














6.

ANALYSIS OF SEDIMENT BEHAVIOR

6.7 Quiescent Settling

a. DEPOSITS Model

In order to allow for an initital start-up period, the model was run for a
period of four average years. The resultant steady state discharge
sediment concentrations are summarized in Table 6.1. The discharge values
range from approximately 0 to 60 mg/l for the upper portion of a dead
storage area of 900,000 acre-ft., and range from 0 to 100 mg/l for the

upper portion of a dead storage area of 5,290,000 acre-ft.

An additional run was done assuming all the volume below elevation 2,050
feet to be dead storage. In this run, the discharge was assumed to occur
uniformly over the full depth of the active storage zone, i.e. above 2,050
feet. The results are similar to those using a dead storage wvalue of
5,290,000 acre-feet. As mentioned in Section 4.3, the program neglects
dispersive mixing. The range of wvalues stated using all the different

dead storage areas is therefore probably over estimated.

The amount of dead storage selected represents a range from a minimum
value of approximately 10 percent of the total storage to maximum level
equal to the annual average difference between total and live storage as

reported in Table 5.1.

The trap efficiency predicted by these model runs ranges from 94 to 96

percent, depending on the dead storage area. The inflow and predicted

outflow sediment gradation curves are shown in Figure 6.1. It can be seen
that only particles with diameters of 2 microns or less travel through the

reservoir under quiescent conditions.

As the model does not take into account horizontal mixing, and because it
is difficult to predict the actual amount of dead storage, it is not
possible to estimate the time variation of sediment concentrations at the
discharge point.
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TABLE 6.1
RESULTS OF "DEPOSITS" MODEL RUNS
SEDIMENT CONCENTRATION (mg/1)
INFLOW OUTFLOW
DEAD STORAGE
SIMULATION VOLUME ; SUMMER : TRAP
CASE ACRE.FT. PEAK AVERAGE MAXTMUM AVERAGE MINIMUM EFFICIENCY (%)
Quiescent 900,000 1197 773 61 30 0 96
5,290,000 1197 773 95 56 2 94

Volume below 2050% 1197 773 94 54 5 94
Minimum 900,000 1197 7173 211 84 93
Mixing 5,290,000 1197 773 213 121 87

Volume below 2050% 1197 773 224 134 12 86
Maximum 900,000 1197 773 . 316 124 90
Mixing 5,290,000 1197 773 316 179 81

Volume below 2050% 1197 773 345 206 18 78

Note: * Assume uniform withdrawal over depths at discharge end of reservoir.

limited to upper 25% of depth at discharge end of reservoir.

All other runs assume withdrawal is
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b. Camp Curves

The relationship shown in Figure 4.4 was also used to calculate the amount
of sediment that would settle out in the Watana reservoir. The monthly
sediment size gradation cﬁrves shown in Figures 5.2 and the corresponding
settling velocities contained in Table 4.1 were used. The integration of
the total amount of sediment which settles out was carried out using
particle sizes of 0.5, 0.1 mm, 50, 10, 5, and 1 miecron. Monthly reservoir

velocities were calculated by the following equation:

V = average iongitudinal velocity through the reservoir (ft./s)
Q = average monthly outflow (ft.%)
K = length of reservoir (ft.)

Vol average monthly reservoir volume (ft.3)

Reservoir volumes were obtained from Table 5.1, and an average reservoir
length of 48 miles was used. Reservoir depths were calculated by
subtracting the average monthly reservoir stage from the minimum active
zone elevation of 1,350 feet, which is approximately 50 feet below the

power intake elevation.

The results of these analyses for the summer months are summarized in
Table 6.2. They demonstrate that a large proportion of the sediment would
settle out and that only particles of diameter of less than 3 to 4 microns

would leave the reservoir.

