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PREFACE

. W ]
lce formation on reservoirs, rivers, canalsiand associated structures hinders and, at times,
prevents winter-operation on a number o Eureau of Reclamation {USBR) projects. In an
effort to increase the reliability and efficiericy of our present projects and improve design
criteria refated to future projects in cold regions, the USBR established the Ice Research
Management Committee. The objective of the Committee is to develop and manage an ice
research program directed toward solving ice problems on USEBR projects,

This report is the first in a series of reports sponsorad by the fce Research Management
Committee. This and subsequent reports are being prepared to familiarize USBR
persunnel with the art and/orscience of winter operation of water resource projects in
cold regions. It is_hoped that the report will be a valuable aid to design and operation
personnel and -will stimulate continued creative approaches to ice problems during winter
operation. The Committee encourages USBR personifie! io reiate their prablems and
success in ice engineering so that'this and futurg reports may be current with the- latest
technology in the field of ice engineering. *: -
The reference bibliography material presented i this report is available on a limited loan™
basis to Reclamation personnel, from.the lce Research Management__Commit_tee, Code
1531, USBR, E&R Canter, Denver, CO 80225, :

Q

P.H.Burgi -~
Chafrman, lee Research Management Committee

n
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L. INTRODUCTION

Frazil ice creates major operation and maintenance
problems for many hydroelectric plants all over the
world [1,2, 3, 4,5, 7, 14,15, 21, 23, 35, 36, 37, 39,
40, 41, 42, 43, 58]™. For many plants it can be the
major design consideration. Available literature relates
a number of plants which were not designed properly
Zto hangdle icing problems and as a result had to be
abandaned and of others which .incur 100 percant loss
of station availapility for extended periods of time [5,
12]. The extent and type of ice problem encountered
varies with the hydrological conditions on the river, the
severlty of the winter, and lacation of hydroplant.
Since=these factors are usually known, an estimate of
the severity of the icing problem can be made at the
olc-nnlng stage.”

Sweden and Norway have dealt with icing problems
since hefore the turn of the century. Their climates
vary from arctic conditions in the ,rnorth to mild
canditions in the south. Contrary tor expectatlons, the
worst problems are not caused by ice in the extreme -
north, as the occurrence of frazil ice is infrequent and,
generally, the ice menace is so evident that adequate
measutes are usually taken. However, in the central and
southern parts, such measures mignt oe considered too
expensive compared with tolerating the inconvenience’
or occasional ice problems during particularly severe
winters.

Actually, it is the occurrence of frazil ice which is
particularly troublesome. In the northern areas where
water velocities are not too high, badies of water will
freeze in early winter and the ice cover formed will
remain intact until spring. This restricts the risk of
frazil ice to a fairly short duration. In southern areas,
short, intense periods of cold oceur, interrupted by

Rate of cnonng
% f 017 / min

periods of mild weather. Thus, the ice cover that does
form 5 often broken up and frazil iece can oceur
repeatedly throughout the winter.

The evaluation of the potential for severe frazil ice
conditions at any particular site is of paramount

-impartance. The methodology for correcting the prob-

lern will depend largely on this evaluation. Usually, for
any particular area or site, it should be possible to
estimate the severity and type of icing problem to be
anticipated from local metearological and hydralogica!
data at the site. Jarocki [20] presents a comprehensive

- study that relates meteorological and hydraulic condi-
. tians to ice formation.

.

. F RAZIL ICE
A Description of Fra21l Ice

Whe ﬂowing water uridergoes cooling through heat.
exchange with the atmosphere, turbulent mixing causes
the entire hody of water to be cooled uniformiy. If the
water is at a temperature above freezing and is cooled
rapidly, it will undergo supercooling; that is, it witl
reach temperatures below the freezing point, 32° F{O°
C). If 'the above conditions are present, formation
starts to take place throughout the flow section as the

. water's latent heat is released in an effort to restore

thermal equilibrium to the flow: lce formed in this
manner is called frazil, a French word for ‘“forge
cinders’ which it is supposed to resemble.

An important distinction should be made at this point

to emphasize the type of ice formation that is to be
denoted frazil. The water temperature must start above
0% C and pass through a supercooled region to produce
frazil ice (see fig. 1). Water which is at 07 C and

art of frazil
praduction

Slope of :
: 0.04°/fmin.

WATER TEMPERATURE - °C

5t
al

Practicol 1irne'or supergooling

Theorehcal time of supercooling

[——— -

Figure 1, Temperature of water during frazil ice production. 101-D-620

“Numbers in brackets designate bibliography references following section X.




undergoes cooling will not form frazil but rather will
aggiomerate to already existing ice crystals as it freezes.
Frazil ice formation is a transient phengomeénon, the
continuance of which in a body of water destroys the
conditions necessary for its occlrrence.

B. Formation of Frazil Ice

A ge':éd description of frazil ice production” by B.
Michel [11] follows. Michei's results are from labora-

tory tests conducted in an outdoor flume at Laval

Unwersaty Ouebec Canada. e

"‘When it was not snowing, the mechanism of .

~ frazil ice production was always the same and
" can be iflustrated by reference to figure 1. The
water temperature which is initially above zero
degrees . Centigrade cools down at some rate
depending on the heat transfer rate between the
water and the outside air. The temperature of the
water passes through the zero degree centigrade

point and . then continues dropping for a few .

hundredths degree more at the same rate. It will
attain  some minimuin  value depending on
hydraulic and meteorological conditions. At
some point the rate of cooling starts to diminish
until it becomes zero and the minimum temper-
ature is reached. As the rate of cooling starts to
drop, very small particles of ice appear suddenly

and uniformly throughout the water mass, These -
-particles are too small 10 be visible with the
naked eye, but they are easily seen by the"

refiection they give from an incident light. The
frazil ice particles grow rapidly in size and form
needlelilke fragments approximately 1/8-inch [3.2
mm) long.

“After the water temperature reaches a minimum
it returns asymptotically to zero degrees with a

continuously decreasing rate. Individua¥ particles .

agglomerate together and form foamv packs,
whose size is dependent upon the turbulence and
velocity of the flow.

“In the flume where these tests took place all
this happened withi_n 3 10 6 minutes, after which
time no more frazil particles of the type

. described were produced. H the flume used was -
allowed to run for a long period of time, the new ™~

ice that is produced.either grows on the ex;.,nng
particles or forms border ice.

“Of most lmpOrtance is that once a body of
water has settled to 0° C, the type of ice that is
formed is physically very different from. the
frazil ice that is formed during the period of

only formed if a body of water being initially
above 0° C is subject 1o some rate of cooling as
its Iemperatu,cf passes through 0° C-:

“This type of ice also hat a high water ratic ang’

thus occupies a large volume in relation to the
guantity- present, This is important because it
causes large river discharge variations and other
problems.”

There is some di’sagreemen't coneerning the physics of

frazil

preduction and the characteristics of franl The

= kurpose of this report is to presEnt an expl*natlon of

frazil

that engineers can wuse for desngm-'g water:

intakes; Michel's description’ fills -that# ‘heed. Further
research - is presently underway at the Engineering and
Research Center to investigate these controversial
points. s

o

Michel’s tests showed good correlation between the

quan

tity”’ ‘of frazil produced and the rate of cooling of =

the water, figure 2. His work demonstrated that the
guantity of frazil produced and the degree” ‘of super-

ccoli

ng “increased as the rate of.,coohng increased:

Michel describes a method of calculating the guantity

of frazil produc

practicable to i3 i these calculations in a real
situatioriziit:is sufficicht to note at this time that the-
production ;of Trazil ice. involves 1oss .of heat at the

nfortunate,!yr, it may not be very

air-water lnterface, supercooling resultlng from the

flow

dynamics, and conversion of water to ice through-

out the cross section. This conversion is accompanied
by latent heat release, which balances the heat loss‘to
the atmosphere.

