layer by using 
Eqs. 4 to 6. The detailed computation is shovm in the following 
section. " 

5 From p. 22, "Frazil and anchor ice - A monograph“, by G. Tsang, NRC 

Publication, Feb. 1982.
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4.0 MIXING LAYER TEMPERATURE COMPUTATION 

I ' 

Based on the mathematical model shown in the last section, a 

computer program was to calculate the temperature of the 

mixing layer as it expands frmn the top to the bottan with a digital 

computer. For the computation, it was assumed that 
1. The lake is isothermal at the onset of the cooling cycle, so 

' the model shown in the last section remains valid, and 

2. The sky is clear and the relative humidity is 50 percent, so 

Fig. 9 can be used to evaluate the heat outflux from the 

water surface gOut- 
'

' 

The flow chart of the computer program is shown in Fig. 10. 

It is seen from Fig. 10 that the computation was performed for six air 

temperatures, three wind speeds and ten initial water temperatures. 
The actual values of these parameters were:

_ 

' 
| ° _ 

ATP temperature Ta: '59 '10‘! '15: '20s ’25s '30 C 

wind speed at 10 m U10; 5, 10, 15 m/s '

V 

water temperature To: .4,, .8, 1.2, 1.6, 2.0, 2.4, 2.8, 3.2, 

3.6, 4.0 °C 

The computer program itself and all the computed values are shown in 

Appendix B. 

Based on the computed values, Figs. 11 and 12 were plotted 
to demonstrate the cooling of the mixing layer under different thermal 
and meteorological conditions.

A 

l 

Figure 11 was plotted for a relatively wann air temperature 
of -5°C. In -the diagram, the ten circular symbols on each of the 

cooling curves for a wind speed of 5 m/s show the time and temperature 
of the mixing layer when it reaches the depths of 1, 2, ... and 10 m 
progressively. Beyond the right most point, the mixing layer will 

have reached the bottom of the lake and the cooling of the lake will 

be effective for the whole depth. For cooling curves of other wind 
speeds (except the one for a wind speed of 10 m/s and with an initial
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water temperature of 0.4°C), only two symbols are shown per curve. 

while the left hand side symbol indicates the point when the 1 m depth 

is reached, the right hand side symbol indicates the point when the 

mixing layer has expanded to the bottom of the lake. It is seen from 

Fig. 11 that under such a mild condition, unless the initial water 

temperature is less than 0.4°C and there ism a persistently strong 

wind (a 10 m/s wind blowing for 12 hours or a‘15 m/s wind blowing for 

9 hours), the ‘temperature of the water will not reach the freezing 

point and frazil will not form in the water. Since a strong wind with 

a long duration of such a magnitude, especially in combination with a 

low water temperature, is unlikely at the Darlington site, frazil 

blockage problems under warm air temperature conditions therefore 

should not occur. 
Figure 12 was plotted for a more wintery air temperature of 

-20°C. In Fig. 12, the circular symbols marking the cooling curves 

for a 5 m/s wind and with figures 1, 4, 7 and 10 next to them indicate 

the. points when the 1, 4, 7 and 10 m depths, respectively, are 

reached. For the cooling curves of other wind speeds, no symbols are 

employed to mark them; However, the first sharp turn in these curves 

indicates the depth of 1 m is reached and the ‘second sharp turn 

indicates the bottom of the lake is felt. It is seen from Fig. 12 

that with an air temperature of -20°C, frazil will be produced by a 15 

m/s wind blowing for 7.5 hours or by a 10 m/s wind blowing for 9.6 

hours if the initial, water temperature is less than 0.8°C. As a 

matter of fact, if the 15 m/s wind blows for 11 hours, frazil can be 

formed even if the initial water temperature is as high _as 1.2°C. 

Although such a strong wind blowing continuously for such a long time 

is rather abnormal for southern Ontario, a -20°C air temperature is 

not that unusual for the southern Ontario winter. A realistic 

probability, therefore, exists for the production of frazil at the 

Darlington site. V 

A 

It is seen from both Figs. 11 and 12 that the cooling of the 

mixing layer ‘is quite sensitive to the initial temperature of the 

water. Since the initial temperature of the water bears the effects 

of the accumulated cooling of the winter, a colder winter or a winter
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with greater accumulated freezing degree-days, therefore, will be more 

conducive to the formation of frazil, a point noted by Ontario Hydro 

as shown in Appendix A. 

