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Frazil ice creates major operation and maintenance the winter. 

problems for man$ h;droelectric plants all over the 
world 11, 2, 3. 4. 5. 7, 14. 15. 21, 23, 35, 36.37.39, 
40. 41. 42, 43. 581 *. For many plants it can be the 
major design consideration. Available literature relates 
a number of plants which were not designed properly 
to hnd le  icing problems and as a result had to be 
abandoned and of others which incur 100 percmt loss 
of station availability for extended periods of'time 15, 
121. The extent and type of ice problem encountered 
varies with the hydrological conditions on the river, the 
sevurity of the winter, and location of hydroplant. 

The evaluation of the potential for sev'ere frazil ice 
conditions at any particular site i s  of paramount 
importance. The methodology for correcting the prob- 
lem 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 meteorological and hydrological 
data at the site. Jarocki [201 presents a comprehensive 
study that relates meteorological and hydraulic condi- 

, tions to  ice formation. *_ . , 
Since-:these factors are usually known, an estimate of 
the severity of the icing problem can be made at the 
planning stage.:.' 

:> I I .  FRAZ IL  ICE 

Sweden and Norway have dealt with icing problems 
since before the turn o f  the century. Their climates 
vary from arctic conditions in the/sorth to mild 
conditions in the south. Contrary t~~:sxpectations, the 
worst problems are not caused by ice in the extreme 
north, as ihe occurrence of frazil ice is infrequent and, 
generally, the ice menace is so evident that adequate 
measures are usually taken. However, in the central and 
southern parts, such measures mlgnr ne 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 ardnot too high, bodies of water wil l  
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 occur, interrupted by 

A. Descr1pt;on of Frazil Ice 

Wh, flovling water undergoes coollng through heat 
exchange with the atmosphere, turbulent mixing causes 
the entire body of water to be cooled uniformly. If the 
water is at a temperature above freezing and is cooled 
rapidly, it will undergo supercooling; that is,  it will 
reach temperatures below the freezing point. 32' F (om 
C). I f '  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 t o  restore 
thermai equilibrium to  the flow. Ice formed in this 
manner i s  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 i s  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 0') C and 

Figure 1. Temperature o f  wmer durlng fraztl ice productlan. 101-D420 

"Numbers in brackets des~gnate bibliography references follow~ngsection X. 



production and during which i t  has the quality of being 
"In the flume where these tests took place all able t o  adhere very tightly to submerged metals andt 
this happened within 3 to 6 minutes, after which most other materials. This phenomenon i s  important in 

tion and stickiness of active frazil are closely connected 
with the degree of supercooling of the water, which is 

"Of most importance is that once a body of in turn related to the rate at which rhe mass of water 
water has settled to 0" C, the type of ice that i s  cools. As will be seen, an extreme temperature drop 
formed is physically very different fromzthe following a mild spell can cause large quantities of 
frazil ice that is formed during the period of frazil to be produced. 

2 

undergoes cooiing will not tortn frazil but rather will 
agglomerate to already existing ice crystals as it freezes. 
Frazil ice fol-mation is a transient phenomenon, the 
continuance of which in a body of water destroys the 
conditions necessary for its occurrence: 

supercoo!;ng. Finally, frazil ice is always and 
only formed if a body of water being initially .. 
above o',.c is subject to some rate of cooling as 
its temperatur.; passes through O0 C. 

B. Formation of Frazil Ice 

A gcod description of flazil ice production by B. 
Michel [ T I ]  follows. Michel's results are from labara- 
tory tests conducted in an outdbor flume at Lava1 
University, Quebec. Canada. 

p 

"When i t  was not snowing, the mechani:\m of 
frazil ice production was always the same and 
can be illustrated 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. A t  
some point the rate o f  cooling starts to diminish 
until it becomes zero and the minimum temper- 
ature i s  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 to be visible with the 

naked eye, but they are easily seen by the 
reflection they give from an incident light. The 
frazil ice particles grow rapidly in size and form 
needlelike fragments approximately 1W-inch 13.2 
mm) long. 

"This type of ice also has a high water ratio and 
thus occupies a large volume in relation to the 
quantity present. This i s  important because i t  
causes large river discharge varixions and other 
problems." 

There is some disagreement concerning the physics of 
frazil production and'the characteristics of frazil. The i: 

.j~c!rpose of this report i s  to present an exp2qation of 
frazil that engineers can use for de!i.Jning water <. 
intakes; Michel's description fills that:'need. Further 
research is presently underway a t  the Engineering and 
Research Center, to investigate these controversial 
points. 

Michel's tests showed good correlation between the 
quantity'of frazil produced and the rate of cooling of 
the water, figure 2. His work demonstrated !hat the 
quantity of frazil produced and the degreeof ruper- 
cooling ,increased as the rate of cooling increased. 
Michel describes. a method of calculating the quantity 
of frazil produc$%.~::i?fortunately: it may not be very 
practicab!? to:$h.;ji these calculations in a rail 
situatior;;.:lt,is suffi'&& to [note at this time that the 
production ,:<f frazil ice involves loss of heat at the 
air-water interface, supercooling resulting from the 
flow dynamics, and conversion of water to ice through- 
out the cross section. This convel-sion i s  accompanied 
by latent heat release, which balances the heat loss'to 
the atmosphere. 

"After the water temperature reaches a minimum C. Active Versus Inactive Frazil Ice 
it returns asymptotic;-!ly to zero degrees with a 
continuouslv decreasing rate. Individuai particles A very important distinction must be understood 
agglomerate together and form foamy packs, concerning the difference between active and inactive 

'- whose size is dependent upon the turbulence and frazil ice. The term "active fcazil" was coined by 
velocity of the flow. Michel to describe frazil durins i t s  early history of 



R A T E  OF W A T E R  COOLING ' C / M I N  

Figure 2 Quantltv of fraztl ice produced versus rate of water coolrng. 101-0621 

Frazil ice particles maintain their adhesive quality for 
only a few minutes, after which they becdme inactive. 
This means they are in this extremely dangerous state 
for oniy a short distance after their production as the 
water approaches the intake. This has design impor- 
tance since areas where frazil production i s  most likely 
to occur can be predicted, possibly eliminated, and 
intakes properly located to  eliminate or minimize 
PI-oblems related to frazil. Certainly the necessity to 
heat intake components must be viewed with this in 
mind. 

D. Conditions Relating to  Frazil Ice 

The role of the major factors related to  the frazll ice 
problem 1s briefly revtewed here. 

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

:; preventing ice adhesion. 

