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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

- =  m—
% =1
[ e
777
—X7

—— oy

—_— i

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,

\ 4/
™~

—1J




3.  Progression with ice cover thickening and ice also being trans-

ported beneath the cover.

V-
e —— e ——
LI

-—_

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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Research Branch, Experimental Engineering Division,
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2. Instructor for course “Ice Engineering for Rivers
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4. Adjunct Professor, Antioch College-New England,
Keene, NH. Instructor in Environmental Science
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PROFESSIONAL
ACTIVITIES:

EXPERIENCE:

1. Secretary, Executive Committee ASCE Hydraulics
Division, 1981-83.

2. Member, ASCE Upper Valley Brauch.

3. Newsletter Editor, ASCE Hydraulics Division,
1979-1981.

4. Registered Professional Engineer.

5. Member, New England Junior Science and Humanities
Symposium Executive Committee.

July 1980 - Present

Project engineer conducting hydraulic modeling studies,
investigating the basic mechanics of ice jam formatiom,
and conducting field studies of ice/hydraulics, frazil
ice formation and ice jams. The modeling work has
evolved around laboratory tests in which the basic
understanding of ice jam formation is being formu-
lated. To complement the laboratory work an extensive
in-depth field observation program on ice jams has been
implemented and instrumentation has been installed to
help gather the necessary field data that is being used
in the refrigerated physical model simulations.

Several preliminary étudies have been completed on ice
jam conditions in the field.

September 1978 - June 1980

Project engineer responsible for the Port Huron Ice
Control Model Study conducted for the Detroit District
COE under the Winter Navigation Demonstration Program.
This project was the first time a hydraulic model has
been designed to operated in a refrigerated room. 1
was responsible for the design, construction, cali-
bration and testing of the physical model and shared
the responsibility for the development of the wind
stress modelling concept. 1 was responsible for all
field data collected during the winter season to be
used for wodel calibration, as well as for the back-
ground and suppo-ting data on general ice conditions in
the area. This involved coordination with the Detroit
District COE for ground control and the U.S. Coast
Guard Station, Detroit for transportation by heli-
copters to the ice sheet.

A



August 1976 - August 1977

Attended the University of Iowa under the Dept. of Army
Long Term Training Program in the Department of
Mechanics and Hydraulics and the Iowa Institute of
Hydraulic Research, The year was devoted to taking
such typical courses as fluid mechanics, advanced
engineering mathematics, numerical methods, heat
transfer and other hydraulic engineering courses. 1
had an excellent opportunity to observe and discuss the
various hydraulic projects under study. These included
sediment tramsport, fixed bed hydraulic models as well
as the ice-hydraulic related studies.

November 1973 - August 1976

Project engineer conducting hydraulic modeling studies
investigating the fundamental mechanics of ice jam
formation. Field activities have Included the gather-
ing of channel cross section data, flow profiles and
ice characteristics to complement the hydraulic model
studies. A continuing study that has been under
investigation is the simulation of drifting snow using
the sand-water analog to replicate blowing smow condi-
tions.

November 1975 - April 1976 -

Project supervisor on a small task of the lock-wall
de-icing program devoted to water jet-cutting of ice
off lock walls.

Januarr 1971 - November 1373

Assistant Civil Engineer - active duty u.s Army.
Assisting project personnel on studies of lightweight
snowfence materi s. Design and fabrication ¢f full-
scale models of missile cell covers for field tests on
drifting snow in North Dakota.

Design, construction and calibration of a hydraulic
sedimentation flume including the necessary laboratory
equipment for conducting research in such a facility.
The flume was designed to multi-purpose model experi-
ments; (a) sediment transport (simulation of drifting
snow), (b) ice jam mechanics at retention facilities,
ice booms, bridge piers, etc., and other special pro-
jects where hydraulic phenomena can be simulated.

June 1969 - October 1970

Conducted and coordinated research involving sedimenta-
tion, water quality, soil moisture and surface runoff
in an experimental watershed in central New Brunswick
for the International Hydrologic Decade (IHD) program
in Canada. Layout of hydraulic fluem facility for the
Dept. of Civil Engineering.



PUBLICATIONS:

1.

2.

3.

5.

6.

Summer 1968

Assistant Civil Engineer, U.S. Dept. of Agriculture,
Agriculture Research Service, Sleepers River Research
Watershed in Danville, VT.

Developed a field procedure for measuring channel
velocitier in small streams using a portable pH meter
using a sodium ion probe and injecting salt solutioms
upstream. Supervisor for all surveying activities and
drilling operations in the watershed.

Summers 1967, 1966, 1965
USDA - ARS in Danville, VT.

Engineering Aide - Hydrographic and topographic survey-
ing, assisting engineers and scientists in their field

work on water quality, sedimentation and stream runoff

projects.

Journal Articles and Conference Proceedings

Calkins, D.J., R. Hayes, S.F. Daly and A. Montalvo,
“"Application of HEC-2 for ice-covered waterways,”
Journal of Technical Councils of ASCE - Cold Regions
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