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INTRODUCTION 

Upstream of Montreal, the St. Lawrence River flows from Lake St. Francis to Lake St. 
Louis by way of the St. Lawrence River itself and by way of the Beauharnois Canal. Fig. I is 
a diagram showing the general geography of this section of the St. Lawrence River. 

The Beauharnois Canal was excavated for power production and shipping purposes. It 
is approximately 25 km long, I km wide and 9 m deep. For the shipping lane, it is 
approximately 182 m wide and 10 m deep. The design carrying capacity of the canal is 7,085 
ml/s, about the total flow of the St. Lawrence River. The rate of discharge in the canal is 
controlled by controlling the water level in the forebay of the Beauharnois Dam. By 
international agreement, the water level in Lake St. Francis is maintained at a fairly 
constant level. The water level in the forebay thus controls the hydraulic gradient in the 
canal. Because of shipping reasons, there is a lower limit for the water level in the forebay. 



The cross-sectional shape of the Beauharnois Canal is fairly uniform along its length. 
Figure 2 shows a typical cross section. The hydraulic radius and the wetted perimeter of the 
canal; approximately the depth and the surface width of the canal respectively, are shown in 
Figures 3 and 4. It is seen from Figures 3 and 4 that the hydraulic radius and the wetted 
perimeter of the canal are also fairly uniform. The flow in the Beauharnois Canal, thus, may 
be approximately considered as a uniform flow. 
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The normal flow velocity in the Beauharnois Canal is about 0.75 m/s. This flow velocity 
delays the formation of an ice cover over the canal. Therefore, under natural conditions, 
although an ice cover would form over Lake St. Francis early in the winter, Beauharnois 
Canal would remain open until quite late in the winter, if an ice cover would form at all. An 
open water surface means more heat loss to the atmosphere and more frazil ice produced in 
the water, and consequently more operational problems because of the presence of frail 
ice. To alleviate these problems, the formation of an ice cover cn the canal is accelerated 
by placing ice booms across the canal early in the winter as shown in Figure 5. The booms 
detain the drift ice in the river and initiate ice covers in front of them. The ice covers grow 
as more ice is accumulated to the upstream edges of them. A continuous ice cover over the 
canal is formed when the ice covers in front of the booms grow into each other. 

The Valleyfield Bridge also catches ice floes between its piers and in so doing also 
initiates an ice cover. For this reason, it may be considered as an additional ice boom. 

The transformation of the Beauharnois Canal from an open channel flow gradually to 
an ice covered flow as the winter progresses means that the resistance of the canal to the 
flow will also change with the season. For operational reasons, there is the need to 
understand how the hydraulic resistance of the canal changes as winter sets in, so the 
utilization of the water resources may be maximized. From the scientific point of view, the 
change of the hydraulic resistance of a natural river as it progressively changes from an 
open channel to an ice covered flow has not been well studied. An exploratory study using 
the Beauharnois Canal as an example therefore should shed some light on this interesting 
topic. 

In this paper, the change of the hydraulic resistance of the Beauharnois Canal as it 
changes progressively from an open channel to an ice covered flow will be studied. The 
effect of frazil presence on the resistance of the canal will also be investigated. The aim of 
the study is to see what factors affect the resistance of a natural river in winter, and the 
quantitative effects of these factors. 



The resistance of ice covered rivers has been studied by many researchers, among 
them Pavlovskiy, 1931; Latter, 1933; Belkon, 1938; Sabaneev, 1948 (see Nezhikhovskiy, 
1964), Levi (1948), Chow (1959), Carey (1966), Hancu (1967), Yu et al (196.3) and Larsen 
(1969). The above works were summarized by Uzuner (1975) and a state of the art review 
was published by Pratte (1979). In all the quoted studies, the ice covered flow is divided into 
two parts; the upper part that is considered to be solely affected by the ice cover and the 
lower part that is solely affected by the river bed. As a result of these studies, a multitude 
of formulae (nine, according to Uzuner’s count) were proposed, relating the composite 
Manning’s roughness coefficient (no ) to the Manning’s roughness coefficients of the river 
bed (nl) and the ice cover (n2) . 