2. Role of water velocity.-Frazil ice i s  formed 
under dynamic conditions; thus, velocity plays a 
major role in determining how ice forms. Figure 3 
shows the three regimes of river Ice and how they 

depend on veloc~ty. Ice production IS assumed to f i t  
Into ole  of the three reglmes shown below 

3. Meteoralogical Conditions.-This factor i s  so 
important in the icing problem-that it I s  difficult to 
over assess its influence. In any 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 insulation techniques are appropriate in 
any given instance. Meteorological conditions along 
with hydraulic conditions determine the prevalence 
or severity of icing problems at any site. 

4 .  Quantity of frazil produced.-When conditions 
exist along a watercourse where frazil 1s continuously 
produced, the quantity should be estimated to deter- 
mine whether provisions have been made to handle 
the frazil. This problem should be handled at the 
design stage 111. 7, 20. 9. 16. 23m. 230. 23q. 42d, 
47, 1721. 

5. Rate of .cooling.-This factor controls when 
active frazil will be produced and i s  the basis for 
designing a sensing system which can warn of danger 
from frazil I l l .  As shown in figure 4, an increased 
rate of cooling gives a corresponding increase in the 
maximum supercooling, residual supercooling, and 
rate of temperature recovery. The rate of cooling is 
also a major factor in determining the quantity of 
ice that will be Produced in a given river reach. . ~ 



1.  High flow velocities l v  > 4.0 ft/s).-Free water surface, strong cooling, 
supercooling, and local ice formation. Some of the locally produced ice, as 
well as some of the ice from upstream, i s  accumulated as anchor ice; 
liowever, most of thgice moves downstream. 

2. Medium f low velocities (2.0 f t l s  < v < 4.0 ft/s).-The water surface is more ..-% 

or less covered wi th moving frazil slush, cutting down on the heat ldss and 
the subsequent ice production. The water temperature is at or close t o  the 
freezing point. There is l i t t le anchor ice and a general tendency for the ice 
t o  move on. Q 

3. Low f low velocities (v < 2.0 ftIs1.-The solid ice cover prevents large heat 
losses. so 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 t o  accumulate. 

6. Ice covers.-If an ice cover can be formed on  a 
canal, river, o r  reservoir, frazil ice production can be 
przvented. The ice cover acts as an insulating 
blanket between the cold atmosphere and the water 
surface. From a heat transfer standpoint it reduces 
the f low of thermal energy by as much as a factor of 
100. Frazil ice that passes under an ice cover no  
longer retains its strong adhesive qualiw. In the case 
of the Beauhaurnois Canal, which is 60,000 feet 
(18,300 meters) long, as much as 75 percent of the 
frazil entering the canal passes under the ice cover 
and through the turbines. Some of the frazil 
inreasei the thickness of the ice cover, some is 
melted, and the rest passes thjough the system. 

.. 

T I M E ,  MIN. 

Figure 4. Effect of rate of cooling on rupsrcooling. 
101-D623 



Ice covers can be started on canals by stopping the 
flow (for a short time) or by using a boom stretched 
across the canal. These methcds are particularly 
useful in climates where the cover i s  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 
which cause them to  occupy large volumes 
w i t h o u t  m u c h  actua l  ice being yoduced. 
Flooding and variation in hydroelectric output 
are two of the more serious problem; result- 
i n g  f r o m  the  occurrence o f  frazil ice in 
rivers 13. 4, 5.  8, 10, 14, 20.23d. 23f. 23x. 26, 51. 
551. 

8. Ahility of the hydraulic circuit t o  handle inactive 
frazi1.-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.1 and usually without any problem. 
though i t  wi l l  tend to settle out in areas of low f low 
velocity. Heating hydraulic structure control ele- 
ments to  combat this type o f  frazil is of little value. 
For instence, at Safe Harbor Dam on the 
Susquehanna River I l l  electrically heated racks are 
energized only when active frazil is anticipated. 
Conditions for i t s  formation are known at this site. 

I l l .  CLOGGING OF WATER INTAKES 

Three ways in which frazil can clog intakes are 
identified below (121: 

A. Active Frazil Ice 

When frazil ice i s  in a state of pi.sduction in super- 
cooled water, i t is termed active fra?! d l11 i o s  a strong 
tendency to adhere to metals and other materials with 
a high thermal conductivitity. It is important to  note 
that the duration of an active frazil ice particle isonly 
a few minutes, after which it becomes inactive and 
loses this quality of stickiness. It 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 factories. 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 of f  the f low 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 i s  somewhat 
porous and wil l  continue to  build and can be as much 
as 6 inches (0.15 m l  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. 1s 
practically impossible to  remove by mechanical means. 
Figure 5 illustrates the se~erity o f  the ice clogging 
problem. A t  first the layer of ice forms on the bars 
only to  the depth below the water surface to which the 
needles have been carried by the turbulence 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 traslirack i s  
extended downward until the flow is practically cut 
off. Water draining away through the turbines will 
cause a drop in head on the downstream side o f  the 
trashracks, and the resultant unbalanced pressure may 
be sufficient to  collapse the rack structure. Heating of 
trashrack bars i s  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 whose 
temperature is maintained even slightly higher than 
freezing. 

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



8. Inactive Frazil practical standpoint it is extremely important how the 
heat is applied, but from the standpoint of hea: 

Water intakes can also be clogged by the action of transfer thecalculations and assumptions are the same. 
inactive frazil ice which has little tendency to  adhere to 
objects. When the production front of frazil ice moves A. Theory -Insulating Versus Heating 
far enough upstream of the water intake so that the 
intake is no longer in danger of active frazil, it will be The concept of hiating the trashrack bars is based on 
subjected to ice floes and accumulations of frazil the physical law that active frazil ice will not adhere to 
packs. Frazil cart then settle and accumulate in zones a surface having a temperature siightly'above freezing. 
separate from the flow where velocities are too weak to The objective is to  minimize the heat carried away by 
carry it away. . It can also bloc$ passages at an t h e  fluid. I t  is futile to attempt to melt ice by this 
obstruction and by arching across at lateral supports: method when one considers :he quantities of energy 
T h e  first effect i s  not dangerous since it can in fact that would be required and the inefficiency of supply- 
cause a streamlining of the hydraulic circuit. This type ing heat in this manner. 
of clogging ordinarily will not be of any serious . .. 