These results agree reasonably well with the DEPOSITS computer model
results. The following sections describe how these results should be
modified to give a more realistic indication of sediment concentration by

incorporating the turbulent mixing in the reservoir.
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TABLE 6.2

RESULTS OF QUIESCENT SETTLING ANALYSES
FOR THE WATANA RESERVOIR

Approximate Maximum Size of

Percentage of Sediment Sediment Partiele Running
Month Inflow Running Through Through The Reservoir
the Reservoir - % (microns)
May y 3
June 10 1}
July 21 3
August 16 i}
September 17 3



6.2 Induced Mixing

Two approaches were adopted in quantitatively ’evaluating the mixing
induced by wind, thermal input, ‘and the inflow and outflow. The first
approach involved evaluating the effect of wind wave action only. For
each month of the year, the total period in which wave heights exceéed
critical values was evaluated. The critical wave heights were those which
induce an orbital current of 2 x 10'” ft./s at depths of 25 and 50 feet

respectively.

The second approach involved using the results of the Acres (1982) thermal
modeling of Watana Reservoir. The program was modified to print out the
shear velocities associated with wind and thermal mixing in the epilimnion
and with mixing induced by inflow and outflow in the hypolimnion. The two

approaches are discussed in more detail below.

6.2.1 Wind=Induced Mixing

The main objective of this analysis was to determine the impact of
oscillating wind-induced currents on small suspended particles. A
particle settling velocity of 2 x 10'“ ft./s was arbitrarily selected
for this study. It corresponds to a particle size of approximately 12

microns {see Table 4.1).

Equations for calcuiating oscillating wave velocities at depth for a
given wave height and period have been developed by ﬁhe U.S. Army
Coastal Engineering Research Center (1977). These equations were
orbital velocities of 2 x 10~% ft./s at depths of 25 and 50 feet
respectively. Effective wind fetches were calculated for the
reservoir for each 22 1/2 degrée directional component. Using this
information in conjunction with the equations developed by the U.S.
Army Coastal Engineering Research Center (1981) for determining fetch
limited wave height and periods, and the critical wave heights
calculated previously, the corresponding critical wave speeds were
calculated. These winds speeds were calculated for each directional

component for each month during 1981, and for critical velocities
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occurring at 25- and 50-foot depths respectively. Using these wind
speeds and the results of the monthly wind speed direction duration
analyses, the percentage of time the critical wind speed is exceeding
in each month was calculated. For these analyses a water depth of 600

feet was used.

The results of the analyses for the open water period are summarized
in Tables 6.3 and 6.4. The percentage durations reflect the
integrated duration of winds from all directions during that month.
As can be seen, significant mixing to a depth of 25 feet occurs
between 35 and 55 percent of the time during the summer months except
during the month of August, when the prevailing winds were from the
north. A significant reduction in mixing occurs at the 50-foot

level.

The wave orbital velocities above the indicated depths increase over
the value of 2 x 10'” as one gets closer to the water surface. This
means that in the shallower layers, particles with settling velocities
much larger than 12 microns will be held in suspension by the wave

action.

The results of those analyses indicate that under certain conditions,
particles as large as 12 microns could pass through the reservoir. It
is important t¢ remember that these analyses are based on 1981
recorded data and do not necessarily reflect average monthly

conditions.

6.2.2 Wind and Thermal Mixing

The dynamic reservoir simulation model, DYRESM, is a one-dimensional
(vertical) ‘numerical model for the: prediction of temperature and
salinity in lakes and reservoirs. It is a comprehensive model, and

attempts to model all the mixing mechanisms within the reservoir.

The model is provided with 6 hourly averaged input data, including air

and inflowing water temperature, long and short wave radiation, and
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TABLE 6.3
.
DURATION OF WAVE MIXING TO 25-FOQT DEPTHS

-~
Month % of Month During Which Wind Waves Generate -
Orbital Velocity Exceeding 2 x 10°% re/s ;.
“j

May ‘ 4o
June LR ’?
July 35 '
August 8 . g
September 30 4
October 35 .
November 55 3
-
DURATION OF WAVE MIXING TO 50-FOQT DEPTHS f?
-
Month - % of Month During Which Wind Waves Generate 4
Orbital Velocity Exceeding 2 x 10~% ft/s -
May )4 3

June 2
—_—

August -0
September 1 -
October 0 :