The large number for formulae creates problems because for given values of n, and 
n2, quite different values of nD can be obtained depending on the formula used (Uzuner, 
1975). The above problem is further complicated by the fact that in practice, it is usually 
n, and no that are measured and nz, is subsequently calculated. Because of this, all 
formulae seem to work because they simply reobtain the measured no from the derived n, 
and the measured “1, a self-fulfilling prophecy. Unfortunately however, in the literature 
where the values of n2 are listed, it is seldom mentioned how the values were obtained and 
which formula was used. This, of course, makes the appropriate use of the n2 +es 
difficult. The above also explains the wide range of variation of the nz values m the 
literature for similar ice cover conditions. In spite of their number, the above formulae are 
also incapable of describing the flow in partially ice covered rivers or in rivers laden with 
frazil ice. 





The following derivation will show how an ice affected flow may be treated as an open 
channel flow with a modified roughness coefficient: 

Figure 6 is a section of a river with a partial ice cover. For this river section, if AX is 
sufficiently long, then from force equilibrium, one may write 

pgAw Ah = ‘bAb + 7iAi (6) 

where p is the density of the water, Aw, Ab and Ai are the cross-sectional area of the river, 

the area of the river bed and the area of the ice cover respectively, Ah is the head loss 
across the section and ~~ and ‘ri are the shear stress on the river bed and on the ice cover 

respectively. Since Ab=PbAX, where Pb is the wetted perimeter of the cross section and 

AX is the length of the river section, Equation 6 may be rewritten as 

pgAwS = ~~~~ (I + T~A~/T~A~) (7) 

where the hydraulic gradient S is equal to Ah/ CIX. 

Denoting the shear stress ratio T~/T~ by rs and approximately considering AilAh as the 

fractional surface ice coverage of the river Ci, Equation 7 may be rewritten as 

pgRoS = ~~ (I + rsCi) (8) 

where R. is the hydraulic radius of the river if the ice cover is removed. 

The solid line curve in Fig. 7 is the velocity distribution of an uniform open channel 
flow, the stress on the channel bed can be shown by dimensional analysis to be given by 

Tb = apV2 (9) 
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where a is a proportional coefficient. When the channel is ice covered or when the flow is 
frazil ice laden, it is seen from Figure 7 that if the rate of discharge and the stage are to be 
maintained the same (by tilting the flume if the open channel flow is in a flume), the 
velocity distribution curve will be changed to that shown by the dashed and the dash-dotted 
line curve respectively. In both cases, the velocity gradient in the boundary layer at the 
river bed will be increased and this, in turn, will lead to a greater shear at the river bed. To 
take the above effect into account, a multiplying factor + greater than unity may be 
introduced to Equation 9. It should be noted that similar velocity modifications will also be 
produced by partial ice covers and by the presence of frazil ice in partially or completely ice 
covered rivers. The degree of modification is determined by the percentage of ice cover on 
the river, the shape of the partial ice cover, the concentration of frail ice in the flow C 
and the stress on the ice cover, or more precisely, the ratio of the shear stress on the ic 4 
cover to the shear stress on the river bed. Thus, to conclude, the shear stress on the river 
bed of an ice affected flow is given by the following equation: 

Tb = * (rs, Ci, Cf, shape of partial ice cover) a i, v2 (IO) 

For an ice free, open channel flow, one has rs=O, Ci=O. Cf=O and +=I. 

