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1.0 INTRODUCTION

As a part of the on-going environmental studies for the project, we
have completed the first phase of tre calibration of the computer
model for instream ice. This report deals with the freeze-up in
the reach from the confluence at Talkeetna to Gold Creek for the
1982-83 season, as shown on Exﬁﬁit 1. This reach includes a number
of the more important sloughs, and is expected to experience a
greater change in winter regime than the downstream river reach.
Data has been collected in this reach since 1980 and includes the

most complete data on the river.

Calibration studies will continue and will be reported later.
These further studies will include:

1. Additional simulations for the freeze-up from Talkeetna to Gold
Creek based on 1983-84 data now being collected.

2. Complete winter simulation, including freeze-up, ice cover
thickening and ice cover melting. The break-up of the ice
cover can only be qualitatively estimated since modelling of
this highly complex phenomenon is not presently reliable. Ice
jam stages may be estimated with present analytical techniques,

if the location of jams are known.

1.1 Environmental Work Plan

The sequence of enviromental studies in progress for the river is
shown on Exhibit 2. According to this exhibit, the critical input
data for the instream ice model are the discharge hydrograph and
temperature time history for releases at the dam(s). The instream
hydraulic model (HARZA-EBASCO) and instream temperature model — #ni~“
(AEIDC) will also be required for final instream ice runs. = o =

However, for preliminary runs, the instream ice model will include



computations for open-water surface and temperature profiles for

convenience.

2.0 DESCRIPTION OF MODEL

The basic program, ICECAL, has been developed by Darryl Calkins of
the Cold Regions Research and Engineering Laboratory (CRREL), U.S.
Army Corps of Engineers. The program documentation is included in
Appendix A. Mr. Calkins provided assistance in installing the
program on the H-E system and continues to proy}de‘adyicg on

assessment of program output.
In summary, the program requires the following daily input data:

Upstream Boundary

Water Discharge
Water Temperature

Frazil Ice Discharge « (¢ aw el g
. . e " .

Within the Reach

Channel Cross-sections

Channel Roughness

Air Temperature

Wind Velocity

Downstream Boundary

Stage Hydrograph
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Water Discharge

For the first day of the simulation period, the program computes
the open-water surface profile and temperature profile. During
each day, including the first day, the model determines the total
ice produced, evaluates potential ice bridging sites, and advance
of the igading ice edge and thickening of the cover. In addition,
the border ice is simulated at various open-water sections in
accordance with calibrated coefficients. After the ice front
advances from one cross-section to the next upstream section, or if
the water discharge changes from one day to the next, the water

surface profile is re-computed.

The ice production in the reach is computed based on open-water
heat exchange using a linear approximation of the heat transfer

coefficient with wind velocity as the major independent variable.
The ice cover starts at a "bridge" location at the downstream

boundary or an intermediate section. The advance of the leading
edge is based on water velocity at the front and relative thickness
of ice to water depth.

The critical parameters which must come from the ice hydraulics
calibration are as follow:

1. Open-water heat transfer coefficients.
2. Cohesion coefficient for frazil slush accumulation thickness.

3. Critical value of Froude No. for progression of the leading
edge.

4. Critical velocity for erosion/deposition under ice cove.'.

5. Lateral ice growth coefficients.
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&— The model uses the following fundamental egquations for the

ice processes:

1.

Ice inflow at upstream boundary:

Qi = Ci VB¢t (l-e)

where
. ” 3
Q; = ice discharge,m /s.
C; = surface ice concentration,t.
V = /77 velocity, (m/s).
B = open water width,(m).
t = p¢d77  thickness of the floating ;:7."1'6/’””’6’/ 247,

e = porosity of the floating slush, /JS'S'L/'””?@J &'5:)

Ice production in open water:

_h. A
R 242

where

h. = ice production heat transfer coefficient, W/mz- E

2
- open water area, m .

>
"

= air temperature below 0°C.
density of water, /20O '(f//”;
5 -
A = heat of fusion, 334 x /0 v /(9
Lateral ice growth:
V-N

‘J"!
|

©
]

L, =K
i
L. = ice growth in m/day.

coefficient based on observation.

=
]

vV =medN flow velocity, m/sec.
N = exponeat based on obserivotron .

@i



n for progression of leading edge:
£ Fc
g
uted modified Froude Number.
ical Froude Number.
flow velocity, m/sec.
hydraulic depth, m.

If F > Fc, leading edge cannot advance and ice is drawn
under cover for possible deposition downstream.

Progression by Hydraulic Thickening:
V= I/Zg ty (1-07/,) (l-tH/H)

where

V = mean flow velocity just upstream of the leading
edge, m/sec.
H = hydraulic depth just upstream of the leading

edge?¥ m.

t . = stable ice thickness required for progression of

front, m.
p”,p = density of ice cover (Jn"(/mme/ (7947 A‘y/n?)/w;r?r //am tf/w Jj)_

Progression by Mechanical Thickening:

2 2 = 5 . 2
B Vu p°ts = 2x¢tg + p ts
2 (I* pR ) (" ) 2

wC2H, pguh,? p / Bu
where
Vu = mean velocity under ice cover, m/sec.
Hu = mean hydraulic depth under ice cover, m.
B = channe! width, m.

coefficient of internal friction for ice cover, /[ZF,

=
I

e



Criterion for progression of leading edge:

F = < Fc
9

F = computed modified Froude Number.
Fc = critical Froude Number.

V = mean flow velocity, m/sec.

H = hydraulic depth, m.

If F > Fc, leading edge cannot advance and ice is drawn
under cover for possible deposition downstream.

Progression by Hydraulic Thickening:
v =|/29 ty (1-07/) (l-tH/H)

where

V = mean flow velocity just upstream of the leading

edge, m/sec.

H = hydraulic depth just upstream of the leading
edge¥ m.

tH = stable ice thickness required for progression of
front, m.

p”,p = density of ice cover (Jﬂ“(/mme;/ P20 xy/m«ﬁ/w;ré’r //04? tf/,’j‘/)_

Progression by Mechanical Thickening:

- + . - 2
Be ()" Xt E(-E)
where
Vu = mean velocity under ice cover, m/sec.
Hu = mean hydraulic depth under ice cover, m.
B = chaanel wiath, m.

coefficient of internal friction for ice cover, /78,

=
n

=P
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C = Chezy coefficient of friction, /z¢4 o077, ?{’f”f’ffd
_ ted frictron 9;0
“,p = density of ice cover,/ = 7, = 0.0 :
P sp 4 (Sameé - 5;'%9”1
R = hydraulic radius under ice cover, m.
o/ = cohesion of ice cover, N/m?

tg = stable ice thickness required for shoying

stability, m.

Underice Deposition: ;
o beneath r1ce cover

Vy-c = critical velocity|[for deposition of ice

under cover when front cannot advance, m/sec.

7emp Virc

0° to -7°¢C Vu-c

_ ol

-7 to 19°C ‘/U'f/agf II/J'

-18 to -30°C :
Vﬂ—c/d._mﬂ/.r

Solid fee Grow?h:
-2 86900/, 3
A= BB i 28)[C L oY)

where

t‘-] = previous day ice thickness, /7.

At‘- = incrermental ice thickness growth per day, m.

reach ave. air temp below 0.(.

w3
]

K, = thermel conductivity, 2.23 W/”'.[-
B_ = surface heat exchange coef, WApz_ <.

e = porosity of ice cover (Jrftlmma/ 0.5).
A» = heat of fusion of ice, 3.34 /U-M/[;_

= density of ice , 220 K’?/m-?.