November 12

El
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_____

evaporation. Withdrawal rates and changes in reservoir storage are
also specified. The model then simulates the vertical mixing due to
the meterologic foreing functions and turbulence introduced by the
inflowing and outflowing water. It 1is wvertically 1layered and
calculates the temperature and salinity for each layer at the end of
each computational period. A detailed description of the model is
given by Imberger and Patterson (1981). Acres {(1982) applied the
model to the Watana Reservoir for the May to October 1981 period. The
temperature profiles predicted by the model are shown in Figure 6.2.
Modifications have been made to the model in order to calculate and
print out the shear velocities induced by the mixing process. In the
epilimnion, the root mean sguare Sshear velocity of the velocities,
induced by convective penetration and by wind shear, and the
associated depth of mixing are calculated. This shear velocity is
assumed to be constant with depth over the calculated depth of
mixing.

Mixing in the hypolimnion is controlled by molecular diffusion énd the
buoyancy frequency between the various reservoir layers, wind shear
transferred from the epilimnion, and the inflowing and outflowing
currents. The latter terms generally are several orders of magnitude
greater than molecular diffusion. The program prints out these
velocities for each of the reservoir layers for each calculation time

period.

When interpreting the results, it should be remembered that the model
is one-dimensional, and that all the mixing parameters are averaged

Wwithin each layer over the entire width and length of the reservoir.

6.3 Sediment Reintrainment

As outlined in Section 4.5, reintrainment of particles around the edges of
the reservoir will occur, particularly during windy periods. Figure 6.3
illustrates the relationship between the.mixing depth and the pércentage
of the reservoir area in which water depths are less than the mixing
depth. This curve gives some indication of how much of the lake surface

would be subject to reintrainment. The 25-foot mixing depth calculated in



HEGHT (M)

WATER TEMPERATURE °C

| § { : |

250

200 -

X 2

X3

X4

5 -] 7 ? 9 "IP 11
i !
i

j ]
! !

S BV
' )
H

81273 % /

e it

150

100

P5701.53

DC 30 SEP 82

SUSITNA HEP
RESERVOIR TEMPERATURE MODEL
WATANA
FROM ACRES AMERICAN, INC.

FIGURE 6-2“2

Peratrovich, Notlingham & Drage. Ine.
/ Engineering Consullants



\

NOTE: CURVE VALID FOR RESERVOIR WATER LEVELS
BETWEEN 2050 AND 2200 FEET

50+
e
o 40.-
>
&
o
0 M 307
C o
LW
[og™
w '-<'- 20+
G
.-
=
>
w (-4 10—+
(&)
1
w
Q. 0 1 : [} {* 1 | |' 3 1

__‘f;
14

o 20 40 60 80 100 120 160 180 200

MIXING DEPTH (FT)

RELATICNS=IF BETWEEN MIXING DEFTH AND
FERCENTAGE OF RESERVCIR AREA AFFECTED
BY MIUNG

DTT!NGHAM 3 DRAGE, NG, FIGURE 6.3
ENGINEERING CONSULTANTS

PERATROVICH, N

@



Section 6.2 indicates that approximately 8 percent of the reservoir
surface area would be subjected to reintrainment of particles of sizes 12
microns and less, between 35 and 55 percent of the time during the summer

months (to be confirmed by reference to thermal model output).

Based on the above, it can be concluded that reintrainment would occur,
but that it would not present a major problem except during severe storm

events when the wave mixing depth exceeds 25 feet.

The results of the preliminary runs conducted on Watana using DYRESM model
summarized in Tables 6.5 and 6.6 indicate that under maximum wind
conditions, the shear velocity in the epilimnion and hypolimnion are
generally below 3 x 1073 and 1.5 x 1074 rt./s respectively. During calm
periods, these can drop to just above 3 x 10'u and 3 =x 10'5
respectively. The epilimnion values bracket the order of magnitude
numbers calculated using the wave equations as described in Section
6.2.1.

It should be noted that DYRESM Model runs to date have only been conducted
for the open water period. No data is available on the mixing that occurs
during the ice cover months. It is, however, not expected to be very
dissimilar to the values gquoted above for the hypolimnion during calm

periods.