The substitution of Equation 10 into Equation 8 leads to 

[ 

~~~~~~_~_~__~___~~~~~ 
112 

V= -- 
* (rs, Ci, Cf, shape of partial ice cover) +‘s i 1 (&)l’2 Ro”’ 5”’ (II) 

It is well known in the derivation of the Chezy equation that (g/a) 
l/2 

m the above equation 
is the Chezy’s C under open flow conditions. The above equation, thus may be writren as 

V= [,(&Cir] l” CoR;‘2S1’i 

where Co is the Chezy’s C of the river under open water conditions. The above equation 
states that for the flow in an ice affected river, as far as the mean flow velocity is 
concerned, it may be treated as an open channel flow, only that now the Chezy’s roughness 
coefficient Co has to be multiplied by a corrective coefficient 

[ 

I 

11 

112 
4 = * (I + rsci 

which is less than unity. According to earlier discussions, @ is a function of the ice 
condition in the river. Therefore, it should be determined by the accumulated effects of the 
hydro-meteorological conditions. 

Extending the above conclusion to the Darcy-Weissbach equation, one sees that a 
corrective coefficient @ may also be introduced to the Darcy-Weissbach equation to modify 
the friction coefficient ff because of ice presence. From Equation 4, one sees that 



EXPERIMENTAL FlNDINGS 

The field data for the eight winters from 1967-68 to 1973-74 were used in the study. 
The data were collected on a daily basis. The hydro-meteorological and ice data were 
obtained by Quebec-Hydro and the water level data were derived from Canadian 
Hydrographic Service records. The length of the canal studied was from the entrance from 
the lake to Penn Central Bridge (see Figure I). The head difference across this length was 
obtained by subtracting the water level at Melocheville Lock from the water level at Coteau 
Landing (see Figure 1). The gauging stations were accurate to 0.3 cm (0.01 ft.). The 
discharge data used were obtained from the rating curve of the turbines (passing about 99 
percent of the discharge) and the rating curve of the spillway (about I percent of the 
discharge). The rates of discharge so measured were very accurate. Detailed handling of 
the data will not be shown. Only findings from analyzing the data will be reported here. 

Change of Hydraulic Resistance with Time 

If one denotes 

I L (I 4 l/2 
C= 

* +‘s i 
co = $C 

0 

and calls it the equivalent Chezy’s C, then C may be evaluated and plotted against time as 
shown in Figure 8. 



Although Figure 8 is plotted for the winter of 1972-73, the curve is typical of all the 
studied winters. It is seen from FigurF,28 that before ice was produced in the canal, the 
Chezy’s C of the canal was about 42 m Is. The corresponding Dxcy-Weissbach’s friction 
coefficient f was 0.044. Immediately following the formation of ice in the canal, there was 
a period A of several days in which the equivalent Chezy’s C quickly fell to about 

21 m “’ /s. According to the Chezy equation, this means that under identical conditions, 
the canal now could only convey half the discharge conveyed by the canal before the 
production of ice in the river. It is worth noting that most of the reduction of the equivalent 
Chezy’s C took place in the couple of days immediately following the appearance of ice in 
the canal. Following period A, there was a much longer period B that lasted until the end of 
the ice season. In this period, the equivalent Chezy’s C first gradually increased to a 
maximum value, then it declined once more before finally increasing to the open water value 
at the end of the period. 

The above variation of the hydraulic resistance of the canal with time was not 
accidental. The plotting of the corrective coefficient $ versus time for the eight studied 
years also shows the same pattern as may be seen from Figure 9. It may be noted that the 
equivalent Chezy’s C and the corrective coefficient + are different only by fairly constant 
multiplication factor Co, the Chezy’s C for the ice-free water flow. 

It is seen from Figure 9 that under summer flow conditions, the corrective coefficient 
$ fluctuated about unity. As ice began to appear in the canal, $ was quickly reduced to its 
minimum value in a few days. For the winter of 1970.71, the minimum corrective 
coefficient occurred only one day after the day of first ice appearance. It may be pointed 
out here that the word ice could mean any kind of ice, from frazil ice to ice cover. 



After the minimum point, 4 recovered slowly and reached its maximum slightly over 
midway into the ice season. After the maximum, $ once again began to decline until the 
day of breakup. Following breakup, 0 might begin to increase quickly to its preseason value 
of about umty, or it might have a big dip in value first, before finally rising again to its 
preseason value. 

Based on Figure 9, generalized curves for the variation of @ with time were plotted as 
shown in Figure 10. In Figure 10, the upper curve and the lower curve are the upper bound 
and the lower bound respectively and the middle curve is the mean C$ versus time curve. 
Based on the mean curve, one sees that following the first appearance of ice in the canal, 
the corrective coefficient is quickly reduced to its minimum value in about a week. Most of 
the drop of the @ value takes place in the first day or two immediately following the 