In the above discussion, an initial water temperature of 0,4 

= 1.2°C is implied to be realistic. This is supported by referring to 

Fig. 5 which shows field measured water temperatures for the winter of 

1972-73. It is seen from Fig. 5 that the lowest measured water 

temperature was Aabout 1.4°C. Because the field measurement was 

conducted on a weekly basis.and measurements were usually taken during 

the day, it was very unlikely that the measurement would have caught 

the water at its lowest temperature. The coldest temperature of the 

water for that year, therefore, was very probably in the less than 

1.2°C range. It may also be added that the 1972/73 winter was not 

considered a cold winter (see Appendix A), so a less than 1.2°C water 

temperature for a cold winter day becomes even more probable, 

It is noted from Figs. 11 and 12 that the cooling curves 

only depict conditions B and C in Fig. 3 and not condition A. This is 

because of the selection of parameters in the calculation. It can be 

seen from the trend of the curves in Figs. 11 and 12 that if the wind 

is light (say 1 m/s), the initial water temperature is low (say 0.4°C) 

and the air temperature is low (say -30°C), then condition A could be 

reached. Further information may be obtained by plotting more 

diagrams similar to Figs. 11 and 12 from the calculated values shown 

in Appendix B, or by doing further computer runs with slight 

modification to the parameters of the program. For the present 

objective here, it is sufficient to demonstrate that frazil blockage 

is a probable event under probable local hydro-meteorological 

conditions.
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5.0 
' 

CONCLUSIONS 

. 
It is shown 'from the computer computations based- on the 

first order approximate model developed here that under the combined 
conditions of low air temperature (lower than -20°C), a long lasting 

wind (blowing for 6-10 hours) with a sufficient strength (10-15 m/s) 
and a low initial water temperature (less than 1°C), the formation of 

frazil at the Darlington water intake site and the blockage of the 

water intake could occur. Although such a meteorological combination 
is not normal, it is, however, probable for southern Ontario. 
Remedial measures, therefore, should be sought to safeguard the 

operation of the cooling water system. . 
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Fig. 6. Heat Balance of an Expanding Mixing Layer.
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APPENDIX A: Correspondence and Information 
Supplied by Ontario Hydro



Environment Environnement
g Canada‘ Canada 

National water Research Institute 
Canada Centre for Inland waters 
867 Lakeshore Road 
P.0. Box 5050 

y H V” mwmre Burlington, Ontario W 6 C 

Our!»/e No!/ereleren £- 

July 20, 1982 1204'? 

Mr. D.G. Harkness 
Manager 
Hydraulics Studies and Development Department 
Ontario Hydro 
700 University Avenue 
-Toronto, Ontario 
MSG 1X6 

Dear Mr. Harkness: - 

' 

Re: Darlington NGS Cooling Water Intake - 

, 

-57311‘ .I¢e_.,5‘°°l‘»§9e '_ Risk 5"a1“a'¢l9P~ »

' 

Your letter of July 14 to Dr. Rodgers was referred to this office. 

It seems that we should be able to send you some comments on the frazil 
ice at Darlington Cooling water Intake in the first week of August. Dr. 
Gee Tsang has been assigned to prepare a response which will be in the 
form of a small report or Technical Note. 

I trust this is satisfactory. If you wish to contact Dr. Tsang or 
Dr. Y.L. Lau on technical matters please feel free to do so. 

Yours sincerely, 

.v\ ’\‘..\\L~_-Q./’ 54 . 

T. Milne Dick 
Chief 
Hydraulics Division 

cc: Head, Environmental Hydraulics Section, Hydraulics Division 
Head, Office Services Section, Hydraulics Division 
Dr. G. Tsang, Environmental Hydraulics Section, Hydraulics Division 
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I 1* fiinvironment ' Environnement 
' Canada ' .Canada '

- 

Environmental Gesiion de 
I 

Management fenvrronnemem 
A To/Q Date: 

V V"'>“H > ' ,_ 
C|'i1Ef, no/NwR1 

Q Dr. T.M. Dick 16 Juiy 1982 

' From/D0: 

_ R.J. Aiian 
A/ Director Directeur 

National Water Research Institute institut national derrecherche en can - Inland Waters DIrect__o_rage 
_ 

Direction des eaux intérieures Canada Centre for Inland Waters Centre canadlen des eaux i>ntéri_c'ur_es Burlington, Ontario Buriington (0n{a_rio‘) 
l..7R 4A6 L7R 4A6 

(416) 637-4625 

Milne:
’ 

what do you want to do with this? 
Please advise GKR. 