C Active Versus Inactive Frazil Ice

A very important distinction must. be understood
concerning the difference between active and inactive

frazil
Mich

1"

ice. The term ‘‘active frazil” was coined by
el to describe frazil during its early history of

production and during which it has the guality of being

able
Most.

to adhete very lightly to submerged metals and.
other materiais. This phenomenon is important in

this study since only when frazil is in this active state is

.-t necessary to heat the intake trashrack. Inactive frazil

has no‘tendency to adhere and therefore heating is not
a solution to handling this type of frazil. The produc-
tion and stickiness of active frazil are closely connected

with
“in tu

cools.

the ‘degree of supercooling of the water, which is
rn related to the rate at which the mass of water
As will be seen, an extreme temperature drop

following a mild spell can cause large quantities of

. frazil

to be produced. -
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.4000 PQUNDS OF WATER
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ﬁ]gure 2. Quant;;'n) of frazil ice produced versus rate of water cunfing.'ml-D-Gm

Frazil ice particles maintain their adhesive quality for
only a few minutes, affer which they became inactive.
This means they are in this extremely dangerous state
for only a short distance after their production as the
water approaches the intake. This has design impor-
tance sinCe areas where frazil production is most likeiy
to occur can be predicted, possibly eliminated, and

intakes properly locatedd to eliminate or minimize

problems related to frazil. Certainly the necessity to
heat intake componems rmust be viewed with this in
mind.

D. Conditions Relating to Frazil ice

The role of the ma;or factors related to the frazii ICE_

: probl&m is briefly reviewed here,

1. Frazil- adhesion to objects.—Frazil ice will not
adhere to objects with temperatures above freezing.
This fundamental property is the basis for heating
trashrack bars and other appurtenances at water
intakes as a means of combating ice problems. The
designers’ abjective isty maintain the vulnerable
surface only slightly above freezlng which minimizes
the loss of thermal energy to the fluid flow while
preventing ice adhesion. :

2. Role of water velocity.—Frazil ice is formed
under dynamie eonditions; thus, velocity plays a
major role in determining how ice forms. Figure 3
shows the thrée regimes of river ice and how they

depand on velocity. lce production is assumed to f_i't

- into one of the thres regimes shown below.

3. Meteorological Conditions.—This factor is so
important in the icing problemsthat it is difficult to

.over assess its influence. |pn 3ny specific instance

meteorological conditions determine the rate of
supercooling-and thus the quantity of frazil pro-
duced. The conditions also determine whether heat
addition or insulatiof technigues are appropriate in
any given instance. Meteorological conditions along
with hydraulic conditions-determine the preva|ence

“or severlty of icing problems at any site.

4. Quantity of frazil produced_~When ‘conditions

exist along a watercourse where frazil iscon tinudusly'

" produced, the quantity shouid be estimated to deter-

mine whether provisions have been made to handle
the frazil. This problem should be handled at the'
design stage {11, 7, 20, 9, 16, 23m, 230, 23q, 42d,

47,172].

8. -Hate of .cooling.~This factor controls when
active frazil- will be produced and is the basis for
designing a sensing system which can warn of danger

" from frazil {11. As shown in figure 4; an increased-

rate of cooling gives a corresponding increase in the

- maximum supereooling, residual supercooling, and

rate of temperature recovery. The rate of cooling is .
also a major factor in determining the guantity of

_ice that will be produced in a given river reach:
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Figure 2. Regimes of river ice. ‘iD1-D-G22

1. High flow ve!omtles (v > 4.0 ft/s).—Free water surfar:e strong cooling,

superceoling, and local ice formation. Some of the locally produced ice, as
well as some of the ice from .upstream, is accumulated as anchor ice;
Fowever, most of the’ice moves downstream. :

. 2. Medium flow velocities (2.0 ft/s < v < 4.0 ft/s).~The water surface is more =

' or less covered with moving frazil slush; cutting down on the heat ioss and
the subsequent ice production. The water temperature is at or close to the
freezing point. There is little anchor ice and a general tendency for the ice -
to move on. ) fw'

3. Low flow velocities (v < 2.0 ft/s).—The soiid ice cover prevents large heat
losses, 50 the. local ice production is small. Frazil slush from upstream is
deposited underneath the ice cover, and there is a ‘general tendency for the
ice to accumulate,r_

e

6. lce covers.—If an ice cover ean be formed on a 0.100 \
_canal, river, or reservoir, frazil ice production can be 0.0850 F= \\
pravented. The ice cover acts as an insulating - B ]

S

blanket between the cold atmosphere and the water
surface. From a heat ‘transfer standpoint it reduces

0.000

i

the flow of thermal energv by as much as a factor of -0.050 —

100. Frazil ice that pdsses under an ice cover no o L= \\bt

longer retains its strang adhesive quality. In the case "O'W_P ] By \j

of the Beauhaurnois Canal, which is 60,000 feet ~0.150 : : :

{18,300 meters) long, 3 much as 75 percent of the :

frazil entering the canal passes under the ice ‘cover " -0.200

and through the turbines. Some of the frazil - °. 2 18 2o 28
increases the thickness of the ice cover, some is TIME, “MIN. i

meited, and the rest passes thkgough the system.

S - F;gure 4. Effect of rate of cooling on supercoollng
. : . - 101-D622




lce covers can be started on canals by stopping the
flow {for a short 1ime) or by using a boom stretched
across the canal. These metheds are particularly
useful in climates where the cover is to be main-
tained permanently.

7. River discharge affected by frazil.—A great deal
of information and field measurements are available
on this topic. The two major factors affecting
discharge are the variation in friction caused by an
ice cover and the large water ratio of frazil ice packs
wilich cause them t0o occupy large volumes
without much actual ice being produced.
Flooding and variation in hydroelectric output
are two of the more serious problems result-
ing from the occurrence of frazil ice in
rivers {3, 4, 5, B, 10, 14, 20, 23d, 23f, 23x, 26, 51,
55] .

8. Ahility of the hydraulic circuit to handle inactive
frazil.—Inactive frazil is frazil ice which has lost its
supercooling and also the quality of stickiness.
Relatively large amounts of this type of ice can be
passed through the hydraulic circuit (turbines, gates,
penstocks, etc.) and usually without any problem,
though it will tend to settle out in areas of low flow
velocity. Heating hydraulic structure control ele-
ments to combat this type of frazil is of little yalue.
For instance, at Safe Harbor Dam on the
Susquenanna River [1] electrically heated racks are
energized only when active frazi! is anticipated.
Conditions for its formation are known at this site.

[tl. CLOGGING OF WATER INTAKES

Three ways in which frazil can clog intakes are
identified below [12]:

A. Active Frazil Ice

When frazil ice is in a state of uroduction in super-
cooled water, it is termed active frazi! and i35 a strong
tendency to adhere to metals and other materials with
a high thermal conductivitity. 1 is important to note
that the duration of an active frazil ice particle is anly
a few minutes, after which it becomes inactive and
loses this quality of stickinass. 1t is also possible that
continuous supercooling of the water may last for days
in the same river reach, and for this reason river rapids
are sometimes called ice faciories. The location and
design of a water intake can be strongly dependent
upon these characteristics of frazil ice.

When intakes are subjected to clogging by active frazil
ice, accumulations can build up very rapidly and
completely choke off the flow in a short time, When

the active frazil ice needles reach a set of trashrack
bars, they are deposited on the bars and form a matted
layer at and near the surface. This layer is somewhat
porous and will eontinue 1o build and can be as much
as 6 inches {0.15 m) or more in thickness. The
needles freeze together and to the rack to form a mass
that, while not nearly so strong as solid ice, is
practically impossible to remove by mechanical means.
Figure 5 illustrates the seserity of the ice clogging
problem. At first the layer of ice forms on the bars
only 1o the depth below the water surface to which the
needles have been carriad by the tucbulence of the
water but, as the openings become smaller near the
surface, the needles are carried downward by the
entering water, Thus, the ice layer on the trashrack s
extended downward until the flow is practically cut
off. Water draining away through the turbines wili
cause a drop in head on the downstream side of the
trashracks, and the resultant unbalanced pressure may
be sufficient to collapse the rack structure. Heating of
trashrack bars is effective against this type of clogging
when applied before the ice starts to adhere to the bars
since active frazil will not adhere to a surface whaose
temperature is maintained even siightly higher than
freezing.

