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PREFACE

lee formation on’ reservoirs, rivers, canals, and assotiated structures hinders and, at times,
prevents winter operation on a number of USBR (Bureau of Rectamation} projects. In an effort
10 increase the rellabrhtv and efficiency of our present projects and improve design criteria
velated 1o future projects in cold regions, the USBR established the lce Research Management :
Committee. The objective of the Committee is to develop and manage an ice research program

directed toward solving ice problems on USBA projects,

This” 'report is the second ln a series of erorts sponsoraed by the lce Research Management

Committee. The first report, REC.ERC-74-15, is titled “Prevention of Frazil ice Clogging of

Water Intakes by Application of Heat.” These and subsequent reports are being: prepared. to

familiarize USBR personnel with the art and/or science of winter operation of water resource

projects in cold regions. It is hoped that these reports will be a valuable aid to design and

operation personnel and will stimulate continued ecreative approaches to ice problems during

winter operation. The -Committee encourages USBR pFrsonnel to relate their problems and
success in ice engmeerlng so that this and future reports mav be current with the latest

technoiogv in the fie!d Df 1ce enginearing. i ‘ '
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A. RESEARCH PROGRAM

1. General.—In an effort to increase the refiability
and efficiency of USYR {Bureau of Reclarmation)
power and water projects, the Bureau, through the
lce Research Management Committee, is exploring
several areas that present problems in winter
operation in cold regions [1]." Qne such area is that
of water diversion from shallow rivers during the
winter, For e purpose of this discussion, a shallow
river is defined as one having & depth of 10 feet or
less. A discussion of diversion from ‘very small
streams having little or no flow in the winter
months is included in the section on Drop-inlet
Structures, C8.

While diversions from deeper rivers may be
susceptible to some ice problems, ice problems are
usually more intense and often unavoidable in
shallow river diversions. The USBR ice committee
believes that many ice problems ¢an be eliminated
ar minimized by following design guidelines and
operating procedures based upon successful
experience and an understanding of hydraulics.

It should not be assumed that ice problems vary
directly with-the severity of the cold weather, In
fact, the coldest regions are fortunate in that their
streams, lakes, and canals form a protective ice
cover early in the winter, permitting operation
under the cover without some of the ice problems
experienced in milder climates. ln contrast, the
regions which are intermittently cold may have ice
problems frequently, as femperature changes result
in cycles of alternate freezing and thawing.

As the USBR diversion. requirements are similar to
those for many public and private power and water
companies, a review of diversion experience was
conducted through a literature review and through
correspondence with companies involved in water
diversion.

{a} USBR diversion requirements.—The USBR

diversion facilities are designed to idivert

irrigation water, municipal or indgstr_i_al’Water, or

water for hydroelectric . powerplants, The

diversion requiremenis fall into two categories:
{1) Diversion to a closed conduit, pumping
piant, or powerplant,

{2} Diversion 10 an open canal as shown in
figure 1. '

Diversion pool
fce boom—. A
Forebay area

Trashracks: Stuiceway b

Spittway -
S

l-.—-- —r—1

Sedimentatian
section

-Gute hoys

Power cancl

Cang! forebay... ; Inteke

= structure Powerplant

lce hagm.
Wastewpy gate

structure and
shuceway

Figure 1. Typical diversion ta power canal. 101-D-625

The requirements for diversion to a closed
conduit, powerplant,. or pumping plant-may
differ from the requirements for diversion to a
canal; and diversion to an ice-covered canal may
impose different operational requirements from
those used in diverting to an ice-free canal,

fh} Literature review.—A review of available
literatiire was made to determine present practice
in design and operation of diversion facilities to
alleviate the probiems often encountered in
water diversion in cold regions. Following this
review, a USBR lce Technology library was
compiled. The major types of ice have been
summarized in section B, and some of the heat
loss factors have been summarized in appendix 1.

" “*Numbers in brackets refer to references in the bibliography.

Diversion dam



fc} Experience “record.—Many. UUSBR offices,
private power and irrigation companies; and
municipalities were contacted concerning their
experience with shallow river diversion practices
in cold regions. The pertinent features of their
facilities, tcgether with operationat:nroblems and
solutions, are summarized in appendix Il. :%

2. Madel Studies.—Plans are uhderway to perform '

laboratory .model studies for a shallow river

diversion on the Bureau’s Fryingpan-Arkansas
project located in Colorado. The experience of

athers in operation of such water diversion facilities,
and the design guidelines presented in section C witl
be considered in planning the model studies.

B. CHARACTERISTICS OF ICE

The major types of ice that present problems in
" diversion facilities include frazil ice, anchor ice, and
surface ice. These are described briefly as follows {for
further discussion see bibliography reference [2] )

1. Frazil loe.—

(a) Characteristics.—Frazil ice is the crystalline
form of ice occurring in turbulent water that has
become supercooled by a small fraction of a
degree [3]. Supercooling is defined as the
attainment of temperatures lower than the
normal freezing point, without actuaily freezing.
The character of frazil ice particles varies as
tollows: :

(1} Active state.~When -frazil ice  is first
produced, the particles are very adhesive and
accumulate in large masses. These masses
adhere to other objects, particularly to metals
such as trashracks. Flow through the
trashracks or through a water: prism rnay
become completely blocked [4].

(2} Inactive state. —The usua! duration of the
active state is only afew minutes, after which. ..~

time the frazil ice becomes inactive. Inactive
frazil ice is not sticky and can often be passed
through trashracks or turbines in large
quantities without adverse effects.

fb) Formation of frazil ice.~Frazil ice forms
throughout the body of the water prism. {ts
production is not ordinarily initiated during

daylight hours as the rate of cooling is
inadequate, but once started, it sometimes
continues during the day. Other conditions -

governing the production of frazil lce are as
follows:

{1} SCpercooling.—Frazil ice will not form
until the water has become supercooled by at
least a few thousandihs of a degree, and
according to Grenbois £5] , at the Safe Harbor
hydro station, only when the rate of cooling
exceeds 0.018% F {0.01° C) per hour between
the temperatures of 32.18% and 32.0° F {0.1°
C and 0.09 C}. The greater the rate of cooling,
the greater the degree of supercooling, and the
greater the amount of frazil ice produced [6].
When the supercooling ceases, and the water
temnperature returns 1o 32.00 F {0,0° C), only
sheet ice can form. Supercooling at a rate less
than 0.018% F {0.01° C} per hour re..ulted in-
sheet ice.

{2} Turbulence.—Frazil “ice formation is
degéndent upon turbulence, which causes the
entire body of water to be coocled ynjformly,
Thus, frazil ice production is most c-v:dent in
the vicinity of rapids.

(3) Wind.—The production of frazil ice is
increased as the wind velocity is increased, .

. particularly when the direction of the wind is
. upstream to the flow in the stream or canal.

Curing a 10-mile-per-hour (16 kin/h) wind,
the water will be cooled at least three times as

“much - as during a no-wind condition [7].

Where the wind creates sufflc;ent turbulence

“frazil ice can be produced on lakes, but when

the wind ceases, the frazil ice rises to thl
surface to form sheet ice.

{4} Velocity - of flow.~When frazil ice is
formed in reaches of water flowing at less

~than 2 ft/s (feet per second) (0.6 m/s), the
" particles rise to the surface to form sheet ice. .

At faster velocities of flow, the frazil ice
particles will dive under an ice cover and
continue downstream [8], where the active
frazil.ice soon becomes inactive. At velocities
greater than about 6.5 ft/s, frazil ice particles

- do-not coalesce to form large mass;es' 1)

" {5) Open  water - surface versus ice-covered
.surface’ ““Frazil ice is formed only in. open,

turbulent water that is supercooled. Once an
ice cover is formed, no further production of
frazil ice is possible as the rate of cooling is
inadequate [5]. However, frazil iee that is
produced in an open reach upstream may flow
under the ice cover if the velocity is greater:
than 2 ft/s {0.B m/s) and, if produced in
sufficient abundance, can ‘block - the entrre'
flow area.




{6} Qther covers.—A structural cover, as well
as an ice cover; prevents formation of frazil
ice in the covered reach. A heavy cover of fog
is equally effective in reducing heat loss from
the water surface. .

{7} Miscellanezous.~An " increase in  the
production of frazil ice results from the
presence of a nucleus such as suspended sand
or silt particlesin the water [9], and from the
entrance of blowing snow into the water
[10].

fc! Problems caused by frazil ice.—Problems
caused by frazil ice are not limited to active frazil
and are not prectuded by forming an ice cover.
Any hydraulic structure can function
satisfactorily until the concentration of ice in the
flow exceeds a certain limit. The limit is much
lower with active frazil ice than with mactwe
[11].

The more common problems are surnrmarized as
follows:

{1} Frazil ice is very sticky when first
produced {active state), The frazil needles
coalesce to form small masses which in turn
coalesce to form larger masses of spongy
frazil. Active frazil ice adheres to objects
having a good thermal conductivity, such as
steel trashracks and turbines when they are at
_ a temperature of 329 F (0° C) or below. The
" accumulation of frazil ice on the racks can

quickly block the flow through the racks, and’

where racks are not provided, it can block the
flow through turbines. £

(2} Frazil ice (active or inactive) can also
accumulate in zones of low velocity flow in
sufficient proportions to block the flow in the
entire water prism. The accumulation often
starts when active frazil ice adheres to piers or
other obstructions, tnactive frazil can usually
pass through trashracks, pumps, or turbines
without damage.-

{3} While the production of frazil ice at a
" particular site ‘usually continues for only a few
minutes, its production in rapids- may
continue for days [12]., manufacturing

enough frazil ice to completely fill a channel :‘
or a small downstream reservoir. Scherman:

{13] discusses the volume of frazil ice that
can be produced under various conditions.
‘For problems with ice jams, see bibliography
reference [14].