Oy
H
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3.0 DATA AVAILABLE FOR CALIBRATION

The data available for model calibration has been accumulated
primarily by R&M Consultants over the past three years. This
information is available in R&M reports for the past 3 winters (see
reference list). Observation for the 1983 freeze-up will be
available in early 1984. 1In addition, channel cross-sections from
Talkeetna to Watana, and open-water stage-discharge observations

are available in R&M's report on "Hydraulic and Ice Studies."

The information included in these reports is as follows:

1. Descriptions of the ice processes,

2. Photos of river ice phenomena,

3. Weather data,

4. Discharge data,

5. Surface ice concentration,

6. Water surface profiles,

7. Ice thickness,

8. 1Ice front progression,

9. 1Ice jam locations and effects,

10. Channel cross-sections,

11. Open-water stage-discharge ratings.

Based on the above information, the freeze-up of 1982-83 was

selected for calibration of the freeze-up portion of the model;
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since it represents the most useful information required for
calibration. While this data set is not complete, the following
information in the reach from Talkeetna to Gecld Creek was

sufficient for preliminary calibration:

1. Progression of the leading edge,

2. Approximate staging,

3. Approximate solid ice thicknesses (slush not included),

4. Estimate of surface ice concentration at Gold Creek.

4.0 CALIBRATION OF OPEN-WATER TEMPERATURE

The open-water temperature profile is not important for the
calibration of the freeze-up portion of the model, since the
simulation period begins after the river has reached 0°C, and air
temperatures are below 0°C. Therefore, no attempt has been made to

calibrate this portion of the model.

However, for post-project production runs, discharges from the
dam(s) will be above freezing and it is very important to determine
the location of the 0°C point in order to estimate the ice

production and limit of ice cover.

Therefore for post-project operation, we plan to use results of the
AEIDC temperature profile model, SNTEMP, which has been calibrated
to the Susitna. Until SNTEMP results are available, however, we
will use the temperature profile as computed by ICECAL, realizing
that adjustments may be necessary when the final SNTEMP data is
available.



5.0 CALIBRATION OF OPEN-WATER SURFACE PROFILE

This portion of the model must be calibrated since velocity and
depth are crucial to the development of an ice cover and the
mechanics of the ice front advance.

Open-water stage data is available on the river for Gold Creek
discharges of 3000 cfs, 9700 cfs, and higher flows. Since the
normal pre-project winter flow during freeze-up is approximately
3000 cfs, and post-project freeze-up flows are expected to be
approximately 10,000 cfs, both discharges were used for calibration
purposes. Tables 1 and 2 show the comparison of computed and
observed water surface elevations. All computed water surface
elevations are within 0.5 feet of the observed values, which is
considered acceptable for the ice model. Exhibit 3 includes
profiles showing the same information. Tables 1 and 2 also show
the water surface elevations computed with the HEC-2 model, as
reported in reference 5. These values demonstrate that the open-
water surface profile computation in ICECAL compares favorably with

HEC-2, which is the standard model for open-water profiles.

The resulting Manning's "n" values for the river bed at the various
cross-sections are shown on Table 3 and range from 0.022 to 0.065,
with contraction and expansion losses of 0.1 and 0.3, respectively.
This is considered to be a normal range of "n" values for a river
such as the Susitna. These calibrated roughness factors were then
used for the river bed for all succeeding freeze-up simulations.

6.0 CALIBRATION OF FREEZE-UP PROCESSES

The simulation of freeze-up for 1982-83 is based primarily on data
given in the R&M 1982-83 Ice Observation Report. The information
taken from that report is as follows:
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l. Table 4 contained water discharge, mean daily air temperature,
and ice concentration at the upstream model boundary. (Gold
Creek). Since wind velocity was not available at Gold Creek,
the record at Devil Canyon was used, shown in Table 5. The ice
concentration was converted to ice discharge based on estimated
thickness and porosity.

2. Table 6 provided the downstream boundary conditions

(Talkeetna), mean daily air temperature and wind velocity.

3. Table 7 listed the river stage after the ice front passed
various locations in the reach between Talkeetna and Gold
Creek.

4. Table 8 gave the solid ice thickness following freeze-up at
Gold Creek, Curry, and LRX-3 (did not include slush).

5. Exhibit 4 in this report was used to determine the location of
the leading edge with time.

Results of final simulation trials are shown on Exhibit 5,6, and 7
and Table 9. Exhibit 5 shows a profile of the maximum water
surface elevations computed after the ice front has passed the
various sections in the reach, along with corresponding observed
ice elevations at locations reported in Table 7. Exhibit 5 also
shows the open-water stage corresponding to the flow during passage
of the ice front, indicating "staging." Exhibit 6 shows the
computed slush ice thickness in the reach, after the cover has
progressed to Gold Creek, with observed solid ice thickness
included for comparison. As discussed in Section 7, below, the
observed solid ice thicknesses do not include slush deposited
beneath the solid ice and will therefore not correspond to the
total slush thicknesses computed by the model. Exhibit 7 shows the
computed location of the ice front with time, compared to the
observed location. The calibration coefficients resulting from the

10



. O T - N W - e s S W

final simulation for the 1982 freeze-up are shown in Table 9.

These values are within normal tolerances, as indicated.

7.0 DISCUSSION OF RESULTS

Based on the results of the simulations to date, we conclude the

following:

1.

The open-water profile calibration yields computed values
within 0.5 foot of observed values for 3000 cfs and 9700 cfs.
This is considered acceptable for ice modelling purposes.

The maximum water levels computed and observed "maximum ice
elevations" are in good agreement generally, with the
exceptions of RM 127.0 and 130.9. Here the observed maximum
ice elevation are significantly lower than computed.

We have no explanation for these differences cther than the
possibility of bad data. In particular, the observation at

RM 127.0 is suspicious because is it very near the open-water
level, indicating little staging (about 1.5 feet). Observed
staging in the remainder of the reach ranges from 4 to 8 feet.
At RM 130.9, the observed staging was about 5 feet, compared to
about 10 feet computed. On the other hand, at RM 103.2, the
observed staging was about 8 feet compared to about 5 feet
computed. It appears that there is no systematic error in the
simulation, but rather possible errors in observation as well
as computation. It also appears that the simulation results
are generally on the conservative side.

Ice thickness simulations apparently do not agree with observed
values. However, the observed values of February 4, 1983 are
for "solid ice" only and do not include the "slush ice" which
can be deposited in significant amounts beneath the solid
layer. The simulated thicknesses are largely slush which

11
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deposited during passage of the front or slightly thereafter.
Unfortunately, the amount of slush beneath the solid ice was
not documented for the 1982 freeze-up, thereby making a direct
comparison impossible. The elevations of the ice cover
observed are below the top of ice computed because of the
decreased flow and consequent "sagging" of the ice cover in
February.

As with stage simulations, we believe the ice thickdﬁ:;ses
simulated are conservative and will yield a high estimate of
post-project impact in the middle reach.

The field observations for 1253 freeze-up should produce a
better estimate of total ice in the cross-section where

measurements are made.

4. The simulation of the leading edge progression rate was in good
agreement with observations for the first 30 miles, as shown on
Exhibit 7. However, where the field observation shows a more
gradual decrease in rate of progression, the computed rate
seems to have a sudden decrease to a slower constant rate at
RM 130. Since the first 30 miles are likely to be the more
important reach for post-project, the upper end near Gold Creek
is not of great concern. Observations note that the continuous
ice cover progression does not extend upstream of Gold Creek,
but is replaced by a series of localized ice bridges separated
by open water.