Figure 5. Frazil ice formation on bars of trashrack at Safe
Harbar.




B. Inactive Frazil

Water intakes can also be clogged by the action of
inactive frazil ice which has little tendency to adhere 1o
objects. Whan the production front of frazil ice moves
far enough upstream of the water intake so that the
intake is no longer in danger of active frazil, it will be
subjected to ice floes and accumulations of frazil
packs. Frazil can then settle and accumulate in zones
separate from the flow where velocities are too weak . to
carry it away.- It can also block passages at an

obstruction and by arching across at lateral supporis; =

The first effect is not dangerous since it can in fact
cause a streamlining of the hydrautic circuit. This type

consequence unless the intake consists of screens of 2
smait size. The maximum buildup of the frazil accumu-
lations is usually only some 2 to 3 inches. Thus, if
larger openings can be provided, this type of clogging
can often be alleviated. It should be emphasized that
heating the trashracks has no advantage in this case
since inactive “frazil has no tendency to adhere to the
intake structure.

C. Clogging of Reservoirs

The property of frazil ice to form flakes and occupy a
.considerable volume even though only smail amounts
of actual ice are formed can cause considerable
reduction in the efficiency of reservoir operation.
While not emphasized in the literature, this condition
can be the most dangerous since
irremediable. '

For example, in 1963, the intake 10 the Charny Power
Station, France, was blocked for an entire winter and
lost 4 million kilowatt hours {kWh) of generation [12].
Fist active and inactive frazil passed easily through the
hydraulic circuit, then an-ice cover settled on the
reservoir that had a weak flow velocity through it. Ten
days after the formation of the surface ice, the flow
stopped abruptly at the water intakes. The rapids
above the reservoir. had produced enormous amounts
of frazil ice which had progressively accumulated
downstreamm;, blocking the forebay reservoir almost
entirely except for a narrow deep channel. The
secondary channel leading to the reservoir was blacked
to the very bottem and only a weak flow SeEpEd
through the porous mass.

IV. HEATING OF WATER INTAKES

This report ‘T‘d'iscusses‘the special method of heating
trashrack bars to prevent clogging, since this method
appears to be the most popular and-successful. From a

.

it may be-

practical standpoint it is extremely important how the
heat is applied, but from the standpoint of heat
transfer the\calculations and assumptions are the same.
A. Theory — Insulattng Versus Heating

The concept of heating the trashrack hars is based on
the physical law that active frazil ice will not adhere to
a surface having a remperature stightly “above freezing.

-The objective is 1o minimize the heat carried away by
.the fluid,

It is futile to attempt to melt ice hy this
method when one considers the quantities of energy
that would be required and the inefficiency of supply-

ing heat in this manner.
of clogging ordinarily will not be of any serious - -

Insulation technigues are used when the objective is to

-conserve the thermal energy already present in the -

fluid. Ice covers are the most prevalent utilization of

“this technique. Covering of intakes is utilized in many

instances as an alternative or in addition to trashrack

' heating. When the trashracks are not completely -

submerged, it becomes imperative to either cover the

"intake to reduce the thermal losses to the atmosphere

or remove the racks that are not subrmerged.
i

The mtake channel at Rbssaga Powerplant in Norway
has been covered with a‘iarge roof to prevent gooling
by outgoing radiation “[B]. A number. of electric
heaters are alsg provided to heat the water surface with
long-wave radiation. Electrical heating of the trashracks
is used to prevent clogging by active frazil ice. Finally,

" a floating screei’ with coarse wooden bars is provided

o prevent accumulations of floating ice from enterlng
the intake. ’

B. Methods of Shppiying Heat

1. Resistive ar induction heating of the metallic
components. These methods, which sgem to be the
most popular, are discussed-in detail in this report,

The USSR [1703] claims remarkable success with
its induction’ heatlng desrgns

- 2. Electric heating eiements can be embedded in
the components to supply the energy. For instance,
the trashrack bar could be hollow with a resistance
heating element inside.

3. Circulatian of heated fluids (air, steam, oil)
through te component passages. This method *
appears popular for gates, penstocks, turbines, surge
tanks, valves, etc., but does not. appear popular for
trashrack heating.

4. Electric radiant or infrared heaters are available
and are useful where insulating covers are also used.




5. External application of steam through steam
lances,
L .

Whatever method is-used it must be compatible with
certain requirements. ]t must be economigal with
minimem nNeat iosses. It must satisfy hydravlic and
structural requirements. it must be reliable and easily
maintained, and it must work [38]. A number of
methods of applying heat are reviewed in the litera-
ture 11,2,3,4, 5, 14, 15, 23g, 28, 33, 35, 40, 41, 170] ..

Heating the bars by steam has not proved satssfactory*

“but might be advantageous at thermal powerplants.
The bars are hollow with pipes conveying steam

inserted into themn. The arrangement is elaborate; the’

bars must be thicker than usual, entailing a loss in flowy
area, and the steam pipes leak whereby the heating of
the bars ceases and freezing commences. The thermal
efficiency is also guite low. The method has been tried
at the Borregaard plant on the Glommen River in
Norway [5]. Stream consumption amounted to 13
kg/hr/m?®

The actual heating arrangement selected for a specific )

installatien depends upon a combination, of factors and
evaluation of altermatives. It:is dependent upon the’
lecation and configuration of the component, the
frequency of frazil occurrence, reliability factors, and
availability of energy forms. For example, at a hydro-
electric plant where frazil ice occurs occasionally,
electric heating of the bars is considered by many to be
an economical solution.

C. Recording and Sensing Instrumentation for Predlct-_

irg Frazil lce Formation

Bibliography reference [1] describes a method of
precise water temperature measurements with an elec-
tric resistance thermometer and recorder and its applica-
tion as a frazil ice warning system for hydroelectric
stations. The installations described are’ at the
Holtwood and Safe Harbor hydrostations on, the
Susquehanna River, Pennsylvania. By precisely measur-
ing and recording the river temperature, frazil ice
. formation can be pred)cted and necessary precauﬁons
can be taken fo prevent operating difficulties.

QOn the Susquehanna River, it has been found that
frazil ice always forms when the river-water becormes
supercooled dnd that supercooling accurs only when
the rate of cooling is greater than 0.018° F per hour
{0.01° C/hr} within the temperature range 32.18° to
32.0° F{0.1° - 0.0° C). Cooling that occurs cutside
this temperature range is unimportant, and at cooling
rates less than 0.018° F per hour (0.01° C/hr),
natural ice cover will form. Furthermore, experlence
shows frazil ice will not form once the ice cover has
formed.

{2.6B !b/hr/ft?) {based on waterflow area).

At these stations the sevzrity of the frazil run was
directly related to the cooving rate, with the higher
cooling rates producing more intense frazil runs.,
Experience at these plants indicates that when the
cooling rate exczads 0.018" F per nour {0. 01° C/hr),

the trash screers will be choked thh frazil ice 1 hour

after the thperatwe re:u:hfec 32.0°°F {0° C). '

It has also been noted that frazil ice formation does
not occur. during daylight hours because of the
influence of solar radiation (80 Btu/hr/ft?) (252
watts/m”}. For example, in the early morring Hours
after a cold night the rate of cooling of the river is
high, say 0.013° F per hour {0.01° C/hr}, but with the
water temperature at 32.9° F (0.5° C), there will be no
need to pull the trashrack screens because it will be 5
hours befors-the freezing point could be reached—the
sun will rise before then which will prevent frazil
formatian.