2. Anchor Ice.—In contrast to frazil ice, which
forms throughout the body of the water prism,
anchor ice forms on the bottom of shallow streams
or canals; Qnd is fm med on clear, cold nights when
radiation issexcessive [3]. When the sun rises, the
anchor ice is usually loosened from the bottom and
floats downstream.

< Anchor ice can form to such an extent that its

buoyancy will float the rocks on which it is formed,
As a result, rocks are sometimes carried into
turbines, ecausing econsiderable’ damage,  The
accumulation of anchor ice may also block the flow
through trashracks.

3. Surface lce (Sheet lce).—

fa) Formation.—An ice cover will form readily
on water flowing slowly, However, with a
velocity of 2.2 ft/s (0.67 m/s} and greater, an‘ice

cover will form only if 'the ambient air
temperature remains beiow 0° F {say minus 18°
C) for several days [15]. The water temperature
in a stream or .canal is gfanerally uniform

throughout the water prism as mixing oceurs,

and an ice cover forms only when all the water in

the prism is closz to 320 F (00 C) [18].

There are many equatlons for determsnlng the_
thickness of an ice cover based upon the air
temperature and duration. Two of these
equations are [17]:

{1} Standing water.—The Goncharov formula
for ice thidkness on standing water states that:

h=368/3t -

where h is the. resulting ice thickness: in
centimeters and Zt is the sum of the mean
daily negative air temperatures in degrees C
-*“from the beginning of winter."”

" (2) Flowing water.—The Bydin formula
which is valid for'velocities of flow equal to or
less than 1.6 ft/s (0.5 m/s) and a snow cover
{on the ice) equal, to or less than 15.7 inches
(40 cm), states that:

h=2/Zt

where h is the resulting ice thickness in cm,

and Zt is the sum of the mean daily negative

air temperatures in degrees C. from the
* beginning of the formation of the ice cover. .




Fioe ice or cakes .of floating ice will lodge -

against an obstruction or an ice cover to
extend the cover upstream if the velocity in
feet per second is equal to or less than [181:

V =0.105%/20H

where H is the mean depth of water in feet.
For faster velocities, the ice cakes dive under
the edge of the established ice cover,

The thickness, 1, of an established ice cover,
to permit progression upstream, is a function
of the velocuty and depth of the stream :as
follows [181:

v p—r\ t
v/ 2gH §

where V is the velocity in front of the cover in
feet per second H"is the mean depth in feet,,
and p and p' are the specific orawtles of water
and ice, respectively {(p = 100, p’ = about
0.90).

fb} fce pressure.—lce pressure may be in the

form of a thrust force due to thermic expansion

of a solid ice cover bearing against a fixed
structure; or due to an unconsolidated ice cover

formed by drifting ice floes. The thrust force due |
to thermic expansion (fig. 2],
greater than the force due to drifting floes [12].

The thrust from an unconsolqdated ice cover
seldom exceeds 3,000 Ib/lin ft {pounds per iinear
foot] {44,000 N/m {newtons per, meter)) whereas
the force from thermic éxpa ision may be as
much as 20,000 Ib/iin ft (say 292,000 N/m). The
U.S. Army Cold Regions Research and
Engineering Laboratory has recently published
an excellent report dealing with ice pressures on
engineering structures [38]

C. DESIGN GUIDELINES

1. General .—lce problems may be different for each -

locality, each river, and for each location on ariver,
Thus, it would be impossible to formulate design
criteria”that would be applicable to every shallow
river diversion. However, a few general guidelines,
based upon research and. experience, should not be
overlooked in the design of such facilities. The
guidelines presented here relate primarily” to design
considerations for

is almost always

alleviation of ice problems, .
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However, the closely associated problems due to
sediment transport at - a  diversion must be
considered, and are discussed in section C2, below..
Other design considerations ‘for diversion structures
are covered in USBH Desmn Standards No! 3120].

Some._jce- problems can be allewated by followmg
appropriate rules in design. For example, the

location of a diversion' in or downstream from

rapids must .be avoided. Qther problems can be

minimized by following proven operating

procedures described in section D. In: general,

experience has shown that a diversion made directly

to a plant or closed conduit presents fewer problems

than a similar diversion to an open canal. ‘

The following discussion relates to a typical
diversion having a diversion =pool, _spillway,
sluiceway, and headworks as shown in figure 1. A
drop-intet diversion structure is considered in
section CB. - ‘ K

Z. Location of .Diversion.—Design principles for

" location of a river diversion based upon averting

problems with floating ice are contrary 1o principles
for location to minimize sediment problems {fig. 3)._
Thus, both the ice problem and the seriment
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Figure 3. Opnmum location ‘on river bend to exclude
sediment or fioating ice. 101-D-626

problem must be studied, and a choice or a-
compromise then made on' the basis of the relative
impartance of each to the auccessfu! operation of
the diversion facilities,

fal Channel hydraulics, seciment transport
eharacteristics, and hydrologic factors,—In
addition to consideration of the characteristics
for formation and movement of ice, an analysis
must also be made of the stream channel
hydraulics, ‘sediment transport characteristics,
and hydrologic variables for use in selecting
proper design principles for a shallow river
diversion. The channel hydraulics, sediment
transport, and hydrologic factors to be eval‘uated
are as follows:

(1} Channel hydraulics:

Water surface proflles from the diversion

site to any upstream rapids’ or

downstream control throughout a range
of discharges, for. use in defining water
depths and velacities in evaluating ice
and sediment movement.

_ Stream channel configuration for locating
bends, crossover channels; channel
consirictions, and possible wind effects,

{2) Sediment transpart:

Volume and size analysis of sediment’

transported showing any variation with
water discharge and seasonal
relationships for both suspended load
and bedioad.

Bedload transport characteristics at bends.

{3) Hydrologic tactors:

Seasonal effects of  flood peak
probabilities. .

Water discharge duration showing
varjations with seasons of the year.

Upon completion of ithe above evaluation, the
optimum design can be oriented to prevent ice
problems or sediment problems, or to minimize
each,

{b} Sedtiment  problems = at a diversion.—In

establishing guidelines for use in _design of a _

shallow river diversian, it is important to have a
knowledge of the river channe! hydraitlics and
sediment transport associated with the diversion
structure. Hydrologic conditions must also be

.evaluated to define the range of river discharges
‘that can . be anticipated durlng the winter

operations,

&

The movement of ice and sediment. occurs

simuttaneously, and the transport characteristics

of both are dependent on the stream channel
hydraulics. There are some basic differences as
well as similarities in these transport
characteristics that have a direct bearing on the
design techniques selected for solving either an
ice or sediment problem at a diversion structure.
Transpart of the suspended sediment foad in the
silt and clay size fraction less than 0,062 mm
{millimeter) takes place throughout the water
prism or depth at water velocities greater than
about 0.5 ft/s {0.15 m/sl. Since the silt and clay
size material is transported. in suspension, it is

_~ found in equal quantities from the streambed to

the water surface and, in- “this respect, is qune
similar to fra2|l ice movement.

The sed1ment coarser than 0062 mm " {sands,
gravels, and cobbles} s moved primarily as
bedload, but can also be transported in

[




suspension at velocities greater than 0.5 ftfs.

When this material is carried in suspension, it is:

found to have much higher concentrations nearer
the streambed. Thus, the guantities of transport
of the material coarser than 0.062 mm depend
on the stream channel velocity - and size of
material. Because the movement of coarser

material either transported as bedload or ‘in

suspension immediately above the streambed is
dependent upon the flow hydraulics near the
streambed, it i5 in most cases qutte different than
the movement of ice.

There are other hydraulic factors that influence
the transport of coarser size sediments near the
streambed. Turbulence, at times, has an extreme
critical effect on movement of coarser material
targer - than 0.062 mm normaily moved as
bedload. Turbulence that can force the coarsar
bedload into suspension is usually associated
with some obstruction, either natura! or
manmade, within the water prism. In shallow
river diversion, the turbulence sometimes created
at a headworks is the most significant. Another

candition influencing the movement of coarser .

bedload is the transport zssociated with bends in
the stream. Coarse material transported . as
bedload or in suspension near the streambed is
carried by secondary currents or transverse flows
towards the convex or inside bend. Conversely,
the surface flow associated with a bend in a
stream is towards the concave or outside of the
bend.

Because of the -hend charactetistics, the clear
water with lower concentrations of sediment
occurs on the concave or outside of a bend.
When a reduction of the diversion of the coarser
sediment at an intake is necessary, it has been
found advantageous to locate. the intake on the

et

concave bend. R

-t

fc/ Location to avert sediment problems.—

{1) Sediment sluiceway,—The two major
functions of a sediment sluiceway are to sluice
downstream the coarser material being
transported on or near the streambed, and to
fiush downstream any sediment deposits in
the diversion pool to maintain adequate
storage capacity in the poal,

(2} Turbulence.—Any obstruction that
‘creates a whirl. or vortex action near the
intake will cause the material that is normally
moved as bedload to go into suspension and

be diverted. This material, comprised of sand
and, gravel, can plug an open channel, cause
erosion damage to conduits, or cause damage
to a turbine. The' design principle best
adopted for reducing the diversion ot coarser
sediment is that which creates a slow and
smooth flow pattern near the water surface at
‘the intake structure, -~ '

However, the vartex principle is sometimes
used 10 draw sediment inta a vortex slot for
removal through the sediment sluice,

{3) Channel configuration.—~The most
-favorable intake location 1o avert {sediment
problems is the concave side {outside} of a
bend. The secondary or transverse currents are
continually moving the coarser size sediments
found on the streambed towards the inside of
a bend, thereby leaving.the clear water on the
outside bend. :

{c} Location to avert jce probiems.—
{1} Rapids.—~The prob!ems resulting from
frazil ice generated at a rapids can be avoided
by creating a diversion pool to drown out the
rapids, or locating the diversion a sufficient
distance downstream. A distance of 200 feet

(about 60 m} should permit the frazil ice 1o -

become inactive, However, a large amount of
inactive frazil ice could also clog the hydraulic
circuit of the diversion structure if Iocated too
_near a rapids.