consequence. unless the intake consists of screens of 2 Insulation techniques are used when the objective i s  to 
small size. The maximum buildup of the frazi accumu- conserve the thermal energy already present in the 
lations is usually only some 2 to 3 inches. Thur, i f  fluid. Ice covers are the most prevalent utilization of 
larger openings can be provided. this type of clogging this technique. Covering of intakes is utilized in many 
can often be alleviated. It should be emphasized that instances as an alternative or in addition to trashrack 
heating the trashracks has no advantage in this case ' heating. When the trashracks are not completely 
since inactive frazil has no tendency to  adhere to  the submerged, it becomes imperative to  either cover the 
intake structure. 'intake to reduce the thermal losses to  the atmosphere 

or remove the racks that are not submerged: 
C. Clogging o f  Reservoirs :TI 

The intake channel at R:~?saga Powerplant in Norway 
The property of frazil ice to form flakes and occupy a has been covered with a'large roof to  prevent cooling 

.considerable volume even though only small amounts by outgoing radiation 151. A number of electric 
of actual ice are formed can cadse considerable heaters are also provided to heat the water surface with 
reduction in the efficlency of reservoir operation. long-wave radiation. Electrical heating o f  the trashracks 
While not emphasized in the literature, this condition i s  used to prevent clogging by active frazil ice. Finally, 
can be the most dangerous since it may b e  a floating screen: with coarse wooden bars i s  provided 
irremediable. to prevent accumulations of floating ice from entering 

the intake. 
For example, in 1963, the intake to 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 01) the 
reservoir that had a weak flow velocifj, 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 
downstrear$: blocking the forebay reservoir' almost 
entirely except for a narrow deep channel. The 
secondary channel leading to the reservoir was blocked 
to  the very bottom and only a weak flow seeped 
through the porous mass. 

IV. HEATING OF WATER INTAKES 

B. Methods of Supplying Heat 

1.  Resistive or induction heating of the metallic 
components. These methods, which seem to be the 
most popular, are discussed-in detail in this report. 
The USSR [:70alZ claims remarkable success with 
i t s  induction heating designs. 

2. Electric heat~ng elements 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. Circulation of heated fluids (air, steam, 011) 
through the component passages. Thls method 
appears popular for gates, penstocks, turbines, surge 
tanks, values, etc., but does not appear popular for 



5. External application o f  steam through steam A t  these stations the sevsrity of the frazil run was 
lances. directly related to the coo;ing rate, w i t h  the higher 

:i cooling rates producing more intense frazil runs. 
Whatever method is used it 'must be compatible with Experience at these plants indicates that when the 
certain requirements. It must be economical with cooling rate exczeds 0.018" F per hour 10.01~ Clhr), 
minimum neat iosses. It must satisfy hydraulic and the trash'screins yiii be choked with frazil ice 1 hour 
structural requirements. It must be reliable and easily after the temperature [eacher 32.0' F 10" C). 
maintained, and it must work (361. A number of ' .  

methods of applying heat are reviewed in the litera- 
' 

It has also been noted that frazil ice formation does 
ture l1.2.3.4.5, 14. 15.23g.28.33. 35.40.41. 1701. not occur during daylight hours because of the 

influence of solar radiation (80 Btu/hrlft2) (252 
Heating the bars by steam has not proved satisfactory watts/m2). For example. in the early morring hours 
bur might be advantageous at thermal powerpiants. after a cold night the rate of cooling of the river is 
The bars are hollow with pipes conveying Steam high, say 0.0139 F per hour (0.01" C/hr), but with the 
inserted into them. The arrangement is elaborate: the water temperature at 32.g9 F (0.5' C), there will be no 
bars must be thicker than usual, entailing a 10% i n  flow need to pull the trashrack screens because it will be 5 
area, and the steam pipes leak whereby the heating of hours beforezthe freezing point could be reached-the 
the bars ceases and freezing commences. The :herma1 sun will rise before then which will prevent frazil 
efficiency is also quite low. The ~ e t h o d  has been tried formation. 
at the Borregaard plant on the Glommen River in 
Norway 151. Stream consumption amounted to 13 
kglhrlm2 (2.66 lb/hr/ft2 (based on waterflow area). V. DEVELOPMENT OF H ~ A T  TRANSFER 

The actual heating arrangement selected for a specific 
installation depends upon a combination.of factors and 
evaluation of alternatives. I t  i s  dependent upon the' 
location and co;lfiguration o f  the component, the 
frequency of frazil occurrenGe, reliability factors, and 
avajlability 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. 

RELATIONSHIP 

The cond,ition 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 maintailed at some temperature (T,) above 
the fluid which has a temperature ITf) and a velocity 
of flow ( V f )  This example is widely treated in books 
on heat transfer. 

... 

C. Recording and Sensing Instrumentation for Predict. 
ing Frazil Ice Formation - 
Bibliography reference (11 describes a method of 
precise water temperature measurements with an elec- 

, tricresistance thermometer and recorder and itsapplica- Vf 
tion as a frazil ice warning ~ystem for hydroelectric 
stations. The installations described are at the Tf 
Holtwood and Safe Harbor hydrostations on, the __c 

Susquehanna River, Pennsylvania. By precisely measur- 
ing and recording the river temperature, frazil ice t Ts k?5?l 
formation can be pred'cted and necessary precautions 
can be taken to preveni operating difficulties. 

. . . - 
%, . 

on the susquehanna ~ i ~ ~ ~ ,  it has been found that Figure 6. Submerged cylindrical trashrick bar. 101 -~624  

frazil ice always forms when the r i v ~ r  water becomes 
supercooled rind th6t sueercoolino occurs onlv when 

this temperature range is unimportant, and at cooling Qh = h.A.(Ts-Tf) 
rates less than 0.018~ F per hour (O.O1° Clhr), a 

(1) 

natural ice cover wil l  form. Furthermore, experience . Qh = energy required to maintain the rack surfaces 
shows frazil ice wil l  not form once the ice cover has at a temperature above freezing-Btulhr or 
formed. watts 

7 



h = average heat transfer coefficient- 
~ t u l h r l f t ~  P F  or w a t t s l m 2 P ~  

A = surface area of the cylinder undergoing heat 
exchange,ft2 or m2 

Ts = temperature at whlch the cylindrical surface 
o f  the rack 1s to be maintained: this temper- 
ature need only be slightly above3Z0 F(oO 
CI -, 

Tf = the temperature of the supercooled water 

The heat transfer coefficient, h, can be calculated using 
the correlation expressed below 11731 : 

where: 

hd 
Nu (Nusselt number) = - 

k f 

vd 
NR (Reynolds number) = - u 

PCP u 
Np (Prandtl number1 = - =- k a 

and: 

d = bar diameter 
h =average heat transfe;.'cocfficient 
v =velocity of fluid 
u = kinematic viscosity 

kf = thermal conductivity of fluid 
p =absolute viscosity 

Cp= specific heat 
a = thermal diffusivity 

The Prandtl number will be a constant for this example 
(NP = 13.611 since it is dependent on the temperature 
which will be close to  32O F (0" C) in all important 
cases of frazil ice formation. 
. , 
~ubst i tut inginto equation (2) and rearranging 

