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ABSTRACT <

S

The problem of the flow in ice covered channels
was’ treated theoretlcally and experlmentally.

‘The theo;etlcal treatment; includes the prediction

of the veIOCity profile,‘the eeparatiqn surface’as wagll as

the computatlon of the composxte roughness. -

A rlg;d simulated ice caver with dlfferent thlck-

nesses was tested experimentally. Also,,the fluid .

o

turbulence at the front of the cover was studied. The
underside conffburations_@or loose covers were also
observed in the/laboratoryn

o

‘There_ﬁas good'agreement bepweenqthe theory and

both tﬂg experimental and field data.
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CHAPTER 1

INTRODUCTION



1.1 Introductioh

Much of the earth's surface experiencee annually.
recurring perlods of low temperatures whlch result in
partial or total freeZLng of a great number of natural
bodies of water.

The ice cover can seriously impede the utiliza-
tion of these water bodies for many usages such as.water
supoly for humanlneeds; irrigationf powe'r generation,
transportation and many other purposes _

Slnce the beginning of the 20th. century, the
rapid increasing demands placed upon our water resources.
require hydraulic engineers to continuously evolve
methods to solve'these new problems.

Ice covered channels cause many problems‘such
as increasing the friction factors,‘thereby'decreasing
the water carryihg capacity of the channel leading to
flooding of surroundlng land.

The lack of knowledge of the different factors
that cause the problems such as ice propertles, underside
_ cover configuration, and the difficulty to find any data
in the literature complicate the progress ro solve this
problem. This wae.the morive to.utilize this stady as a
first step to solve one of the most important'problems

caused by ice covers.



L

1.2 .Definitioh of the Problem’

The problem of the flom in an ice covered channel

can he considered as three seoarate.problems. |
: The flrst one deals w1th the formation of the ice

cover in whlch the time of freeze 'up and the time of break
up are important. Prediction of the thlckness of the ice
coyer, its growth conditions ano break uo are mainly clima-
tological factors. S o I_\ |

_ The second aspect of the.probiem is‘to evaluate
the roughness of the under51de of the ice cover. This
refers to the bottom form of the ice cover and the in-

fluence of the upstream edge of the cover. The process

that shapes the cover front and the undersrde of the cdover

are generally due to both hydraulic and thermal effects.

The third aspect of the problem is the utiliza-

‘tion of the prev1ously determlned data to estimate the

total composrte roughness of a channel with an ice cover

in order to estimate the depth discharge relation.

’ This study mainly deals with the third aspect

of the problem, that is, to. estlmate the comp051te

roughness.of an ice covered channel and hence the total

discharge of the channel. _
‘Thé'studf also sheds some light oh the second

aspect of the problem but only from the hyarauiic point

of view.
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LITERATURE SURVEY



2.1 Intréduction

It is commonly agreed-that-aﬁ ice cover forms

éfter sufficient heat_haﬁ been transferred, priﬁcipally to, .
the atmosphére, to reduce the water temperature to near '
freezing or slightly below. The other way is by the
accumulation of drifting ice blocks. ; ‘ ":

N With regard to the underside configﬁration of-an_
'ice cover one can‘find only mathematical studies based on
thefmodynamic analyéig. ; |

‘.tOn the other hand, the compos}té fgughneés
probiém and the diséﬁérge estimation have attracted more

researchers. and'some 20 different equations can be found

each with different assumptions.

4.2 Underside of Ice Covers

buring the two succeeding winters of 1965-66 and
1966-67, Carey published in 1966-67 field data measured at

St. Croix River, Wiscpﬁsin as the first attempt to study
.the underside éonfigur;tion of an ice cerr. He reported
19 measurements, 12 in the first winter and 7 in the
second wipter: Cérey's observaﬁions can be summarized as
follows:

1. A non similar, sharp crested dune formation

was observed accompanied with some roughly oriented trans-

verse flow ripples.
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2. The dunes have no standard profile, the wave
1engths ranged from 0 5 -~ 1.0 £t. with ;rests ranging from -
0.03 - 0.14 ft. The greatest amplitudes did not necessarlly
occur with the greatest wave lengths. Also, the upstream
face slopes are Steeper than the downstream slsaés

As a result Carey 1ntroduced the hypothesis that
thervariations in the intensity of turbulence from point to'
point'ﬁithin the flow results in differential temperature
gradients causing intermittent freezing or melting.in the
differeht formatiohs and that'these'formations are related
to the cover upderside rbughness.

- In 1972, hshton and Kennedy, based oh'Carey's
hypothesis introduced a mathematical model relating.the
loeal heat flux to the normal component of the turbulent
velocity near the boundary. But theflstudied the thermo— ,7
dynamic factors‘only. N |
| In 1973, Larsen developed sdﬁe field data from
both the Kilforsen and Gailjaﬁr'channels in Mid-Sﬁeeéen.
‘He introduced the bed effect but only as a facter in the
heat transfer process. He also showed that the cover is
thicker near the bahks than at the mid-channel with a
gradual variation in between.

ﬁo_bther literature was found for thislaséect
of ice cover formation'ner any dealt‘with the hydraﬁlic

factors more deeply.



2.3 Composite Roughness of Ice Covered Channels

2.3.1  The computation of the composité foﬁghneSS of an
ice covered cﬁannel as given in the literature is based on
three basic assumptions:

1. The cross-section can be dividea into two
parts, one section exerting shear on the béd, and the other
section gxérting-shear on the underside of the ice cover;

2. The boundary between the bed section and the
ice cover section is considered as the locus of a surface,

.

of zero shear within the flow. As such, this boundary is
_ fgot inélu@ea.in either wetted\perimeter.

3. Thé formulas reiating the discharge to the
-hydraulic radius ana_Manning's n can be applied to each

section as if it were a channel by'itéelf.

Fig. (2.1) shows a definition sketch of a

cross-section in-an ice covered channel. ‘'The bed section
is denoted by 1,;and the cover section is denoted by 2.
The area, wetted perimeter and hydraullc radlus are Al
Pl' Rl’ Az, P2 and R2 for the respectlve sectlons and A
P and R for the c0mpqsite\sect10n. .The shear, Darcy's —i::)
friction factors and Manning's coefficients afe Tys fl'

f2, n,; Ty £, n, for the bed, cover and compound

nl; Tor
sections respectively.
The following geometric relations are frequently

used.

= Ai/Pi R 1,2 | o (2.1)
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L ’ - B | R ,' 9
' w . -
s AA A, o, i=1,2 L (2.2)

i v
A= PB4 \i =12 423
and -~ R=1P . (2.4)
‘ Rd . . o . . ’ . \ - .' @, )

with the &nown Mannlng, Darcy and the contlnulty equatlons.

Fll t

Moreover, the dlmenSLOnless @arameter (a) defined as

-

2/P1 will also be useqT L ' e . e Y

L

: - L 0 L
#2.3,2 ~  In'1931 Pavlovskiy was the first tosinvestigate v

e ‘the cofmposite’ roughness preblem. He equated the gravity

. # . 4
force along the channel td the sum of the shear forces

a

exerted by the boundarles. He further introduced Mannlng s
»

equatlon to“bompute the shear for each subsectlon

Pavlovskly assumed the equallty of the hydraullc radii and

mean velocitles of the two sections to those of the com-

“.pound’ sectlon,_ide.

;3 =_Rl =.R2 .o . (2.5)
X ‘ N e
i "and i v = Vlt= Vz . A (2.6)

He obtained the equation for composite roughness

o " .

in the form . . SR .
{
1 1+ a(nz/nl)2 g N n
Ay (——153 ) (2.7)
where a = P2/Pl o (2.8}

fp
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~In 1933y Lotter applied both the continuity and,
'Cﬁezy's relations to the problem: Then, utilizing the
"1 .a W . P ’ .- . .
djpassumption of equal hydraulic radii as shown in Egqn. (2.5)

hg developed the following ;elation.for cémposite Cheezy's

X \\“ﬁmcoefficient; -
3 e

™ . c=(c +acy)/a+ a) (2.9)
which In terms of Manning's n's becomes

-

., °

r

o TN { o ' e
Do 1+a)/(l¥a 2. . O (2.10)
! n, : N, . . -
- w'
. _" In 1938 Belokon adopféd a power law velocity

“distribution applied tq!thé<two subsections. Introducing
the equality of the different velocities as shown by Egn.’
- (2.6) together with the continuity equation giyes’

"

n . .
2)3/2 ).2/3 ¢

L =.(l +a (=
n . I?l

.\\/y. 1

which is not valid for the limiting'case of nl_equals n,

{2.11)

and Pl equals P2 where‘it vields a composite roughness of
l.'.5' nl. | ‘
In 1948 Sabaneev modified Belokon's work to

improve the relationship‘betwéén'Chezy's C and Manhing's.n

in the géneral form

.

©Cy = 1.486 Ry/n; » i =1,2 . o (2.12)

-

where r is a dimensionless power having a value of 1/6.