(2) Tufbulence.~Irregularities or obstructions

“in the stream channel in the vicinity of an
intake should he avoided. Water surface
profites for anticipated winter season flows
should indicate a mean channel velocity below
the critical 2.0 ft/s for reduced turbulence
{see sec. B1h).

(3} Channel configuration.—An intake
located on a straight reach of river or, even
better, at the convex or insiderhend would
provide protection fram floating ice. {Note
that such a location would ‘create prob!ems
with respect to bedioad transport ) -

.(4) Exposure to sun and wind,—It may be
possible to -orient the diversion_pool to take
advantage c,f\\the sun, where an ice cover is not”
desired, or 10 take advantage of the shade,
where ‘an ice cover is desired. More critical

would be proper orientation of the diversion




pool to avoid a long fetch distance and
exposure to prevailing winds during the
winter season. Thus, a streamflow in [ine
with the prevailing wind, particularly an
upstream wind, would encouraye excessive
cooling with a potential increase in frazil ice
production.

3. Diversion Pool.—
fa) General.—The larger and deeper the diversion

pool or reservoir, the fewer will be the ice-related
problems. A large, deep reservoir can store

enough heat to provide relatively warm water.

throughout the winter season. However, this is
not possible with the typical shallow river
diversion, unless it is located downstream from a
reservoir with provisions for selective withdrawal.
Thus, winter diversion usually requires the
diversion of water that has a temperature near
32°F {0° C).
i
(b) lcecovered drtrers:an pool —A smooth
packed ice cover on rthe pool or forebay area is
the best protectioni a diversion can have against
_tce problems [21] .'.'Fhe formation of an ice cover
--is farilitated by providing a velocity of about 1.5
ftfs (0.5 m/s).or less in the reservoir, and
certainly less than 2 ft/s (0.8 m/s}. An ice boom
can be effectively used to initiate the formation
of an ice cover,

Frazil ice produced in an open reach upstream
from the diversion pool will rise to increase the
thickness of an existing ice cover when the
velocity is equal to or less than 2 ft/s (0.6 m/s)
under the cover.. Therefore, th2 diversion pool
ideally should have sufficient capecity 1o store a
targe volume of ice as it flows into the pool
increasing the thickness of the cover.

-Most of the frazil ice flowing under an ice cover
will continue downstream when the velocity is
greater than 2 fi/s. Therefore, the ice-covered
pool should be at least 1, “0 to 200 feet (30 to 60
m) Iong, to provide sufficient time for incoming
frazil ice to become inactive (lose its”adhesive
qualityl before reaching the traghracks. The
depth of the pool should be sufficient to provide
at least 2 feet {0.6 m) of trashracks submergence
below the minimum water surface.

fc} lce-free diversion pool.—Where a diversion
structure is located in a reach such that a stable
ice cover cannot be established, it is sometimes

necessary to provide an ice boom or a skimmer

wall to divert floating ice downstrearn away from
" the diversion intake, Hydraulic requtirements to
exclude ice or floating debris are in direct
contrast to those for avoiding sedimentation.
Therefore, the configuration of the diversion
pool, the forebay, and the intake should be
carefully determined on the basis. of. the™
requirement to exclude ice, debris, and sediment.

A trashrack submergence of at least 2 feet (0.6
mj should be provided to pravent floe ice from
blocking the flow through the racks. However,
where a vortex tends to form above the racks, it
may be necessary to provide a vortex arrestor to
prevent the vortex from drawing floe ice down to
the racks, or to prevent drawing down
supercoocled water w,h‘FEH:_may cause frazil ice to
form on the trashracks. Several types of voriex
arrestors have been evaluated and  found
satisfactory [22].

&. Spillway.—A spillway or weir structure is often
necessary to provide a- satisfactory depth in the
diversion pool. To facilitate the flow of ice over the
spillway, the structure should be oriented to provide
direct streamflow through. the pool and over the
spillway without change of alinement. If this'is not

~ practicable, log booms or skimmer walls may be

used to channel the flow of ice to the spillway or
sluiceway as discussed above.

1\
Where prfactlcable the spillway crest should be
adjustablé by the use of drum gates, for example
(fig. i“, to permit formation of ice, or removal of
ice at” the maximum and minimum required

.operating water surface elevations, Radial gates are

sometimes used above the spillway crest, but a
considerable amount of water is used during ice
removal.- To insure operability of the gates during
the winter, provisions should be made for

- application of heat. Details of heating provisions
“and for design loads to be imposed on the spillway

gates are discussed in subsection C7d,

B. lce Sluiceway.—To avoid plcgging the intake
structure with ice, an ice sluice should be provided,
so that ice floes can be flushed out of the diversion

..Whereas a sediment sluice is located at the
|nvert of the diversion pool, the ice stuice is located
near the water surface elevation. In some shallow
river diversions, the ice and sediment sluiceways
have bzen combined, extending from the pool invert
to the maximum water surface. Such an
arrangement results in the waste of a large amount
of water when the gate is raised to clear the floating
ice. The high-level ice sluice and the low-level
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sediment siuice should also be located separately,
where possible, to utilize the characteristics of ice to
flow toward the outside of a bend and of sediment
to be concentrated at the inside of a bend [8) {see
fig. 3).

e

In the design of an ice’sluiceway, the need for

operational flexibility shouldbe considered so that
ice can be sluiced out when operating at maximum
or minimum flow conditions without excessive
waste of water. The depth of the ice sluicaway
should be only slightly greater than the thlckness of
the floe ice anticipated. :

lce sluice gates should preferzbly be of a type that
can be raised completely above the surface of the
water Or ice, or a type that can be lowered to permit
the lce to flow over the gate. A deck or
superstructure located over the gates will prevent
the formation of frazil ice in the area so covered,
but will not prevent frazil ice from flowing to the
gates and freezing them shut, To insure operability
of the gates during the winter, provisions should be
made for application of heat.

A skimmer wall or an ice boom may be provided to
direct the flow of ice to the sluiceway, particularly
if the sluiceway is not oriented directly in line with

_ the streamflow, if sedimentation requirements can
“nbe satisfied. Figure 5 shows a schematic view of the
iBurfell diversion in lceland, which has a unique

skimmer wall and ice sluice for removal of surface
ice, and an undersluice for removing sediment.

6. Forebay Area—The forebay area, or the

diversion pool area. immediately in front of the
intake structure, should provide a smooth flow from
the diversion pool to the trashracks or headgates. It
should be deep enough to provide adeguate
trashrack or gate submergence when operating at
the minimum water surface; and to provide 1 to 4
feet (0.3 10 1.2 m} of depth below the bottom of
the trashrack or gate, as a storage area for sediment
or anchor ice.

The velocity in the forebay area should not exceed
1-1/2 to 2 ft/3 (0.5 to 0.6 m/s), so that any frazil ice
coming into the area will rise to form surface ice.
Abrupt changes in alinement and grade should be

avoided to prevent turbulence and formation of

frazil jce. i

To facilitate the flow of surface ice to the spillway
or sluiceway, excluding it from the diversion intake,
the forebay and intake structure should be oriented
approximatefy normal to the streamflow. An ice

boom or a skimmer wall {ftg. 4} may be used to
assist in “the” dlver5|0'1 of |c:e—free water, as discussed

above.

7. Intake Structure {see fig. 6).=

fa} General.~Intake structures . {or intakes)
usually include trashracks and control gates to
control the flow of ice-free or trash-free water to
powerplants, pumping plants, or to canals. An
operating deck is required for cleaning of
trashracks and for operation of gates. Operating
decks are sometimes extended to include a
curtain wall and a superstructure '

{b) Cu}%:ain walf (see f.r'g.' .4}.-Curtain walls

<. should be provided: {1) to guide the flow of
surface ice to the ‘sluiceway or spillway, while
altowing ice-free water to flow under the curtain
wall to. the trashracks or gates: (2} to act as a
buffer in front of and above the racks or gates, to
take the thrust of an ice cover; and (3) to
exciude cold air from the trashrack area.

The curtain wall should exten at least 1 foot
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Figure 5. Schematic view from the Burfeit diversion which
utilizes separate ice and sediment sluices. 101-0-628

(0.3 m} below the bottom of the thickest ice
cover anticipated on the pool at minimum water
surface, to prevent ice from diving under the
wall. The velocity of flow under the curtain wail
should motexceed 2 ft/s.

A thrust force from thermic expansion of the ice
cover on the diversion poo! should be considered
in the design of the curtain wall {fig. 2). The
front face of the curtain wall Ts sometimes
hattered to permit an expandmg ice sheet to slide
up the face, minimizing the normal thrust on the
face. A timber beam, or some other flexible
member, is sometimes placed in front of the
curtain wall to absorb some of the strain without
transmitting the entire load to the concrete
structure.

Where a skimmer wall or curtain wall is not
required to guide floe ice to a spillway or
sluiceway, but whete conservation of heat in the

water in the vicidity of the racks or gates is-

desired, timber stoplogs may be used as a flexible
curtain wall extending from the deck into the
upstream water prism to keep the cold afr out. In
a diversion to an open canal, a, similar
arrangement may be used as a wind curtain at the
dowmnsiream edge of the deck or cover, utilizing
stoplogs or a vinyl or rubber curtain, as shown in
figure 6D.

ic) Trashrack., —lce problems associated with.
trashracks are perhaps more
encountered than any other type of ice problem

frequent]y :

at diversion facilities, but they are perhaps the(
easiest problems to solve in the design stage. A °
few basic guidelines should be considered in the
design of any diversion facility in cold regions as
follows (for other considerations sse
bibliography reference [21}.