Again, the simulation is conservative, since the observed rate
of advance at the upper end is slower.
8.0 FURTHER STUDIES

Further calibration studies will be made to extend the model
simulations into the full winter season. We do not expect that

—

12
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break-up will be modellable. However, locations of maximum ice

thickness and flow velocities during spring thaw may correlate with
portions of the river which are particularly susceptible to
jamming. Maximum jam elevations may be estimated for the jam
susceptible reaches, but probability of occurrence may not be

reliable.

Additional caligfziion runs will be made as soon as the freeze-up

v
data from 1983 it available. Following this further calibration of
the model, we will proceed with project production runs as output

from the reservoir simulations become available.

13
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TABLE 4.5

SUSITNA RIVER AT GOLD CREEK
FREEZE=UP OBSERVATIONS ON THE MAINSTEM
December 1982

Gold Creek
Mean Air Water lce in Border Ice Snow
Discharge (1) Temperature (2) Temperature (3) cChannel (4) Thickness Depth
Date {cfs) {°C) [°C) (%) (re) [fr) HWeather
Dec. 1 3000 -7.8 0.10 0 1.3 3. u Cloudy
2 2900 -16.9 0.10 55 1.3 3.3 Cloudy
3 2900 =-16.9 0.00 70 1.3 3.3 Windy/Sunny
y 2900 -10.0 0.10 75 1.3 3.3 Cloudy
5 2800 -6.3 0.20 75 | o 3.3 Cloudy
6 2800 =-1.7 0.20 65 1.3 3.0 Sunny
7 2800 2.5 0.30 Lo 1.3 3.0 Windy/Cloudy
8 2700 1.6 0.20 15 1.1 j.e Snow
9 2700 -1.9 0.20 29 1.1 3.9 Cloudy
10 2700 =16.1 0.10 60 1.2 3.9 Sunny
1M 2600 -6.1 0.00 Lo 1.3 3.9 Sunny
12 2600 =3.1 0.00 60 1.3 3.8 Cloudy
13 2600 -1.7 0.10 uo 1.3 i.8 Sunny
1y 2600 -5.0 0.20 29 1.2 3.8 Sunny
15 2600 -0.3 n.20 10 1.2 3.8 Sunny
16 2900 -3.3 0.10 10 - 3.7 Sunny
! 17 2500 -6.7 0:10 10 - 3.7 sunny
o 18 2500 =10.6 0.00 50 - 3.7 Sunny
o 19 2400 -11.7 0.00 L0 - 3.7 Sunny
\ 20 2000 -7.2 0.00 . 40 - 3.7 Sunny
21 2400 =21.1 0.00 50 0.5 3.7 Sunny
22 20400 =23.1 0.00 50 0.5 3.7 sunny
23 2400 =-15.6 0.00 30 0.5 3.7 Sunny
24 2u00 =-11.9 0.00 30 0.5 3.6 Sunny
25 2300 -9.2 0.10 30 0.6 3.6 Sunny
26 2300 -5.6 0.10 30 0.¢ 3.5 Sunny
27 2400 -1.7 0.10 35 0.6 1.5 Snow
28 2400 0.6 - - - 5.0 Snow
29 2600 1.7 0.10 5 overflow i Rain
k1] 2800 -0.3 0.10 25 overf'!ow .2 Rain
n 2900 = 0.10 5 1.3 .2 Sunny
1. Provisional data subject to revision by the U.S. Geological Survey, Water Resources Division, Anchorege, Alaska. 5

Average velue of the days minimum and maximum temperature,

Based on one Instantaneous measurement usually taken at 9 a.m. dally.

E w N

Visual estimate based on one Instantaneous observation, usually at 9 a.m. dalily.
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TABLE 4.6
SUSITNA RIVER AT GOLD CREEK
FREEZE~-UP OBSERVATIONS ON THE MAINSTEM
January 1983
Gold Creek
Mean Air Water Ilce In Border Ice Snow
Discharge (1) Temperature (2) Temperature (3) Channel (4) Thickness Depth
e DOLY —fefs) —1°c) —1°cy (ft) (ft) ___Weather
Jan, 1 2900 -2.8 n.nn .} 1.3 3.2 Sunny
2 2800 -2.8 0n.00 10 1.3 3.2 Sunny
3 2800 -3.9 0.00 3o 1.3 3.5 Cloudy
uy 2700 =5.0 0.00 60 1.4 3.3 Sunny
5 270 -13.9 n.10 65 1.3 3.5 Sunny
6 2600 =19.1 0.1 65 1.3 3.5 Sunny
7 2500 - 0.00 70 1.3 3.5 Sunny
8 2500 -25.3 0.00 65 7.3 3.3 Sunny
9 2400 -22.2 0,00 60 1.4 3.3 Sunny
n 2000 =20.6 0,00 70 1.4 j.0 High Winds
1" 2unn -16.7 0.00 85 1.4 3.0 Sunny
12 2300 -18.6 0.00 90 1.5 3.0 Sunny
13 2300 -16.7 0.00 90 1.5 3.0 sunny
12 2200 -13.1 0.00 100 1.5 3.0 Sunny

-Lg_

Provisional data subject Lo revision by the U.S. Geological Survey, Water Resources Division, Ancnorsge, Alaska,

-

2. Average value of the days minimum and maximum temperature.

Based on one Instantancous messurement, usually taken at 9 a.m. dally.

(]

by, Visual estimete based on one instantaneous observation, usually at 9 a.m. dalily.

. Channel frozen over,
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SUSLTNA HYDROELECTRIC PROJECT

MONTHLY SUMMARY FOR DEVEL CANYON WEATHER STATION
DATA TAKEN DURING November. 1982

4

RES. RES. WG, MAX. MAX, paY‘S

MX. KIN. MEAN  §IND WIND NIMD GUST GUST P/UAL MEAN MEAN SOLAR
DAY TEMP. TENP. TEMP. DIR. SPD. SPD. DIR. SPD. DIR. RH DP  PRECIP EMERGY DAY