V. DEVELOPMENT OF HtAT TRANSFER
) RELATIQONSHIP .
The condijtion as it occurs in a water intake can be
idealized as shown in figure 6. Start by assuming a
cylinder immersed in a fluid. The surface of the
cylinder is malntalned at sorme temperature (T} above
the fluid which has a temperature {T4) and a velocity
of flow (V). This example is wu:lely treated in bhooks
on heat transfer.

Figure 6. Submerged cylindrical trashrack bar. 101-D-624

The heat transfer from the cylinder to the fluid can be
calculated by the convective heat transfer equation:

O =hA{Te T (1)

Qy, = energy required to maintain the rack surfaces
" at a temperature above freezing—Btu/hr or
watts




h = average heat transfer coefficient—
Btu/hr/it® °F or watts/m® £.C

A = surface area of the cylinder undergomg heat
exchange, 2 or m? B

T, = temperature at which the cylindrical surface
of the rack is to be maintained; this temper—
ature need only be slightly above 32° F {0°
c)

T;= the temperature of the supercooled water

The heat transfer coefficient, h, can be calculated using
the correlation expressed below [173]:

Nu = C(Ng}™MNp}™P (2)

Nu (Nusselt number} = "

Ng {Reynolds number) = de

#Cp
Ng (Prandtl number! =%z

d = bar diameter
h = average heat transfe;” “coefficient
v = velocity of fluid
U = kinematic viscosity
kf = thermal conductivity of fluid
= absolute viscosity
Cp = specific heat
a = thermal diffusivity

The Prandti number will be a constant for this example
{No = 13.61)} since it is dependent on the temperature
which will be close to 32° F {0° C) in all important
cases of frazil ice formation.

Substituting into equation {2} and rearranging

ki fud) m mp
"&"C(’u‘) {13.61) ()

Substituting representative values for the constants
into equation {2a), the heat transfer coefficient for a
typical circular trashrack bar can be calculated.

k¢ = thermal conductivity of water at freezfng point

—0.32 Bty . {0.55 watts
“Chr/ft/"F\ mi/C
v = kinematic viscosity at freezing point

= 20x140_5 f2/hr (1.86x10° ¢ m?/hr}

NR= 10,000
C=056
n=05

mg = 0.31

n=0.5, mp =0.31[reference 172]

Equation {2a) becomes:

10 vd

h=0.192 (2. 25)

Btu watts

h=100 h/ftzfoF = 667 mifC {3)

Rewriting equation {1) and substituting equation (3}:

=100 Wi/ {mdg) (Tg-Tp

Qh Btu
2 = 2RUNTE T R

= 1782 ¥ed (T Tp) 288 (3a)

Converting d to inches {meters) and Btu/hr to watts:

Q, 314 (1) watts
—_= ﬂ(3415] ‘\(V_d- {TS”"-T-f) ft_

O
_:Q_= 26.5%d {T Tf) wat‘ts |

= 1782 Ved (T, Tf)‘”at“ @

Equation {4) states that 10.6 watts of energy are
required for each lineal foot (0.3 m) of 1 inch (0.025
m} diameter trashrack, when the velocity through the
rack is 4 ft/s (1.2 m/s} and the surface of the bar is
maintained 0.2° F (0.11° C} above the fluid
temperature, N '

An equation can also be developed that relates energy
requirements in terms of bar spacing. This equation is
of more use since it is related to energy requirements
per square foot of trashrack frontal area (Ag).

}watts e
f 72
watts
—Tf]
where: ' o
s = bar spacing in inches (meters)

Only vertical bars are considered in equation (5). For
reference purposes if we use Ty Te= 0.4° F (0.22° ),
a t-inch {0.025 mj diameter rod, a velocity of 2 ft/s
(0.61 m/s), and 4-inch (0.1 m) spacing, then eqguation




(5) yields 45 watts/ft® (485 watts/m? ), Actual field
installations show power consumptions of 200 watts/
ft* (2150 watts/m?®). The velue developed here is for
idealized conditians and should probably be considered
as the minimum attainable for a well-designed system,
The values of v, d, and s are known; however, (Ts—Tfl
is dependent upon the system design and, as will be
shown in the next section, should receive consideration
at the design stage. '

Vi. ANALYSIS OF HEAT TRANSFER
RELATIONSHIP

As already mentioned, the development of the heat
transfer relationship was for an idealized situation.
Conditions at water intakes are not ideal, and large
variations in the amount of heat. required to
prevent icing are to be expected. The deviations from
the idea! are related to such factors as bar spacing, bar
size, terperature difference between the water and the
bar surface, fluid velocity, bar shape, and fluid turbu-
lence, In this section a rough estirate is made to show
the effect of these factors on the heat transfer values
obtained by using the derived equation (5).

A. Analysis of Factors

..1. Spacing and bar size.—The energy required will
“be related to the surface area maintained above
freezing. Thus, a5 the diarmeter increases and the
spacing decreases, the area being heated increases,

Qpn, =4 Qn,

where: Qy,, relates to the reference conditions in
equatton (5} and ¢ is a multiplier that
relates the condition for evaluating Qy,, 1
the conditions used to’ °Va|uate Qy,.
\
- For instance halving the diameter and tripling the
spacing of a given arrangement gives:

C Y -
i {sy) Oh]

(1/3) th =023 th
and ¢ = 0.23.

Therefore, only 23 percent of the heat is required
under the new arrangement as compared with the
reference vaiue.

2. Temperature difference, (To-Ty).—The energy
consumed is directly proportional to the average
temperature difference between the fluid and . the

trashrack bars, where the temperature of the bar is
an integrated average over the entire bar surface
area.

A temperature difference of 0.4° F (0.22° C) was .
used to obtain the reference energy value of 45
watts/ft® {485 watts/m?). The ability to maintain
such a3 small temperature difference is very impor-
tant far obtaining low power consumption on the
bars. Thé method of heating the bars can strongly
affect this value by affecting the temperature
variation along the bar. lt was not evident from this
investigation what degree of variation would be
possible for various heating methods; however,
ihduction heating appears to maintain uniform
temperature along the length of the bar,

For examplz, a Te-Tf = 4° F (2.2° C) will increase
the energy consumption tenfold over the base -
condition of 0.4° F {0.22° C), other factors
yemaining constant. )

3. Flow velogity, v. — The derivation indicates the
heat transfer coefficient depends on flow velocity.
The hydrauiic losses are also strongly related to the
flow velocity which is governed by other considera-
tions usually more impertant than heat transfer.
The wvelocity through the trashrack at most
installations is usually between 1.5 — 2.5 ft/s (0.46
— 0.76 m/s).

4. Bar shape.—Equation (8} was derived using a
circular bar. The heat transfer ccefficient will,
however, be related to the shape of the bar. This
occurs because the heat transfer rate is_related to
the flow pattern which is in turn related to the
geometry of the bar. ’

It is shown in heat transfer literature {172] that an
expression of the form Nu =B NRn can be used to
correlate’ heat transfer from bars of various shapes.
Shown” below are appropriate values for the con-
stants B and N for typical bar shapes from stream-
lined to square.

Ellipse: (e) 8=0.224, n=0.612
Square: {s) B =0.092, n =0.675
Circle: {c} B=0.536,n= 0.50

By assuming the bar shape is the only characteristic
being varied that affects the heat transfer the ratio
of the Nusseit numbers will also represent  the
variation in heat transfer dus to bar shape.’

hc | hc hs
h—s-= 1.16 ﬁ;= 0.86 E-'=ﬂ.73




The important problem of the direction of the
velncity veector has not been considered. In most
practical cases, bar shape is governed by considera-
tions more important than heat transfer; for
instance, structural needs and hydraulic 1osses.

It appears than that bar shape has little effect on the
heat transfer coefficient in this range of flows.

5. Turhulence.-—IA weil-defined  analogy
between the flow of heat and momentum
{Reynolds’ analogy) {1711, The analogy developed

by Reynolds holds for flow over flat plates; this .

flow has a well-developed boundary layer. For bars
or cylinders, separation occurs and hydraulic energy
losses will increase considerably more than the heat
transfer losses. With this in mind, flow conditions
for intakes are examined, particularly with respect
to velogity vector variations, For the ideal situations
used in the derivation, the velocity vector was
assumed normal to the bar axis.