{1} Submergence.—The top of the trashrack
should be submerged at ieast 1 foot below the
- bottom of the thickest ice cover anticipated
on the diversion pool when operated at the
minimum water surface to prevent cold ajr
from cooling the racks and to prevent
plugging by floe ice. If a stable ice cover is not
anticipated, the trashracks should be
submerged at least 2 feet, In general, the
trashracks should be set as fow as possible,
consistent with other considerations. Where it
is impracticable to ‘submerge the racks
completely’ the exposed portion of the racks
can be insulated from the subrnerged portion
to minimize cooling and adhesion of frazil ice,
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{2} Adhesion of ice to trashracks.—~The
greatest threat to the successful operation of
trashracks during the winter is from frazil ice,
which flows throughout the full depth of the
water prism, and when in the active state {see
sec. B1), has amazing adhesive qualities. The
adhesion of frazil ice to objects such as
trashracks varies wlth the coefficient of
thermal conductivity of that object, Thus, its
adhesion to steel bars is much greater than its
adhesion to wood or plastics, for example
- [23].

Most trashracks are made of steel, for
structural reasons, and are quite vulnerable to
plugging by frazif ice. The most satisfactory
solution to the problem of plugging is to heat
the trashracks as discussed in section C7.

(3} Velocity.—~The permissible velocity of
flow through trashracks is based upon many
factors, such as the type of trash anticipated,
and the method of cleaning racks. !n general,
the trashracks should be designed for as low a
velocity as economically justified, to minimize
head losses and to facilitate cleaning.

. The design velocity based upon the gross area
of the racks usually ranges from 2 to 2.5 ft/s
{0.6 to 0.8 m/s) where racks are cleaned by
hand raking, and from 3 to 4 ft/s (0.9-to 1.2
m/s) where power raking is used. A velocity
greater than 3 ft/s should be used with
caution,

High-pressure intakes are sometimes desijned
for velocities up to 10 to 12 ft/s {3.0 10 3.7
m/s) providing the greater head loss is
acceptable and the racks are properly designed
for vibration [24] .

(4) Bar spacing.—The optimum spacing of
bars in trashracks is a function of the type of
material to be excluded from the downstream
facilities, the minimum size of openings in-
turbines or pumps, and the risk involved in
permitting oversized objects to pass through
the trashracks.

While the probability of the racks becoming
pitigged is less by using a greater bar spacing,
the possibility of damage to downstream:~
facilities is greater. Many hydro stations
having medium-size turbines with runner
diameters of 100 to 200 inches (2.5 to & m)
have operated sucessfully'-with a clear spacing
P

Pt

of 3 to 6 inches (7.6 to 15 cm} between bars;
and for the larger turbines having runner
diameters of 200 to 300 inches' (5to 7.5m}, a
clear spacing of 6 to 10 inches {15 to 25 cm}
his been satisfactory [24]. Some diversion
facilities are operated with fine racks in the
summer and coarse racks with as much as 20
inches (50 cm) of spacing in the winter: while .

. others are operated hy removing the racks in

the winter, risking .damage downstream. A
great amount of inactive frazili ice can be
passed through the racks and turbines without
damage, but the prospect of the racks
becoming completely plugged with active
frazil rce is much greater if the bars are closely
spaced, =

i+ (B} Segmented trashracks. —Where it is not
~ practicable’ to provide good submergence of

the trashracks, it is sometimes advisable to
provide segmented racks [25]. The middle
section can be removed to permit free flow

.while the upper section retains floe ice, and
the bottom section retains anchor ice.

{6) Design loads.—Ideally, the trashracks
should be designed to withstand the full
hydrostatic load when completely plugged.
However, because of the expense involved,

~they are usually designed for a partially

plugged condition.

. The thrust force from thermic expansion of

an ice cover should not be imposed on the
racks, but-on the curtain wall above, provided
the racks are submerged.

{7) Heating of trashracks (see fig. A-G).—A
few basic precepts concerning heating of
trashracks should be_ carefully considered as
follows (for a detailed discussion of heating
trashracks see buohography reference [2]].

e

Frazil ice poses the greatest “threat to

-trashracks, which may be submerged

sufficiently to prectude problems with surface
ice. The property of active frazil ice to
accumulate and 10 adhere tenaciously to
metalwork makes it a serious problem to the
operation of water intakes with trashracks.

Heating of trashracks is effective only if
initiated early enough to raise the temperature
of the racks above 32° F (09 C} before they
contact the frazil ice. It is impossible to melt
the ice by Heating the trashracks, but by




heating them to a fraction of a degree above

the freezing point of water, frazil ice will not
adhere to the bars.

fd} Diversion gates.~Spilway gates, sluiceway
gates, and headgates are all susceptible to
freezing and becoming inoperable, as the result
of frazil ice adhering to gates. Unless these gates
are  well submerged, .both upstream and

downstream, it is necessary “ic provide heat to..

the gates and guides to prevent freezing.

Radial gates are usually heated by applying heat
directly 1o the gate and by embedding a heating
cable behind the wallplates and siliplate, as
shown in figures A-8 and A-9. Slide gates are
heated by providing a heating cable attached to
the gate frame, as shown in figure A-7,

It is usually impracticable to design spillway and
sluiceway gates {o withstand the impact load of
large ice floes, but an effort is made to operate
the gates fully open when passing such floes,
Submersible gates, such as the drism gate {see fig.
4), can be lowered enough to ailow the ice to
flow over the gate, while wasting only a minimal
amount of water.

fe) Superstructure.—A superstructure can be a
valuable asset to winter operation of a diversion

intake. In addition to preventing the formation
of frazil and anchor ice in the area covered, it
facilitates the heating process by enclosing the
gate area :and minimizing heat f[osses. A

superstructure may alta, facilitate the success of .

personnel engaged in operatlon of gates, cleaning
of trashracks, and maintaining equipment during
severe weather conditions.

The superstructure, in conjunction with a curtain
wall, can provide a warm air space above the
trashracks or gates. Where the intake structure

discharges to an open canal, a downstream

curtain wall, or a vinyl or rubber wind curtain is
necessary to keep the cold air out.

* Provision should be made to haat the structure as
required. A small amount of heat provided below
the operating deck should facilitate trouble-free

operation. The walls and ceiling of the structure-

are sometimes insulzted ta conserve heat.

Where a superstructure is not considered. to he
justified, a deck should be included above the
racks and gates ta prevent the formation of frazil

and anchor ice on the gates and racks, and to
conserve heat, as shown in figure 4. .

. Drop-inlet Structures (See fig. AS)—

{2} Gerieral —Many shallow river diversions are
made at high elevations from small streams that -
have little or no flow during the winter months,
Yet, the: feasibility of the system may depend
upon diverting al! the water legally permitted by
extending the diversion season_ through use of
speciat design and operatlonai techmques

(b} Diversion pool!.—Some drop-mlet diversion.
facilities are operated without a diversion pool.
This may result in, formation of anchor ice and
frazil ice on the "horizontal trashracks, blocking
the flow to the intake! A weir structure is
sometimes used to form a diversion poal to
permit formation of an ice cover precluding
production of fraZII and anchor jce under the
caver, : .

fc) Weir structure —A simple weir structure,
using flashboards or stoplogs to establish a

~iversion pool, can provide the flexibility needed

to operate a diversion from a small stream.
Additional logs can be used during the winter
months to provide good submergenes or to form
an ice cover. -

While frazil and anchor ice do not form under an
ice cover thev may flow inte the diversion pool
under the lcn The weir structure should Dbe
capable of checking {raising) the diversion pool
w© an elevation sufficient - to. result in an
ice-covered pool lenth of at least 100 10 200
feet (30 to 60 m). Thus, the active frazil ice
flowing into the diversion pool has time_to
become indctive. - . ‘3?:;
{dl intake structure.—The drop-inlet structure
_usually features horizontal trashracks coinciding
with the . invert of the stream. When the
streamflow §s smali, all the flow may drop inte
the underground forebay pool where required
bypass flow and diverted flows are established by
appropriate gate openings. The underground
structure [fig. A-G) provides an excellent means
of conserving any ava'.lable heat in the plus 32° F
(0°C) water.

Assuming that supercooled water flows into the
diversion pool, it would soon reach a
temperature of 32° F (Q° G} as any production
of ice would result in a slight temperature
increase due to heat of fusion. Gates may have




sufficient submergence to prevent freezing.
However, provision for heating should be
inciuded to insure operability.

{e] Trashracks.—it may be desirable to provide
coarse racks {wide bar spacing} during the winter
months, since fine racks are more susceptible to
plugging with ice.

Diversion to Open Canals {see fig. 1).—

{a) General —After ice-free water is diverted to

.. penstocks, discharge lines, or some other closed
conduit, the problems associated with winter
operation are usually over. However, where the
diversion is made to an open canal, for
conveyance to a powerplant, pumping plant, or
water supply system, ice-related problems are
still a threat to successful operation.

Two distinct types of operation are used for such
power canals or headrace canals: ice-free
operation and ice-covered operation. The choice
between ice-free and ice-covered operation may
be complex, depending upon the temperature of
the diverted water, climatic conditions, and the
ability to divert ice-free water from the river,

fb) Avoidance of frazil ice and- anchor .ice
production.—Regardless of the designer’s plan 1o
operate ice free or with an ice cover, every effort
should be made to minimize the production of
frazil ice and anchor ice in the canal. This can be
facilitated as follows:

{1} Avoid turbuience in the canal by
streamlining transitions to and from canal
structures, “ '

{2) Provide concrete or timber covers over
structures in which turbulence is unavoidable,

(3} tf necessary, provide a sedimentation

section at the upstream end of the canal for
silt removal (fig. 1).