.-55.: 1 9 1981 
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700 University Avenue, Toronto, Ontario MSG 1X6 WI, 
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FILE‘ ~ 
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1922 7 09 416- 592-5066 

Dr. Keith Rogers I 

Director - NWRI “"““”' 
P.O. Box 5050 
BURLINGTON, Ontario 
L7R 4A6 

.-=:=L:_-- 4: ._ ~— ~ -..-4 

4’33i. 14 1982 

Dear Dr. Rogers: 

Darlington NGS Cooling Water Intake 
Risk.EvaluatiQn for Erazil Ice Blockage 

Mr. Arden of Ontario Hydro has had telephone 
discussions with.Dr. Tsang of the Institute to assess the 
possibliity of blockage of a cooling water intake of rather 
unusual design that is under consideration for the Darling- 
ton Nuclear Generating Station now under construction. 
While these discussions were mostuseful, they were based 
on an earlier design which has now been altered somewhat. 
In addition we would like to have a more formal opinion 
on the subject and we consider that Dr. Tsang is one whose 
opinion would be valued. 

As discussed with Dr. Tsang, the response should 
be fairly brief and devoid of too much technical detail 
on the physics of frazil ice formation, but would contain 
arguments in general terms to support the opinions given. 
The document will probably be used as a reference to assist 
us in presenting recommendations to senior officials for 
the final intake design. ~

y 

The current design under consideration is ill- 
ustrated in the four drawings included, which show a plan 
view of the proposed intake structure layout, a sectional 
view and two drawings illustrating the slotted modules. 
There is also a drawing depicting the water velocity field 
immediately above and adjacent to the intake structure. 
These velocities were predicted experimentally and ana- 
lytically as indicated; no cross flow from ambient lake 
currents were considered in these studies, however, the 
current in the winter is along the shore, predominately 
in an eastward direction and ranges between calm and 30 
cm/s with an average of about 13 cm/s. 

-mt \ 

>@'"r-_ 1 r ' " _ _17_n— 
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~DR. K. ROGERS 1982 O7 O9 

DarlingtgnAN§§_CQOllQq_W§§§r_IQt§ke-.. Page 2 

Some background data on the climatology of the 
north shore of Lake Ontario is included in the form ofia 
graph showing statistics of accumulated temperatures below 
freezing calculated from records of air temperatures at 
Toronto island Airport for the winter periods of 1955 to 
1982. A table is enclosed containing structural details 
of various types of water intakes along the Canadian shore 
of lake Ontario including some notes on experiences with 
ice problems. It is interesting to note that 1968 appears 
frequently as a year in which ice blockage problems were 
experienced. Relating this back to the Toronto Island 
air temperature data, it appears that the 1968 winter was 
colder than normal while the minimum one day, two day, and 
three day average temperatures for 1968 were among the 
lowest in the record. There is also a table containing 
frequency statistics based on a short (1979, 1980 and 1981) 
record of winter water temperatures recorded at 12 m and 
8 m depth: the captions on the table are self explanatory. 

We request that Dr. Tsang undertake an invest- 
igation utilizing the data described above and provide 
an opinion on the possibility of_a blockage of the intake. 
A reply by the first week of August would be appreciated. 

A 
if it is the policy of the institute to assess 

a fee for a study such as this, Ontario Hydro would be ‘ 

pleased to pay it. 
To assist us with the contractual arrangements, 

please inform me if you can undertake this project and, 
if applicable, an estimate of the amount of your fee. 

//’”\\ 
fl\\ ‘H J/2 

(( ‘£1’ 

D.G. Harkness' 
Manager 
Hydraulic Studies and 

- Development Department 

Encl.
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DARLINGTON GENERATING STATION 
DURATION OF WATER TEMPERATURE 

DURING was WINTER PERI 
(JAN-MAR) 

, 
1979- .1981 

OD 

0 - o.2°c I 

12 m depth 1.2 km offshore 

1979 

Jan 
Feb 
Mar 

Jan-Mar 

1980 

Jan 
Feb 
Mar 

Jan-Mar 

l98l 

Jan 
"Feb 
Mar 

Jan-Mar 

4 0.53% 
0 0 

_Q___i__n 

4 0.2%

/ 

17 2.3% 

17 0.8% 

8 m depth 1.2 km ofifshore 

Jan 
Feb 
Mar- 

Jan-Mar 

Jan 
Feb 
Mar 

Jan-Mar 

Jan 
Feb 
Mar

A 

Jan-Mar 

382 
396 
_§§. 

846 

222 
13 

__i 

239 

51.3% 

9.1% 

39.2% 

30.5% 
3.7% 
0.8% 

15.0% 

Note: The temperature range 0 - 0.2cC has been used because+the O - accuracy of the temperature recordlng instrument is - 0.2 C 

Zero temperatures does not necessarily mean the occurrence of 
super cooling. 

1982 06 14



APPENDIX B: Computer Program and Computed Results-
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