appearance of ice in the canal. In exceptional cases, the minimum value may be reached in 
only one day but in no case will it need more than two weeks to reach the minimum value. 
After the minimum point, 0 increases slowly, reaching a maximum at about three fifths the 
time of the ice season. Following this maximum point, @ decreases slowly once again until 
the day of ice breakup. Following ice breakup, 0 may increase to above the upper bound 
curve right away, or it may take a dip first, sometimes to beyond the lower bound curve, 
before rising agam to above the upper bound curve to reassume its preseason value of about 
unity. 

The curves in Figure 10 were derived from the Beauharnois data and therefore are only 
valid for the Beauharnois Canal. There is, however, reason to believe that similar 
relationships should hold for other natural rivers of comparable capacity. Such a 
postulation, of course, depends on experimental support from analyzing the field data 
obtained from such rivers. 



Physical Reason for Variation of Hydraulic Resistance 

According to Equations 10 and 13, one sees that the correc~ve coeffnent 0 1s a 
function of the fractional ice coverage ~1 the canal C., the area1 shape of the partial cover, 
the shear stress ratio r and the concentration of f&l ice in the flow C To study the 
effect of Ci on $, Ci k3d $ were plotted against time on the same graph a exemplified in F 
Figure II. 

It is clearly seen from Figure II that a high fractional ice coverage was not the reason 
for a high hydraulic resistance, or a low 0, at least not for the initial period (period A) and 
the ice covered period prior to breakup. It is seen from Figure II that from December 16, 
1972 to December 18, 1972, although the corrective coefficient @ was reduced from unity to 
0.62, the canal was only 8 percent ice covered. From December 18 to 19, Figure II shows 
that $ remained unchanged despite the fact that the ice coverage was increased from 8 
percent to 44 percent. In the period from December 20, 1972 to January 3, 1973, one sees 
that although the surface ice coverage varied in the range of from 33 percent to 90 percent, 
no large change in 0 was observed. Based on the above facts and bearing in mind that 
similar observations were also made in other years studied, one may conclude that a high C. 
was immaterial to a low 4. Since the effect of C. on @ is small, one may go further and sa$ 
that the area1 shape of the partial ice cover should also have little effect on 6. 



It is zeen from Figure II that in the initial period, low $ values occurred at low C. 
values. In this initial period, a low Ci not only meant a small ice cover, but also that a large’ 
part of the ice cover was in the form of border ice. The total drag on the ice cover thus 
should not be an important factor in affecting the value of $ in the initial period. If follows 
that for the initial period, the shear stress ratio r should also not be an important 
parameter in affecting Q. As a matter of fact, in c&s when C. is practically zero and $ 
assumes a small value (frazil laden flow), r does not even exist! After ruling out C., the 
shape of the partial ice cwer and r as imp&ant parameters in affecting 4, from Equa!tions 
II and 13, one sees that the presen& of frazil ice now is left as the predominant controlling 
factor for the hydraulic resistance of the canal. 

The prominence of the effect of frazil ice on the resistance of the Beauharnois Canal 
was clearly seen for all eight years studied. It is seen from plottings similar to Figure 1 I 
that for the eight year period, the lowest $ values all occurred when the ice coverage was 
small and the presence of frazil ice was evident. 

It should be pointed out that the substantial effect of Cf on 0 was produced by the 
presence of only a small quantity of frail ice. A study of the water temperature recordings 
for the eight studied years showed that in all the open water flow periods immediately 
before the appearance of frazil ice in the river, there were only aofew days for which the 
water temperature reduction from the previous dayowas more than.1 C and nong of the daily 
water temperature reduction was greater than 1.25 C. Using the figure of 1.25 C per day in 
water temperature reduction as the measure of heat loss from the water, the production of 
frail ice in the canal can be calculated to be 1 percent per day after the water temperature 
had reached the freezing point. Referring to Figure II, one sees that from December 16, 
1972 to December 18, 1972, the quantity of frail ice that could be produced in the canal 
would be at most two percent, more likely less. However, such a small percentage of frazil 
ice caused a reduction in 0 from unity to 0.62, or that the canal lost 38 percent of its 
conveyancy capacity because of the presence of less than 2 percent of frail ice. 

It should be noted that frail ice has a greater presence than its percentage in water. 
A seemingly very thick frail slush usually contains only a few percent of frail ice. The 
large loss of the conveyance capability of the Beauharnois Canal because of small 
percentage frail presence therefore is not surprising. 

The substantial influence of Cf on Q can be further SW) from the $ venus time curvr 