{4} Use a narjow, deep, canal prism to
minimize formation of frazil and anchor ice
[26].

kY

(b} Where practical, provide a hydraulic
section with a velocity of 2 ft/s or less to
encourage formation of an ice cover, and to
insure that any frazil ice formed in an open
reach will rise to form surface ice.

¢} lce-covered canal.—The principal advantage
10 operation with an ice-covered canal is that the
formation of anchor ice and frazil ice cannot
occur under the surface cover. Formation of an
ice cover is facilitated by adjusting the flow to a
velocity of 2 ft/s or less. An ice boom is
sometimes used to provide a starting point for ice
accumulation. 1ce will pack and advance
upstream if the velcnity is less than 2.25 ft/5 (0.9
rmfs) {21]. Disadvantages to operating with an
ice cover include the possibility of erpsion of an
earth lining, and the problem of ice removal
during the spring. It is advisable to form an ice
cover while initially flowing at a depth greater
than normal, to assure an adequate flow area
under the ice. The capacity is reduced by the
additional friction {oss imposed by contact with
a greater wetted perimeter. A roughness
coefficient should be determined by considering
the ' roughness of the canal lining and of the ice
cover, The composite i for use in the Manning

. equation [27] can be determined from the

following relationship {34]:
! 2 /3
wp; + wp, (ng/ng 1372

wp; +wp,

where:

N, is the composite roughness
coefficient,
n, is the bottom surface roughness
coefficient,
n, is the ice roughness coefficient,
wp, is the wetted perimeter of the
. canal, and
wp_is the wetted perimeter of ice.

The roughness coefficient of ice in canals varies
over & wide range, [t may be assumed to be about
0.017 at the time of freezing, and about 0.010
after the fiow of water smooths the undersurface
(28].

The velacity of flow in the canal may be reduced
and the water surface raised by providing check
structures at intepvals based upon the invert slope
and hydrautics of the canal flow.

Once an ice cover is established, no further
production of anchor and frazil ice occurs in the
covered reach. However, it is important to avoid,
as much as possible, the entrahce of ice from
uncovered reaches upstream from the diversion




structure {sce letter in appendix 1l A concerning
ice problems at Prosser Fowerplant on the USBR
Yakima praject).

fd} fce-free canal.—It is sometimes desirable to
design a canal for ice-free operation. Several
factors should be considered as foilows:

(1) Water temperature.—The diverted flow
from most shallow river diversions is at a
wemperature of 320 F (0° C) or stightly
higher. However, soma diversion flows may
have a temperature high enough to avoid
freezing, The water temperature drop in the
canal can be determinaed approximately for
various weather and hydraulic conditions by
using the equations in appendix l. It can then

be estimated how far the water will flow in -

the cana! without formation of ice.

(2} Velocity.—It has been found [4] that
surface ice will not form on a canal flowing in
excess of 6.5 ft/s (2 m/s). Thus, any ice
entering a canal, and any frazil or anchor ice
that is formed in a canal with such a high
velocity wil! flow freely to the forebay
downstream,

It should be emphasized that production of frazil
and anchor ice in the canal should be minimized
by observing the design considerations listed in
section C9{b}.

e} Canal forebay.—Canals that carry diversion
flows to powerplants or pumping plants should
terininate in a forebay just upstream from the
ptant, The forebay shouid serve to transition the
flow of ice-free water to the plant while
channeling ice or ice-laden water to a spillway or
sluiceway.

The forebay should be large enough to provide a
maximum velocity of about 1.5 ft/s (0.5 m/s) to
facilitate the formation of an ice cover. The ice
cover should be at least 100 to 200 feet (30 to

60 m) long to permit active frazil ice {which may

flow under the surface cover) to become inactive
before reaching the trashracks.

The forebay should be oriented to flow direct to
the spillway or ice sluice to facilitate removal of
fce. Flow to the powerplant or pumping plant
should be transitioned smoothly to the right or
left of the canal alinement. See sections CA and
C5 for design considerations concerning spillways
and sjuiceways.

A skimmer wall or an ice boom should be
provided ta channel the flow of ice 10 the
spillway or sluiceway. The sléimmer wall may be
incorporated in the design of the intake structure
as a curtain wall,

{f) intake structure.—See section: C7 for design

considerations concerning the intake structure.

The major considerations are listed as follows:
{1} Trashrack submergence

{2) Trashrack bar spacing

(3} Segmented'trashracks

{4} Velocity through trashracks

{(5) Heat.ing of trashracks and gates

(6) Covered intake structure I

(7) Sediment trap u.pstream frgm trﬁshracl-:s
10. Bubbler Systems.—Bubbler svstems have been

used successfully on. many projects’ to maintain
ice-free water surfaces [16]. The success of any

bubbler system; however, is dependent upon the

presence of warm water, over 32° F_{0° C), which
can be circulated to melt or prevent formation of
surface ice, As shallow rivers do not ardinarily have
a significant reserve of warm watar, bubbler systems

‘used in conjunction® with shallow river diversions

would be of doubtful value, except that they have
been effective in retarding the formation of surface
ice by causmg agnatmn of the water.

D. OPERATION OF SHALLOW RIVER

DIVERSIONS

1. River Control.—Where the water tempe‘"rature_of
a'river can be controfled by selective withdrawal
from an upstream reservoir, using high- and

low-level outiets, it may be possible to conserve the .

warmer water in the reservoir, using it only when
nesded to. fzcilitate trouble-free operation of a
downstream diversion structure. With  such a
provision, the release of warm water from the
low-level outlet may slow the rate of the water
temperature drop sufficiently to prevent the
formation of frazit ice. .

_Wnhere an upstream control is not provided, it may
be desirable to inundate frazil-producing rapids by

constructing a weir downstream, thus eliminating
the rapids and most of the frazil ice. Thé weir itself

i
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may cause sufficient turbulence to permit formation
of frazil ice uniess a deck is provided over the weir.
On a small stream, the weir can be comprised of
stoplogs, which can be removed before the heavy
spring flows occur.

2, Diversion Pool.—When the water temperature
drops to or near 32° F {0° C), the water surface in
the diversion poo! should be checked up to provide
a slow velocity of 1.5 ft/s or less, permitting

formation of an ice cover at a high water surface -

elevation. The formation of such a cover can be
expedited by shutting down the plant on the first
night that is sufficiently cold to form an ice cover.
Care should be used to avoid rapid fluctuations in
. water depth to avoid rupturing the ice cover.

As the ice cover thickens and the flow area
diminishes, the velocity will increase. As fong as the
velocity is 2 ft/s or less, any frazil ice produced
upstream will rise and add to the thickness of the
ice cover. When the cover becomes so thick that the
velocity is greater than 2 ft/s {0.6 m/s), the frazil ice
produced upstrearn will be carried through the poo!
to the trashracks.

E

- The flow of frazil ice to the trashracks constitutes a
serious problem only if it is in the active state (see
sec. B1). By providing an ice cover of at least 100 to
200 feet {30 1o 60 m), the active frazil ice entering
the pool under the ice cover will have sufficient
time to become inactive {and usually harmless}
before. reaching the trashracks. An enormous
amount of inactive frazil ice may flow through the
plant without adverse effects [35].

3. Spillway.—Where an adjustable spillway crest is

provided, the diversion pool water surface can be -

adjusted to accommodate diversion head
requirements. In .general, the operating water
surface should be raised as high as possible before
forming an ice cover.

When an excess of ice accumulates in the diversign
pool, the spillway gates or stoplogs should be
adjusted to flush out the excess ice.

When large ice floes gccur in the river, an effort

should be made to operate the spillway gates fully
open, as it is usualiy impracticable to design the
gates to withstand the impact load from such floes.
lce floes may pass over submersible gates without
damage, See section C7(d}) for gate heating
requirements,

When the thrust force due to thermic expansion
threatens to damage the spillway structure or gates,

an effort should be made 10 remove or prevent

formation of ice adjacent to the structure. This can
be accomplished with a bubbler system if the
diversion pool is large and deep enough to provide
sufficient heat in the lower depths of the pool.
However, this is not usually possibfe for shallow
river diversions which normally have a small shallow
diversion pool, .

Some operating personnei have solved the problem
of excess pressure on the structure by cutting a slot
in the ice in front of the structure, and filling the
slot with logs and straw. if the face of a structure is
battered, the sloping surface will permit the ice to
slide up the sloping face thereby relieving the
pressure. s

4. lce Sluiceway.—It may be necessary to open the
sluice gate whenever an excess of Jce has
accumulated in the diversion pool, but particularly
during the spring breakup of river ice. If a skimmer
wall is not provided, an ice boom should be
constructed to channel the flow of river ice to the
ice sluiceway. Frequent operation of unheated gates
may keep them from freezirig.

. 5. Forebay.—A skimmer wall or ice boorn may be

constructed to prevent ice floes from entering the
forebay area provided sedimentation problems do
not result. Where an ice cover does not readily. form
on the forebay area, its formation can be initiated
by placement of wooden beams or screens in front
of the intake structure, Floating on the water
surface, the beams not only accelerate formation of

" an ice cover but also serve to interrupt any’vortex

that may otherwise form in front of the trashracks,
which would, pull cold air down to the racks, The
formatior“of an ice cover can also be initiated by
seeding the forebay with dry ice [29].

6. Intake Structure.—Several procedures can be
used to. facilitate twoublefree operation of the
intake structure as follows: :

fa] Trashrack submergence.—if possible, the
spillway, sluiceway, and headgates should be
operated to maintain at least 2 feet of
submergence over the top of the trashracks, to
prevent ice formation on the racks.