L
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’

Then solving for the area and following the geometric

relation of Eqn. (2.2) produces the composijé\roughness as

) ' _ . ) c
2r+1 ‘ i

y /(L +a) ) 2 (2 .13)

2
n,
D= (+ a(__)2r+l
ny : 'ny

which when f equals 1/6 becomes Bolokon's Egn. (2.11) with
a correction factor of (1 + a)f2/3. Sabaneev also utilized
the assumption of equé%'velodities.

In 1948 Levi took the_first step tbwépgs'correct-
;‘ing_the two common assumptions, namely,“Eqns. (2L5J and
(Z.é} of equal hydraulic radii and mean vechitieé. ﬁe

applied the known logarithmic velocity distribution to each

subsection in the form

w ) = ¢ "E gt

& o i="12 (2.14)
. . _

e

where k is von Ka:mén's constant and 'd is the hydraulic
roughness height. Equating the maximum velocity comptad

from both sides at Yy and Y,, Fig. (2.1), with Eqn. (2.2)

Y, = ) 7 H;i/> 1,2 (2.15)

Then applying thelc0ntinuitzyg§uation’énd Chééy'sl

yields

. ’
relation for the composite C yields



S . S - 12
— - c =K (mm' -t - 1.)  (2.16)

- BT ' -
' " - m .
Or..in terms of Manning's n as |

7 h =

= 025/ (1n - - 1) (2.17)
g - m ,

’

where dm,is defined as the arithmetic mean of both d, and

~——d, and is given by the relation

Y . < Y.0.25 '
d ==ZEXp(~1- () ) (2.18) .
"t fong ‘ |

{

Levi suggegted using n;- and n, respectlvely in.
Ean. (2.18) to produce dl and d, and d_ can be determlned.
Although Levi's assumptlons are good and reallstlc,
. but reLatlng the velocity dlstrlbutlons to an average shear‘
velocéty, /g¥S in Eqn. (2.14) together with the method
suggested to estimate om makes the relatlon theoretically
_open to guestion.’ |
In 1959 Ven- Te —-Chow followed Pavlovskly s
momentum balance theory and also utilized the assumption
for eqoal velocities. He applied the known relation of

Chezy's C and Manning's n to develop the relation

=

1 T+a 1 Ra 2|

A ' :
R (26 (1 +( 1)1/3( 2% )

{(2.19)

ﬂ

.oy -



_composite discharge, he’assumed that

13

“a

Then, introducing an assumption in the form R
(2.20)

Ven-Te-Chow proposed. that for the case of maximum discharée,.

a condition of

dn _ ' o ‘ E
where ¢ =_R1/R2 - C : : ’ : (2.22)

should be applied. Simplifyihg,.he'developed a composite
roughness relation of
. . . Al ‘

. ' n’ 2 . .
.on._ .1 (1 + a3/4.(_%)3/2 ) 2/3 - (2.23)
nl T+a . ) nl . .

3

» . R

For the limiting case of a = 1 and n., equéls n, .

(2.23) yields
Y -
§Pﬁ 1.122 n,.

which did not appear valid. In order to estimate the

H

R = RO/Z- (?.24)

where R and R; are the hydraulic radii with and without ice

cover to obtain the discharge ratio
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2 = 0.63 = - (2.25)

In 1965 Sinotin proceeding from Nikitins. velocity
‘distribution, and applying it to the two subsections derived
a-realtion for what he called the hydraulic division ratio

or o, which he defined according to Fig. (2.1) as

hy
ahy = Yl/Y | - (2.26)

‘which is only valid for wide channels as

n
= . 2 .
ahl = 0.6».Log10 n, + 0.5 (2.27)

Then he concluded with a composite roughness value

of

: 'n : n ‘ o '
LA / . _2 1.75,71 : -
ny = 0.6/ ({0.6 Loglo- ny + 0.5) (]r12 + 1.)) ' ‘(2.28)

sqgi equation underestimated values for the composite

]

roughness, although Sinotin was the first to evaluate the
. v
hydraulic division ratio.
In 1966 Larsen presented his analysis for wide, and

constant depth channels. He adapted a logarithmic velocity-

- profile for each subsection as

Y. _ _
u; (y) = 2.50, Ln 30 = o i=1,2 ‘ (2.29)



1

where U; is the point velocity, U,i is the shear velocit
L . o . ' .

~and ki‘is'the.roughness element height. Eguating the

maximum velocities as computed from each side along~E}th

the average velocities as calculated similarly together

5

Y

with the average velocities relations a hydraulic. division

ratio of Yl/Yé can be derived as

L
)

A
| o 1 S I £ 5S

. " 3/2
"l) nl / .
;; c

( Ln 30

2

Ln 30
1 ‘

2

Hl =R

- X

( Ln 30

CHR

th4‘h>[N.A

Ln 30 - 1)

(2.30)

Applying the continuity equation Larsen reached

a composite roughness n.given by =

yz' 5/3
et 1
n _ ' 2/3 1
olia (%) .
1 Yz 5/3 ny .
2 |
Y n
1 2

Larsen stated that in practice Ln 30 Yi/Ki is

considerably greéter than unity, so_n/nl can be related

Larsen stated that this relation is valid only for

(2.31)

‘directly to n2/nl. Such a relation is shown in Fig. (2.2).

0.2 < nl/n2 < 1.0 in channels of water depth not less than

5.0 ft.

In 1966 Carey applied the friction factor analysis

based on the Karman-Prandtl resistance equation for turbu-

lent flow in pipes in the form

v R

—1 - 21092 Ei +1.74
v8gR, S 1 ‘

1™

{(2.32)
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He also utilizgd the velocity assumption of

Eqn. (2.6)

V=V, o=V, |  (2.8)

N
which equals the measured average veloéit&. ‘Then from the
measured channel cross-section a trial and erfor-solu?ion
”émploying Darcy's friction factdr relation of
£, = 8gR,S/V° i=1,2 S (2.33)
cén be used in evalugting the composite roughnéss and
compound discharge.

| In his work, Carey was trying to develop a
framework of analysis and presentation of his data, rather
than derivation of a predictive techniquel
Following his work in 1966, Carey. presented in

1967 two differeht approaches to the problem. BOthlof
the two approaches were based upon field data measured at
St. Croix River, Wisconsin. In his first approach, he

suggested a modified Darcy-Weisbach friction factor to be

given in

Q =/%D A RY g . (2.34)

The second approach is the stage-fall-relation

method based on an analogy between ice covered streams

r
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H

-and st?eams having.variablé slopes caused by backwater
during periods of open water. The method requireg
firstly, the,develbpment of a stage-discharge cur;e for
fixed conditions, then a discharge ratio-fall ratio
relation based upon particular fixed conditions as used
initially. | -

It is ‘clearly seen that Carey's analysis is.
Qery practical and it;cannot be generalized. This appli- -
- cation shouid be limited to the raﬁge of measurements and
the 51te at which this data was obtained.

In 1967 Komora and Sumbal followed the same
assumptiéns‘of Pavlovskiy together with the Manning-—
Striékler equation they obtained £wo different equations.
First they derived the hydraulic divisiop ratio ahl known
ffom‘Eqn. (2.26) as

3/2

.a = ' ' (2.35)
372 , , 372 A _

which they used to derive for the composite roughness a
very simple relation given. by

n 2/3 . )
=232 + 1 L (2.36)

B Qe AR

n
ny

~

In the second method, they stated a more general

relation for the hydraulic division in the form
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79 )

ko (2.37)

V1-a (Eﬁz 6vV1l-a + ZE ) = Vu (Eﬁi 67 +
with ¥ as von Kafmen's constant. They presented a nomograph
“which helped in'solv{i? Egn. (2.41) which can be substituted

in the relation

D= 0.52/3/ (a2/° +';l 1 -a 13/3) T (2.38)
1 1 2 1 -
to calculéte the composite roughness n.

In another publication:in the samé yeaf the two
‘investigators generalizeéd Egqn. (2.35) to gpply_to'a general
channel cross-=section to give

3/2, ¢ P, | (2.39)

~Théy stated that the equation is valid.for any
fchénnel. They also recommended Eqn. {(2.39) to be useq due
to its simplicity and generality.
~ The three Eqns. (2.35), (2.38) and (2.39),
according to the investigators, have the same degree of.
accuracy-. ‘ .
. In 1967 Hancu applied‘the velocity defect law
aésﬁming wide, rectangular duct with unequal wall roughness

using the friction factor A .known to be related to the

Darcy's f as

A = 0.25 £ (2.40)
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and given by the relation

~x Y, | .
Ai = 4 Log E; + 4.25 (2.41)

Then employing the contihuity, shear balance and

pressure gradient he obtained the relation

: v v
o V2, Va2
V= (R A (TR (2.42)
which is shown graphically in Fig. (2.3). Transforming to
Manning's n.yields the relation
\Y n Y ' '
, 2 ‘
T )’1/3 (12 + (21222 H 1Y) (2.43)
. A R

R |

ot 11

l/V and Vé/V are given by the relations shown

where Y/Yl
(2.5) and (2.6) in relation with the

in Figs. (2.4),
roughness ratio Az/Al for different Ay values.