The DEPOSITS Model was updated to allow for the reduction in the
calculated settling velocities due to shear velocities. The effective
settling velocity was assumed equal to the quiescent settling velocity
minus the shear velocity. The upper quarter depth of the water plugs in
the model were subjected to the epilimnion shear velocity an the lower
three quarters to the hypolimnion wvelocity. As before, the inflow was
assumed to be well mixed 6ver the full reservoir depth and all discharge

was taken from the top one-quarter depth.

The results’ of these model runs are shown on Table 6.1. They indicate
that discharge sediment concentrations could range from below 50 mg/l
during quiescent conditions to over 300 mg/l during windy periods.

-32-
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~ TABLE 6.5
ROOT MEAN SQUARE SHEAR VELOCITY OF VELOCITIES
o INDUCED BY CONVECTIVE PENETRATION
AND WIND SHEAR

rm

5 Month Average (fps) Maximum Minimum
o June 1.6 x 1073 2.6 x 1073 4.1 x 10'J1l
| July 1.4 x 1073 3.0 x 1073 5.0 x 102

August 1.9 x 1073 3.7 x 1073 3.3 x 1073

- o

.

[

TABLE 6.6

o=

¥ HYPOLIMNION MIXTNG SCALE

-

i Month Average (fps) Maximum Minimum
e

- June 1.0 x 102 2.3 x 1074 5.8 x 1072
e July | . 6.3 x 107 1.1 x 1074 5.3 x 107
R August 1.1 x 107% 2.0 x 10'” 5.3 % 1070
-

w



As mentioned earlier, considerable care must be taken when interpreting
these results, as longitudinal dispersion in the reservoir is not taken
into account. Also, these values are only representative of conditions
near the dam. Higher concéntrations could occur towards the upstream

reaches.
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7. PROJECTED RESERVOIR TURBIDITY

211 the anaytical work described above is based on limited data and very
idealistic models. In determining reservoir mixing velocities, the reservoir
has been treated as a one-dimensional body of water. This is a severe
limitation when one considers that the body of water is 48 miles long and

averages 1 1/2 miles wide.

In this section, an attémpt is made to project expected reservoir turbidities
under post-project conditions. Because of the analytical limitations outlined
above, these projections must be regarded as tentative order of magnitude
estimates only. The values reported apply to conditions averaged over the
reservoir, and no attempt is made to distinguish between conditions at the

upstream and downstream ends respectively.

The first step in evaluating reservoir turbidity involves projecting likely
sediment concentrations in the lake by adjusting the values predicted by the
quiescent settling qalculations for wind- and thermal-induced mixing. The
second step involves converting these concentrations to turbidity using the

curves presented in Section 4.6.

T.1 Projected Sediment Concentrations

It is assumed that sediment particles within the reservoir will tend to
remain in suspension provided the mixing velocities are equal to or
greater than the particle settling velocities. This approach tends to
overestimate the sediment concentration in the reservoir, as some settling
will still occur even when the mixing velocity equals the particle
settling velocity.

T.2 Projected Turbidity Levels

Using the suspended sediment concentration versus turbidity relationships
given in Figure 4.4, the projected lake turbidities would be in the range
of 10=50 NTU's.
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PART I
NEW ZEALAND LAKE STUDIES

Brodie, J.W., and J. Irwin, 1970, "Morphology and Sedimentation in Wakatipu,
New Zealand," New Zealand Journal of Marine and Freshwater Research, U4 (4):

479-96.

Study of the morphology of the lake floor has shown a system of current
channels developed by movement of underflows related to flood discharges
of inflowing rivers, or turbidity currents generated by slumping of
previously deposited slope sediments. For Lake Wakatipu, the surface
waters are reported to be clear at all times due the continuous sinking of

turbid inflowing water.

Irwin, J., 1968, '"Observations of Temperatures in Some Rotorua District
Lakes," New Zealand Journal of Marine and Freshwater Research, 2(4): 591-
605.

Irwin, J, 1971, "Exploratory Limnological Studies of Lake Manapouri,
South Island, New Zealand," New Zealand Journal of Marine and Freshwater
Research, .5(1): 164=T7.