(b} Trashrack cover.—Whefe it is not practicable
to provide adequate trashrack submergence, and




where a superstructure or a structural cover is
not provided, a concrete or wooden cover should
be constructed over the racks to prevent cold air
from contacting them. The cover should include
a curtain wall upstream from the racks to
exclude cold air. If the diversion structure
discharges to an open section, a downstream
curtain is also required; This can be of rubber,
vinyl, or any other material that.can effectively
keep the cold air out.

The space so covered may be heated with a space
heater if required, but it is sometimes sufficient
to insulate the cover. A removable deck panel
may be required for cleaning of trashracks or
operation of gates.

fc} Trashrack heating {see Prevention of Water
Intake Clogging by Application of Heat
{2]).—The proper application of heat to
trashracks is the surest method of preventing
their clogging by frazil ice. It is not necessary to
heat the racks every time the water temperature
drops to the freezing point, as frazil ice does not
form unless the rate of cooling exceeds 0.018° F
{0.012 C) per hour between the temperatures of
32.18°F and 32°F (0.1? C and 0.0° C} [5].

A thermoregulator such as the Temp-Tact
No. 2290/602A, which has a sensitivity of
0.009° F (0.005° C), could be used to
monitor the rate of cooling and initiate
heating  as _ required. Heating can be
terminated ‘when the supercooled water
returns to a temperature of 329 F (D9 C),

Logan [2] describes methods of heating
trashracks and determmes the amount of heat
that is required. :

fd) ARemoval or replacement of

trashracks —Where ice problems persist in spite

of other precautionary procedures, it s
sometimes necessary to remove the trashracks,
taking a calculated risk that ice passing through
the intake structure will not damage the
downstream installation, Instead of removing
trashracks = completely, . they are sometimes

removed in sections [25]. This is most effective ’

where the midsection can be removed, leaving
the upper and iower secticns in place to intercept
the flow of frazil ice or anchor ice,

It is sometimes advantageous, during the winter
months, to replace the steel trashracks with

wooden or plastic-coated racks, which are less
susceptible to adhesion by frazil ice and its
attendant plugging. Trashracks with a small bar
spacing are sometimes replaced by racks having a
grealer bar spacing, permitting more ice to pass,
out reducing the threat of plugging. Double
screens have also been used, with the upstream
screen providing. a wide bar spacing (6 to 20
inches) and the downstream screen with a
standard bar spacing.

Operation of Canals.—

fa} General.—Water supply canals are operated
ice free or ice covered, depending upon the heat
available in the water diverted to the canal, the
severity of weather conditions, the velocity of
fiow, and other factors.

(b} Operation of ice-free canal.—lcefree
operation is often maintained in the upstream
reach of a canal having a water temperature in
excess of 322 F {0 C). The length of flow that is
required for the water temperature to drop to
329 F (0° ¢} can ba.computed, approximately,

~hy the equatlons in appendix I. Downstream

from this point, g cover of surface ice will form
uniess the velocuty of flow is too. great

To avoid production of frazil ice in ah ice-free
canal, it is important to avoid T bqrence as
much as possible, Where turu l'ent:e.- occu rs, the
production of frazil ice can.be prevented by
construction of a concrete or timber, caver over

‘the turbulent reach. Where blowing snow enters
.the canal and increases the formation of frazil .

ice, it may be necessary to construct a snow
fence,

When a considerable amount of.frazil ice or floe .
ice enters the canal at the diversion structure or

.is formed in the canai, it may be necessary to

flush some of the ice out of the eanal at
wasteways or at the terminal forebay. A large
volume of water is usually required to flush the
ice ‘out. It may be necessary to heat wasteway or
check gates, 1o ensure operability.

in ice-free operation, the accumulation of ice at
canal. structures may require removal by use of
power equipment such as a clamshell, dragline, or -
shovel. The thin sliver of ice that first forms
along the sides of a canal has been removed
before it attains significant proportions by
mountng a power shovel on a flat-bed truck and




traveling along the operating road, with the
shovel bucket extending to the water prism,
fracturing the ice into small pieces.

{c! Operation of ice<overed canal.—~The reach of
canal that is to be operated with an.ice cover
should preferably be checked to flow at a
velocity of 2 ft/s or less to facilitate formation of
an ice cover. The checked water surface should

be sufficient to permit operation under the ice, -

recognizing that the increasing ice thickness wil
gradually diminish the flow area, and that the

additional wetted perimeter (see sec. C9) will.

increase the frictional resistance to flow. Thus, it
is common practice to check the water surface at
feast 1 foot above normal.

The adjustment of gates or valves should be
oradual to avoid excessive fluctuations in the
water surface, which may rupture *he ice cover.
Since it is almost. impossible t0 produce an ice
cover that is self-supporting in a trapezoidal
canal, it is necessary to operate the gates and
valves to maintain a ﬂow surface in contact with
the ice cover.

An inflow of ice from the diversion stiucture
should be "avoided if possible, While fnactive
frazil ice can normally flow through an
ice-coveret) canal without harm, it has in some
irstances deposited, starting in slow-velocity
areas, in sufficient proportions to compistely
block the canal prism. Particular care shoild be
used to exclude ice from a canal that flows into a
small reservoir or lake, as evidenced by a letter
from WMr. Lindgren concerning “lce Trouble at
Prosser  Powerplant—Yakima . Project,” {see
appendix ).

When the spri?'lg breaklp occurs, the resulting
floe ice should be flushed from the canal at

wasteways or sluiceways. A considerable volume .

of water is-usually wasted in ﬂushlng the ice
from the canal.

i

8. Monitoring and Control Equipment.—Where a

diversion facility is not provided with equipment 1o
monitor hydravlic pressure head upstream and
downstream from the trashracks, operators may
wish to provide this equipment to reflect the degree
of trashrack plugging.

The water temperature should also be monitored,
By using sensitive equipment such as the Temp-Tact

Thermoregulator, which is accurate to 0.009° F

{0.005° C}, above and below freezinm, the heat
supply to trashracks and gates can be turned on
automatically when the rate of cooling indicates the
imminent formation of frazil ice {see sec. B 1(b}}.

. RECOMMENDATIONS FOR FURTHER

RESEARCH

. 1. Shaliow River Diversions in General.—A

standard-type diversion structure, utilizing the
features described in section C, should be modeled
in the laboratory to determine:. {a) optimum
velocities for spilling ice, sluicing . ice, diverting
ice-free water, and {b) the conflguration and range
of flow diréction changes that can best exclude ice
and sediment. This could be performed in
conjunction with a specific diversion. The distance
required for active frazil ice to become inactive
should be determined for a range of velocities. z

2. Model Study of a Specific Diversion Facility.—A
mode! study of a drop-inlet-type diversion should be
performed to determine the best configuration to

~avoid ice, trash, and sediment,

3, Monitor ‘and Contrel Equipment.—A package
should be assembled for use in the laboratory and at
project sites ‘as. required to monitor waters-
temperature  and control  trashrack heatmg
equrpment This package should include:

(a) A precise water temperature gage, accurate

T 10 00089 F {0.008° C)

{b} Water temperature recording equipment

{c Rate-of-&ooling equipment

{d) Automatic. heat controls {with manual
override)} T

. GLOSSARY OF TERMS

1. Anchor Ic_e"(Bottom lce).—lce which is formed
on the bottom of shallow streams. or canals
attaching itself to rocks or structures.

2. Floe fce (Float Ice).—Broken pieces of sheet ice

- flowing in blacks of random size and shape, floating

on the water surface.

3. Frazil ise {Needle ice).—A crystalline form of ice
that forms throughout the body of supercooled,
furbulent ~ water, accumulating in large spongy -
masses. : .




4. Sheet Ice (Surface lce). —Solld ice, formed on the
water surface.

5. Slush lee.—An unconsolidated or unsolidified
mixture of ice which may inelude frazil ice, anchor
ice, snow, or smali nieces of surface ice.

6. Supercooled Water.—Water that has been cooled
below its normal freezing temperature without
solidifying.
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APPENDIX 1

Heat Loss Factors

1. General,—-The water temperature at diversion
structures, powerplants, and pumping plants is affected
by upstream conditions such as reservoirs, canals,
tunnels, and pipelines. Heat loss factors relating to
water conveyance systems will be the subject of a
future report. However, a few rules-of-thumb,
evaluating some of the variables which influence the
water temperatures are presented briefly, and
approximate solutions offered. In some cases, a more
precise determination may not be justified, as, for
example, a wind velocity of 10 miles per hour {mi/h}
{16.1 km/h) can triple the heat |oss from an open
water surface [16].

2. Reservoirs.—The heat available in a storage reservoir
is the product of several factors such as the water
ternperature profile, the heat gain from solar radiation,
and the heat loss from reservoir inflows and outfiows.

fa) Warer tremperature profile~Water has its
maximum density at a temperature of 39,29 F (40
C}. Thus, following the autumnal turnover, whea
the coldest water rises to the surface of a reservoir,
the warmest water {with a maximum temperature of
39.2° F {4° C)} sinks to the bottom.

By providing a reservoir outlet structure with ports
at several elevations, water can be discharged from

gither the colder zone or the warmer zone. Thus,

using selective withdrawal, the discharge from the
reservoir can be requiated to conserve heat using
warm water only when it is necessary to avoid ice
problems. .ﬂ
{b) Heat gein in reservoir —~Two factors contribute
to a heat gain in reservoirs during the winter as
follows [30]:

{1) Solar radiation.—Glover indicates that the
daily solar radiation reaching the surface of Lake
Estes (ef. 7475) on the USBR Colorade Rig
Thompson project amounts to about 830 Btu per
square foot during the winter months. Only
one-fourth of the radiation penetrates through

..the water surface or clear ice surface to the lower

“depths to produce a heat gain. With a snow cover
on the ice, the effective radiation is reduced
congiderably. i1 s reasonable to assume that in
any one day no more than 100 Btu per square
foot penetrates the snow-covered ice.