for 1974-75 shown in Figure 9. It LS seen from this curve that in the spring of 1975, a 
suspected major ice jam caused a sharp increase in the hydraulic resistance of the canal. 
The corrective coefficient + was reduced in one day from 0.85 to 0.65 and to 0.60 in the 
subsequent days. However, such a reduction in @, both in the amplitude of the drop and in 
the least value of @ reached, was moderate compared to the reduction in @ because of frazil 
presence. Of course, one should bear in mind that the frazil effect was the accumulated 
effect of the whole canal of 25 k m while the ice jam infllwnr.- was likely produced by a 
localized jam. 

At the end of period A and at the beginning of period 8, 4 had the least values and the 
hydraulic resistance was the highest. In this short time interval, the frail ice clogged the 
canal and accumulated to the banks, the border ice and the underside of the partial ice cover 
in the form of frail slushes. The frail slush has a high “apparent viscosity” and this is 
suggested here as the reason for the high hydraulic resistance. A high hydraulic resistance 
meant that the flow velocity in the canal was reduced and the frail ice was able to float to 
the surface. The freezing of the surface layer of the frazil slush added to the ice cover on 
the canal. After the canal was largely ice covered, the heat loss to the atmosphere from the 
water was greatly reduced and little frazil ice was produced in the river. Thus, following 
the onset of period 8, a gradual reduction in hydraulic resistance or a gradual increase in 4 

Ivas see”. 
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The reduction in hydraulic resistance was the result of the compacting, consolidation 
and erosion of the frazil slush and the general “smoothing” of the underside of the ice cover. 
It is seen from Figure II that the corrective coefficient began to decrease after the canal 
was largely ice covered. In about two months, the corrective coefficient increased from the 
minimum value to the maximum value. From Figure 10 one sees that the difference in $ 
between the maximum value and the minimum value for the mean curve was about 0.25. 
Thus, following the formation of a complete ice cover over the canal, the smoothing process 
could increase the flow in the canal by as much a.5 25 percent. The condition of the ice 
cover therefore is very important to the resistance and the conveyancy capacity of a natural 
river. 

The ice conditions, including the conditions of the frail ice, were also responsible for 
the existence of the range of 4 between the upper bound and the lower bound curves in 
Figure 10. It is seen from Figure 10 that the ice condition effects were more important for 
the earlier part of the ice season as was evident by the large distance between the upper 
bound and lower bound curves. As the season progressed, the distance between the two 
curves was reduced. Presumably, if the ice season was long enough, the lower bound curve 
would eventually approach the upper bound curve and coincide with it at the maximum point. 

It is worth noting that in a natural river with a significant flow velocity, the river is 
seldom completely ice covered. There are often some open patches in the ice cover to 
provide some heat exchange surfaces for the flow to dissipate the frictional and geothermal 
heat gain to the atmosphere (Cartens, 1970). For the Beauharnois Canal, openings were 
often created behind the ice booms. Because of these openings the canal could be at most 
zkout95 percent ice covered as shown in Figure II. 

Following the point of maximum 0, it is seen from Figure 10 that the resistance of the 
canal once again began to increase. This was due to the fact that towards the end of the 
winter, the heat loss to the atmosphere became less than the heat gain from friction and 
terrestrial heat inflow. As a consequence, the temperature of the water was slightly 
increased. 

According to Ashton and Kennedy (1972), an underflow only fractions of a degree 
above the freezing temperature can produce undulations to the underside of the ice cover, 
undulations thus were formed to the underside of the ice cover on the Beauharnois Canal 
towards the end of the winter. These added roughnesses increased the resistance of the 
canal and decreased the value of 0 as shown in Figures 9 to II. 

It is seen from Figure 9 that following the breakup of the ice cover, $ would either 
quickly increase to the summer open water flow value, or it might decrease suddenly, before 
rising again to its summer value. The reason for the sudden drop in x$ was because of the 
development of ice jams in the canal, be they mild or severe. It is learned from ice jamming 
studies that ice jams will only be developed when the ice cover is unconsolidated. In the 
spring,this means that ice jams can only be developed following the breakup. The ice jams 
increased the resistance of the canal and reduced the value of the corrective coefficient. If 
the river ice melts away without developing into a jam, then the river resistance will be 
quickly reduced and the sudden reduction of 0 will be missing. 

From the above discussions, one sees that the resistance of a natural river in general, 