Hancu was the first to avoid the assumptdons

glven by Eqns. (2.5) and (2.6). :
In 1968 Yu, Graf and Livien produced their '
,

semlemplrlcal relatlon, based on a modified Mannlng

-relatlon of the form

o A, o -
vi _ l$49 ( _1)0.5+r S% , (2.44)
. 1 B2
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where r and z are experimental'indexes. Applying 'once

' more the assumption given by Egn. (2.6), they obtained n as

[

n 1+ az(nz/nl):v2 N
—_— = Z : (2.45)
ny 1 + a : ' -

recommending the value of 1/6 for r and a z value of
‘n .
z = ()T (2.46)-
nl . -

They c¢laimed Egn. (2.45)\to be an advantagequs
relation as it satlsfles the llmltlng case of n, = 0.

In 1972 Krishnamurthy and Christensen generallzed
Larsen's relation. Using dlfferent values for the constants
in his logarithmic velocity distribution w1th_the continuity,
shear and the Manning-Strickler equation théy énded up with .
thé general relation - '
3/2 Ln ni)/ Z‘(Pi Yi3/2

n=EXP L (Pi Yi ) <' (2.47)

which when applied to an ice covered channel yields

d;
1/ l+a(d )

= (ﬁ) | - (2:48)

3/2

I
ny

applicable to any kind of channel section.
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\\xipto each. Yl ' b

*3
Lastly, in 1975 Uzuner developed a graphical

solution applied to Cafey's trial and error solution of

the relation (2.32) or

v, Ry g
, ——— = 2 Log 2 = + 1.74 (2.32)
1JBgRlS 1
utilizing a hean:depth H defined as A/P, with the dimen-
sionless ratio a as /R17H . He also introducéd a. mean
Froude number,
F=V//gH (2.49)
and Eqn. (2.32) becomes
L - 4/Z3 109 21 + 8/7% Log « + 3.48/7% (2.50)
/g ST .

which can be solved with the aid of a dimensionless plot.

.

Discussion of tgg Literature Survey

| One can éasily see that each investigator
utilizes his own appfoach. In Table (2.3) is summarized-
the principal forqulae devéloped by all the investigators
in the period 1931 to 1975 that are known to the author

together with the main underlying-assumptions incorporated

e

'/fgris seen that most of the equations based on

assumptibns related to the hydraﬁlic-radii or the main
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velocities of each of the sub—éhannels and/or the whole

cross-section. These assumptions are examined below:

' X,
1. Hydraulic Radii "R =R, =R R

which require §,= = = = =
or o Al/A2 = Pl/PZ | - {2.51)

regardless of the roughness of each individual boundary.
L : -

Eqn. (2.51) appears valid when n, equals n,.

2. The assumption utilized by Chow where

LY

.which implies that

which giveé imaginary solution for Al/AZ'.

r3
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3. 'The assumption of constant velocities, or

1

which suggests that for constant energy slope,

‘ 2/3 2/3
2/3 Rl R2

R

n n - n

1 2

which is only valia‘for'some cases. But as will be shown
" in a later chapter that as the difference between V, and
ﬁz is in many cases less than 10% this assumption is in
;énefal acceptab}e: .
| To illustrate the differences between all of
these invéétigators a nﬁmerical example is used. - For
the sake of simplicitf, Uzuﬁér's daﬁa for wide channels °
with different nl_and-n2 vaiues are.presented along wiﬁh
the predicted no/nl with n27nl values.as shown in Table
(2-1). - A plot of these values is shown in fié._(Z.?i.r
As shown in Fig. (2.7) the scatter of the.
results-indicateuappreciabie differences among the re-
presented equations. The differences decreaéed as
n2/n1 increased énd with the exception of‘soﬁe éﬁuations
(Chow, Hancu) the differences become smali when nz/nl'
= 0.8. The graph suggests that Bolokon and Sinotin -
predict very different results while Hancu énd Chow give."

the. upper range of values. .
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Illustrated Example:
All wide channels a = Pl/P2 = 1.0

TABLE 2-7.

(1) {2y o (3) (4) A(5)

2.02  2.14  2.36  2.06  2.64

n, 0249  .0249 . .0259  .0253  .0250
n, : .0100 .0135 L0177 .0199 .0230
n,/n, o .402  .542 .68 .77 .92
PA\ﬁg‘giI’(IY .76 .80 - . 86 . 8.9 .96

- LO?{§§3) .57 .70 _.81 87 .96
Boﬁgggg) "1.16 1.25 ©1.35 1.41 1.52
sa%ggigy .69 .76 .83 .88 .96
LE¥i§4a) 81 .8% .86 . .90 .96
CHON 159) .82 .88 .95 299 1.7
LARSEN | .73 .78 .85 .90 .96
Kpﬁggéj?t al .73 . .ﬁd -85 f;89 .96
Yuiigggf et a} .78 .82 .87 .90 .97
e A
HA§2357) | .82 .89 .95 1.01 . 1.11

*HANCU's curves for ¥1/Yp are used since Krishna et al
gives no way to evaluate Yl/Yz.
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FIG. (2.7). Comparison of Literature Equations
as Given by the Numerical Example.
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Larsen and'Komora et al predict the'same values
with the advéntage that Kémora's equation is much simpler
than Larsen's. ' . |

Pavlovskiy's equation seems tq bé the. average
of the knéwn equations. It is also very'simple_in form
and easy to apply.

.InralI the above it should be noticed that 'the
comparison is for wide channels, since neither the
effect of the channel geometry nor the flow conditions

are taken into consideration.



CHAPTER 3

THEORETICAL ANALYSIS



3.1 Introduction

fhe purpose of this‘chaptef is to devélop_a
method to calculate the compgsité hydraulic roughness
for an ice covered channe;. When the discharge flows
past a stationary cover Fig. (3.1) the front edge causes ’
disturbance in the form of dead water zones and eddies,
but after a certain'distance downstream the flow
establishes again.the staﬁe of_steady uniform flow.
These ﬁwo-iones afe the front zone and the steady uni-

form zone and are shown in Fig. (3.1).

-

‘3.2 Theoretical Assumptions

The following aésumptions afe utilized in this
analysis:

1. The éntire flow cross-section is considered
to consist of two sub-sections, one exefting shear on and
governed by the bed, and the othér sub-éectiénrexerting
shear on‘and.influenced completely by the cover.

2. The boundary between the bed sub-section
and the cover one is considered as the locus of no shear
within the flow, which also is the locus of the maximum
velocity'surface._ |

3. The hydraulic‘equations such as the
continuity, Chezy and Manning's equation can be applied

to each sub-section separately.

34
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4. The.side wall effect is considered to be

included in fhe bed sub-section which makes the divisipn
surface as shown in Fig. (3.2).

| 5. The fiuid is.homogéneous, }Egompressible
and the f;ow is steady, uniform, and two—dimensibnai.
| A separate correction may be applied at the
- frbnt of the ice cover.
The main flow characteristiecs é&nd nbtations are

shown in Table (3-1) and explained in‘Fig. (3.2).

3.3 On The Flow Equations
Basically, the flow is'governed by the Reynold's
, form of the Navier-Stokes equation which in two-

dimensional flow becomes

P 3

@

30 , — du , = du, _ ._ . 3u
PGEY Vay T T T tay by
8 -_—-—-7——,— ! .
+ 3y (-pu’' v’') + Fip - ] (3.1)

where u and v are average velocities in x and‘y directions,
and the notations'are given in Eig. (3.1),_d'and v’ are
local velocity variation in the X and Y,directiéns
respectively, p and u are the fluid density and viscosity
P is the average pressure and F.. is defined as the body
forge. | | ‘

Due to the assumption of steady flow the value

-3u/3t ,will equal zero while v will vanish as it averages

[N
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a‘random'variation.‘ Also, as the flow is uniform with
respectato the x direction, so-bdth au/3x and 2P/¥x wil}r
go to zero as they éie averaging the uhiformity functions.-

Moreover, as shown in Fig. (3.3)., tﬁe only body
force applied to the flow is the gravity force represented
by ‘the weight component in the x direction.‘ The unit body
force {(body forqe'per uﬁit volume) will be eqﬁal to

Fj, =Y Sina . (3.2)

[ 3

But for practical values a is a small angle so
its sin-can be substitutéd by its tangent or just the bed
slope So' Replacing .pg as equal to vy, Eqgn. (3.2) can be

written as

Fix = p.g So (3.3)

L

where g is the acceleration due to gravity, and Reynolds .