Lake Manapouri develops thermal stratification by mid-summer and continues
into late fall. Near isothermal conditions exist in late winter. Water
temperatures below 200m is between 7.8° and 8.0°C throughout the year.
Surface temperature varies between 16.25°C in summer (January~March) and
8.0°C in winter (August - September). Tritium values suggest mixing has
taken place to at least 400m.

Irwin, J, 1972, "Sediments of Lake Pukaki, South Island, New Zealand," New
Zealand Journal of Marine and Freshwater Research, 6(4): 482-91.

Through most of the lake, excluding the delta slope, 80-90% of bottom
sediments are less than 8 microns. At great depths there is 1little

variation in spring and summer core samples.




No information is given in the report on incoming suspended sediment size
distribution or climatie conditions for the lake. However, the lake is
reported to be turbid throughout the year with average depth of disc

disappearances of 0.5 meters.

Irwin, J., 1974, "Water Clarity Records From Twenty-Two New Zealand Lakes,"

New Zealand Journal of Marine and Freshwater Research, 8(1): 223=7.

Four lake types were studied:

1) assoclated with glacial activity

2) associated with volecanic activity

3) ‘formed by wind

43 formed by landslide
Water clarity values are greatest in lakes of glacial origin, as these are
generally the largest rand deepest. However, values are affected by
glacial silt. Smaller and shallower lakes formed by wind and volcanie

activity have lower water clarity values,

Irwin, J., 1978, "Bottom Sediments of Lake Tekapo Compared With Adjacent Lakes
Pukaki and Qhau, South Island, New Zealand,“ New Zealand Journal of Marine and

Freshwater Research, 12(3): 245-250,

After travelling 1.3 km into the lake, 25 % of bottom sediments are less
than 4 miecrons in size. Howevef, water clarity values are low for this
deep, glacially fed lake. Average depth of disappearance of the secchi
disc was 4.9m in May 1971 and 1.6m in April 1974.

Irwin, J., 1978, "Seasonal Water Temperatures of Lakes Rotoiti and Rotoroa:
South Island, New Zealand," New Zealand Oceanographic Institute Records,
4(2): 9-15,

Irwin, J., and R.A. Heath, 1972, "Winter Temperature Structure in Lake

Atiamuri and Ohakuri, New Zealand," New Zealand Journal of Marine and

Freshwater Research, 6(4): 492-496,




Irwin, J., and V. Hilary Jolly, 1970, "Seasonal and Areal Temperature

Variation in Lake Wakatipu (Note),"™ New Zealand Journal of Marine and

Freshwater Research, 4(2): 210-6

Irwin, J., and R.A. Pickrill, in press, "Water Temperature and Turbidity in

Glacial-Fed Lake Tekapo," New Zealand Journal of Marine and Freshwater

Research

Surveys of lake temperature and turbidity suggest a seasonal cycle of
lake-river interactions. Waters are clearest in early spring. Inflowing
water either interflows or underflows down-slope to the deepest basin.
Corioclis force deflects inflowing water to the east. Lake water
stratifies as summer progresses. Significant diurnal fluctuations result
from water travelling through wide braided delta channel. Turbid water?
at 5 times the lake concentration, enters the lake as interflow. Winter
is associated with near isothermal lake water at 8°C but the lake remains

turbid. Cold inflowing water (2-3°C) underflows to deepest basin.

Jolly, V.H., 1975, "Thermal conditions," New Zealand Lakes, V.H. Jolly and
J.M.A. Brown, eds., Auckland University Press/Oxford University Press, p. 90-
105.

Important thermal regime characteristies for the New Zealand lakes
investigated show:

1 The coldest temperatures occur from the end of June to

mid=-August and full circulation for stratified lakes when

hotomictic would be at least three months.

2) Warmest temperatures are found from mid-December to mid-March,

but usually in January or February.

3) Thermoclines, particularily in large deep lakes, form late in

the warming period because of strong winds and develop very

deep epilimnia.
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1) Many relatively deep lakes do not permanently stratify, because
of the turbulent waves created by winds blowing over long

fetches.

5) The annual temperature range is not as great as that observed
in most 1lakes 1in similar 1latitudes due to mild oceanic

climate.

Jowett, I.G., and D.M. Hicks, 1981, "Surface Suspended and Bedload Sediment =~

Clutha River System," Journal of Hydrology, 20(2): 121=130.