and the resistance of the Beauharnois Canal in particular, undergoes a continuous change 
throughout the winter as a consequence of the continuous change of the ice conditions in the 
channel. To assign a constant Manning’s n to the ice cover, as is conventionally done in 
hydraulic engineering, to describe the resistance of an ice covered flow, thus is inadequate. 



During analyses of the data, the effects of wind (speed and direction), rate of 
discharge, stage and other hydro-meteorological parameters on the resistance of the canal 
were also examined. The examination showed that the effects of all these hydro- 
meteorological parameters were only secondary cornDared to the influences prcduced bv the 
ice. 

CONCLUSIONS AND DISCUSSIONS 

The study showed that the conventional way of assigning a Manning’s n to the ice cover 
of a river is inadequate to describe the resistance of a river in winter. Even if one allows 
for the variation of the Manning’s n of the ice cover as the condition of the ice cover 
changes, such an approach is still less than desirable because it is incapable of handling the 
situation when the river is partially ice cover or when the river is only frail laden. The 
shown approach of continuing to consider the ice affected flow as an open channel flow and 
modifying the roughness coefficient by a time depending, but Vendable corrective 
coefficient seems to be a better way to approach the problem because it can describe the 
flow of a river year round. The Chezy equation and the Darcy-Weissbach equation are 
considered better equations to be used than the Manning equation to describe the ice 
affected flow. 

From analyzing eight years of data collected from the Beauharnois Canal, one sees 
that the corrective coefficient followed a well defined pattern following the day of first ice 
appearance in the canal. The study showed that the presence of a small percentage of frail 
ice in the flow could substantially increase the resistance of the canal. In the first few days 
immediately following the formation of ice in the canal, the few percent of frazil ice 
present in the water could reduce the corrective coefficient from unity to from 0.7 to OS, 
meaning that now under otherwise identical conditions,the canal could only carry 50 to 70 
percent of the flow. For the Beauharnois Canal, the frazil effect was found to be even 
greater than the effect of spring ice jams in the eight-year study period. The percentage of 
ice coverage on the river on the other hand was found to be an unimportant factor in 
affecting the resistance of the river, at least not for the early part of the winter. 

Following the initial, frazil laden and ice cover forming period was a period of 
“smoothing” in which the compacting and consolidation of the accumulated frazil slushes and 
the general smoothing of the roughness of the underside of the ice cover led to a gradual 
increase of the corrective coefficient. At the end of this smoothing period, the corrective 
coefficient attained the maximum value ranging from 0.8 to 0.93, meaning that at this point 
the presence of the ice cover only caused a reduction of the conveyancy capacity of the 
canal by 7 to 20 percent. The 7 percent reduction probably should be considered as the goal 
to be aimed for in managing the ice cover. 

After the maximum 0 point and towards the end of the winter, the warming up of the 
underflow water resulted in undulations produced to the underside of the ice cover. The 
undulation increased the resistance of the canal gradually until the ice cover broke up. If 
the broken up ice cover jammed, a sudden increase in hydraulic resistance of the canal for 
the jamming period should be expected, otherwise, the melting or the discharge of the 
broken up ice should lead to a unity corrective coefficient in a reasonably short time. 

From this study, an interesting alternative operational procedure seems possible. For 
the Beauharnois Canal, because the water levels in Lake St. Francis and in the forebay are 
regulated to vary within small ranges and the channel is deep, according to the Chezy 
equation, the rate of discharge would be approximately proportional to the equivalent 
Chezy’s C or the corrective coefficient. Also since the Beauharnois power station is 



operated under a constant head difference (more or less), the rate of power production 
therefore should also be approximately proportional to 6. The 0 versus time curves in 
Figure 10 thus can be approximately considered as the dimensionless curves for the power 
production by the power station. 

To make the discussion clearer, the mean curve in Figure 10 is replotted in Figure 12. 
From the above discussions, one sees that the area under the flat part of the curve over the 
time span of one day would represent the power produced in one day under summer 
conditions. In Figure 12, this area is denoted as A Now, if instead of managing the ice in 
the canal in the traditional way, one stops the flow% the canal altogether for a few days as 
soon as ice begins to appear in the canal and reopens the power station after a static ice 
cover over the canal is formed, then the power production curve will be changed from the 
mean @ versus time curve obtained from the present study to the step curve shown in Figure 