Substituting representalive values for the constants 
into equation (2a1, the heat transfer coefficient for a 
typical circular trashrack bar can be calculated. 

kf = thermal conductivity of water at freezing point 

Btu 0.55 watts 
-0.32- ( ) 

hr l f t l  F 

u = kinematic viscosity at freezing point 

Rewriting equation (1 I and substituting equation (3): 

Qh = 100 G d  ( ~ r d y )  (Ts-Tf) 

Btu Qh = 314fl(Ts-Tf) mt Q 
watts 

= 1782 fl (Ts-Tf) 7 (3aI 

Convertmg d to  Inches (meters) and Btu/lir t o  watts: 

-- watts ah-314 ( I 1  G ~ I T ~ - T ~ I ~  
fi(3.4151 

Qh = 2 6 . 5 m  (Ts-Tf) 
f t  

watts 
= 1782 a (Ts-Tf) 7 (41 

Equation (4) states that '0.6 watts of energy are 
requ~red for each lineal foot (0.3 m) of 1 ~nch  (0.025 
m) diameter trashrack, when the veloc~ty through the 
rack 1s 4 ft/s (1.2 rnlsl and :he surface of the bar I S  

maintained 0.2' F (0.11 C) above the f l u ~ d  
temperature. 

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

- 
Q 3 1 8 G  _h= - watts 'I. 

s (Ts-Tf) - 
Y'., Af ft2 

1 7 8 2 d  ;.? = watts 
s (Ts-Tf) 7 (51 

where: 
s = bar spacing in inches (meters) 

Only vertical bars are considered in equ:tion (5IbFor 
reference purposes i f  we use Ts-Tf = 0.4 F (0.22 C1, 
a 1-inch (0.025 m i  diameter rod, a velocity of 2 ft ls 
(0.61 mls), and 4-inch 10.1 rn) spacing, then equation 



15) yields 45 watts/ft2 (485 wattslm2), Actual fieid 
installations show power consumptions of 200 watts/ 
f t2  (2150 watts/m21. The value developed here is for  
idealized conditions 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 
i s  dependent upon the system design and, as will be 
shown i n  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 t o  
prevent icing are t o  be expected. The deviations from 
the ideal are related t o  such factors as bar spacing, bar 
size, temperature difference between the water and the 
bar surface, fluid velocity, bar shape, and fluid turbu- 
lence. I n  this section a rough estimate i s  made t o  show 
the effect o f  these factors on the heat transfer values 
obtained b y  using the derived equation (5). 

A. Analysis o f  Factors 

..I. Spacing and bar size.-The energy required will 
'be related t o  the surface area maintained above 
freezing. Thus, as the diameter increases and the 
spacing decreases, the area being heated increases. 

where: Qh, !elates t o  the reference conditions i n  
equatlon (5) and @ is a multiplier that 
relates the condition for evaluating Qhz t o  
the conditions used to'?valuate Oh, . 

:\? ~. 
I '  

For instance halving the diameter and tripling the 
spacing of a given arrangement gives: 

and $ = 0.23. 

Therefore, only 23 percent of tha heat i s  required 
under the new arrangement as compared with the 
reference value. 

an integrated average over the entire bar surface rn 

2. Temperature difference. (Ts-Tf).-The energy 
consumed is directly proportional t o  the average 
temperature difference between the f luid and the 



The omportant problem of the d~rectlon o f  the 
velocity vector has not been considered. In most 
practical cases, bar shape 1s governed by cons~dera- 
tlons more Important than heat transfer; for 
Instance, structural needs and hydraul~c losses. 

It appears then that bar shape has little effect on the 
heat transfer coefficient i n  this range of flows. 

5. Turbulence.-A well-defined analogy exists 
betwzen the flow of heat and momentum 
(Reynolds' analogy\ [ I 71  I . 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 velocity vector vari?tions. For the ideal situations 
used in the derivation, the velocity vector was 
assumed normal to the bar axis. 

Using the material presented by Mosonyi I l S d l ,  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 550 percent. While, as indicated, heqj 
transfer losses are not simply related to these 
hydraulic losses, they will increase because these 
losses are reflected as turbulence. : 

Roughness can also be i,;!volved since the cylinder 
from which the basic. equation was derived i s  
smooth, while trashrack bar surfaces would be 
comparatively rough. 

B. Evaluation of Factors 

Of all the factors investigated, proper control df the 
temperature difference (TS-Tfl i s  probably the most 
important. lnproper 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. ihese 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 i s  another possi. 
bility, while the use of two sets of trashracks (summer 
and winter) needs further investigation. This subject i s  
closely related to hydraulic losses and equipment 
protection. 

change. This is hecause of the relationship to the 
velocity vector direction, structural design of the rack. 
and the importance of reducing hydraulic losses. The 
USSR [61al, 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 intake7 
Even more important. the heating system may operate 
only a small percentage of the time while the hydraulic 
losses operate 100 percent of time. 

Next, an attempt is made to  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 i n  the derivation will change the heating 

requirements. Equation (5) (QIAf = 3 1 8 m l ~ s - ~ f ) )  

has been solved for reference conditions of d = 1 inch 

(0.025 ml, v = 2 f t ls  (0.61 mlsl, s = 4 inches (0.1 m), 
and Ts-Tf = 0.4' F (0.22' Cl. Table 1 shows five 
factors that control the energy requirements for 
trashrack heating. In  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 $4 is a multiplier -with the 
same meaning stated earlier (see section VI.A.1). 

Table 1 

FACTORS CONTROLLING HEATING 
REQUIREMENTS FOR TRASHRACK BARS 

(11 (2) 13) 

$ 
<<"> 

(1) $ac ing 4 in 4 in 1 .O 
(2) Temperature 

difference : 0.4 1 .O 2.5 
(3) Velocity 2.0 2.0 1 .O 
(4) Bar shape and circular rectangular 

size 1 i n  0.4x2.8 in 2.0 
15) Turbulence 1 .O 2.0 2.0 

Thus, the der~ved equatton above will be multiplied by 
the approprtate factors when they vary from the 
standard condlt~ons 



Using the $ values and equation (5): D. Actual Values at Hydroelectric Installations 

r -I The equations developed In t h e  prevlous sectlon are 
intended to  help deduce those factors that are most 

(l.O) (2'51 '1'01 I2'O) (2.01 
important in determinmg the power requirements for a 
heated trashrack. B~bliooraehv references 11. 2. 4. 5. - .  . . . . . \ .  . 