BEEC MEC DECC DEE WS WS DEC WS 1 DEEC m /508
1 2 -%.1 -5 12 1.3 1.8 13 7.6 ESE 73 -7.5 s 653 1
2 -6 9.6 -5.1 12 b 78S 32 § 7 <58 w=m 815 2
3 -2.7 -12.% -7.8 116 3 g m 3B BE 70 -14.5 wes M 3
4 -3 =55 <29 15 g L1 I 6.3 ESE 75 7.2 wm 568 4
H 2.6 -143 -85 135 b B 12 23 S BY 8.7 mEr o5 5
6 ~-11.7 =-1B.1 ~-14.9 182 1.6 1.7 44 E B8 -15.8 wmams 23 &
7 -11.% -85 -15.2 W 2.1 23 12 3.0 ESE B0 -18.1  wa 23 7
B =74 -13.6 -10.5 14 1.7 1.8 W 5.7 ESE B2 ~-11.3 #sms M o8
9 5.7 -85 <71 1 | S 120 2.5 WS 13 -3B.1 e I 9
" 5.9 -13.7 -9.8 88 1.6 1.7 ¥ 44 ESE 79 =103 s W u
il -3.6 -5 5.1 1N 1.3 1.4 117 3.8 ESE M -24.7 wsas Jg 1
12 -5 -8 =37 1 1.1 1.4 1% 44 SE B3 -4 s 493 12
13 -7 =5 =36 121 1.1 1.3 115 4.4 BB 4.2 ma 54 13
14 3.2 9.2 =62 % .7 9 .9 38 BE 20 -M.B s m u
13 -%.7 -15.3 -11.0 M} 1.6 1.6 195 44 71 -13.1 s 35 15
16 -13.0 ~-16.8 ~-14.9 487 2.0 2.0 88 44 E 92 -165 mm [0 1
17 -15.7 -21.4 ~-1B.6b 088 2.3 24 W 51 E 87 -19.9 s m 17
18 -15.9 -2.2 -19.1 92 22 23 ™ 44 E 78 -0 wm 390 18
19 -15.2 -21.4 -18.3 115 28 28 115 7.0 ESE 63 -23.2 wemn 418 19
20 -1l -15.3 -12.7 1S 29 I 13 6.3 ESE 79 ~15.4 seme o2
2l -5.8 -10.7 23 M3 1.9 1.7 125 44 BE BS -~10.4 maas 21
2 -46 75 -1 183 1.6 1.8 119 5.1 BE B0 4.9 == s 22
23 -8 -b.0 -3.4 1.1 1.3 113 3.8 ESE B4 4.4 s 23
24 1.0 -7 =29 1% 1.4 1.4 138 3B SE 91 14 um 105 A
] S =57 =31 18 1.4 1.5 1% 3B SE 79 5.2 wmas R 5
2b 4.9 -7.3 -1 116 2.4 24 110 5.7 ESE 76 9.7 wms T8 2
27 =38 -11.8 -7.8 MBb 1.5 1.6 114 44 £ BB -85 wme Wl 27
28 =1L, -14.7 -12.5 8 2.7 27 m™m 44 E 95 -118 s 38 28
29 -5.4 -1 7.8 W7 1.1 1.2 1% 3.8 EE 31 -15.5 s 28 29
ki ] -5.8 -12.8 8.9 259 A J 2 JB ¥ 89 -12.2 s W N
WONTH .5 -2.2 -8.9 1M 1.4 1.6 113 7.6 ESE 77 -13.6 ween 12060

GUST VEL. AT MAX. GUST MINUS 2 INTERVALS
GUST VEL. AT MAX. GUST MINUS 1 INTERVAL
GUST VEL. AT MAX. GUST PLUS 1 INTERVAL .
GUST VEL. AT MAX. GUST PLUS 2 INTERVALS 3.8

(LR
NN -

z
o
-
m

RELATIVE HUMIDITY READINGS ARE UNRELIAELE WHEN WIND SPEEDS ARE LESS THAN
ONE METER PER SECOND. SUCH READINGS HAVE NOT BEEN INCLUDED IN THE DAILY

OR HMONTHLY MEAN FOR RELATIVE HUMIDITY AND DEW POINT.
x%%xx SEE NOTES AT THE BACK OF THIS REPORT isxxx
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SUSTTNA HYDROELECTRIC PROJECT

il il R

vEBLY SUMMARY FOR DEVIL CANYON WEATHER STATION
TA" TAKEN DURING December, 1982
H
‘ RES, RES. AVG, MAX. MAX, DAY'S
BAX. MIN. MEAN  WIND WIND WIND GUST GUST P’VAL KEAN MEAN SOLAR
DAY TEW. TEWP. TENP. DIR. SPD. SPD. DIR. SPD. DIR. RH DP  PRECIP  ENERGY DAY
' DECC DECC DECC DEC WS WS DEC WS T EGCC W WH/SH
"1 -1 -19.9 -15.5 11?7 3 B 280 32 5 92 -17.7 um 8 1
. 2 51 216 -84 121 1.5 1.7 13 S0 SE 86 -20.1 sas 2 2
I -1 -4 -167 W7 1.2 L6 13 A4 B -18.9 mm % 3
4 131 -18.7 -159 18 2.3 25 15 b3 ESE T -20.5 mm M3 4
5 -4.7 -13.1 -8, 188 1.3 1.3 I8 4.4 ESE B3 -0, 1mme 05 S
l b -1.5 7.5 45 12 1.7 1.9 110 7.0 SE B 7.9 mems hxs S
i 1.8 -1.9 -1 107 23 24 107 9.5 ESE 81 -2.7 mm m 7
8 0.0 -1.8 -9 1M g0 WS St OSE 11 <365 s = 8
' 9 -6 -4 7.5 07 1.0 1.7 27 5.0 ENE 93 9.0 sms 2 9
1 =43 191 -11.7 1m0 L6 1.9 141 6.3 ESE %% -13.3 m o
11 -48 87 -8 12 2.0 2.1 108 43 ESE 77 101 mm %5 11
' 12 -23 -68 46 13 15 1.6 124 S ESE 77 7.2 mm 12
13 -1 <51 <246 M5 1.3 1.5 109 6.3 SSE B3 5.0 wem 328 13
14 -9 9.0 50 2 10 1.2 124 44 SE 83 -69 mm 318 14
15 Jd 0055 <246 138 1.5 17 182 57 ESE T3 b1 wem 08 15
' 16 -3 50 27 1.4 1.5 115 4.4 SE 74 -5,7 muse 5 16
17 <26 -10.5 6.6 187 1.8 1.9 117 4.4 ESE 92 7.5 mm 17
18 -10.2 -13.9 -121 89 1.7 1.8 077 44 E 78 -13.0 s 308 13
' 19 66 -13.0 -9.8 13 1.1 1.3 122 44 SE B0 -12.3 wEm 30 19
20 56 -153 -10.5 124 1.6 1.8 123 5.1 ESE 74 -13.5  wrs s N
21 -15.0 -18.8 -169 083 2.6 2.6 07 S0 E 91 -17.7 st 3N 21
2 -16.0 -20.6 -18.3 075 2.6 2.7 072 5.7 EME 87 -20.5 = N 2
‘ 23 -11.8 -17.8 -14.8 099 1.8 2.0 101 4.4 ESE 75 -18.1 omm 328 23
24 -8.0 -168 -124 105 23 25 119 57 ESE B8O -l4.6 ess 308 A
% -78 -127 -3 w2 21 23 16 6.3 ESE Bl -13.5 xem 25
' 26 -8 8.7 -48 130 1.2 1.4 1M 4.4 ESE B0 -9.4 wmms 0 2%
2 A 29 -1.3 143 8 1.0 898 3.2 SSE M 9.0 wmm =1 27
Fu:) 9 -4 J s J 4 887 1.9 SE 1 <284 s w0 %
P ) 1.7 -3 J 1w 410 22 328 11 -5 mm 28 29
I 0 =1 =93 4.7 ¥ BEEE O SRME MM EINER ¥R 5 -T7.5  mEEd x 3
k)| -6.6 ~-10.4 -B.5 EEE  EEEE  EEER BN BEER EER 1 -4b.0 e o] B
MONTH 1.8 -21.6 -B.2 111 1.4 1.7 107 9.5 ESE &9 -15.7 9143
I GUST VEL. AT MAX. GUST MINUS 2 INTERVALE 7.0
CUST VEL. AT MAX. CUST MINUS 1 INTERVAL 6.3
GUST VEL. AT MAX. GUST PLUS 1 INTERVAL °.5
GUST VEL. AT MAX. GUST PLUS 2 INTERVALS 8.9
TEs RELATIVE HUMIDITY READINGS ARE UNRELIABLE WHEN WIND SPEEDS ARE LESS THAN
i ONE METER PER SECOND. SUCH READINGS HAVE NOT ZEEN INCLUDED IN THE DAILY
OR MOUNTHLY MEAN FOR RELATIVE HUMIDITY AND DEW POINT.
w.l SEE MOTES AT THE BACK OF THIS REPORT  *xxx
' -160-