12. In Figure 12, the area A, represents the power loss because the close down of the power 
station and the area A 2 represent the power gain because a smooth ice cover now is over the 
canal. The difference between A 2 and A, represents the net gain of power throughout the 
winter season because of the new mode of operations. 

From Figure 12, the following table can be constructed: 



Table I Power Gain/Loss by Forming a Smooth Static 
Ice Cover over Beauharnois Canal 

No. of days of close down II 2 4 6 8 10 I2 

A - A or 2 , power gain and loss 7.30 5.42 3.68 1.96 0.21 -1.53 -3.27 

Note: 4 - A in units of , 2 power production/normal day. 

It is zeen from Table I that if a smooth ice cover over the Beauharnois Canal can be 
iormed in less than eight days, it would be more advantageous to operate the power station 
by the alternative mode of ice management. In deriving Table I, the mean + versus time 
curve was used which gives a maximum 6 of about 0.87. If a static ice cover is to be 
formed over the canal, it is likely that the maximum + will not be 0.87, but 0.93 as given by 
the upper bound curve. Under such a situation, the area A will be greater than that shown 
in Figure 12 and to manage the ice cover by the alternative mode becomes more 
advantageous. 
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DISCUSSION : 

8. Michel 

Would you not say that your method is site specific, and cannot be generalized to all 
rivers or, at least, used to predict the effects of artificial changes 

Reply by G. Tang 

I would say that the @ curve I obtained shows the general pattern of the resistance 
changes of a natural river as it changes progressively from summer open water flow to 
winter ice covered flaw. 1 shall deliberate more on this matter when I answer the 
discussions below by Messrs. Webb and Liou from the St. Lawrence Seaway Authority 

W. E. Webb and M. Liou 

The author’s new approach to develop an equivalent Chezy’s C seems to be very useful 
for hydraulic resistance calculations with partial ice coverages. Especially when the overall 
ice thickness is not known, any Manning coefficient obtained by assuming ice thicknesses is 
inaccurate. 

In the case of Beauharnois Canal, we would like to point out first that the flow 
reduction of the powerhouse in the beginning of the winter is a routine procedure of Hydro- 
Quebec to accelerate the ice formation in the canal. At the ice boom no. 745 (22707), there 
is a pressure measujiing device recorded in the powerhouse. Under the flow condition of 
250,000 cfs (7080 m is) without ice loadmg, the pressure measurement indicates 9 kips (431 
Kilopascals). Once the ice formation starts the pressure reading at the boom increases. 
When the pressure reaches 12 kips (575 Kilopascals), an alarm alerfs the powerhouse 
operator who then progressively reduces the flow to 160,000 cfs (4531 m Is) within hours in 
order to form an ice cover. This first stage flow reduction normally takes 3 to 4 days until 
the area from boom 745 to the upper limit of the small cross-sectional area of the canal is 
covered with ice. By this time usually Lake St. Francis is also covered with ice. The fecond 
stage is then to reduce the powerhouse flow further to about 140,000 cfs (3965 m Is) to 
stabilize the ice cover in the canal and continue with its formation by supplementing it with 
ice taken from Lake St. Francis with the aid of a mini-icebreaker. Depending on wind 
conditions and air temperature, the ice stabilization usually takes about 7 to 8 days. After 
that the powerhouse flay/ is gradually igcreased to the normal capacity between 220,000 cfs 
and 250,000 cfs (6230 m is and 7080 m is). 

A very interesting point is that the variation of the calculated equivalent Chezy’s 
Coefficient for Beauharnois Canal from December 72 to March 73 shown in Fig. 8 of the 
paper is almost identical to the variation of the flow change during the same period which 
was controlled by the gate openings at the powerhouse (Fig. 13). 

It is not surprising to have the same results for all the eight years studied, because the 
flow is reduced at the powerhouse every year the same way. 

It would appear that the canal lose of 3X percent of its conveyancy capacity under only 
8 percent of ice coverage and less than 2 percent of frail ice between December 16 and 
December IX, 1972 was in fact mostly due to the flow reduction and not as concluded by the 
author due to the frazil slush in the canal. It would be logical to suggest that in order to 
investigate author’s conclusion calculations for another canal under a constant flow 
condition during the ice formation period would be interesting. 



FIGURE &VARIATION OF HYDRAULIC RESISTANCE OF BEAUHARNOIS CANAL 

WITH TIME 

FIGURE 13. HYDRO-QUEBEC SEASONAL FLOW REDUCTION AT BEAUHARNOIS 

POWERHOUSE 1972 - 73 



Reply by C. Tsang 

To answer the points raised in the above discussion, let us rewrite Eq. 12 in the 
following form: 

where Q is the rate of discharge in the river, C is the equivalent Chezy’s C as defined in Eq. 
15 and A is the flow area. For a reach of a wide river, the above equation may be 
approximately rewritten as 

Q = cwn3~2 o (AE/L.)“~ (17) 

where W is the width of the river, H is the depth of the flow after adjusting for the ice 