. Egn. (3.1) can be simplified as

3 U —m—a _ L
W_(IJW"DU v = -pg So ‘ {3.4)

where | %% represents the laminar shear T and -pu’ v’

represents the turbulent shear Te

{t. + Tt) = -pg So' (3.5)

3
3y L
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3.4 The Shear Distribution

Eqgn. (3.5) can be integrated for each sub-section
separately to develop the shear and velocity distributions.
For part (1) Egn. (3.5) can be integrated to.

yield
Tk T, = =pg Sy 'yl + ¢y (3.6)
1

The upper boundary of sub-section (1) is the
separation surface which is assumed to be the locuys of
zero shear and lies at a distance Yl above the bed. This

fact implies the boundary condition that,
. =1, =0 aF y, =¥ (3.7

Applying this boundary condition to.Eqn. (3.6)

results in

C, = 09 So ¥p (3.8)
and so Egn..(3.6) becomes .
-rLl +‘Tt1 = pg So (Yl - -yl)" (379 ——

Due to the existence of a laminar sublayer
close to the bed at a.very small distance of &, only the

jaminar shear will exist in this boundary layer. Applying ;
{ ’ L
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such a condition at Yy =0 yields

il

“ where 15, is the shear on the bed. d
‘l, 7 ]
In between the two forementioned boundary
conditions that is Yi > ¥y Gl the laminar shear is very

small and can be approximated by the turbulent shear such

" 3
that

1

Practically 61 can be considered as equal to zero
since its value is very small in comparison.with Y. Thé
shear distribution, then, will be as shown in Fig. (3.4).

3.5.1 Velocity Distribution:

Employing Prandtl's mixing length theory for a
mixing length L as

du

2 1,2

T = e LY (T o (3.12)

1 dyy

. -
—

and utilizing Von-Karmen's definition for L,

L =k Yy ‘ (3.13)
Sy

where k is Von-Karmen's constant yields

da :
C 2 2 1.2 |
Ty = A-K Yy (a;z) . (3.14)

1 o : (3.10)

T, = pgSo(Yl - yl) for Yy > 61 (3.11) -

)
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Combining Egns. (3.11) and (3.14) there results,
dul

SR ! : — .

which in terms of the relative depth €] = yl/Yl; Fig.

. (3.5), becgmes

. ’ Q

ddy vl- ey
0 : = = vYg¥.5 —_— (3.16.1)
. de K 170 E
1 . 1
. o . | L
And since.#ngSO'is the shear velocity Vi, : 3 a
= pgY,§_ = pV2
Tol T PIEISG T PV

rj:he equation becomes : , ‘ | . l S

du Veq ¥l — ¢ -

o = (3.16.2)

1 1
‘ o , . .
Lo - Integration of Egn. (3.16?2) yields,
v*l' .
Ul(el) = —= Fl(el) + Fl (3.17)
in which -
| L 1+ /T
Fileq) = 2/ - ¢; - Ln —— : (3.18)
S . : 1-/1-c¢

1

T -
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Fl(el) is the veldcitj functioﬁ‘and‘given=in
"Fig. (3.6). | |
.Eqdhtiég‘the.méan velocity of the bed sub-
' section vy Qith‘the ﬁalue calculated from Eqn. (3.17)

v

yields

_ 1. *1 . ‘
C, =V, +3 =t (3.19)
or simplifying,: .
i ‘
- v u, (e,}
1 171 _ . .
v, 1/%) = Fz(el) _. A(3.20.1)
where
: e, : 1 .
Fz(el)'= Ln - /1 - €1 " 3 (3.20.2)
. 1l oo vl - El - .
F,(e;) is the dimensionless velocity function
and is given both in Fig. (3.6). L

A second boundary condition is applied when al"
equals unity where the computed local velocity becomes
equal to the maximum velocity. But since Fl(el=l) is

zero, this results in,

that is,
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: v*l. : :
ul(él) = Vhoax ¥ % Fl(el) (3.22)
Noticing that Fl(ei)"is always a negative
function and that at ei =1/3, Fl(tl) is -2/3 while
thsl) vanishes which makes
v ot v* ’
1 o (3.23)

Wity

ul(el) =V, = Vnax ~ K

L
-

: - Similarly, an identical set of equations can be

derived for the ice cover sub-section in exactly -the same

way

. Vi '
,.L-‘\- u2 (Ez) = _K_'Fl(EZ) + Cz . (3.24)
»
V., - u,(e,}
2 2720 }
—12v§2/K) = FZ(EZ) (3.25)
x\\\ b _ |
uz(ez) = Vmax + - Fl(Ez) (3.26)
and - ‘ <;
| V.., - .
1, _ v = 2 ‘%2
u2(§) = V3= Vhax 7.3 X ' (3.27)

With the above sets of equations the velocity

distribution in an ice covered channel is completely

defined.

[ .
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3.5.2 Velocity Distribution Characteristids:‘

i The difference between the SubFsections mean
velocity can :be obtained from ﬁqns. (3.25) and (3.27)
to be |

. . _2' ) i .
VitV = 3R Wt V) (3.28)

The méaﬁ velocities in the sub-sections become
equal when the bed and ice cover has igentical roﬁghnesses.
The velocity profile changes in the way.shown in Fig.-(3;7).
The maximum veloci#y m6Ves away from the roughér boundary.

-Also, as the bed slope increases, the curvature
of_the'velocity profile becomes more severe. The maximum
velocity can, ke shown to bé‘given by,

0

, (3.29)

o 1

- Vmax = %(Vl + V2) + 'i"K_— (V*l - V*z)
From the continuity equation and utilizing the

previously derived ‘relations, one can prove that.

A, - A2

_ 1 o 1 ‘
Vo= BV 4 V) b g (Vg - Vi) () (3.30)

which can be combined with Eqn. (3.29) to yield

' \
v =1 + ;EJ(V*l i& + Va2 il)
3 v A - vV A

(3.31)
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Eqn. (3.31) shows that the foughe; the ;

boundaries, the larger the relative maximum vé%ociLy
— .

3.5 The Dividing Surface Equation

As mentioned earlier, Manning's equation can be
applied to each sub-section separately.’ Applying
Manning's equation in the general form '

v, = 1:49 g2/3 % (3.32)

i n. i
1
with the values for the shear velocity és
Vs =_/gRiS i=1,2 : (3.33)
into Egn. (3.28}) to obtain, °
R 1/6 . .
1{_ _ 0.244 A - 1. 73 (3.34)
n,vg i 1. - nl/n2 A :

where n, and n, are Manning's roughness factors for the
channel bed and sides, and cover respectively, A is the

hydraulic‘radius ratio and is given by the‘valué _

A= =2 (3.35)

:
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The momentum equation can be applied to the
. problem noticing  that the only contributing forces are
the gravity'forces and the boundary shears.

From Eqn. (3.8), the momentum equation is
Y A L_S0 =1, P, L + 1, P

‘Substituting for'-ri as v R, s, 1=1,2 and
' considering the slope to be constant, for uniform flow,
results in,

R/(a + (1 - a)}) | . (3.36)

ov ]
U

-
I

2 RA/(a + {1 - a)r) (3.37)

in which a is the wetted perimeter ratio Pl/P.
Egns. {3.34) and (3.36) can'be.combined'to

produce

1/6

rRY® _ 0.444 /x -1
R :
nl/§ . l-— nl/n2 A

7y (o + (1-a)2) /8 (3.38)

Taking Vén—Karmen's constant as equal to 0.4,
Eqn. (3.38) becomes

[



1/6 '
R Az

(@ + (1-a)2)1/®
Yg 1 -ny/n, A

373
m

The equation can be solved to determine the
value of » for a known cross-section to determine the

division line.

3.6 The Composite Roughness Equation

From the cross-—-section geometry,

Introducing this relation into Egn. (3.30)

along with Eqns. (3.32) and (3.33) yields

2/3 n

n n,/g:
1 _ 1 1, ,2/3 1
U Sy by (e n, M t 178

S a-(1-a)A '
e .- : (1 + /%)
T e main) | )

T

Simplifying Eqn. (3.41)'by means of Egn.

(3.39) to produce

50

' (3.39)

(3.40)

.(3°4l)
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n 2/3 n
1 1 "1 ,2/3
T g a+ (l-a)h (1 + n, A ) ,
. 2/3. . ,
1-n,/n, A /A + 1 . a=(l-a)A :
Qo+ 273 (= (3.42)
l+n;/n, A /A =1 T '

 from which the composite roughness. n can be evaluated.

Again using Von-Karmen's constant as equal to 0.4, and

substituting in Eqn. ‘(3.42) yields

n 2/3 . ‘
1 1 2/3
i (E¥TEZE)K') (L + ny/ny A7070,
: 2/3 -
1-n,/n., A
TNy /0, /A + 1, a-(l-a)) .
(1 + - 77 " AT ) (3.43)
ny/ng A A -1 . ’

—_——

which will be referreé to hereafter as the general
equation for the estimation of the composite Manning
hydraulic roughness factor n for an ice covered channel
with any cross-sectional shape.