(2) Ground temperature.—A lesser heat gain
results from the relatively warm bottom surface
of the reservoir. The soil or rock surface may
have a temperature ranging from about 45° to
552 F (79 t0 132 C).

fe) Heat foss fram reservoir —The direct loss of heat
from the reservgir to the atmosphere is very small
after an ice cover is formed. However, a significant
cooling effect occurs as water flows into the
reservoir at a temperature near 32° F {09 C}) and
out of the reservoir at a higher temperature,

3. Canals.—The many variables which affect the heat
loss from canals and streams preclude a precise
determination in most instances. For example, a wind
velocity of 10 miles per hour {16 km/h} will increase
the heat loss from an open water surface from about 3
to about 8 Btu per square foot per hour per degree
Fahrenheit {17 to 45 W/m?*/°C).

To include alf heat losses, G. P. Williams {31} showsa
total heat loss factor based upon observations {with an
8-mile-per-hour wind} of:

7 Btu per square foot per hour (22 W/m*), per
degree centigrade ’

or about

"4 Btu per square foot per hour (12 W/m }, per
degree Fahrenheit :

Williams [121, Scherman [13], and Michel [36] offer
a more complete analysis based upon rediation,
cocnvection, and evaperation for use where-a more
precise heat Joss determination is required. Williams
{23] itustrates these factors for streamflow in figure.
A,

The total heat loss from a canal may be approximated
as fallows:

Le% = C(Ath  Btu per square foot per hour
Cla)
3,600 Btu per square foot per sgcond
_ Clanw

\ |
3,600 Btu per foot of canal per second
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}'L Figure A-1. Ice formation—Factors that affect the rate of
¢/ cooling of a section of river water. 101-D-630

_ Clanw

3,600V Btu ?er foot of eanal length

where:

C is a coefficient representing the total heat loss in

Biu per square foot per hour per degree
Fahrenheit,
At is the difference between air and water

temperature in degrees Fahren‘he:t,
W is the top width of the water prism in feet, and
V is the velocity of flow in feet per second.,

1

Since, by definition,

One Btu is the amount of heat reqmred to raise 1
pound of water 1° F, and

Since the weight of water is equal to 62, BA pounds
per linear foot of canal, where A is the
cross-sectional area of the water prism in square

;;' feet, the water temperature drop, AT,.in the
" canal,
C{At)W _
' 3.600V/___ClAhW
e = F
ATw ==625A 225000Av ' Perfootof
‘ canal
ar
Claw oo - .
= wmt— = OF
42-GAV per mile of canal

- {a) Assumptions:

Design example,—

{1} A caral has a cross-sectional area of 224
square feet, a velocity of 3.0 ft/s and a top
width, w of 40 feer. =

{2)‘The water temperature at the diversion
structure is 33° F, and the air temperature is
“minus 20° F.

(3) It is assumed that the average wind velocity
is about 8 miles per hour, and the heat loss, C;
from the water surface is 4 Btu per square.foot
per hour per degree Fahrenheit.

(6} Problem: Determine the canal water
temperature at a distance of 1 mile downstream
from the diversion structure, assuming that At is
equal to 53° F for the entire length.

(e} Solution:

{1) The water temperature drop,

- Cl{AYW
AT, ™ 326AV

4(53)40

=0.30°F
426x 224 x 3 0.30

{2) Then the water temperature is equal 1o 339
minus 0.30° = 32,709 F,

4. T.un_nels.—Water flowing through tunnels
experiences a heat gain due to friction and a5 a result
of contact with the rock surface having a temperature
measured from 46° to 68° F (89 to 14° C) in the
tunnels on-the USBR ‘s Colorado-Big Thompson project
[30].

It can be shown that the heat gain, in degrees
Fahrenheit per foot of tunnel caused by contact with ‘
the rock surface is approxlmately '

0.000001 (At) TrD
AV

where: )

At is the difference between the rock and the water
temperature in degrees Fahrenheit,
- D is the tunnel diameter in feet, :
= A is the eross-sectional area of the tunnel in square
feet, and
V is the velacity of flow (ft/s} in the tunnel.




This heat gain, combined with the heat gain from
friction, is usually negligible for shart tunnels.

5. Buried Conduit.—!t1 is usually feasible to bury a-

pipetine at a depth which will result in no heat loss.
This depth has been approximated {as shown in fig,
A-2] by proportioning the portion of the conduit
perimeter below the frost depth according to the
relative soil temperatures above and below the
frostlines, Thus,

where:

Po is the conduit perimeter lying above the
frostfine, -

Pg is the
frostling,

Atp is. the average differential soil
above the frostline, and

Oty the average differential soil temperature below
the frostline.

conduit perimeter lying below the

temperature

Other factors, such as the thrust force due to frost,
may require using a greater earth cover.

6. Exposed Pipeline.—Giover [30] examined the heat
loss potential in the exposed Flatiron steel penstocks
on .the Colorado-Big Thompson project to determine
the time required for a pipe to freeze solid if filled with
water but not flowing. Considering the surface
emissivity at the outside of ‘the pipe and the thermal
conductivity of the ice as it forms in layers inside the
pipe, he determined that:

{a} A 72-inch {1.83-m) diéémeter pipe exposed to an
air temperature of 24° F {minus 4.4° C) would
freeze solid in 92 days, :

{b} The same pipe exposetj:l to an air temperature of
minus 319 F {minus 352 C} would freeze solid in 12
days, ‘

Develgpment of curves

Example : Find requ:red eorth cover aver a 5-foot dia. pipe ta provide g heot
goin equal 16 the heot loss, if the frost depth is & fee*,

© Try 335" of cover over top of Dipe.
Find o145 Py~ 7.73, and Pp-10.58!
Ther,
Heat toss factor = B% 7.73'~ 61.8
Heot qain foctor - g eip4a'=634
Therefore, o slight heet goin 15 indicated.

.Frost line

Typice! £0ld regian

ground tempergture
grodient with no_/
snow cover [3p]
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Figure A-2. Pipe cover ta avoid freezing. 101-D-631

{c) The Reat of fusion, as the ice is formed in the
pipe, would largely offset the heat loss through the
ice. . .

{d) A flow of 225 ft*/s (637 m3/s) in the
72-inch-diameter pipe would provide enough heat
from friction to iimit the ice thickness to 1 foct
(30.48 cm).

.Thus, Glover concluded that freezing of penstocks
should not present a problem.




APPENDIX II

Ezrcpericn,cc With Shallow River
Diversions in Cold Regions

A. Bureau of Reclamation (USBR) Experience.—All of
the USBR regional offices that have facilities in cold
regions were contacted by the Ice Research Study
Team in 1371 to determine the extent of their
ice-related problems, together with methods used to
alleviate such problams, These problems and solutions
are included in the 1971 report: [1] fce Problems in
Winter Qperation--Recornmendations for Research.
Those problems and solutions which relate 1o shallow

river diversions, together with other USBR diversion’

experiences during cold weather, are described briefly.

1. Prosser Powerplant—Yakima Project—1949.—A
letter from O. W. Lindgren dated March 14, 1948, is
guoted as follows;

*'a, Whenever temperatures fall below 10° F, ice
begins to form in the power canal and it sippears
in the form of small crystals which float deep in
the water. Its characteristic tendency is to adhere
to any object it hits and, in a short time, builds
up large slushy masses of so-called ‘anchor-ice’
which completely chokes treshracks and
obstructs the flow of water in the canal,

‘Beginning on December 27, 1948, and
extending to February 16, 1949, ice troubles
ware experienced without any let up, Costs for
ice removal and canal repair work -during that
period amounted to nearly $10,000, and the loss
in  power -generation was about 2,500,000
kilowatt-hours. This was the worst ice condition
ever experienced at the Prosser Powerplant.

“b, Cutages hetween December 27 and 31 were
necessary because of a very rapid aceumulation
of ice which raised the water level, causing a
break in the canal bank. When service was
resumed a natural pond, which forms part of the
canal, was frozen over solidly which further
obstructed the flow of water, From that time on,
it became increasingly difficult to get water
through the canal. Temperatures held steadily
below freezing for the next 45 days, and a
vicious cycle set in whereby the water supply
gradually diminished and anchor-ice formed all
the more rapidly.

“c. The outage of 36 hours between January 14
and 16 was necessary because a section of steel

*cfs now ft3f5

~trashrack, which was loosened by a dragline

which was being used for removing ice, fell into
the penstock. This shutdown resulted in further
freezing over of the ponded area, and by this
time the water surface was raised about 18 inches
above the normal in an effort to force the water
through the canal. This caused leakage through
the canal bank at one point of from 5 to 8 cfs*,
but since the bank was made largely of broken
rock, it did not wash out but considerable
concern was had for the safety of the canal.

"d. A critical stage was reached on January 31
when safety links began breaking on the wicket
gates which control the flow of water through
the turbine. This again required shutting down
and draining the canal. The trouble was found to

-be caused by a broken rake which had gotten
- into the machine. When the canal was drained
" slush ice was found to be about 4.feet thici on

the bottomn of the canal. Upon resumption of
service, after 51 hours and 48 minutes shutdown
for repair of the turbine, weather conditions
began to moderate but ice conditions were then
so bad that it took nearly two weeks time to
fully clear ice from the canal and get back to
normal operations.