Using the material presented by Mosonyi [15d], it
is noted that trashrack head losses are greatly
increased when the flow direction deviates from the
normal. For instance, he indicates that for devia-
tions of 10°, 20°, 30°, 40°, 50°, and 60°, head

losses increase respectively to 113, 140, 180, 240, -

360, and 5b0- percent. While, as indicated, heat
transfer losses are not simply related to these
hydraulic losses, they will increase because these
losses are reflected as turbulence.

Roughness can also be iyivolved since the cylinder
from which the basic. equation was derived is
smooth, while trashrack bar surfaces would pe
comparatively rough. 4

B. Evaluation of Factors

Of all the factors investigated, proper control of the
temperature difference {To-T¢) is probably the most
important. Inproper design of the heating system can
lead to values that would be extremely wasteful of
energy.

Spacing and bar size also appear to be extremely
important and controllable factors. These two factors
are closely related to the geometry of the system, the
trashrack requirement at a particular site; and the
structural design. Removal of part of the trashracks
may be possible; increased spacing is another possi-
bility, while the use of two sets of trashracks {(summer
and winter) needs further investigation. This subject is
closely related to hydraulic losses and equipment
protection,

exists

(5} Turbulence

The bar shape appears to have a second order effect
and could be particularly troublesome to evaluate or
change.'This is because of the relationship to the
velocity vector direction, structural design of the rack,
and the importance of reducing hydraulic losses. The
USSR [B1a], has reported good results on it most
recent designs. :

Turbulence should receive extra consideration since. it.
is an important item. However, this problem is also,
intimately related to hydraulic losses in the intake™
Even more important, the heating $ystem may operate

only a small percentage of the time while the hydraulic

losses operate 100 percent of time.

Next, an attempt i¢ made t0 show that the wide
difference between the theoretical value of the energy
required and actual values obtained in the field may
not really be a discrepancy.. The analysis also points
out the most fruitful areas for further study. it is
possible to indicate in a very crude manner how
variations between actual conditions in the intake and
those assumed in the derivation will change the heating

318\ '
S T Te)

has been solved for reference conditions of d = 1 inch

{0.025 m}, v = 2 ftfs {0.61 m/s), s = 4 inches {D.1 m),
and Tg-T; = 04° F (0.22° C). Table 1 shows five
factors that control the. energy requirements for
trashrack heating. 'n Column 1, the reference values
are listed, where in Column 2 are listed values that
would be more appropriate for an actual trashrack
installation. The symbol @ is a multiplier with the
same meaning statad earlier {see section V1.A1).

requirements. Equation (§) {Q/A; =

Table 1

FACTORS CONTROLLING HEATING .
REQUIREMENTS FOR TRASHRACK BARS

{1) (2)

—— ¢

(1) Spacing 4in 1.0
(2} Temperature

difference ; 04 : 1.0 2.5

(3)_' Velocity .20 2.0 1.0

{4) Bar shape and circular rectangular -

04%x28 in 2.0

size . 1in
' 1.0 2.0 2.0

4in

Thus, the derived equation above will be multiplied by
the appropriate. factors ‘when they vary from the
standard conditions.




Using the ¢ values and equation {5):

318 wd
5

(1.0} (2.5) (1.0) (2.0 (20}

2P

= 450 watts/ft® {4,850 watts/m?) {6)

Sy
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For an ifitake corresponding to the data of Column 2

and assuming a satisfactory design, it appears this may -

be a good design guideline. Certainly, if the power
consumption is, say, double and triple this value, a
problem exists that is related to operation and mainte-
nance or design rather than heat transfer.. Sensitivity
evaluation of the parameters that affect power con-
sumption leads to the conclusion that controt of the

bar temperature is the single most important factnp---

This is associated with the electrical design, a pomt
only briefly discussed in this report. Velocity, rack
geometry, and turbulence are intimately associated
with the hydrau'ic design of the intake. Their effect on
the heat transf:r coefficient can be calculated and
cannotl cause ¢ eat deviations from the calculated
power consump:ion.

C. Trashrack Heating Requirements- Balanced Against
Power Developed

Each pound of water as it enters the intake has a
certain power poiential. [f the power is used to heat
the trashrack, the efficiencies of the generator {98
percent), turbine {88 percent}, transformer (98 per-
cent), hydraulic circuit {90 percent}, and certain other
losses must be considered. Therefere, only about .70
percent of the energy potential at the intake can be
utilized. By relating the electrical quantity watts to the
hydraulic quantities, flow and head, we have;

H
watts = 052’0 x 746 x 0.70 ~ 60 QH

where:
Q = discharge (ft*/s).

w = unit weight of water (Ib/ft*)
H = hydraulic head {ft)

Thus, 1 #%/s (0.028 m?/s) at 1 foot (0.308 m) of head
has a heating potential of around 60 watts. Qr

assumning a 2.0 ft/s. {0.61 m/s} velocity through the
trashracks, each square foot of rack area has a heating
patential of around 120 watts per ft® per foot of hEPd
{4,250 watt/m /m)

21

D. Actual Values at Hydroelectyic Installations

The . eguations developed in the previous section are
intended to help deduce those factors that are most

_important in determining the power requirements for a

heated trashrack. Bibliography references [1, 2.4, 5,
and 14] Tlist a number of values pertaining to instalia-
tions in Norway, Sweden, Canada, and the United
States. Most of the references do not contain enough
information about the installation design, power
requirements, electrical hookup, and operation of the
system to arrive at firm conciusions concerning. design
of these s;yste_mS. Where possible, an attempt has been
made to analyze the values given in terms of equation

{8).

In studying Holtwocd Station, Susquehanna River,
Pennsylvania, Reference [1] states that 2.4 feet (0.73

'm) of head are required to heat the trashracks which has

water velocity through the trashracks of 2 fi/s (0.61
m/s} results in an energy consumption of approxi-
mately 300 watts/ft* (3,220 watts/m*}. With refer-
ence to table 1, appropriate ¢ values would be:

1) =1.33
®{2} = unknown temperature differences for which
we are solving

a{3) =
P4} = 20,and

a(5) = 2.0.
Evaluating equation {6}~

300 = Oy, et [(1.33) {6 (21) (1.0) (20} (2.0

#2) = 300

{45 (5,35} ~ 1.25 or 125 percent.

'

Since the raference temperature is 0.4° F (0 22° C),
this indicates the bar temperature T 32. 5° F {0.3°
C} ) ‘ s

At Shawinigan Falls, Quebec, Canada [2], it is noted -
that 227 watts/ft> /s (8,000 watts/m® /s) are required to
prevent frazil ice formation at this plant. Assuming the
velocity through the rack is 2 ft/s {0.81 m/s) an energy
consumption of 550 watts/ft® (5,900 watts/m?} is
indicated. .

At the Swedish Hydro lnstallation, Samsioe [4]
reports a value of 625 watts/ft> (6,730 watts/m?) for
Swedish installations. :




At Naorwegiar: Hydro Installations, Ruth [B] reports
vatues between 280-350 watts/ft® (3,000-2,800 watts/
m?) at seven Norwegian powerplants. Putting appropri-
ate © values on the data given in the article results in
$ (1) =27; §(2) =7; ¢{3) =1.0; (4} = 2.0; ¢(5} =
20. Waking the proper substitutions yields a
¢ (2)=0.68. This would indicate a bar surface tempera-
tuie of 32.3° F (0.16° C). While It is not possible to
put exact values on ¢ from the data given, this article
states that the spacing is around 1.5 inches between
bars (3.8 mm), and 350 watts/ft* (3,800 watts/m2}is a
very fow value for energy input.