For the gase.of wide channels, the valﬁe of

'« becomes 0.5 and Eqns. (3.39) and (3.43) become

A -1

. . 1/6
73 0 (1 + ) o (3.44)
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and the composite roughness general equation is,

n .
1 1,2/3 2/3
= = 0.8(g) T+ ny/ny AT

~

| 2/3 L, -
(1 - 1= my/my A7 5+ 12 y (3.45)
L+ o /o 223 X+ 1 - MR
+ n,/n, : .
where X is given by
A:Y_g-. ‘ ‘ '
Yl’ (3.46)

for wide channels.

3.7 Methods of Solution

In the practical application of the preposed
equations, it is somehow difficult to solve Egn. (3.39)
especially if a trial and error solution is to be
applied, in desiéning'an ice covered channel. Two
methods can be used for such a salution.

The first method is by applying the numerical
analysis methodé, such as‘Newton—Rabson ﬁefhod, to Egn.
(3.39) to obtéin the value of A then Egn. {3.43) can be‘
directly used to estimate the composite roughness.

The second method i tOwﬁse,the solu£ion‘charts
developed for the composite solution of the two equations.

Each chart is plotted to a fixed o« value and is
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illustrated in Fig. (3.9). It consists mainly of three
g:abhs, the first one is the R-¢ graph, where § is a

dimensionless parameter and equals Rl/ﬁnl/g,'for.different

n, values. The second grabh relates ¢ for different

1
nl/nz.fatios to A value, and'the third graph is used to
evaluate the composite roughness n from the A value for
different nl/n2 ratios. An additional graph is added to

indicate the different values of M where M is the
1.49 .2/3
n

Manning index value and equals R .

The charts covered the practical ranges of
. L1

R from 0 to 100 ft.
7 ny from 0.01 to 0.04
nl/n2 from 0.30 to 0.90 - -

a from 0.50 to 0.75

The charts are given in Appendix A with

illustrations of its use.

" 3.8 Practical Applications

(/’“wThe two important applicétions are:

(1) the estimation of the composite dis-

-

charges and stage curves for a known channel secﬁion,.
and, |
. (2} the design of ice covered Ehannels.'
Appendices B and C illustrate by means of

numerical examples the use of this theoretical analysis

in both of the two-applications.

W
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CHAPTER 4

EXPERIMENTAL ARRANGEMENT AND RESULTS ,



4.2 The Tést Equipment

\
. 4

-2 . -
4.1 Introduction . ,

.In.thislchaptérftﬁe following subjects will be

described: . o ‘ e

L A. The test equipment, inciﬁdinglthe laboratory
fééilities,‘bedfqrms; éiﬁﬁiated ice cquérs and
}éé tréps. b . :
B. Méasurement equipmenf: point gauges, pitot-

tube, and shear apparatus. ;

C. _Experimertal arrangement.

D.: Experimentalffesults.

I

4.2.1 Laborétory Fédilitieé:

(1) ‘A centfifugal pump , é;bable,of delivering
‘up to a disc@a;ge of‘3500.U.é.G.PiM.'(0;2267 ma/sec),'at
a head of 22.0 ft. (6.71 m. | |
) - (i) ‘A,méénetic flow meter which is éalibqated
difectly to.i0 U.S.G.P.M. (0.0000648 m3/§ec)'wa§ ﬁsed
for the discharge méasﬁiemgnts. | . | '
o (iii) The test flume, Pig. (4.1), is 24 '€,
(7.315 m.) ;ongﬂwiﬁh'a rectargular c:oss—éeétion of
1.5 ft. (0.457 m.) width, and 2 £t. (0.61 m.) depth.
Tﬁé bofgg?an&:right side of the flume is made of timber

s

&wi;h' lexiglass on the left wa%lii'Afgauze screen

the upstream end to ensure suitable flow
" N . _\‘ : " L -t

55
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iﬁlet conéitions from the head tank. The head tank is
4 ft. (1.219 m.) high, and measures-4.25 ft. (1.219 m)
b§,3.66 ft. (1.118 m) in plan. An adjustable gate is
fixed Ei,jhe flumé bed at the downstream end to control
the flow depth. The_flume éystem is shown in Plate

(4.1). : . * . .7

4.2.2 Bedforms:
\ ' Lo :
Two types of bedforms were used:

(i) A flat bed was used.with the rigid cover.

. - [ . .
It consisted of Fhe wooden floor of the -flume. ™

(ii) Dune bedform was used with the loose

o

cover to simulate a two-dimensional beg. The bed con-

" gisted of 10 adjacent identical concrete blocks arrapged

~as shown in Fig. (4.2). A typical block is shown in

L]

Fig. (4.3). The wave length was 1{0 ft (0.305 m) with an -

amplitude of 1.2 in: (3,05 cm). The upstream face sloPé

was steeper than the downstream face.

¥

~

4.2.3 Simulated Ice Cavers:

t

R4

 Two kinds of simulated ice covers were used:.

(i) The figid.ice cover consisted of
a&jacent blqbks of wooden frame, and'poiyethyleﬁe plas—
tic pellets as a f£ill, held by two screens. Thé.block

was 17 in. (0.435 m) square. Two.block thicknesses

‘were used, namely 1 in. (0.025 m), and 2 in. (0.051 m).

The 2 ‘inch block was made by holding twe l-inch

thidkneséoblopks tbgether‘with a'sheet‘in:petween.

~ . I
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The specif@c gravity of the cover was 0.8. Typical
blocks are shown in Fié. (4.4). |

(ii) Loose model ice covers were made 6f
whité'polyethylehe piastic pellets with a specific
gfavity éf 0;92, and. were used to simulate ice covers
formed by drifting blocks. The pellets, Fig. (4.5},
measured 0.2 in. (5 mm ) in‘diameter with 0.08 in.
.(Z_mm)'cére thiqkness, and 0.04 'in. (1 mm) edge

thickness.

4.2.4 Ice Traps:

A device for trapping the pellets was used
with the loose cover o avoid too much loss into the .

py
pumping system. It consisted of:

(if/ A downstream horizontal end trap with a
wooden fréabvxcovered with 0.08 in. (2 mm) opening
_sqguare mesh. .

) -

. (ii) A main control trap consisted of a
vertical frame of 18 in. (0.457 m) square attached to
a 17 in. (0.432 m) by 18 in. (0.457 m) rectangular
horizontal frame. The frames were made of wood and

- ) (\// :
covered by a standard screen. —

Fig. (4.6) shows\the details of the ice traps.

4.3 Measurement Egquipment \\\\,f/)

4.3.1 Point gauges with electric bulb indicator

were  used to measure the water depths both upstream and

4 .
downs tream df the cover. The gauges were calibrated to

il

iy
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read directly to 1.0l in. (0.025 cm).
4.3.2 A Pitot-tube was used for the velocity
‘measurements with a verfical'manometer reading directly
to .01 in. (0.025 cm).

4.3.3 The loose cover underside configuration was

photographed through the plex1glass side in a scale
drawn on the side of the .flume. Only the central proflle

was photogréphe&.

4.3.4 The‘Sheaf Apparatus: A simple pendulum
apparatus, Fig. (4.6);iwas designed to measure the shear
wﬁicﬁ occurred in the interface of the flow-between the
water and the riéid cover. The pendulum consisted.of a
1.71 1b. (0.765 kg) bar hinged to a bridge by meéns of
two strings, which acted as an indicator to the attaéhéd
balance scale. The exit end of the downstream block of
the cover Qas provided with two vertical nails which
‘transmitted the shear of the underside of the floating

blocks to the weighted pendulum scale.

4.4 Experimental Arrangemeqt, Procedure and Results’
4.4.1 Seven diﬁferént groups of.experimenté were
carried out to study the flow of ice covered channels.
The following is a summary of the arrangement oﬁ these.
groups and the conditions under which each run was
performéd,.in addition to the reason of performing each

experiment.
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4.4.2 Evaluation of the Channel Roughness. .The first

group of six expériments were performed under the
COndlthﬂS shown in Tablé (E-1) to estlmate the channel
Mannlng s roughness coefficient n,. The experlmental
results are shown 1nztests- El-1 to El- 6 in Appendix E.
The average value of n, was found to be 0.01167- sec/ft /%

4.4J3 Evaluation of the Cover Roughness. Four experi-

ments were performed in the second group to estimate the
" roughness. of the underside of the ice cover. The
‘experiments were performed for a lined.ehannel in the way
shown by Fig. k4 8). The Mennihg's n, value was found to
be 0.03589 sec/ftl/3

4.4.4' The front of the ice cover effect on the

velocity profiles wae performed by meesuring differeﬁt

'
velocity‘profilee at different sections‘for the same flow
copditions in the arrangement given in Table (E-2). The'
results are shown.in tests (E3—1) to (E3-8).

The effect of the ice cover front on the shear

profile indicated by group IV, was performed using the
shear apparatus by measuring the shear aiong{different
‘Sections of the!covér\dOWnstream of the front edge;
4.4.5 The verification of the theoretically devel-
opedlvelocity profile and the division line equatioh,
was performed through a different set of experiments,

namely, group 5. The results are given in tests E5-1

to E5~9 of Appendix'E.
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4.4.6<'Composi§g Roughness:

The equation that was developed théoretically

was performed for different flow conditions under two

~ types of covers, one of 1 inch thickness as given by

experimental runs (E6-1) to (E6-12) and the 24 remaining
experiments were carried out using 2 inch cover thickness.
The experiméntal‘results for the 2 inch cover are-giveh in

sheets E6~1 to E6-36 of Appendix E.