R A ™M (CONSUWUL.TANTS , B U SR

SUSTTNA HMYDROELEGCTRLICGC PROJECT

MONTHL Y SUmmARY FOR DEYIL CANYON WEATHER STATION
DATA TAKEN DURING Janvarv, 1983

H
RES. RES. AVG. MAX. mAX. DAY‘S
HAX. KiN. AN WIND WIND WIMD GUST  GUST P'VAL MEAN MNEAN SOLAR
DAY TEWP. TEMP. TEmP. DiR. SPD. SPD. DIR. SPD. DIR. RH DP  PRECI? ENERGY DAY
ki D6 C DeeC DEE WS WS  DEE WS i PEGC M Wi/ SGn
1 -1.1 =7.2 ~4,2 wman it  HHR #her HE 02 4.3 enen 265 1
2 -1.4 -42 -2.8 114 2.1 2.1 1 S.1 E5E 78 8.9 wEm 28 2
3 -4.2 -11.7 -8.0 115 9 1.0 v 44 ESE 1 -11.4  amn el 3
4 -11.3 -21.0 -16.2 097 1.3 1.5 092 4.4 ENE 67 ~-1B.6 wnms 278 4
S -17.9 -24.9 -21.4 102 1.3 1.7 092 44 E T 250 s &8 3
b -16.3 -21.1 ~1B.7 112 2.4 2.5 106 B.9 ESE &7 -22.5 smma 290 o
7 -17.¢ =254 -21.3 1 2.3 2.6 M0 8.9 ESE 47 -25.4 s Wi 7
8 -22.4 -27.0 -24.7 124 1.2 1.5 186 3.1 ES5E o6 -29.1 snmw 3 b
§ -23.2 -zb.A -24.B 133 &3 24 19 3.7 St 97 =3i.4  weex Jod %
10 -£0.2 -26.2 -23.2 123 2.2 2.3 12 5.7 SE 52 -29.7 wems 35 10
1 -16.2 -3l.0 -24.9 115 1.7 2.0 14 63 E 68 -32.1 & I n
12 #sass  HHRE  HHEE S0 BaEE HHE a8 HHH HE M S MR sHaar |2
13 #eeer  eREdk  ERERE  BER BRER  BRER  BEE B B O Bk HER RO 1]
14 Hiid s M in MR HHEE B HE O R e sEaane 14
15 HEREE  RfEer  BEREER  aRR BRer BREE AR Ha HE & HERR HER Hean 15
16 St HEHe  SHHHE N HE  HE B S HE M M e ssanid  1p
17 RERRE  RERRr  BERER  RER ek MR EeR SRR BRSO BE O ERERE  ExER ERanir 17
1B saann  g#ded  SENSE s i IR 8 SR HE H HME sadadr 1§
19 -5.B -7.4 b6 102 b g 2N 25 SE  Si ~16.B wer ey 19
20 5.6 -12.3  -9.1 119 i 1.6 111 S.1 ESE B2 ~10.1 sins 358 20
el -4.4 -11.3 -7.% 128 1.6 1.7 124 4.4 5t M -144 waep 28 2.
rxd -8.8 -16.8 ~-13.4 @34 2.6 2.6 89 7.0 E 83 -19.2 wm 416 22
a3 .o =150 7 1z e.3 2.7 13 8.3 EX 37 -i19.2 st k3 23
24 -3.8  -9.9 -6.9 i@ 2.3 2.6 1M 9.5 ESE 33 -20.5 wema 603 ¢
s 5.8 -5.% -7.9 144 2.2 23 12 8.3 ESE 42 ~-18.8 waes 3B &
2b 1.9 =73 46 115 1.8 2.8 183 7.6 ESE 59 -11.3 #m 03 2
27 =59 -l -B.1 99 g2 246 113 0.3 EM 74 -12.7 s i 27
28 3.9 -12.2 -B.1 109 1.9 2.1 13 A ESE Bl 105 wema 53 28
I -5.4  -13.7 -9.7 W% 2.1 2.3 14 5.1 % Bi  -1i.b mra a2y
3i =40 =37 =65 21 1.7 1.9 14 6.3 iS¢ &2 -8.7 s 333 3
3l 1.9 5.3 -1.7 137 1.1 1.3 113 4.4 5t 73 =47 s 5731 3l
nOhid 1.9 -31.6 ~-12.0 11z 1.8 1.5 100 9.9 ESE 85 ~17.3 #ems 9735
GUST VEL. AT MAxX. GUST MINUS Z INTERVALS 7.6
GUST VEL. AT MAX. GUST MINUS 1 INTERVAL 8.9
GUST VEL. AT MAX, GUST PLUS 1 INTERVAL 7.0
GUST VEL. AT MAX. GUST PLLS 2 INTERVALS 9.1

ROTE: REVATIVE nUMIDITY READINGS ARE UNRELIAEBLE WHEN WIND SPEEDS ARE Ly
ONE NETZR PER SECOND. SUCH READINGS HAVE NOT EBEEN INCLUDED In Tr
UR rAONTRLY MEAN FOR RELATIVE nUMIDITY AND DEW POINT.

xzxx Bt NOTES AT THE EBACK OF THIS REPORT =xax
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148.9
142.3
140.8
136.6
135.3
130.9
128.3
127.0
124.5
120.7
116.7
113.7
106.2
103.3

98.5

—Location
Portage Creek
Slough 21, H9
Slowgh 21, LRX-%54
Gold Creek

Siough 11, Mouth
Slough 9, Sherman
Slough 9, Mouth
Slough 8, Head
Slough 8, LRX-28
Curry

McKenzie Creek
Lane Creek

LRX=11

LRX-9

LRAX-3

. Values In brackets [ | represent relative slevations

adjacent to the site.

TABLE 4.8

RIVER STAGES AT FREEZEUP MEASURED
FROM TOP OF ICE ALONG BANKS
AT SELECTED LOCATIONS

Elevation Mox | s °87'.‘e‘.$:.‘»;.' Actual
Approximate Top of ice Corresponding Discharge at
Date of River Bank Elevation® to Stage Gold Creek
(fe) (1) (grs) (cra)
12/23/82 83,0 839.5 27,000 2,400
- 758.3 755.9% - -
- 735.3 733.3 - -
1714783 687.0 685.3 16,000 2,200
12/6/82 671.5 ) . - 2,800
12/1/82 622.4 -+ 620.1 30,000 3,000
11/29/82 - 16.9) - 3,000 N
11/22/82 - 579.3 - 3,300- €§‘
11/20/82 556.2 559.3 4,000 (aufels) 3,400 '\;‘
11/20/82 527.0 524.6 28,000 3,800 | %
11/18/82 - 493.3 - 3,500 | W
11/15/82 - (6.7 - 3,700 |
11/9/82 - (5.31 - 4,100 |
11/8/82 384.1 383.9 41,000 u,200
11/5/82 6.4 345.5 - u, 400

based on an sssumed detum from s temporary benchasrk
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IABLE 4./
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February 4, 1983

Watana
Portage Creek
Gold Creek
Curry

LRX-3

April 12, 1983

Watana
Portage Creek
Gold Creek
Curry

LRX=-3

b Average underice water velocity
velocity profile.