cover, L is the length of the reach an8 AE is the head difference between the two ends of 
the reach. 

For a well defined channel, W should not be significantly affected by the stage or the 
rate of discharge in the river, so W may be approximately considered as a constant. For the 
Beauharnois Canal, such an approximation definitely is valid. 

For the adjusted depth of the flow, it is defined by the followmg equation: 

v. 
Ho = H - 0.92Tie = H - 0.92 $L (Ia) 

where H is the depth of the flow, measured from the river bed to the free surface at river 
openings, T. is the equivalent ice thickness and V. is the total ice volume in the reach. 
From the ad&e equation, one sees that when the rivkr is partially ice covered, the adjusted 
depth is obtained by assuming that the ice volume of the partial ice cover is spread over the 
whole water surface. For a deep river, T. is small compared to H so H and H may be 
approximately considered as being equal. I% the Beauharnois Canal, the I%gest ice cover 
thickness is about 0.8 m attainable towards the end of the ice season. Comparing this ice 
thickness with the channel depth of about 10 m, one sees that the presence of ice in the 
canal can change the adjusted depth by about 8 percent. If such an error range is 
acceptable, then H in Eq. 17 may also be considered as a constant. For the early part of 
the winter season, ?he ice thickness is much less than 0.8 m so the error range should be 
much less than 8 percent by assuming a constant H,,. 

Following the above discussions and seeing that the length of the river reach L is also a 
constant, Eq. 17 then can be expressed as 

Q =AE l/2 c (19) 

According to the above equation, if Q is to be similar to C, AE has to be a constant. 



AE is plotted against time for Beauharnois Canal for the winter of 1972-73 as shown in 
Fig. 14. It is seen from Fig. I4 that AE was not a constant so the Q-curve and the C-curve 
for 1972-73 are not “almost identical” as Messrs. Webb and Lieu claim, but bear a time 
dependant relationship. 

It IS mterestmg to note from the above pmrting that from December 16, to December 
18, 1972, a small head difference reduction, or a slight raise of the forebay water level was 
sufficient to reduce the flow rate by nearly 50 percent. On the other hand, from December 
29 to 31, 1972, althought the head difference was almost doubled, the rate of discharge was 
only increased slightly. Another interesting time interval is between March I4 to 18, 1973. 
In this time interval, although the head difference was halved, the same rate of discharge 
was sustained. 

According to Eq. 17, the discharge curve and the equivalent Chezy’s C curve would be 
similar for an unregulated connecting channel between two large reservoirs whose surface 
elevations fluctuate little so AE can be considered as constant. The more fluctuation of the 
surface elevations in the two reservoirs, the more departure of the Q-curve from the C- 
curve. For the Beauharnois Canal, it is seen from Fig. 14 that there were three periods in 
the winter of 1972-73 in which AE fluctuated within small ranges only. For these three 
periods, the Q-curve and the C-curve therefore would show some degree of resemblance, 
although to different scales. It is these large period resemblances that had led to the 
deception that the two curves are “almost identical”. 



Since the Beauharnois Canal is regulated and an ice management program is in force, 
one may argue that because the ice conditions in the canal are controlled, the $-curve 
shown in Fig. 10 should be site specific rather than reflecting the general pattern of the 
resistance of a river in winter. While such an argument can only be clearly and convincingly 
answered by studying some other rivers, regulated and unregulated, systematically, there are 
reasons to believe at this point that Fig. 10 should reflect the general pattern although this 
general pattern is somewhat modified by the individual characteristics of the Beauharnois 
Canal. The reasons are, first of all, during the initial period of frail ice production and ice 
cover formation, the period that is quite deterministic of the later resistance behaviour of 
the river, the quantity of ice in the canal is small so the ice control devices had not become 
effective and the canal may be considered as unregulated as far as ice conditions are 
concerned. Secondly, from the paper by Mr. David Witherspoon immediately following this 
paper, one will see that for the International Rapids Section of the St. Lawrence River from 
Cardinal to Cornwall, the ice, which is much less controlled than that in the Beauharnois 
Canal, or at least is controlled differently, the discharge curves for the three subsections of 
the section all exhibit the same basic shape as the discharge curve shown in Fig. 13. Since 
the International Rapids Section is only a little upstream of the Beauharnois Canal and the 
control of these two sections of the river follows a similar operational procedure, the Q- 
curve and the C-curve (or the O-curve) for the International Rapids Section should bear a 
similar relationship as that for the Beauharnois Canal. In other words, the C or O-curve of 
the International Rapids Section should be similar to that shown in Fig. 8 or Fig. 10. 