4.4.7 Loose Ice Cover Configuratidn:

| In these experimedts, the loose polyethylene
plaétic pellets were used to simulate the Eover to sﬁudy
the underside configuration due only to ﬁydraulic factors.

The experiments were performed for a flow rate ranging

"from 0.6 cfs (.017 m3/sec)'t0 1.0 cfs (028m3/éec);

Typical measured configurations are represernted in Table (2)

Appendix E, along with Figs. (E7-1) to (E7-5).
. |- . oo, '

4.5 Experimental Errors

The sources.of the experimental errors along

with the expected errors are summarized in Appendix D.

[
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5.1 The Effects of the Front‘Zone,

L

As the. £low passes from the—open water'reach'to_
the covered - channel it experlences sudden dlsturbance
-resulting in the formatlon of the front zone. When the
flow rotates around the corner (a), F' - (5. l) 1t exerts
a pressure reductlon due to the. streamllne acceIEratlon.
This pressure reduction decreases in magnltude along the

-

'cover underside. The pressure drop causes the b10ck to

Slnk in order to galn more buoyancy forces to balance 1ts.
.welght The more -the flow 1ncreases the more severe the
submergence ‘until® one pornt is reached when the water‘
surface rides the upstream edge of the block. ‘At thls

'pornt the block will overturrd,. and sweep beneath the

cover. The cover thrckens in order to sustain 1ts .

-

'exlstence under thls new. condltlon, Flg (5 2b) JThei”

-

fforementloned descrlptdon is based on actual 1aboratory

: o,
1 . *

.observag;ons and these effects ware also reflected in

the’ Gelocity‘profiles and shear-dlstrlbutlons along the

cover. A o L e

5.1: 1 _Cover. Front Effect on VeLoc1ty Dlstrlbutlon v

Flg. (5 3) shows the flow velocmty proflles

before reachlng the cover and at dlfferent sectlons.

~ ﬂ ] RS .
along it. 'An 1nterpolatlon, as shoyn in Fig. (5-41r'was
'used "to predlct th\¢PElOClty proflle at the- front edge

of~ the cover. ' : : ‘

69
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L
From Fig. (5.3) it is olearly seen that the

velocity is affected up to a distance of 6 ft., beyond‘

* this distance the flow becomes steady and uniform. The

fluctuatlons in the veloc1t1es under the edge were due
to the fluctuatlons in the edge block. It is alsol:.
noticed that the High reduction in the aoceleratiOn:when
+he flow approaches the-oover results dh a very high
initiai cover resistaace which forces the_ﬁaximﬁm velocity
to move towards ‘the channellbed before it rises gradually
to its stable‘position in the steady flow zone. Also, the
veloc1ty near the c0ver boundary starts to increase and
the veloc1ty profile takes almost smooth patterns after 1t
leaves the initial disturbed zone..

The importance of the study of the effect of |
cover front on the velocity profiles is to explain its

effect on the shean distribution.

5.1.2 Effect of Cover Front on Shear Distribution:

. The shear distribution along the ice cover was
observed experimentally ander‘different eonditions. _Fig.
(5.5) shows the integrated shear distribution while the
local shear.distributiOn is.gepresehted in Fig. (5.6)
‘and the dimensionless shear distribution_is given in

Fig. (5.7). From these curves it is shown that the shear.
starts wmth a very hlgh 1n1t1a1 value due to . the sudden
reductlon in the flow acceleration around the submerged

edge after which the shear decreases until around the
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fourth block when another cycle starts. The-reason'for

this can be attributed to the loss of the continuity due

to the rlgldlty of the cover blocks and the free support-

ing system. The initial shear, along with the dlfferences

which appear in the shear distribution, increases with the

discharge until it becomes too severe wheh the critical

unstable conditions are reached. The relative shear

distribution has almost a congtant shape; the discharge
Q

effect is not significant in jsuch a case.

Both. the integra d.shear and the local shear
at a.fixed point increasés rapidly with the disoharge as
shoﬁn in Figs. (5.8) an ‘(5;9). 'The pattern of the local
shear ‘changes 1is due to the effect of the second cycle
shown before. The integrated shear seems to become
almost constant jpst before'the break up of the cover
depending upon the length of that cover.

The integrated shear was found also to increase

with the Reynolds number for the range of experiments as

shown in Fig. (5.10).

-5.1.3 General éonclusion:

‘A very high initial shear was noticed to exist
due to the cover front edge effect which suggests a
correctlon factor for the shear exerted by the cover

underside for short covers. Short covers are estlmated

——

“to be'those coyers in which the ratio L/t is less than |

: > - : <<:;
' 500. The cover fromt effect also depends upon the :
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geometric shape of the cover edge which for leose covers ’

will not be significant because of the streamlined edge. ..

5.2 The Velocity Distribution

As the discharge flows past the froqt éoneJ'it
becomes steady and uniform. Under this condition, the
~velocity takes the profile'deécribed in Chapter 3. Nine
.,experimenﬁs were Earried out to verify such a profile,
and Fig. }5.11) shows both the?ﬁeasu;eg‘and the theoreti-
cally predicted velocity éisﬁﬁ;ghfions.

. In &eVelopind the vélocity distributions

the retically, Eqns. (3.22) and (3326), namely

WV =1L+ %.Z’;i Fpleg) ., is 1,2
' Vmax
\ :
. were uscgepwhere V, . equals Y1./p , « is Von Karmen's
cons ¥l d;vmax is the maximum velocity. The measured

maximum velocity was used in computing the theoretical
pfofile. Also, the average sub-sections velocities ”
Vl and v, ﬁere'predicted and piotted agéinét the_measured
ones as shown in Fig. (5.12).

- . The agreement between the theoretical and
measureé.velocity profiles is generally very good. Ih
the channel sub-section the agreement is véry close in

all the runs. Except run 2, where high fluctuations in

the velocity were measured, the differences were due to
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.satisfaétory.

experiméntal efrors. On the other hand} the différénces
betweeﬁithe predicfed and measured ve;ocities in the

cover sub-section werernoticed to be higher, esgecially

in éhe boundary zone. Tﬁe meésured_ve;ocities were
greater than the theoretical ones, which can be attributed

. -
to a technical difficulty in placing‘%%g pitot-tube. In

order to intrbduce the pitot~tube used in-the velocity

' measurements, a 6 inch gap was made in the cover, and a-

wooden substitution was used to replace the cover effect,
) - . :

. a fact that produced a slight increase in the velocity

due to the decrease of the'qdver'roughness at the

' measured. section. This effect appeared only near the
: : N :

‘ ™\ .
:boundary while the agreement in the flow core is . ud

-

Also, as shown, the theory 1eads to very good ~

agreement in computlng the mean veloc1t1es and flow dis-

'charges as shown'by Flg.'(5.12)a

In-applying the theoretica}fﬁelocity distribu-
tion,_specia; care ‘'should be given for estimating the
value of F,(e) near the boundary due to the rapid

increase in its value at this zone.

'5.3° Checking for A Value

Near the side walls, the boundary roughness

causes the maxlmum xploc1ty to move away from the wall

and the bed. Thls process affects the sub—sectlons

»

ta
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‘ ¢
hydraulic radius ratio A sSince the dividing line was
o ' \
defined as the locus of the maximum veloeity point.

Theoreticaily,_l can be caléu%aﬁéd by solving

Eqn: (3.34), namely,
) e

RY6  0.444 /T -1

31/57 K 1 - nl/n2 A2/3

(a+ (1-a)r) /6 (3.34)

-
°

’
>

Bﬁt experimentally, no direb£ way was available
td measure éhié A value due tb-the difficulty of measuring |
accurate velocity pfofiles near'theaside walls, ‘So, in
" order to tesplthe validity of Eqn. i5.34) an indirect

ﬁethod was .proposed.