N o ot s s

LS I PV

Mainstem Ice Avarage*
Thicknesses (fL) Number Water Surface Underice
Max _Avg_ of Holes Elevation Heter Yelocity |
|
b 1.6 2.4 21 1436.8 2.6
.h 3.4 2.5 5 834.1
.3 1.9 1.6 5 684.6
8 2.1 1.9 [ 522.7
0 1.9 2.9 5 3u2.8
8 .2 2.8 19 1436.1 2.2
.0 4.0 u.1 6 833.5 y.2
8 2.9 2.3 6 682.9
3 3.3 2.2 7 521.9
0 i.8 2.8 7 yr.s

was measured at point of most flow and constitutes an average of the vertical

g e
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FIG. 1 = SUSITNA PROJECT
HYDROLOGIC AND MYDRAULIC STUDIES

~Miatorical TWistorical RELATED TO
Sediment rSLrnam Flows ASSESSMENT OF PROJECT IMPACTS
Data (USGS, R&M) ON
(USGS, RA&M) AQUATIC ECOSYSTEM
/ Channel Adjustment Tor
Geometry and Glaciers Contrib-
Stage vs Q ution & Extreme
Data Drought
(USGS, R&M, T (Task_42, R&M)
ADFSRG) | )
Feservolr Reservior - _~~ Reservior
Sedimentation = Operation Design & Operation
/ Study Parawmeters
(Tank 42) (Task 42) (H/E Fng.) "
nllow
@ 3 2 Temperature
Channel R Tnstream - Reservior & Ice Data
Agradations, 7 Hydraulie Temperature = 4 (USGS, R&M)
Degradat ion Study Ice Study
(Task 42) ! (Task 42) (Tank 42)
)
|
1
Tributary || j [ _Tnstream /Meteosrologic
Stream Flow ¢ Temperature Data
& Temperature y Stud
(AEIDC) ! (AFE1DC (NWS, R&M)
H
1
B :__J‘ m;cruu 3 o:; N l. O si:ugc"ln i
Tce Data ce Channe e anne
o Study Tributary * Tributary Dat
(r6M, USCS) (Task 42) Nydraulics/GH (ADF&G, R&M)
ve Mainstem
Hydraulics
(ADF&G, AETDC
s B
Task 42)
Physical Habitat L ~Tiahary
Habitat Preference & Data
Simulation WUA Curves 2Ty
(AE1DC) (EWT, ADF&G) (ADF&G)
LEGEND
‘ INPUT
i [muc!’.r&\&

Mitigation (Feedback Loop) - —
(AE1DC, ADF&G | DO

EWT, HW/E, wce)
B RL ANALYS1S

7 Fconomic,
Enviornmental

- r:ngim_-t-ting, other

Considerations

(APA, W/E, ADF&C END PRODUCT
AETDC, Oihers)

_. —/

Optimum Project ACTIVITIES OF

Impact Statements @ SUBTASK 2,
(H/E, ADF&GC TASK 42
AEIDC)

NOTE: Assumes impacts on water chemistry will not be a major issue
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A.

4a.

INPUT DESCRIPTIONS - ICECAL

Five Read Files for Input Data

1. DESCRP - Set-up for 10 lines of 80 characters each,
describing the project.

2. INITIL -

3. DISAIR -

CROSS

Free format input data for:

a)
b)
c)

d)

No. of days in simulation

No. of cross sections

No. of stations

Stationing of metéBrological stations (i.e.,

dist. along river in meters, use same base
as river cross sectioning).

Free format

a)
b)
c)
d)
e)

f)

Q)

a)
b)
c)
d)

e)

Day

Inflow 0 (m°/s)

D/S W.S. Elev (m)

Inflow Ice Discharce (m3/day)

°c)

Inflow Water Temp (
Air temp, (OC), up to 10 locations

Wind velocitv - (m/s), up to 10 locations

Stationing of cross section (meters)
Number of ground points in cross section
Discharge factor as percentage of inflow Q
Bed roughness - ny

Ice roughness - ng



4b.

2.

CROSS

Repeat 4

ICEMEC

a)

b)

a)
b)
c)
d)

e)

f)

g)

Distance, elevation
Distance, elevation
" L 1]

" "

4b for each cross section

Ice cover porosity
Erosion velocity (m/s)
Cohesion of ice cover (N/m2)

Heat transfer intercept (W/m2~Co}
a + bvw
Heat transfer slope W-sec

M3-S¢

Lateral ice arowth coefficient-

y [-—cl/d

Lateral ice growth slope - d/



SUB DEPOSI

When the ice cover cannot progress upstream, the incoming floating
ice must be deposited under the ice cover as the leading edce
remains stationary. This condition can occur befcre 1) a set of
rapids such that the water level must rise and drown out the
critical or super critical flow depth and then the leadina edge
can proceed and 2) when the flow velocity beneath the leading edage
is too high that ice is transported d/s to increase the u/s water

and decrease the velocity below the erosion velocity value.

The ice deposits in a d/s direction, filling each section until
the critical velccity is reached. Then it progresses to the next
d/s section. This process generates what is called a "hanging

dam. "

The ice discharge that comes into the section is distributed within
the downstream reach, and if the reach cannot accept all incoming

ice, it is transported to the next downstream reach and so on.

SUB VELPRO

This routine calculates the proaression of the ice cover usptream.
The ice cover porosity in the leading edge is assumed to be 0.5.
The porosity is probably related to the velocity, but a constant

value is normally adequate.



SUB HYDTHC

This subroutine determines the initial thickness of the slush
ice cover as it progresses upstream (i.e. prior to any underice
deposition). Based on "Formation of Ice Covers and Ice Jams

in Rivers" by Pariset, Hausser and Gagnon, 1966, two possible
mechanisms for ice cover progression are considered;

(1) Hydraulic Progression, applicable to "narrow" rivers,

in which a stable ice thickness is determined by hydraulic
conditions at the leading edge of the ice cover. The

theoretical governing equation is

23t (1= §) (1-5%)

Where V, H = Velocity, depth just upstream of ice cover

<
I

o+
]

thickness of advancing ice

density of ice cover

Q
[

It can be shown that a solution exists for the above
equation only when a modified Froude No., V/@,
is less than a certain maximum value which corresponds
to t/H = 1/3. When V/ Jiaﬁ‘exceeds the maximum value,
incoming slush ice is swept underneath the leading
edge of the ice cover and no progression takes place.
Researchers have suggested that this maximum Froude No.

may vary from .06 - .11.
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(2)

Shoving is applicable to "wide" rivers and is the
mechanical consolidation of an existing ice cover
which has insufficient thickness to resist the river
forces. Successive shoves increase the ice
thickness until it reaches a stable level. The

governing equation for this stable ice thickness

is
. / ' Z
ES\/u .t —= 22011: j’ ( f )
i o jo L) = 2%C . L J=—ids |
ACHE\ JR/  ggmHE P\ 3 A
where Vu = velocity under ice cover

= channel width

= coefficient of internal friction for ice

B
M
C = Chezy coefficient of friction
R = hydraulic radius
-4

= cohesion of ice cover

The model provides for the following possibilities in determining

the ice cover progression:

a.

Hydraulic conditions just upstream of the ice
cover show a Froude No. greater than the

maximum. Therefore, no advancement can occur.