Most of the instaltations discussed in the literature
were either induction or resistive heating, though other
techniques have been tried and should be investigated
further. The technology of heating appears to be well
established and hundreds of such installations are in
use, The users consider the power requirements as
being low and the reliability znd operating history as
good. At some installations where trashrack :‘heating
systems were used to melt ice, the systems were usually
ineffective and the intake would clog regardless of the
temperature at which the bars were maintained.

. ELECTRICAL HEATING OF BARS

This subject is outside the scope of this investigation;
however, as shown in the pravious section, the proper
design | of the electrical system is all important if
reasonable power consumption is to be realized. During
the |nvest|gatlon a number of heating
presented in the literature were reviewed.

In a paper published at the 1972 Leningrad lce
Symposium, reference [61a), investigators from the
U.5.5.R. reported great success with an advanced
5 Induction heating system for trashracks. They reported
" ‘that their new: design coupled with a drop-shaped
trashrack bar permstted normal operation of power
units during frazil ice passage. They further indicated
that the drop-shaped bar reduces head losses and lends
itself well to the heating arrangement. There were not
enough details given in the paper to further describe
the system. Since induction heating is also used for
heating other hydroelectric components, further inves-
tigation eems worthwhile. Induction heating was used
by the USBR 128] for the drum gates at Grand Coulee
Dam. This reference contains considerabie information
ott induction heating.

Reference [5] gives the details of other systems
described in the literature; however, for the most part,
the heat is generated resistively as contrasted with the
induction method. The importancp'\bf proper design
cannat be stressed too strongly. £+ as been reported
that even trashracks that rnamtamed Jurface tempera-

systems .

tures above freezing, reference ([6lal, can become

severely clogged during heavy frazil runs.

Vill. ECONOMICS

There are a number of alternatives to heating the bars,
and when heating is used there are a number of heating
designs available. I general the costs break down into
capital costs based on the type of system supplied, the
capacity of tha system in kilowatts, and those consider-
ations which have been discussed elsewhere in this
report. The second consideration is_the operating costs
of the system based on the amount of power supplied,
the time for which it is supplied, and the unit cost of

- _energy in dollars/k¥h.

Early in the planning stage consideration should be
given to the frequency of systerm operation. This, of
course, will depend upon local meteorological condi-
tions and the hydraulics of the system upstream of the
intake. A paper by Schermann {23a] gives insight into

- a probability .nethod of anaiyzmg this problem for

canals or rivers.

For purposes of assigning quantative values to the
concepts discussed, assume an intake will need heat
applied 2 pereent of time and the power requirement is
1 percent of the unit capacity with energy valued at 10

milis kWh for a 50,000-kW turhina:.

operating cost= 50,000 kw x 20 —— hours

dohars

xaoo_‘E
x002x001x001 Wh

: $600/year
This oper3ting cost must be considered aleng with the
design an:c‘j installation ccsts of the heating system.
i

1X. CONCLUSIONS

&
o

4
A. General

- ;1. fce technology as it applies to hydroslectric
# projects is a well-developed and operational engi-
* neering science in many parts of the world. The

majotity of this technotogy is available through
literature searches, Most problem areas germane to
USBR work are described in detail in the literature,
Hundreds of powerplants, some built even north of
the Arctic Circle, have been constructed and,
through proper design, operate efficiently.

2. Icing problems should be considersd at the
planning or early in the design stage. A number of




alternatives ‘are usually available for any problem;
however, these alternatives must be given early
consideration, The entire hydraulic circuit should be
examined since while the problem may appear to be
local (trashracks clogging), the causes (frazil ice
production) and effects {loss of power production)
are not.

3. It is possible to evaluate the potential icing
problems at an installation from a knowledge of the
hydrological, meteorological, and topographical
conditions which exist at the site,

Trashrack Heating

1. Heating of trashracks is of value when frazil ice is
in the supercooled, highly adherent state. In its
inactive state frazil is not sticky and passes through
the systern with relative ease.

2. A wide range of required trashrack heating values
appear in the literature. It seems reasonable to
expect that between 2 and 4 feet of head will ‘he
‘required to supply energy For typical intakes, this

per square foot
(2,700-5.400 watts/m ) of trashrack frontal area.
From a discussion elsewhere in this repart it can be
seen that if energy consumption much gréater than
the above limits are demanded at operating instalia-
tions, the problem is likely to be because of
inadequate design or faulty operation.

3: Active frazil conditions can be predicted at a
given site, Suitable monitoring equipment has been
developed so that the heating system need only be
energized when conditions indicate active frazil may,
be formed.

n’

4. Melting of float ice using the trashrack heating
system is inefficient and ‘will not ‘prevent clogging.

. lce phobic materials are under deuelopment
however, investigation 15 needed to determine their
adequacy for trashrack structures.

€. Factars which affect the energy consumption of
a trashrack heating system were investigated. Con-
trol of the bar surface temperature and turbuience
in the intake are two very important factors that
. should receive further investigation. For this report

they were estimated using a practical and theoretical

modei approach.

7. Apparently little has-been done to advance the

electrical design of these systems. Investigation is
needed in the area since much of the inefficiency
may involve improper design of the electrical
system. ; :L

8. No data are available concerning the surface
temperature distribution on the racks or the temper-
- ature at which the rack surface is belng maintained.
Investigations in this area could improve the effi-
ciency of present heating techniques.

X. RECOMMENDATIONS

A, The theoretical minimum energy . requirement
necessary 1o supply .the heating Systems is approxi-
mately 10 to 20 percent of that found to be required
in actual facilities surveyed. Experiments should be
directed toward obtaining this rinimum and recogniz:
ing that economic benefits may or may not warrant the
added expense of an improved system,

B. The Bureau’s Ice Research Management Committee

should continue to accumulate more knawledge in the

field of ice technology and some indepth’ expertise

before embarking on advanced technology. This type

of program is quite inexpensively attained and would
be of maximum immediate benefit to field offices, ‘if

fitld problems exist, it would be worthwhile to apply :
available ice technology to their solution,

Further technology studies .such as the one Just
completed would be useful in developing ice cantrol
techniques. These studies should include:

1. Power canal heat loss studies
2. Frazil ice production studies

3. Study of western United States to relate mete-
orolegy, hydraulics, and topography to occurrence
of ice prabiems :

4. Develop hydroelectric problem/solutlon matrix
for ice engineering. i

5. Investigate effective use of matural heat balance

6. Design improvements in gates, valves, slujces,
penstocks, and hydraulic machinery to prevent ice
problems in and dround these apputtanances.

C. Develop an ice technology library.

D. Basic research on heat and mass transfer at an
air-water interface with empiiasis on periods during
which fraz|l ice is being formed

E. Explore closer cooperative arrangements with
others involved in'ice studies; that is, U. §, Army, Cold
Regions Research and Englneerlng Laboratory
{CRREL). ' '

F. Explore’further mechanisms of frazil ice formation
on solid boundaries with emphasis on application of ice
phobic materials.
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APPENDIX A
Related Teghnology

A number of other related technologies are discussed in
the literature and mention is made of these subjects.
Detailed analysis cannot be included.

1. Removal of Racks [2]

A common and obvious method of dealing with
frazil ice is 1o raise the racks and tet the frazil pass
through the turbines. Since racks are-often made in
sections, it s usually possible to raise the top

section from 3 to 6 feet {0.91-1.8 m). The upper”

rack will be covered with frazii, but after that the

- needles ave carried down and pass through the
opening: the towes part of the rack is then free from
ice.

The major objection to raising the racks is that the
purpose for which the racks are intended; that is, to
keep trash out of the turbines. Trash or large pieces
of ice entering the turbines blocks the water
passages, reduge output, wnbalance the runner
which leads to vibration, and can cause damage to
the runner and guide vanes. it may be necessary to
shut the turbine down trequently for cleaning while
_the rack is raised. If the frazil ice run time is short,
this technigue may be useful. In some:locations trash
is not a problem during ‘the winter months and
therefore the racks can be raised without endanger-
ing The operation of the structure.