= 450 wattslft' 14.850 wattslm2) (6) and 141 list a number of values pertaining to insialla 
tions in Norway. Sweden, Canada. and the United 

. ~ .  . 
8.. States. Most of the references do not contain enough 

For an ihake corresponding to the data of Column 2 information about the installation &ign, power 
and assuming a satisfactory design, it appears this mav requirements, electrical hookup, and operation of the 
be a good design guideline. Certainly, if the Power systeni t o  arrive at f irm conclusions concerning design 
consumption is, say, double and triple this value. a of these systems. Wnere possible, an attempt has been 
problem exists that is related to  operation and mainte- made to analyze the values given in terms of equation 
nance or desiqn rather than heat transfer. Sensitivitv irl - ,-,. 
evaluation of the parameters that affect power con- 
sumption leads to the conclusion that control of the In  studying ~ o l t w o o d  Station, Susquehanna River. 
bar temperature is the single most important fact?:<.Pennsylvania. Reference (11 states'that 2.4 feet (0.73 
This i s  associated with the electrical design. a point m) of head are required to heat the trashracks which has 
only briefly discussed in this report. Velocity. rack water velocity through the trashracks of 2 ft/s (0.61 
geometry, and turbulence are intimately associated results in an energy consumption of approxi- 
with the hydrau'ic design of the intake. Their effect on mately 300 (3,220 watts/m'). with refer. 
the heat t r a n i h  coefficient can be calculated and ence to table ,, appropriate @ would be: 
cannot cause vest deviations from the calculated 
power consumpilon. 

@(I) = 1.33 

C, Trashrack Heating Requirements Balanced 4 0 )  = unknown temperature differences for which 

Power Developed we are solving 
Q(3) = 1.0 

Each pound of water as it enter: the intake has a Q(41 = 2.0. and 

certain power potential. I f  the power is used to  heat @(5) = 2.0. 

the trashrack, the efficiencies o f  the generator (96 
percent), turbine (88 percent), transformer (98 per- Evaluating 'quation (6) 

cent), hydraulic circuit (90 percent), and certain other 
losses must be considered. Therefore, only about 70 300 = Qh ref [(1.33) (@(2)) (1 .O) (2.0) 12.0?1 
percent of the energy potential at the intake can be 
utilized. By relating the electrical quantity watts to the @(2) = (45zz,35) 

= 1.25 or 125 percent. 

hydraulic quantities, flow and head, we have: 

Since The reference temperature is 0.4' F (0.22" C)d 
this indicates the bar temperature T,-32.5' F (0.3 

At  Shawinigan Falls, auehec, Canada 121, i f  is noted 
Q = discharge (ft2/s1 that 227 wattslft3 /s (8,000 watts/m"s) are required to 
w = unit weight of water (lb/ft3) prevent frazil ice formation at this plant. Assuming the 
H = hydraulic head l f t l  velocity through the rack is 2 f t ls (0.61 m/s) an energy 

consumption of 550 watts/ft2 (6,900 wattslm2) is 
Thus. 1 ft3/s (0.028 m3/s) at 1 foot L0.305 m) of head indicated. 
has a heating potential o f  around 60 watts. Or 
assuming a 2.0 ft/s (0.61 mi$) velocity through the A t  the Swedish Hydro Installation, Samsioe [41 
trashracks, each square foot of rack area has a heating reports a value of 625 watts/ft2 (6,730 watts/m2) for 
potential o f  around 120 watts per ftz per foot of he?d Swedish installations. 
(4,250 watt/m2 /ml. j,' 
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At Norwegiac Hydro Instailations, Ruth 151 reports 
values between 280-350 wattslit' (3.000-3.800 watts1 
m2 I at seven Norwegian powerpiants. Putting appropri- 
ate Q values on  the data given in the article results in 
Q ( 1 )  = 2.7: $12) = ?; 913) = 1.0: @(41 = 2.0; Q(51 = 
2.0. Making the proper substitutions yields a 
Q 121~0.68. This would indicate a bar surface tempera- 
tuie of 32.3' F (0.16- C). While it is not possible t o  
put exact values on Q from the data given, this article 
states that the spacing isaround 1.5 inches between 
bars (3.8 mm). and 350 wattslft2 (3.800 watts/ml) i s  a 
very low value for energy input. 

Mort  of the installations 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 and operating history as 
good. A t  some installations where trashrack ,heating 
syslems were used t o  melt ice, the systems were usually 
ineffective and the intake would clog regardless of the 
temperature at which the bars were maintained. 

VII. ELECTRICAL HEATING OF BARS 

This subject is outside the scope of this investigation; 
however, as shown in the previous section, the proper 
design o f  the electrical synem is all important i f  
reasofible power consumption i s  to be realized. During 
the .investigation, a number of heating systems 
presented in the literature were reviewed. 