Froude No. is less than maximum value. Both
Hydraulic Progression and Shoving egquations
are then solved for t. The mechanism which

results in the greater t controls.
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SUB_UNDAVC

This subroutine determines whether erosion or deposition is
occurring beneath the ice cover. The critical velcr-ity is read
in as input. Typical values reported in literature range from
0.6 m/s to 1.4 m/s. The high values for the velocity are when
the frazil ice is very active and the low valves are for inactive
frazil ice. The air temperature is sometimes used as a basis

for the correction factor to account for this spread in erosion

velocities.
7emp Ve

0° to -7°¢ 0.9 mfs
-7  to -19°
-18 to -30° 09/0'95 ”/5

0909 m/s

SUB ICEPRO

Computes the frazil ice production in the open water reaches. Uses
the heat transfer coefficient approach to determine the heat loss
from the water surface. The ice discharge (daily) for a reach is
computed and printed in the d/s section output.

Qi = - hy B(AX) Ta * B6A00 /o'y
hy = a+b v (heat transfer coefficient)
Vw = average wind speed

3 (input)
4 (input)

= average open water width between cross sections

a

b

B

/2 = density of ice

A = heat of fusion for ice
T

= average air temperature (below OOC)

Ax = distonce belween (rosr- sectrons.
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SUB LATICE

Lateral ice cover growth. Empirical reiationship developed from
Newbury's field data for river flowing with a heavy concentration

3 . O,
of slush ice and air temperatures - 10 C.

Latic = aVb
Latic = ice growth from both shores

a = constant = 0.1
b = constant = 2.8
V = open water velocity at the cross section

SUB SUMQI

Subroutine keeps track of ice discharge in the downstream direction,

i.e., a summation routine for ice continuity.
SUB LCMELT

This subroutine allows for lateral ice cover melting in accordance
with Ashton (1979).
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SUB ICEGRO

Corputes the solid ice growth at each cross section on ice cover
forms. When the solid ice growth overtakes the initial cover
thickness, the initial cover thickness values are set egual to the

solid ice cover value for printout burposes. The ice thickness
eguation is

t‘ = t{l + At‘-

t;' = predicted ice thickness, m.

t‘-—'l = previous day ice thickness, /7.

(=23
A
n

incremental ice thickness growth per day, M.

>
™\
e~
n

T, * 86400/(*x+ &)/ (471 K, + 1/m))

e |
n

. reach ave. air temp below 0.(.

K. = thermal conductivity | d’%ﬂ-— o[

s

H_ = surface heat exchange coef 2 .

e = porosity of ice cover
) = heat of fusion of ice , ‘///(?

g . . /
p = density of ice P /{’?/mj"'
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SUB ICWTDK

Computes the water temperature decay beneath an ice cover and
melts the ice cover thickness accordingly. The computation

begins at the U/S boundary and progresses downstream. Reach
averaged values are used for the hydraulic and meteorological

variables.

The equation from Ashton (1979) and Calkins (1983):

1 T,y = (T exp (ho,#AX/C Vuh)
.667
2 h,; =2*k, *f*Re *Pr / x(8*D*(1.07 + 12.7 £/8 Pr -1))
Two = water temperature at upstream section
Twl = water temperature at downstream section
hwi = heat transfer coefficient at ice/water interface

AX = distance between reaches

h = average depth

Vu = average velocity beneath ice cover
Re = Reynolds Number = Vuh (reach)
2y

f = Darcys friction factor for the ice cover (reach)

Kw = thermal conductivity of water
P_ = Prandtl Number = A4 C /K
r P w
_9_
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SUB OWTDK

Computes the water temperature in an open water condition baginning
at the most u/s section. The u/s boundary condition is a water

temperature value.

The temperature preduction at the next d/s cross section is basel
on the reach average of the hydraulic and meteorological variables.
The equation is from Ashton (1979):

T g = (@ =T} * exp (B Ax/pcp Y H) + Ta
Ta = reach average air temperature
Two = water temperature at upstream section
Twl = water temperature at downstream section
hy = reach average heat transfer coefficient
Ax = distance between cross sections

density of water

N

specific heat capacity of water

[ & =
P
A,V = reach average depth, V€A06/fy
hw =a+bVw
a = constant = 3
b = constant = 4
v, = average wind speed

-10-
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SUB TRAVEL

Computes the travel time from one cross section to another for

either open water or ice covered conditions.

SUB AIRDIS

Computes the air temperature and wind speed at every cross sec-
tion location on a daily basis. The daily air temperature and
wind velocity may be input at up to 10 sites along the river.
The location along the river for each meteorological site

must be input, measured from the downstream cross section. A
linear interpoloation between met sites is used to determine

intermediate values.

SUB CONVEY

Computes the flow conveyance for each section. The program
tests for the ice cover to decide which conveyance will be
used, i.e., open water, lateral ice + open water, or fully

ice covered.

SUB CHNGEOQO

Computes the geometric elements for the cross section with or
without the ice cover. The intersection pts of the water level
with the banks is solved using the surveying procedure of
latitudes and departures. The area is solved using the
trapezoidal rule both in the open water and beneath the

lateral ice cover.

i
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SUBROUTINE BKWTR

Computes a backwater profiie using the procedure followed by
the HEC-2 program. The prcgram tests if an ice cover is pre-
sent and computes the profile with or without ice at a particu-

lar section.

The program checks for critical depth using the same test as
HEC-2 (V2/2g > 0.95 A/2 x Top width). If the test is positive,
the program computes critical depth for that section and proceeds
upstream.

An ice cover cannot exist with critical or super critical flow.
The downstream water levels have to rise to drown out the
critical depth section before the leading edge can progress
upstream.

During the deposition of ice beneath the cover the proaram may
thicken the ice cover to where the flow hydraulics indicates
critical depth. When this occurs, the program reduces the ice
thickness at the section until the test for critical deprth

passes.

-12-
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ICE MECHANICS AND HEAT TRANSFER

The study, analysis or prediction of water levels in rivers during the

vioter requires a knovledge of the flow hydraulics, the ice mechanics and

the heat transfer processes in the river system. All three occur simul-
taneously and to properly analyze or predict a certain quaatity such as
river stage means they have to be understood to some degree. Figure 1 is a
flow chart representing the possible phases a river might follow during the
freeze-up condition. See Appendix II for a list of selected reference.

Conditions leading to Ice Bridginog

Basically the river flow must cool to its freezipg temperature, =0.0°C
before any ice production can be significant. Once the river has cooled to
its freezing point ice generatioo begins and the lateral ice cover grows
from the shore (shore ice), anchor ice may form on the bed and ice is
tracsported downstream. These processes continue until a section is
reached where the ice cover fully bridges the river (also known as ice
arching).

The ice cover now can begic to progress upstrean as well as contipuing
to grow laterally in the open watér reaches. The rate of upstream progres-
sion is a function of the flow hydraulics, and the mechanical prdberties of
the incoming ice and downstream cover. The air temperature has an effect
on the physical and mechanical properties of the moving and stationary ice,
although it is not well documented.

The following analysis assumes the river flow has been cooled to the
freezing temperature. The procedures and analytical developments given by
Ashton (1979) can be applied to determine the time at which the river flow
reaches 32°F (0°C), or one can develop his own heat loss model.

The following physical processes are occurring simultaneously in a

Tiver teach during the freeze—up period.



la Ice Production: The equation for predicting the volume of ice

disucharge 1is .