2. Coarse Versus Fine Racks

Another technique has been to remove the fine
screens used for summer operation and replace them
with a coarse [12-inch {0.3 m}] screen of wood for
winter operation. This allows the frazil to pass
through the turbines as comparatively loose masses
which wilt not damage the rotating equipment.
Large pieces of solid ice could prova dangerous to

the turbines, Investigations using this techmque are

necessary in any partlcular mtuatlon

3. Streamflow Regulation

The vegulation of streamflow by the creation of
storage behind weirs and dams decreases the varia-

“bility of the discharge downstream. Fifty years ago,
Swedish and Norwegian engineers [4] recognized
that if they could dredge the rapids or form
permanent iceé covers, they would solve most of
their ice problems, The effects of rEQulatlon on the
ice regime are:

a. Promotion of a stable ice cover with conse-
guent reduction in heat 10ss,

'b. Retention of ice upstream and consequently
diminished amounts of ice moving downstream,

c. Reductiogn of frazil production—warmer waler
from reserumr depths is sent downstream

d. Reductron in breakup of newly formed ice
sheets by the daily flood wave, and

e Delay of breakup downstream by attenuation
of flood discharges. :

The effect should be studied for any particular
systém. Operating a hydroplant on baseload during

“ice formation and breakup reduces the variation in

discharge,

In some instances if hydroelectrlc plant output cap
be reduced for a few hours ‘when frazil is formlng
the velocity in the forebay or intake channel is
reduced, and a stable ice cover ¢an form. However,

“there is the denger that resumptlon of normal

operation wili erode the cover.

Ekpe'rian_ce “with streamflow regulation ising a
submerged weir in conjunction with a boom to

" create anice cover and thus alleviate ice Jammlng

has been encouraging.

4. Special lntake Structures

4,’
Several special structures have been deslgned 10 help-
eliminate ice problems at fntakes. Special intakes to
pass, block, and/or minimize frazil conditions have
been designed. Reference [3} describes a raft

= system which prevents whirl in front of a power-

plant and thereby prevents the supereooled surface
water from being carried down to the intake.

5. tce Storage Reservoirs

Low-velocity pools can often he created to provide
for storage under a stable ice cover of all or part of
the ice formed in a fast-flowing stream. As the
reservolr fils with ice, the velocity under the ice
increases until the rate at which ice is carried under
it equals the rate at which it leaves the reservoir. -
Such an ice control technique may be more practi-
cable than constructing a facility to decrease the
gradlents in fast-flowing reaches.

6. Mechanical Raking

In the early days of hydroelectric development,
hand and mechanical raking was used to keep the




screens free from frazil, literally by brute force. To |

quote Reference [51, “To start with, hand scrapess
were used to keep the screens free from frazil. As
many men as could conveniently find a place on the
stand above the screens were mobilized at times of
frazil ice formation trying with scrapers of different
lengths to keep the sereen free. As a rule, these
endeavors were entirely in vain,” the screens clogged
and the output was reduced accordingly. Mechani-
cal scrapers of various design have also been tried.
These have also proved unsuccessful, the ice farma-
tion being sa heavy that the flow through the
sereens was eventually completely stopped.

7. Vibration of Racks

This method has apparently been tried, but little
data were available in the literature. -

8. Typical Hydroplant Designs with Po;NEl‘plant
Fed by Headrace Canal or With a Large Forebay

Two Norwegian hydroplants, Kykkelsruel and
Vamma, are discussed in Reference [5]. They
illustrate the problem and avoidance of the problem
of frazil ice. Charactaristic of the Kykkelsruc! plant is
its long headrace canal which conveys water from

the river to the powerhotiie forebay. The water -

velocity in the canal s 8.5 ft/s {2 m/s) and is
therefore great enough to exclude formation of
surface ice, and as the entire flow of ihe river passes
into the canal, so does all drift, frazil, and solid ice.
The solution here has been to provide an ice sluice
which when opened creates a surface current along-
side the screens. By this means all the drift ice and
solid ice are removed.

Onty surface ice can be remoaved . in this way,
whereas drifting frazil ‘can fill the entife flow section
from top to bhottom and consequently is not so easy
to deal with. This frazil often has a tendency to
stick to anything it contacts. The canal intake is
often a barrier which the frazil must pass, and ice
masses can accumulate at this point. Dynamite has
been used at Kykkeisrucl to keep the canal intake
free, -

By contrast, plants of the Vamma type have a l_arge
forebay and employ an ice cover to mitigate ice
problems.

In some canals or rivers where velocities have been
" too high to form an ice cover, it has been possible to
place a coarse network of timbers across the channel
and thereby promote ar ice cover. The theory of

20

promoting ice covers using booms is welf covered in
the literature and many installations are operating
successTully. .

It is interesting to note that the early NorWegian.
Swedish, and Canadian writers pointed toward
damming all the main water-courses as the ultimate
solution to the icing problem. It was thought that if
an ice sneet could be formed over these areas of

~frazil ice production, the prablem would cease to

exist.
8. Combating Frazil Ice

The best method of cambﬁﬁng the problem of frazil
ice is through proper design of the hydraulic circuit

upstream of the rack bars. A large body of quiet
water wiil freeze over quickly and an ice covering of -
.sufficient size will intercept the frazil. 1§ 1he

velocity of approach is low, the racks are at

‘considerabie depth; and if, in addition, the bed of

the approach channel is smooth and grades down
easily to the bottom of the rack, frazif ice prablems
may be eliminated entirely. Precautions to avoid ice
problems must be considered at an early stage in
designing the project if an optimum sclution is to be
found.

L]
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Buroou of Reclomation

CONYERSION FACTORS-BRITISH TO METRIC UNITS OF MEASUREMENT

The following conversion factors adopted by the Buresu of Reclamation are thoss pubtished by the American
Society for Testing and Materials (ASTM Metric Practice Guide, E 320-68) except that additional factors (*)
commonly used in the Bureau have been added, Further discussion of detinitions of guantities and units is given in
the ASTM Metric Practice Guide. .

The metric units and conversion factors adopted by the ASTM are based on the “International System of Uniws"
{designated 51 for Systeme Internztional d'Unites), fixed by the Internatignal Compmittee for Weights and
Measures; this system is also known as the Giorgi or MKSA {meter-kilogram (mass)-secor-l-ampare] system. This
system has been adopted by the International Organization for Standardization in 150 Recommendation R-31.

The metric technical uniz of force is the kilogram-foree; this is the force which, when applied to a hody having a
mass of 1 kg, gives it an acceleration of 9.80665 m/sec/sec, the standard acceleration of free fall toward the earth's
center far sea level a1 45 deg latitude, The metric unit of force in S! units is the newton (N}, which is defined as
that force which, when applied to a body having a mass of 1 kg, gives it an acceleration of 1 m/sec/sec. These units
must be distinguished from the {inconstant) local welght of a body having 2 mass of 1 kg, that is, the weight of a
bady is that force with which a body is attragted 1o the earth and is equal to the mass of a body multiplied by the
acceleration due 1o gravity. However, because it is general praclice to use “pound” rather than the tachnically
correct term “pound-force,” the term “kilogram™ (or derived mass unit} has been used in this guide instead of
“kilogram-foreg™ in expressing the conversion factors for forces. The newton unit of force will find increasing use,
and is essential in St units.

Where approximate or nominal English units are used to express a value or range of values, the converted metric
units in parentheses are also appraximate or noming!, Where precise English units are used, the converted metric
uniis are expressed as equally significant values.