. "e. These ice problems bring to attention several

fundamental weaknesses in the design of the
power canal which should be given serious
consideration in planning. for the proposed
Chandler Plant.. Suggestions for improvemerits
are as follows:

*{1) Provide for a liberal overflow capacity of
water for flushing ice away from the penstock
forebay. The spillway should take of f directly
from the end of the canal rather than on the
same side as the penstock so as to direct the
overflow away from the penstock as much as
possible. Since the Chandler power canal wilt
be designed to carry water in excess of power
requirements, considerable advantage will be
gained in that the excess water may be used
for flushing ice; however, to effectively flush
out the submerged ice, which caused the most
trouble, the spillway control should be built
with -gates which discharge water from
underneath.




{2} Trashracks over the penstock intake
should be designed with a mechanical cleaning
device for removing ice. The greatest problem

is from anchor-ice building up from the
bottomn. The only effective way, thus far’

found, for breaking this ice loose is by
vibrating the trashrack, which has been done
by hand hammering or jarring with a dragline
bucket. The former method is quite
ineffective, and the latter damages the
trashracks considerably. Any machine
designed for ice removal should incorporate
both raking and vibrating features. Trashracks
shauld also be securely anchored at the
bottom. This is not the case in the present
structure so trouble was experienced when the
back surge, caused from shutting down the
plant, simply lifted ice-laden trashracks out of
position.

{3} The power canal should be concrete
lined throughout its entire length, first,
because the lava rock formation, through
-which it is built, is extremely porous and,
second, because the higher velocities
permitted in a concrete lined canal wifl
materially minimize ice formation, The
greatest problem in operating the present
canal is the effect of dead water in a natural
pond which forms a part of the canal. During
freezing weather ice forms in this pond and
very effectively retards the flaw of water. This
choking effect causes the water level to rise

which develops leaks in the canal bank,

directly above the pond. This experience has
been repeated many times during the history
of operation but this year was the worst, At
one time the water level stood about 18
inches above the normal.

“Anpther bad effect from this pond is the
accumulation of silt which is deposited due to
the stow velocity of water flowing through it.

After the spring flood of 1948, this pond.

filled up with silt to such an extent that the
required flow was maintained with difficulty.
The pond ".ould ‘certainly be eliminated in
any future construction.

*{4) The formation of ice on the headgates is

another problem. This year the gates were so _

badly frozen that it took several hours time to
thaw them out for closing. We have no
definite suggestion for correcting - this
situation but it should be given consideration
in the future design.

“(5) Consideration should also be given to
installing a boom at the headworks structure
which will effectively divert ice away from the
canal, | believe a properly designed shear
boom would very materially reduce the
amount of ice flowing into the canal.

“f. I trust that this information will be bassed on
to the designers so that the problems experienced
in the past may be solved in future planning.”

2 Prosser Diversion Dam—Headworks Gates— 1973
[33] .—Protective wooden covers over the
headworks gates have reduced gate freezing
considerably, as long as water is flowing in the
canal. Prior to the installation of these three 12- by
16-foot (3.66- by 4.88-m) cavers {one for €3 1gate)
the wind-whipped spray would cause a bwldup of
ice on the gates, preventing gate operation.

When the gates are closed and the downstream canal
is unwatered, a considerable buildup of ice
accumulates as leakage water freezes on the sides of
the yates. Before the gates can be operated, the ice
must be melted. This |s done by using a portable
butane torch,

3. Roza and Chandler Powerplants—Yakima
Project—1971 [33] .~lce formation in the power
canals has caused several outages for the Roza and
Chandler Powerplants, The project has some deicing

-equipment at the Roza Diversion Dam and at the

powerplant forebay, but this equipment is not
adequate, The anchor ice and floating ice problems
are usually so severe that the canals and powerplants
are shut down until the air temperature rises and the
water temperature is above freezing.

4. Roza Diversion—1973 {33] —

{a) Yakima River.—When the riverflow is
changed ({especially when increased), large
chunks of ice are carried 1o the dam creating
problems, When the riverflow is held constant,
the’ buildup of jce does not create much of.a
problem, even when frazil ice is flowing.

{b) Roza Diversion Dam.—Surface ice on the
reservoir attains a thickness of 18 inches (45.7
em}. Slush ice flows under the surface ice and
=builds up on the trashracks, blocking the ﬂow to
the power canal.

An . attempt was made to break through the
surface ice and to rake the slush ice off the
trashracks. However, it is sometimes necessary to




shut down the canal until warmer weather
arrives.

Recommendations to alleviate this problem
included covering the trashrack and providing a
skimmer wall upstream from the trashracks, and
a flexible wind curtain downstream from the
racks. Thus, the heat loss from the unsubmerged
racks would be minimized. '

{c} Roller gates.~The roller gates an the spillway
cannot be opened because of the 18-inch-thick
{46-em) surface ice that extends over the gate
apron. Heating equipment frees the gate from the
ice, but the ice cover prevents the gate from
heing raised. This problem is characteristic of
roiler gates. A _solution might be achieved by
constructing a skimmer wall and a wind curtain,
as in “(b}"" ahove. The enclosed space below the
deck could then be heated.

-Ad) Roza Canal.~lce in the power canal usually
presents little problem until the downstream
trashracks become plugged, requiring a shutdown
of operations until warmer weather arrives, The
gireatest problem involves the removal of ice from
the canal following the shutdown period,

In resuming operations, it has been best to allow
onty 200 to 300 ft*/s (5.66 to 8,50 m/s) to
flow for 24 to 48 hours, and then“increase the

flow to about 500 ft* /s {14.2 m3/s) for another.

24 hours, followed by a gradual increase to the
normal operating capacity.

It is usually necessary to provide 6 to 10 inches

{16 to 25 cm) of depth over the sluiceway to

flush out the ice floes.

(e} Roza Powerplant Forebay.—lce problems in
the forebay can usually be overcome by flushing
the ice over the siuiceway. However, less water
would be wasted if the radial gates could be
redesigned so that they could be opened by
lowering them (instead of raising them).

The greatest problem is the buildup of slush ice .

on the trashracks and the collection of floe ice

on the trash-collector columns, These columns,

located throughout the forebay, impede the flow

of ice to the spillway, and the splllway is not well
suited for spilling ice.

The heating system provided is not adequate to
prevent freezing of the automatic siphons,
trashracks, or radial gates (Logan [2] indicates

7. kn.r'ght Diversion Dam,

that a heating intensity of about 250 to 500
watts per square foot {2,700 to 5,400 W/m?2) is
requited 10 prevent trashrack freezing).

5. Chandler Canal, Forebay, and Pomrplant—)‘.g?.?
[33] —

{a) Chandier Canal.—Probfems have been similar
to those in the Roza Canal, requiring shutdown
and startup procedures as indicated in section 4d
in this -appendix. The' flow of surface ice
sometimes jams at siphon inlets, where a
weighted dragline is used to fracture the ice,
permitting it to flow through the siphons.

{b) Chandler Powerplant Forebay.—The ice
sluice is inadequate, being operable in the top 4
feet {1.22 m} of the forebay depth only. Thus,
ice cannot be flushed out until the forebay is
nearly full. The orientation of the ice sluice is
bad in that it is on the side of the forebay rather
than in line with the canal flow.

6. Tahoe Dam and Truckee Canal, Newlands
Profect—1970 {1} —The reservoir outlet gates have
been operated without problems since a wooden
structure was constructed oyer the gates. Slush ice
diverted from the river to the Truckee Canal has
caused ice jams at check structures. However, the
four checks permit operation at a full water depth
and with an ice cover most of the winter.

iCentral  {tah
Pro;er:t—1971 [1] —Operation was mamtalned with
considerable difficufty. The trashracks extend above
the water surface; ’allowung subfreezmg air to .enter
the gate chamber behind the trashracks., This -
resulted in ice formation from spray on the gate
guides above the present heating elements, and
prevented proper gate movement. The heating
elements will be extended to include the full length
of the gate guides. i

One section of steel trashrack . having a 3-inch
(7.6-cm) bar spacing was replaced with a wooden
trashrack having a B-inch (15.2-cm} bar spacing,
resulting in some improvement. Further
improvement resulted from forming an ice cover in
the forebay at a water level as high as possible,
increasing the effective flow area to the'trashracks.

8 Wind River Diversion Dam,, Riverton
Project—1971 [1] —A unique procedure has heen .
used successfully to divert stush ice from the canal
headworks. A channel 3 to 4 feet (0.91 to 1.22 m)
wide is cut in the ice cover just upstreami from the




dam, and outboard motors with propelfers are
suspended in the channel to divert slush ice to the
sluiceway.

Approximately 300 ft%/s (8.5 m®/s) of water is
diverted to the Wyoming Canal, and an additional
5Q to 60 ft* /5 {1.4 to 1.7 m*/s) is used to divert the
slush ice through the sluiceway. The canal is kept
checked to a maximum water depth when forming
an ice cover.

B. Public and Private Diversion Experience.—Many
public and private power companies and water supply
departments were contacted in 1873 in an effort to
learn more about the design and operation of shaliow
river diversions, based upon suceessful experience,

A wealth of information was submitted by those
contacted, and it is greatly appreciated. Much of the
information was exactly what was wanted, Whiile some
of the reporis were not directly associated with shallow
river diversions, they made a significant contribution in
the general area of ice-related problems (see table A-1).

Of the 100 or so public and private facilities described
by those who responded to our questionnaire, about
50 have a forebay depth of 20 feet (6.1 m} or less, with
18 having a forebay depth of 10 feet {3 m) o less.

ice problems of some kind are encountered at most of
the diversion facilities. However, with good
submergence of trashracks, with bubbler systems, ice
booms, sluicing capability, or heating provisions, few
of them find it necessary to shut down operations.

1. Korty Diversion, Nebraska Public Power
District.—Slush ice is a problem until an ice cover is
formed on the diversion pond. However, the
concrete skimmer wall minimizes the amount of ice
that enters the canal,

A metal building wa