] AT 3

iva "0 "a
% F pA (;_) (7]

where by, = ice production heat transfer coefficient w/al-"c
A, = open water area m2

I, = air temperature below 0°C

o « density of water Kg/m? (1000)

A = heat of fusion J/kg (3.34 x 10%)

1b Ice Floe Growth, (flocuation): The growth of ice floes traveling

downstream is often viewed as & flocuation process, but it is one
that is not well understood. The growth of the floes result in
larger floe sizes and increased thickness. It 15 suspected that
the flocuation process depends upon the ice discharge (especially
at the surface), flow velocity, air temperature and the channel
characteristics.

le Lateral Ice Cover Growth (shore ice): The shore ice or lateral

ice cover growth is another area of inadequate documentaticn. An
empirical relationship relating the lateral growth (Lgy) to the
mean flow velocity (V, m/s) for a Northerm Canadian river

(Newbury 1968) yielded

2.85

L, = 1.8 K n/day [8]

where the surface ice concentration was nearly 00X and the thickness of

the slush ice cover moving downstream was estimated at 15 ecm. Also, the

1
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air temperature was less than -20°C. For lower ice concentrations and
warmer air temperatures the intercept value will decrease and the negative
slope will also decrease in magnitude, i.e. (-2). Recently a study oo a
smsll Nev England stream showed the overall lateral growth rate ranged from
0.1 to 0.2 meters per °C day, where the average freerze—up flow velocity was
roughly 0.7 to 0.8 m/s with low surface ice concentrations.

1d Flow Bydraulics with Laterally Growing Ice Cover: The flow

velocity distribution in a partially ice covered stream has been
evaluated analytically, documented in the field, and experi-
mentally measured in a flume. The flow velocity concentrates in

the open water portion and can be described as a ratio

v n
—-O.GS-B— 1.0--——] (9]

where V; = flow velocity beneath ice cover segment
V) = flow velocity in open water segment

y) = f£flow depth in open water segment and

t = ice cover thickness.

I@c papex by Calkins et al. (1982) contains the derivation for the
above equation plus additional information on the assumptions used to

derive the expression.

Somevhere along the river reach the ice cover will completely bridge

from shore to shore. Determining the location of this bridging may be the

location of a matural comstruction; i.e. a wide river bend is a classical
site. The asymetric flow distribution leads to & rapid lateral ice cover

grovth in the bend which causes the open water width to decrease. This in
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turn creates a surface constriction for the ice floes traveling downstream,
where the floe size may be increased which significantly enhances their
arching capabilties. Predicting the ice bridging locations from an
analytical standpoint is not possible at this time with aoy confidence.
Once the ice cover bridges, progression upstream of the leading edge
is goverped by the incoming ice discharge, flow hydraulics, ice mechanics

and the air temperature.

Ice Cover Progression and Thickening

The most logical step to determine the progression and thickening of
the ice cover would be to write down the continuity equation for ice dis-

charge. The ice inflow to a river reach or to the leading edge of the ice

cover 1is

=6V B 0 (10

where Qg = ice discharge a’/s

Cy = surface ice coocentraticn 2

Vg = surface flow (m/s)

B) = open water width (a)

ty = equivalent thickness of the floating ice (m)

tg = porosity of the floating slush.

The amount of ice that is not floating at the water surface is a small

quantity and is considered negligible for sub critical flows in channel
slopes of 0.002 or milder. There are four possible conditions for the

progression of the leading edge, Vp-




Progression by simple Juxtaposition of the arriving
thlckening.

floes with no
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2. Progressiou. but the &rriving floeg thicken to values greater

than the initial thickness of the arriving ice, J/H < 0.33,

or tJ/B ? 33,
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3.  Progression with ice cover thickening and ice also being trans-

ported beneath the cover.
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4. Ko PTogressing of the cover, all ice ijg transported beneath the

cover,

The type of conditien encounted above depends upon the flow hydraulics

upstream of the cover or beneath the cover, the ice discharge and gize of

the floes, the mechanics of the ice &ccumulaticn and the air temperature.



Juxtaposition:

The progressing of the leading edge by ice floe juxtaposition results
io a rapid cover development. Analytical formulations have been put forth
and experience usually dictates the choice. If the thickness and planar
dipension of the arriving floes can be predicted, their stability can be
analyzed. If the flow velocity'just upstream of the leading edge is less
than some critical velocity for the ice floe to underturn, dive or be
entrained; the arriving ice floe will remain stable and come to rest

against the leading edge. Ashton (1978) presents this equation

(11]

2(1--2 )[::, (1 L‘p)]m
%" "z 1/2
[5-3 (1 -—;)]

When the river flow velocity V > V., the solid ice floes (not frazil
slush floes) will go under the cover; H = flow depth just upstream of the

leading edge.

Progression, Thickening and No Undercover Transport
1. The equation describing the equilibrium thickness of the ice cover

(tj) when the value of t.JJB is less than 0.33 is related to the flow

velocity upstresm of the cover (Pariset et a2l., 1961)

ve(1- E%) l:mj (- %)]”2 [12)

The use of this equation implies the forces along the bank are sufficient

to withstand the internal forces within the ice cover which are greater

than the driving forces such that no shoving or further thickening can take

"




place. In ocher words, the thickness at the leading edge is sufficient to
transmit the forces to the back, even when the leading edge at a nevw time
has progressed upstream. The driving forces of water shear stress and the
cover weight component are small. The limitation of :jhl = 0.33 must be
checked because a different mode of thickening will occur at :jln >
0.33. The use of this relationship will be for long backwater reaches
where the flow velocity is low and river is mot very steep. See Pariset
and Hausser (1961, 1966) for further details.
2. The majority of ice cover thickening occurs as a result of crushing or
shoving of an ice cover sometimes called staging. The cover -ly-initillly
progress upstreanm according to equation [12] just presented, but in order
for the leading edge to progress further upstream the ice cover has to
thicken by shoves to withstand the larger forces, which creates a larger
head loss and in turn higher water levels upstream and lower flow
velocities.

There have been several formulations (see references 3, 14, 19, 20,
23) presented to calculate the equilibrium thickness of a cover when the
driving forces (water shear stress, maybe wind ar times and the cover
weight component in the downstream directiomn) require a cover thickness

greater than .33H, to withstand the forces. The basic formulation is

p. 2

(1'. + pigtJS) B = upy [l - p—") g tj - thJ [13]

where y = ice on ice internal friction type coefficient = 1.3
¢ = cohesion of the ice cover N/a?

1y = shear stress on the ice cover underside N/w?

[




aud the other quantities have been previously defined.

The application of this equation requires a knowledge of =, (water
shear stress) and ¢ (cohesive force within the ice cover). The values of
the shear stress may range from 1 to 20 N/m? and ¢ could vary from a low of
100 Iisilo maybe as high as 2000 N/m® The value of c has oot been well
documented i. the field although a conservatively low value (100-200) will
yield thick ice covers and produce higher water levels. High values of
cohesion will occur during the freeze—up when the air temperatures are
low. A composite ice sheet of fragmented ice with a thin upper solid ice
cover is very strong in shear while the same cover thickness without the
thin solid sheet will be much weaker. For ice jam analyses, c is a low
value because of this non-freezing condition during the break-up and
Jjamming process.

3. Thickening and Undercover Transport

This combined process is not well documented analytically, but has
been observed in the field. The state of the art has not advanced
sufficiently to properly address this combined topic.

4. Undercover Transport and No Thickening

There is very little field data to substantiate the only equation put
{orth to estimate the ice discharge beneath a cover. Pariset and Hausser
(1961) used the Peter-Meyer 1947 equation. Recently researchers at the
Univ. of Iowa have looked at the individual ice block stability beneath ice
covers, but application to field conditions has not been attempted. The

main reason is lack of field data.



There 1is some field data on the transport of small frazil flocs
beneath ice covers in shallow streams and the criteria has been generally
related to 3 minimum flow velocity 0.7 to 1.0 m/s. The value may be even

1.5 m/s.
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