Table |

QUANTITIEE AND UNITS OF SPACE

Muitiply . By ) To obtain
LENGTH
Mt . 254 (exactly) ..., ... ... ... - P Micron
Inghes ............... Bdlexactly) ..., ... r e, Millimaters
Inghes . ... ... iunnn., ’ 2,54 {exactiy)” L ... D e Centimaters’
Feet . ............... 30048 (exactlyl - .. ... . oL Centimeters
Feet . .. ............. 03048 fexactly}™ . ... .. ... ..., Meters
Feet . ............. . 00003048 {exactiyt* .. ...... e Kilometers
Yards . ... ... ... 0.9T44 {exactly) . .. ... ... e .. Meters
Miles {statute] . ......... 1.609.344 {exactiy}® ... ... L .. Meters
Miles . .. ............. 1.609244 {exactly) .o i e e e Kilometers
AREA
Squareinches , . ., ... ... 64516 (exactly) .. ........... Square centimeters
Sguarefeet ... ......... "B2003 ... e e Syuare centimeters
Squarefeet ... ......... : 0092903 ........... e Sguare meters
Squdre yards .. ..., ... .. 0.836127 ... ... e e e Sguare meters
Acres .. ... ... g Hectares
ACMES . . i v i e s e 30469 .. L. e e e .+ . Sguare meters
ACTES . . ... ©T0.0040489 Square kilometers
Squareriles .. ......... 258999 .. ., ..... Square kilometers
VOLUME
Cubicinches .., ...... e ) 183B71 .. e Cubic centimeters
Cubicfest . ... ......... © 00283168 . ... ", < .. Cubic maters
Cubigyards ., ., ......... 0784555 .. ... ... .. e Cubic meters
CAPACITY
Fluidouneces (US.) .. ..... 295737 . . e Cubic centimeters
Fluidounces {US) .. .. ... 295729 ..., e e e e e e Mitlititers
Liquid pints (U5 ... ... .. 0473172 . ... ... .. e Cubic decimeters
Liquid pints {U.SY . ., ., ..., - Q473166 .. ... ..... F P - Liters
Quarts {ULS) . ... ....,. S TOAB3E8 L. e i Cublc gentimaters
Quarts (WS} . .......... "O4B331 L L. e e Liters
Gallons (U.5) . .. ........ "ETBEA3 L. ... e Cubic centimeters
Gallops{US) . ... ... ... 378543 ... ... e Cubic decimeters
Gallons{US.} ... ........ CATBB33 L e e Liters
Gallons{US) .. ......... 000378543 . .. ... L e Cubic meters
Gallons (UK.} . ......... 454602 ... . .............,. Cubicdeclmeters
Gallons (UKD . ... ..... 454596 . ., ... e e, Liters
Cubicfeet . ,...... . 283160 . . .. e Liters
Cubicyards ... ......... TIBAEE . e e e e e Liters
Acre-feet . ............ 2385 ..., .. ... e e Cubic meters
Acrefeet . ... . ... L 1233500 L. L P Liters
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Tabte 11

QUANTITIES AND UNITS OF MECHANICS

Table l1-Continued

Multiply By To abiain

Mubtipy - 8y To obtain WORK AND ENERGY®
__MASS British thermal units [Btu) . . ., , OE5E L. e e e.. .. Kilogram calaries
. - British thermal units {8t} . ., .. WO055,06 . .. .. e e e Joules
_?:;anllj:";'soaoaab;m{n;’ """" g‘::ggg‘ lexactlyl L.oLu e M'"g:z:: Bw perpound ... ..... . 232 eantlyl L Juules per gram
Cunces ] |00 mamas LTI Gom Foovmounds IS i e e
Founds favdpl ..., L. L. 045369237 fexactlyl |, . .. ..o L.l Kiloorams POWER
Shert tons (2,000 th) 2 Kitograms -
Shert tons {2,000 Ihi . 0.907185 Muetric tons
. . Horsepower . . . ... ... ... .. 7A5.700 e Watts
Longtons (2,24010%) . ... .. .. LOEOs | . L e Kilograms Blu perhour - .. ... 0293071 .. .. . e SRR Watts
' FOR(‘E'A.REA ’ Foot prunds persecond  © .. . .. 20 L . Watts
<E/ " ptol vl i
- HEAT TRANSFER
Paunds per square inch . ., . . . 9070307 ... ... ... ... Kiiograms per stuare cEntimeter — — -
Pounds per square inch . ., ., .. .o 0,689476 . . Newtons per squsre centimeter 8tu in.chr 2 degres F (k,
Papnds per square Foot , . ... .. 488243 ,....... ... - N Kilograms per square metar thermat conductivity) . . . .. .. LAEZ Milliwattsfcm degree ©
Pounds per sguare foot , .. .. .. ATRAOZ ... ... ... Newtons per squarr. meter Bty infhy 2 degrea F {k,
- thermal conductivity) . . .. ... 01240 . . .. L Kg cal/hr m degrea C
MASS/VOLUME [DENSITY) Btu B/hr € denrea F .. .. .. L. "1.4B80 ... . ......: S .. Kgcatim/hr m? degree C
: . Beushr 112 degree F (C, . . -
Quncespercublefack . . ... .. 172099 ., ... Grams per cubic centimeter thermal conductance} . . . .. .. 0563 ... .., Milliwatts/om? dentee C
Pounds gercubic foot , . ... ... 160185 . ..., ... .. vu.an Ki!ogn!rns per cubic meter Btu/hr ft2 denres F {C, . ) .
Pounds percubds foor © ., . ., _ . 0OBIAG -, ..., _Grams por cubic I.'EﬂlElI'IElEI' thermal conductancel . . ... . . ABIZ . Ve ... Kgcalsar m? degree C
Tons {tong} per cubicyard .. . ., 132894 . L + « . Grams per cubie cRatimater Degree & hr £:2/Btu (R,
. thermal resistance) ., . ... .. L0013 RN e e Dagree € cm?/milfiwatt
— MASS/CAPACITY o Btu/lt dagree F (c, heat capacity; - . [N Ve e e . Jig degree ©
N Biyflodegree F . ... ... [T Cal/gram degree C
Cunces per gallon (US) . o, . 74893 . ... ... .. PR Grams per I{ler Fté/hr ithermal diffusivityt . L . Cmélsec
3?532,‘1232!!32 EB"S(')) """ 113‘5332 """"""""" e g:jﬁ:g:: or F2fhy (thermal diffusivity} L ...  "009290 .. .. ............ e . M
Pounds per gallon (UK.} . ... .. 98779 .., ...... e e e e Grams per liter WATER VAPDR TRANSMISSION B
BENDING MOMENT OR TORQUE Grainsfhr 2 {water vapo:) ] . ,
tch-pounds BOVISZT . oe vt r e ire e e Meler-kilograms trammfssion) . ]g'gsé' S G"’;ﬁi: b m
Inch-pounds 1r2mBE X106 L Cenrimeter-dynes Perms {permeance] .. ... - - ;o W perns
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Faot-pounds 1365821107 L.l .« ... Centimeterdynes
Fopt-pounds perinch ... . ., .., 54431 ... ... ..., Centimeter-kitograms fér centimeter
Qunee-inches . . ..., .. e 2008 ... Gram-centimeters
VELCCITY
Feetpersecond ., .. ... .... 30.4B fexactly) ............ PR Centimeters per second
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Feet peryear . .. .. e e ‘00658732 106 | | e e Centimeters per second
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Milesperhour . .. .. ....... 044704 (exaetly] .. ..., ., ...... ...... Meters per secand
Fable ¢4
ACCELERATION" .
OTHER QUANTITIES AND UNITS
Feetpersecond? . . .. .., . s B T Meters per second? i
- Multipty By . To ablain
FLOW ) . ) _
Cubig feet per square foot per day (seepage) . ... 3048 ........... Liters per squaré meter per day
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FORCE® " Ohm-circutar mils per foot [EE ) 151 S Ohm-sguare millireters per meter
o g Mitlicurlas per cubic faot 362147 ., .. ... o« - . Millicuries per cubic meter
Pounds "0453592 ., ... ... ... ..., v eeas. . Kilagrams Mitliamps per square foot "M07639 ........... Milliamps per square meter
Pounds *4.4482 . . - .. .. Newtans Galtons per square yard MEID L. Liters per square meter
Pounds *a4482x0°5 ... 0., e e e Dynes Poundsperinch ., ... ... .......... '017858 ... ... ..., Kiloyrams per centimeter
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