In a paper published at the 1972 Leningrad Ice 
Symposium, reference [61al, investigators from the 
U.S.S.R. reported great success with an advanced 
induction heating system for trashracks. They reported 

~~~ 

that their new design coupled with a drop-shaped 
trashrack bar permitted normal operation of power 
units during frazil ice passage. They further indicated 
that the drop-shaped bar reduces head losses and lends 
itself well t o  the heating arrangement. There were not 
enough details given in the paper t o  further describe 
the system. Since induction heating i s  also used for 
heating other hydroelectric components, further inves- 
tigation .seems Worthwhile. Induction heating was used 
b y  the USER 'i21 for the drum gates at Grand Coulee 
Dam. This reference contains considerable information 
on induction heating. 

Reference [51 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 importance,of proper design 
cannot be stressed too strongly. I('.ias been reported 
that even trashracks that maintained&rface tempera- 



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 lfrazii ice 
production) and effects (loss of power production) 
are not. 

3. 11 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. 

B. 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 system 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 be 
.required to supply energy. For typical intakes, this 
means abput,-;SO-500 watts per square foot 
(2,700-5.400 watts/m2) of trashrack frontal area. 
From a discussion elsewhere in this report it can be 
seen that i f  energy consumption much g:;ater than 
the above limits are demanded at operating instalia 
tions, the problem i s  likely to be because of 
inadequate design or faulty operation. 

5. 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. 

,,c-. 
4. Melting of float ice using thb trashrack heating 
system is inefficient and will not<;revent clogging. 

5. Ice phobic materials are under development; 
however, investigation is needed to determine their 
adequacy for trashrack structures. 

6. Factors which affect the energy consumption of 
a trashrack heating system were investigated. Con- 
trol of the bar surface temperature and turbulence 
in the intake are two very important factors that 
should receive further investigation. For this report 
they were estimated using a practical and theoretical 
model approach. 

7. Apparently l i t t l e  has-been done to advance the 
electrical design of these systems. Investigation i s  
needed in the area since much of the inefficiency 
may involve improper design of the electrical 
system. ( c  , , 

ature at which the rack surface is being maintained. 
Investigations in this area could improve the effi- 
ciency of present heat~ng techniques. 

X. RECOMMENDATIONS 

A. The theoretical minimum energy requirement 
necessary to 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 minimum and recogni& 
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 knowledge in the 
field of ice technology and some indepth expertise 
before embarking on advanced technology. This type 
of program i s  quite inexpensively attained and would 
he of maximum immediate benefit to field offices.'lf : 
fZld 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 control 
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- 
orology, hydraulics, and topography to occurrence 
of ice problems 

4. Develop hydroelectric problem/solut~on matrix 
for ice engineer~ng. 

5. Investigate effective use of natural heat balance 

6. Deslgn improvements in gates, valves, slu~ces, 
penstocks, and hydraulic machinery to  prevent ice 
problems in and around these appurtenances. 

C. Develop an ice technology library. 

D. Basic research on heat and mass transfer at an 
air-water interface with emjhasis on periods during 
which frazil ice i s  being for&d. 

E. Explore closer cooperative arrangements with 
others involved in ice studies: that is. U. S. Army, Cold . ~ ~ . . . . ,  
Regions Research and Engineerin"gaboratory 
(CRREL). 

F. ~xp lorc fur ther  mechanisms of frazil ice formation 
on solid boundaries with emphasis on application of ice 
phobic materials. 
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APPENDIX A 

Related Technology 

A number 01 other related technologies are discussed in 
the literature and mention is made of these subjects. 
Detailed analysis cannot be included. 

1. Removal of Racks I21 

A common and obvious method o f  dealing with 
frazil ice is to raise the racks and let the frazil pass 
?hrough the turbines. Since racks are often made in 
sections. it is usually possible t o  raise the top 
section from 3 to  6 feet (D.91-1.8 m). The upper 
rack wi l l  be covered w i th  Fraiii. bu t  after that the 
needles are carried down and pass throuqh the 
opening; the lower part of the rack i s  then free from 
ice. 

The major objection t o  raising the racks is that the 
purpose for which the racks are intended; that is, to 
keep trash out o f  the turbines. Trash or large pieces 
of ice entering the turbines blocks the water 
passages, reduce output, unbalance ti le runner 
which leads to vibration, and can cause damage t o  
the runner and guide vanes. I t  may be necessary t o  
shut the turbine down trequently for cleaning while 
the rack i s  raised. I f  the frazil ice run t i p  i s  short, 
this technique may be useful. I n  somelocationstrash 
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 
wi th a coarse [12-inch (0.3 m) ]  screen of wood for 
winter operation. This allows the frazil t o  pass 
through the turbines as comparatively loose masses 
which wil l  not  damage tile rotating equipment. 
Large pieces of solid ice could prove dangerous t o  
the turbines. Investigations using this technique are 
necessary in any particular situation. 

3. Streamflow Regulation 

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

:bility o f  the discharge downstream. F i f t y  years ago. 
Swedish and Norwegian engineers 141 recognized 
that if they could dredge the rapids or form 
permanent ice covers, they would solve most o f  
their ice problems. The effects of regulation on the 
ice regime are: 

a. Promotion of a stable ice cover with conse- 
quent reduction in heat loss, 

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

c. Reduction o f  frazil production-warmer water 
from reservoir depths is sent downstream, 

d Reductton in breakup of newly formed ice 
sheets by the dally f lood wave. and 



screens free from frazil, literally by brute force. To  
cpote Reference [51. "To start with. hand scrapers 
were used t o  keep the screens free from frazil. As 
many men as could conveniently f ind a place on the 