Pickrill, R.A., 1980, "Beach and Nearshore Morphology and Sedimentation in
Fiordland, New Zealand: A Comparison Between Fiords and Glacial Lakes,™" New

Zealand Journal of Geology and Geophysies, 23: u469-U480.

Pickrill, R.A., and J. Irwin, in press, "Sedimentation in Deep Glacier-Fed

Lake, Lake Tekapo, New Zealand," Sedimentology

Major controlling processes of sedimentation in Lake Tekapo:

1) Single dominant inflow at head of lake has resulted in delta
progradation.
‘ 2) Underflows appear to be predominant inflow mechanism during

spring freshets and floods.

3) Small changes in bed morphology can produce large changes in
sedimentation rates over short distances. Morphology controls

the direction and distance travelled by underflows.

L) Across lake variaton in sedimentation rates are controlled by

Coriolis force deflecting inflowing water.

5) Seasonal cycle of sed. input controls temporal variations in

sedimentation rate and texture.




6) Lake level fluctuations redistribute coarse sediment
downslope.
7) Rotational slumping redeposits delta sediments down lake.

Pickrill, R.A., J. Irwin, and B.S. Shakespeare, 1981, "Circulation and
Sedimentation in a Tidal-Influenced Fjord Lake: Lake McKerrow, New Zealand,"

Estuarine, Coastal and Shelf Science, 12: 23-37.

Stout, V.M., 1978, "Effects of Different Silt Loads and of Hydro-Electric
Developments on Four Large Lakes," Verh International Verein Limnol, 20: 1182=
1185.

Brief review of key basin and lake characteristices for Lakes Tekapo,
Pukaki, Ohau, and Benmore including physical features, mean and maximum
SECCHI disc readings, and kinds of phytoplankton present.

Stout, V.M., 1981, "Some Year to Year Fluctuations in a Natural and in an
Artificial Lake, South Island, New Zealand," Verh International Verein Limnol,
21: 699-T02.

Both chlorophyll a content and zooplankton populations have retained
similar seasonal patterns. However, turbidity of the water in both lakes
during spring and summer months has shown significant changes from year to

year due to eclimatic variations.

Thompson, S.M., 1978, "Clutha Power Development - Siltation of Hydro-Electric

Lakes, August, 1976," Environmental Impact Report on Design and Construction

Proposals, New Zealand Ministry of Works and Development.

Report describes siltation problems in the Clutha River, processes causing

the problems and possible remedies.

Appendix 2 deseribes the method used” to determine the grain size
distribution in the total load of the river from the distribution of

sediment grain sizes on the lake bed.
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PART II
GENERAL INFORMATION

Baxter, R.M., and P. Glaude, 1980, "Environmental Effects of Dams and
Impoundments in Canada: Experience and Prospects," Can. Bull. Fish Aquat.
Sei., 205: 34 p.

Brylinsky, M., and K.H. Mann, 1973, "An Analysis of Factors Governing
Productivity in Lakes and Reservoirs," Limnology and Oceanography, 18(1): 1-
14,

Data collected from 43 lakes and 12 reservoirs from the tropics to the
arctic showed that variables related to solar energy input have a greater
influence on production than those related to nutrient concentration.
"Morphological factors have 1little influence on productivity per unit

area.

Csanady, G.T., 1978, "Water Circulation and Dispersal Mechanisms," Abraham
Lerman, ed., Lakes: Chemistry, Geology and Physics, Springer-Verlag Press,
New York, Pages 21-64

Conceptual model developed to describe lake hydrodynamies ineluding
special cases for long and narrow basins with discussions on such things
as effect of bottom friction and coriolis force, coastal jets, and

spontaneous thermocline movements near shore.

Elder, Rex A., and Walter Q. Wunderlich, 1972, "Inflow Density Currents in TVA
Reservoirs,” Paper 7, International Symposium on Stratified Flows,

Novosibirsk.

Irwin, J., 1975, "Morphology and Classification,” V.H. Jolly and J.M.A. Brown,
eds., " New Zealand Lakes, Auckland University Press/Oxford University Press,
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