. .
a -

ot In a rectangular channel of width b, depth Y,
if the lelSlon ratio at the center is Y2/Y ’ Flg.
(5.13a) and approxlmatlng-the separat;on surface to take __
’thé trapezoidal shape as shown, the value of A will be

given by,

_ _a 1 Y ooy -
V= 105 /U =578 v, 1)) (5.1)

where o and the Y/Y2 valueslcan be measured. .
First, considering the extreme Va;ues of X/B
for X/B ='0, the case of Fig. (5.13b) and‘X?B = X, the
case'of Fig. (5.13c), a'measured A value can be estimated.
In Fig. (5.14) these measured values are compafed to the

- theoretical ones. It is clearly shown that the theory
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glves 1ntermed1ate values between.cases (b) and (c)

. whlch indlcates that the _theory is 1n good agreement with
” the assumptlon of the separatlon llne. Furthermore, ‘*the .
theoretically.predicted A value can be used to estimate,
X/é'for'differeht coﬁditiOns by meahs of the.equation'

-

X . 4 _- Y {l-a)x ‘ L oy
5l woeox .. L B

2

In Flg. (5 .15) X/B is- plotted against Q, and
the relatlon shows that X/B 1ncreases as -Q increases; the
curve is plotted taking into account the llmltlng values
of X/B = 0 and 0.5. Also X/B is .found to increase ‘with .
the Reynolds number R as shown in Fidl-(S.lGi.- These
-two results can be explained by the fact that as the
dlscharge increases the veloc1ty increases at all p01nts.
The velocity gradlent 1ncreases as the dlscharge increases
and has the tendency to ‘cause the separatlon llne to move
upwards and towardls the center. . ‘ o . ‘
From the above discussion, it can be verified

N

‘that the assumption for, the separation line and the
\ theoretical method for estimating the A value are both '
-meanlnnggJand can be considered srgnlflcantly c?rrect.

In computing the A value by numerlcal methods)

a satisfactory initial solution was jound‘to be
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For each experlment the dlrect applmcatlon of Mannlng s

T

. 89" .
N n, - K . ™
L0 A 0,85 (=213 (5:3)
.. . n -
!
- ‘Composi e Roughness} Experimental Data .
" s given in Chapter 3, once ‘the A value is  ,
determlned the comp051te Manneng s roughness coeﬁﬁlcient
n can be estimated theo;etlcally'u51ng'Eqn. (3.43),
. * ! ) ."
B NS 1. 12/3(1 4 ny 12/3)(1 LAt i
. .‘G"".(l-QSA . l'. n;z . . ﬁ -1
oy oM
_ . 5
x a={l-a)r o2 _ ‘ .
¥ (L) n ) | (3.43)
1l .2/3 cl . ]
1 1+=2 .
(_ | ) 2 . . -
- In orderqgo-vefify this relation,‘36 experiments,
1n the arrangement given 1n Chapter 4 were carried out. \

,JEquatitn gives the value of the composzte roughness n as

’

~

| (5.4) A

where Q, A, R and S are the discharge, area, hydraulic

radius ana'energy slope of the ice covered channel

r?ﬁpectively. ' . _., .f -

L]

Y



- effect of the cover thickness on the\underSLde T

P N ~

-

» Also, the ‘experimental error was estlmated, as

given in Appendlx D, and assumed to take ‘the average maximum .
- . : R -
.value - 33%. _ L T B

In Fig. (5.17) a c0mparison Betweeh the theore?

tical and measured composite roughness is glven. 1t is

. clear that the ratio between the actual dnd estimated

Y

roughnesses is acclrate to w1th1n - 10\\Mhlch falls within

an average max;ﬁUm'experlmental.error of ¥ 333 The 1

inch cover thickness shows a tendency of -und
the theoretical values,‘aithough'it is within the
\experlmental error range. It can be=attributed:tz the
edghness
which was neglected in the theoretical calculatlens as
the unaersideﬁ;oughness n, used was that value measured
 for 2" thickness cover. ‘
A rating curve was also theoreticaily‘develoﬁed
and the results were plotted in Fig. (5.18) betweeh the
theoretlcal and measured discharges. The variation was

ound to be within + 12% and -8% Wthh can be explained

by the forementioned reason and the inhefent experimental .

_errors. The theory therefore showed good agreement with

the experimental observations,.

. -

.The theoretically developed equations for- the

»

. computation of the composite fbughness proved to be very

satisfactory in comperison with the experimental results..

X
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5.5 Cémposite Roughness; Field Data Verification

- The field data published by Uzuner, and Carey
are used to further verify the theory.

5.5.1 Application to Uzuner's Data:

Uzuner reported field data of a wide range
of 0.024 < ny < 0.026; ny is the chapnel roughness and
0.010 < n, < 0.028 where nz'is the ice cover roughhess.

He also reported the estimated cbmposité‘

'rougﬁness as obtained by the theories developed by Levi

- (1948), (Carey (1966),.Hancu (1967), and Larsen (1969)

. . _ .
for this data which is summarized in Table (5.1), and

also represented graphically in Fig. (5.19).

The proposed relation predicted intermediate
valuesland hence proved its validity for practical
application. '

5.5.2. Comparlson of Developed Theory with Carey_s
Equation \\

~ As’ the proposed equation takes into account all

at were used before, it can be
'shown that the introduc ion of these assumﬁtions used by
Carey-and Sthe: investigators, leads to the regults
obtained by their equations. An example is given to
illus£réte this point usihg data obtained by Carey.

"The measured channel data are,

0.496 A 0.434

a = =
R =.1.350 n, = 0,0247
523.79x 1074
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. . (_\, . Lt ,
Carey also predicted the value of

n, = 0.0142 ~ n = 0.0198

To estimate the n, value from the developed

heory, Eqn. (3.39) gives

R U 0.44475 ,at(1-a)2yL/® -1
273 — —=x ) 77273 (st)

which glves nz'— 0. 015 ...
Introdu01ng Carey s assumption and that of the
other'researchers on‘the.equality &£ the. two sub-sections

" mean velocity, or
_ 1.5 . '
A= (nl/nz) S (5.6)

which is obtained from Egqn. (5.5 ) by omioting the second
term yields né value of 0.0142 which is the same as the
value found by Carey.

Secondly, to compute the composite roughness,

Eqn. (3 43) Wlll be usea namely

¢

i ﬁ : )
1 _ | 2/3 ; 2/3 A+
— = k( =~ ) (1 + 1 1+
o aﬂm E R
n :7:
) A "L x2/3
'y a={l=-a)x Dy
' at {(l=a) X . n: "
AR R
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which yields n, = 0.02.
' Introduc1ng Carey's assumption as before gives
n of 0.0198 whlch is the same "value reported by him.
Experlmental results,’ and Edn. (3 43) support
the conclusion that the mean velogitiés in the sub]
‘sections are not identical eXCept in the case when ng
equals n,. 4/. therefore, appears that the assumptlon
of equal mean velocities in the sub-section as used by‘
Carey and others apply only when the roughness of the
channel and ice cover are simllar. Eqn. (5.5) gives the
particular case for ny eguals n, when the second term
of the equation becomes zero in whlch case the results

become simllar to those predlcted by Carey.

5.5.3 Comparison of Known Relations for Computation ~
of Composite Roughness:

VIn.order to compare the proposed equation
with the ﬁnowh equations described in Chapter_zr the
data of Uzuner and Carey were used, and the results are
given in Fig. (5.20) in the form of'a dimensionless
" plot. From Fig. (5.20), it can easily be seen that the
proposed relation holds a central position ahong the
known eguations which have been used for many_years;
among the known relations Pavlovskiy's one seeﬁs to be

. f...-'

the closest to the proposed Egn. (3.43), which is more’

comprehensive as it includes in addition more channel

-
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geometry pafameters; Eqn. (3.43) is, hence, recommended

as more suitable for . practical use.

5.6 Loose Cover Underside Configuration

- The undersidé configuration of an ice cover is
one of the most important facﬁdrs in the problem% of the
flow in any ice covered channel, since it affects the
cover roughness coefficienf, and its stability in addition
to the channel gecmetry parameters.

It was decided to study the hydraulic effects on
such a configu¥ation rather than the thermodynamic effects, -
since nothing was found in the literature with regard to
this aépect. Polyethylene plastic’péllets were used to
simulate this loose ice cover and the arrangement‘is shown
in Fig.-(E—S) and the results are given in Appendix E.

A typical underside configuration is shown in
Plate (5-1). —

.t

5.6.1 The Longitudinal Configuration:

From the figures it is generally noticed that:
1. %A uniform regular wave configuration existed.
2. The cover thickness tends to increase as the

discharge increased which can be explained by the

. stability requirements.

3. The wave length increased with the discharge in

alﬁost.the same ratio. It varies from 2 ft. at 190 cfs

"to around 5 ft. at a discharge of 500 cfs.
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4.4+ The wave amplitude also was found to increase with
the discharge but noe'in the same related way as -the
length. It ranged from 0.§'in. to 1.5 in. for a discharge
of 200 cfs to about 2.5 in. for a flow of 500 cfs.
5?/ The waves are steeper in the downstream face than
the upstream following the bed forms in the general shape.
6. The wave crests almost formed above the gentle,
slopiﬁg upstream face of the bed waves while the trough
always formed above the troughs of the bed waves. .
7. No definite relation was found between the under-
side of the ice cover wave amplitude or length and the
bedforms. This can Jbe explained by the fact that only
one value of the discharge will form the fixed bedform,
and any chenge in the discharge from this value would
result in similar changes in the shapes of bothqthe-
cover underside and bed formations; = only the cover
underside could chehge because of the fixed bed shape.
8. An ice load was noticed. to move in a similar way
to_the sediment load. The ice particles moved only by
intermittent leaps and/or by a creeping process..
Neither saitation or any kind of suspended'load move-—

ments were noticed.