stand above the screens were mobilized at times o f  
frazil ice formation trying with scrapers of different 
lengths t o  keep rhe screen free. As a rule, these 
endeavors were entirely in vain," the screens clogged 

and the output was reduced accordingly. Mechani- 
cal scrapers o f  various design have also been tried. 
These have also proved unsuccessful, the ice forma- 
t ion being so heavy that the f low through the 
screens was eventually completely stopped. 

promoting ice covers using Dooms is well covered in 
the literature and many installattons are operating 
successfully. 

It is interestmg to  note that the early Norweg~an, 
Swed~sh, and Canadian writers pointed toward 
damm~ng all the main water-courses as the ultimate 
solut~on t o  the icing problem. It was thought that i f  
an ice sheet could be formed over these areas of 
fraztl ice product~on, the problem would cease t o  
extst. 

9. Combating Frazil Ice 

7. Vibration o f  Racks The best method o f  combating the problem of frazil 
ice is through proper design of the hydraulic circuit 

This method has apparently been tried. but  l itt le upstream of the rack bars. A large body o f  quiet 
data were available in the literature. water wi l l  freeze over quickly and an ice covering of 

Two Norwegian hydroplants, Kykkelsruci and easily t o  the bottom of the rack, frazil ice problems 

of frazil ice. Characteristic o f  the ~ykke l s ruc i  plant is designing the project if an optimum solution is t o  be 

its long headrace canal which conveys water from found. 
the river t o  the powerhol:;e forebay. The water 
velocity i n  the canal is 6.5 f t l s  12 mls) and is 
therefore great enough t o  exclude formation of 
surface ice. and as the entire flow of the river oasses 

from top  t o  hoftom and consequently i s  not  so easy 
t o  deal with. This frazil often has a tendency t o  
stick t o  anything it contacts. The canal intake is 
often a barrier which the frazil must pass, and ice 

free. I 

problems. 

In some canals or rivers where velocities ha?e been 
too high t o  form an ice cover, it has been possible t o  



CONVERSION FACTORS-BRITISH TO METRIC UNITS OF JIEASUREJIEST 

The melrie units and mnverrion facrorr adopted by the ASTM are bared on the "lnternationaisylem of Un iW 
Ideriqnated 51 for Syltene International #Unites), fixed by the international Committee for Weighs and 
Measures; thir wrrem is also known as the Giargi or MKSA Imeter-kilogram ImarrJ-recod.amprei wnem. This 
wnem has been adopted by the International Organization far Standardization in IS0 Recommendarian R-31. 

The metric technical unit o f  force ir The kilogram-force; this is the farce which, when applicd to a body having a 
mars of 1 kg, giver it an acceleration of 9.80665rnlredrec. the standard acceleration of free fall toward the esrth'r 
center for rea level a t  45 d q  latitude. The metric unit of farce i n  SI units is the newton (NI.which irdefined as 
that force which, when applied to  a body haviogs mais of 1 kg. gives it an acceleration of 1 mlrecirec. There units 
must bc dirringuirhed from the linconrtant) local weigh? of a body having a mas of 1 kg, that is, the weight of a 
body is that force with which a body is attracted to the sarth and is equal to rhe mars af a body multiplied by the 
acceleration due lo gravity. However, becawre it is general ~racl ice to ure "pound" rather than the technically 
correct term "pound.forrr," the term "kilogram" lor derived mars unit1 has been used in thir guide inatead of 
"kilogram-force" in exprerring the conversion factors foiforees The newton unit of force will find increasing "re. 
and ir essential in 51 units. 

Table I 

OUANTITIES AND UNITS OF SPACE 

Multlpiy BY Toobtan 

LENGTH 

Mil . . . . . . . . . . . . . . . . .  25.4 IexactlyJ . . . . . . . . . . . . . . . . . . . . . .  Micron 
Inches . . . . . . . . . . . . . . .  25.4lexactivJ . . . . . . . . . . . . . . . . . . .  Millimeters 
Inches . . . . . . . . . . . . . . .  2.56 (exattly)' . . . . . . . . . . . . . . . . . .  Centimeters 
Feet . . . . . . . . . . . . . . . .  30.48 lcxactlyl . . . . . . . . . . . . . . . . . .  Centimeters 
Feet . . . . . . . . . . . . . . . .  0.3048 Iexactlvi' . . . . . . . . . . . . . . . . . . .  Meterr 
Feet . . . . . . . . . . . . . . . .  0.0003048 lexactlyl' . . . . . . . . . . . . . .  Kilometerr 
Yards . . . . . . . . . . . . . . .  0.9144 IexrctlyJ . . . . . . . . . . . . . . . . . . .  Meters 
Miles IMturei . . . . . . . . . .  1.509.344 lexactiyl' . . . . . . . . . . . . . . . . . . . .  Meterr 

. . . . . . . . . . . . . . .  M i l  . . . . . . . . . . . . . . .  1.609344 lcvactlyl Kilometers 

AREA -- 
Square inches . . . . . . . . . . .  6.4516 lexaetly) . . . . . . . . . . . . .  Squareceniimetcis 
Square feet . . . . . . . . . . . .  .929.03 . . . . . . . . . . . . . . . . . . . .  Square sentimererr 
S w m  feet . . . . . . . . . . . .  0.092903 . . . . . . . . . . . . . . . . . . . .  Square meters 
Square yards . . . . . . . . . . .  0.83612) Square meten . . . . . . . . . . . . . . . . . . . .  
Acrer . . . . . . . . . . . . . . . .  '0.40469 . . . . . . . . . . . . . .  .<,.-. . . . . . .  Hectares 
Acres . . . . . . . . . . . . . . . .  '4,046.9 . . . . . . . . . . . . . . . . .  . I ! .  . . .  Square meterr 
Acres . . . . . . . . . . . . . . . .  '0.OMC469 . . . . . . . . . . . . .  Square kilometers 
Square miles . . . . . . . . . . .  2.58999 . . . . . . . . . . . . . . . . . .  Square kilometers 

Cubic inches . . . . . . . . . . .  16.3871 . . . . . . . . . . . . . . . . . . .  Cubicfentimeters 
Cubic feet . . . . . . . . . . . . .  0.0283168 . . . . . . . . . . . . . . . . . . .  Cubic meters 
Cubic yards . . . . . . . . . . . .  0.764555 . . . . . . . . . . . . . . . . . . . .  Cubic meters 

Fluidounces (U.S.i . . . . . . .  29.5737.. . . . . . . . . . . . . . . . . .  Cubiccentimererr 
Fluidounce; IU.S.1 . . . . . . .  29.6729.. . . . . . . . . . . . . . . . . . . . . . .  Milliiiters 
Liquid pin* IU.S.1 . . . . . . . .  0.473179 . . . . . . . . . . . . . . . . . .  Cubicdecimeters 
Liquid pints (U.S.! . . . . . . . .  0.473166 . . . . . . . . . . . . . . . . . . . . . . . .  Lieerr 
Ouortr 1U.S.J . . . . . . . . . : . .  -946.358 . . . . . . . . . . . . . . . . . . .  Cubiccentimeter* 
Ouam 1U.S.l . . . . . . . . . . .  '0.946331 . . . . . . . . . . . . . . . . . . . . . . . .  Liters 
Gallons [US.) . . . . . . . . . . .  '3.765.43 . . . . . . . . . . . . . . . . . . . .  Cubiccenrimeterr 
Gailoor lU.S.1 . . . . . . . . . . .  3.78543 . . . . . . . . . . . . . . . . . . .  Cubic decimeters 
Gal10nslU.S.) . . . . . . . . . . .  3.78533 . . . . . . . . . . . . . . . . . . . . . . . . .  Literr 
Gailonr lU.S.1 . . . . . . . . . . .  '0.00378543 . . . . . . .  .'. . . . . . . . . . .  Cubic meters 
Gallons W.K.) . . . . . . . . . .  4.64608 . . . . . . . . . . . . . . .  :. . .  Cubicdesimeters 
Gal!onr IU.K.1 . . . . . . . . . .  4.54596 . . . . . . . . . . . . . . . . . . . . . . . . .  Lirerr 
Cubic feet . . . . . . . . . . . . .  28.3160 . . . . . . . . . . . . . . . . . . . . . . . . . .  Lifers 
Cubic yards . . . . . . . . . . . .  '764.55 . . . . . . . . . . . . . . . . . . . . . . . . . . .  Liters 
Acrefern . . . . . . . . . . . . .  '1,233.5 . . . . . . . . . . . .  : Cubic meterr . . . . . . . . . . .  
Acrefeet . . . . . . . . . . . . .  '1,233,500 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Literr 
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OUANTITIES AND UNITS OF II:ECHANICS ~- 
Multiply BY ......... 

~~ . T O  obfsin 

. ! ? ?  
. . . . . . . . .  Grr inr I l l7 .0m lbl m788Sl l e m i l y l  . . . . . . . . . . . . . . . . . . . . . . . .  Milligr.mr 

. . . . . .  Trwuunces 14809rlin9l 31.1035 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Grams 
Ouilrei laudpi . . . . . . . . . .  28.3495 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  G r m r  

. . . . . . . . . . . .  Pnlndr l rudd  0.45359237 lexactlyl . . . . . . . . . . . . . . . . . . . . . .  Kilogrsmr 
. . . . . . .  S h r t  ions 12.000 1bl 907.185 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Yilunrrmr 
. . . . . . . .  S h x i  tons l2.000 lbi 0.907185 . . . . . . . . . . . . . . . . . . . . . . . . . . .  Metric tom 
. . . . . . . .  Long ions 12.2401!)1 1.016.05 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Kiloolaml - - - 

- 
MASSILAPACITY -- 

BENDING MOMENT OR TOROUE 

liich-pounds . . . . . . . . . . .  0.011521 . . . . . . . . . . . . . . . . . . . . . . .  Melet-kilogram 
Inch-paundr . . . . . . . . . . . . .  1.12885 x 106 . . . . . . . . . . . . . . . . . . . . . .  Cpnliaeier-dyne. 
Fuol.paundr . . . . . . . . . . . . .  0.138255 . . . . . . . . . . . . . . . . . . . . . . . . .  Meter-kilagramr 
Fool-paundr . . . . . . . . . . . . .  1.35582 x 107 . . . . . . . . . . . . . . . . . . . . . .  Centimeter-dynes 
Foot.pounds par inch . . . . . . . .  5.4431 . . . . . . . . . . . . . .  centimeter-kilogramsihr mnimiter  
Ounce-inches . . . . . . . . . . . . .  7 2 W 8  . . . . . . . . . . . . . . . . . . . . . . .  Grrmcen~imeletr - 

*CCELER*T,ON' 

~ c p l p n r = o n d ~  . . . . . . . . . . .  '0.3046 . . . . . . . . . . . . . . . . . . . . . . . . .  Meterr m r r e c o ~ d ~  

FLOW 

C"b1F feet oeraecon* , ~~~ ~ 

. . . . . . . . . . . .  Inmd-feel1 '0.028317 . . . . . . . . . . . . . . . . . . . . .  Cvbir meterr per rnond 
. . . . . . . .  Cvbicfeef pwminvte 0.4719 . . . . . . . . . . . . . . . . . . . . . . . .  Literr perwond . . . . . .  GallanrlU.S.1 per m i n m  0063W . . . . . . . . . . . . . . . . . . . . . . . . . .  L i te r r~er  second 

Pounds . . . . . . . . . . . . . . . .  .0.453592 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Kilogramr 
Pounds . . . . . . . . . . . . . . . .  '4.4482 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Newtons 
Pounds . . . . . . . . . . . . . . . .  '4.4482 x lo5 . . . . . . . . . . . . . . . . . . . . . . . . . .  Dynes 

Mollply - BY To abirin ... 

CIORK AND ENEHGY' . ... 

Brmfirh themdl runits IBtu) . . . .  '0.252 . . . . . . . . . . . . . . . . . . . . . . .  Kilorjiaincrlartcr 
Brilirh iherrnal units 18tal . . . .  1,055.06 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Joules 
Blu mr pound . . . . . . . . . . .  2.325 lexacclrl . . . . . . . . . . . . . . . . . . . . . .  lvulci per gram 
Foof.pnunds . . . . . . . . . . . . .  '1.35582 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Joules -. -- -- --. ~p 

-. - POWER 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . .  t lor~power 745.700 wms 
Htu per hour . . . . . . . . . .  0.211071 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  lvatts 
root i-undr ~ ~ ~ c o n d  . . . . . .  1.15582 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  wat t% - .- -..... -- 

-- ~ HEAT TRANSFER -- 
8 b  in ih r  h2degroc F (k. 

thcrmrlmndurtivityl . . . .  1.442 . . . . . . . . . . . . . . . . . . . . . .  MilliwnrsBmdegrecC 
Btu in lhr  1 c 2 d q m  F (i. 
thcrmvl conducliuit~) . . . .  0.1240 . . . . . . . . . . . . . . . . . . . . .  Kgcrllhr m degree C 

81" Whr H2 d c p e  F . . . . . . . .  '1.4880 . . . . . . . . . . . . . . . . . . . .  Kgcal lnlhr #s2clsgree C 
BBlhr 1t2drgree F IC. 

thormrl mnductmicl . . . . . . .  0.568 . . . . . . . . . . . . . . . . . . . . . . .  Milliwattricni2 denrep C 
Gfulhr fI2dcgrcc F IC. 

  he met conduclanml . . . . . . .  <8d2 . . . . . . . . . . . . . . . . . . . . . . . .  ~ g r a i ~ h r  n12danr~eC 
Oegrem E hr fi218tu (R.  

therms~ reiismcel . . . . . . . .  i.rai . . . . . . . . . . . . . . . . . . . . . . .  noyea c rm2~mi~~i,vatt 
BRlllb d w e e  F Ic. heat caparih, . 11.1868 . . . . . . . . . . . . . . . . . . . . . . . . . .  JlgdcpracC 
8981111 degree F . . . . . . . . . . . '  1.000 . . . . . . . . . . . . . . . . . . . . . . . . . .  Callgram clagmee C 
FGlhr lfhcrmrl difluGvityi . . .  0.2581 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Cm211ec 
7t21hr (fhermol diflurlrilyl . . .  '0.09280 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  hlzlhr - -- - -- - -- 
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Cubic leer ~ c r  muan foot per day Cccprgcl . . . .  '3C4.6 . . . . . . . . . . .  Liten per muaremeter per day 
Pound-wcondr per muaraloor I v i ~ o u s l  . . . . . .  '4.8824 . . . . . . .  K i l o g m  rerond pcr rr(urre meter 
Square fee, per vrmnd lviwarilvl . . . . . . . . . .  '0,092903 . . . . . . . . . . .  Squrn meters per recond 
Fahrenheit dwrcpr lebngol' . . . . . . . . . . . . .  519exacfly . ... Celriur or Kelvin dcgrocr lchrngel' 
Yo16 per mil . . . . . . . . . . . . . . . . . . . . . .  0.03931 . . . . . . . . . . . .  K8iouoltr per millimeter 
Lumens pcr r~varefool lloof-candler1 . . . . . . . .  10.764 . . . . . . . . .  Lvmmper  rquaro m m r  
Ohm-circular mil$ pr fool . . . . . . . . . . . . .  0.W1662 . . . . . .  Oltm-rquaie millimnicn "or maer 
h : i l l l c ~ r i e ~ p a r ~ u b i ~  loot . . . . . . . . . . . . . . .  .35.3147 . . . . . . . . . .  Millirurics p r rub ic  masr 
Millirmpr per w a r e  fool . . . . . . . . . . . . . . .  '10.7639 . . . . . . . . . . .  Millirmpz ~ c r  r q u m  ~ m e r  
Ga1lonlp~'rguaieyard . . . . . . . . . . . . . . . .  '4.527219 . . . . . . . . . . . .  Literrper quare  meter 
Poundlperinch . . . . . . . . . . . . . . . . . . . . .  '0.11858 . . . . . . . . . . .  Kilourams percentimeter 
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