5.6.2 The Lateral Configuration:

As shown in Plate (5-2) and Fig. (5.21) the
lateral underside configuration has the following

features.
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1. There is a change in phase between the longitudinal
configuration between the central and the side sécFiéns.
The central confiéuration is leading by about 1/5 of the
" wave length. This is due to the high resiétance-cagéed
by the side boundary roughness. : -
2. Different cross-sectional shapes of the cover can
be seen according to the position at which the cross-
gsection is taken, as shown in Fig; {(5.21), Cases (1) td
(6). The cover mayNEe thicker at the central part,
cdse (5), or at the sides, Case (4); it may consist of
one wavg as 1s shown by Cases (4)Iand (5), or more than -
one wave, such as Cases'(l), {2) and (3). The reason
for these differences is. the change of phase explained
before. <. |
3. The central longitudinal configuration is found
to be in goodlaéreement'with the bed formaéiOns for .
almost all the discharges. . -
4: Although the bedforms were two dimensional, the
covef underside.wave formation is three dimensional,
in spite of the limited width of the flume.
Further studies. are reqﬁired towards reaching
definite qguantitative results with regard to the under-

side configuration of the loose covers.



b ]

Plate 5.2

“




s

e L A T § et e 8 2 pm——— T

CHAPTER 6

DIMENSIONAL ANALYSIS




4.

6.1 Introduction

Besides the theoretical analysis of composite
roughness estimation, the dimensional analysis approach

is very important to review the problem. .

6.2 The Factors Affecting the Problem

fn the general case of an ice covered channel,
there are definite Manning's roughness coefficients, for 7
the ice cover and the channel boundaries. Other paka-
meters that affect the problem are summarized, with

reference to Fig. (&.l),‘as .

LY
A. Geometric: '
*Flow cross-sectional wetted parameterset
ice cover wetted parameter Pj
channel wetted parameter Py
"and composite wetted parameter P

which are geometrically related by

*Flow cross-sectional area:
jice sub—section.%rea A,
. channel sub-section area - Aj

totgl cross—-sectional area A
yith the geometric relation of

A= Al + A2 ’ ' . (6.2)

104
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- ice sub-section " R,
*+ " channel sub-section R,
and composite hydraulic radius R
- "and theyhydraulic radius is. defined as
. R.:=A/p ' (6.3)
*Icé'éover average thickness t )

-

B. Kineﬁatic:: 4

*The aﬁefagé velocity of flow in +
ice sub-section Vs
. channel sub-section o V3
and channel; mean velocity .V
" related to the Eonﬁinuity eguation : °
\ S s - _
"V@ = lel + V2A2 . - ) (6.4)
*Manning's roughness coefficients for o
, ice cover » . ny,
channel boundaries. - ny t
and the composite roughness n

] - °

¢ *The -acceleration due to gravity or g.

2 N «

A

C. Dynamic: . _
s w . I

*The average flow resiétance shear as
Y . . : ' . .

‘ice cover

r

. | ts
... channel ﬁqundaries oty -
and the mean shear T

*Théifluid propértieé:

fluid‘densfty ‘ p
£luid dynamic-visgosity u

The dimensions of each of the above variables

I3

are given in the dimensional matrix shown in Table (6.1).

e T
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-\\\ ' 6.3 Dimensional Analysis .

A general dimensionless = term is defined as

Kl K K3 K4 K K6 K KB X

o9
., m =Py -Pzﬂ. L (AR, ) w TeRy ot 1V Teny

-

K K X Ky Ky,
&\ N 13 4 | (6.5)
RN ’
in which the quantities R, g, p are chosen as the three
repeating variables. A complete set of dimensionless

products is given in the matrix of solution Table (6.2)

The n terms are as follows: ' o - -

Tyt T, = P /P, or wettet pe:imeter ratio uﬁ
| "2: LD =P /PRl
» LEE Ty = /R, hydraullc rad;hs ratio
Tyt Ty = (A A )/A excess area ratio
Tl T = wVR/e , Reynolds number R
k| : .
\ ST Tei= szRi' subsections hydraulic radius. ratio A
ol T, = t/R, cover thickness ratio
LP Tg = V/YgR R, Froude number F
: _ gl/s , o
Tyt Ty = /nl <ﬁ .t
. = 2/3 .
UL Ti0 = (nl/nz) A . e
- ’ = - /ﬂ—/ V
"1t Tl T M/ :

- Channel roughness is not a function of the
Froude number and becomes independent of the Reynolds
number when the latter exceeds a.critical value. Under

these conditions the Froude. and Reynolds numbers can be

chm . i L mememm ais b B 6 i m e e Ay - et T
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omitted .from the dimghsional analysis which is the case

coﬁsidexed here . ‘n2;c§h also be excluded as it is a
geometgic property ﬁhdﬁ ¢an be derived through e Ty
and LFg )

-

6.4 General Solution 

The general solution is carried out iﬁ two steps,
namelyrthe solution for A, then the solutioq for the
;composite roughness.
'6.4.1 Solution for :

m
-
- The general solution is
. . ¢ .

S . 21/6. ' .
R R A -A * n = w ,
L eleg 1oy 2=, B2, L 0#3) < o - (6.6)
S TR g g " ny - ‘
- <
From the geometric-relationé, Y , .
. ) .“
"™h
i R ‘ T
| L oaw (1-
| R = + (1-a)x .
i . - ¢
| . : . .
| e Ry Ri/s A -R, R
So the 7 terms o, —4 1 ' " cap be
o R - A
. - . kr‘llfg— -
considered as one term, namely, B
R1/6' o e S
e nl= / (a + (1-a)a)/6 (6aT) .
n, /g S

In the limiting case when n, equals n, and
Pl equals Pz, A equals unity,and to-obtain consistency
with this conditign the 7 term is used :elative'i? this

limiting value and given by the-relationship,

- foif
N >
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S - (6.8)

can be applied to make

TeE ~ A -1
and
n
..M 23 :
g "t " @m, * »
. 2z .
‘Substituting into Egn. (6.6) yields,
f"—fli—T—)l/s. n
(A=, a -2 =0 (6.9)
n /9 2 (W

The relation given‘in Egn. (6.9) can be used in

the general form,

<« R__y1/6 ) o |
G+il-0‘-)l — cl (m)a (l _ ——1- . A2/3)}3
. ! n
' 2

P19

(6.10)

’

which is the same relation developed theoretically in
Chapter 3, namely Egn. (3.39). The theoretical development

results in the values of
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where k is von Karmen's constant.
The experimental data was used to check the

forementioned relations as will be shown later.

6.4.2 Solution for Composite Roughness:
. |

4
’

The general solution is

.-1l/6
R A=A R n n
¢.(G' Tl r 1A 2 ! )tt -'l;— ’ 'I_ll-' A2/3, -H:L-)= 0 (6-11)
B ' nl/§. 2

Applying the development used in (6.4.1) a

general excess term of,

- n
- | _ 1-51— r2/3 o
T e B e Y
1-vA l+—l 12/3 2
n
2
A -3, Ry
can be used to replace a, Y r Ay terms.
NG

Also substituting the Rl/R value as

!
R
l = -
== ¢ + (l-ax)A

. :
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Putting these relations -into Egn. (6.11) results
in the function
SE wr1ma)n),
/

or in the general form

=0 - (6.12)

‘'n
Tl = Cz(u-i-(l-'u)A)A

FB

ie.

n n
== €, (at (1-o) )P (142 22/3HB (1 - allzel)y

2 at(l-a)i
n .
1 - 1,23
X 1+/% nz )B (6.13)
1-/%  , 1,2/3
ny

Egn. (6.l3f is identical to .the theoretical
equation, Eqgn. (3.43), with the constants having the

" values, .

A=-2/3
B=1.0

A regression procedure was applied to this

‘relation using the experimental data.
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- 6.5 Experimental Data Fitting

The experimental data have been fitted to the
previously developed diménsionless equations to yield:
(i)‘ For the solution of A: the valﬁes of the
exponents in the equation was found by multiregresqion‘
analysis to be

a=1. , b.

00.85 , and

It

Constant

which compares favourably to the theoretical values of
1-0, _1-0 and 1-110 . -

(ii) -~ For the composite roughness solution, another

multiregression analysis was applied to the dimension

"less terms of Eqgn. (6.28) to give the values of

A =-0.54 , B= 2.0, and the

Constant C2 = 0.8

In comparison to the theoretical values of,—0.66} 1.0,
and 0.5 respectively, it showéd good agreement. The
reason for the deviation is mainly due to.the high |
experimental errors in computing the composite roughness

n.



CHAPTER 7

CONCLUSIONS
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From the forementionea studies and discussion
the following conclusions can be drawn.
1. A=velocity distirubtion for flow in an ice covered

!
channel can be represented by the egquation

o LU . v, .
ug(e) = Voo + 5 Fyley) =V,

(3.20,23)

2. A relation for the separétion line was developed

from the solution of the equation,

/6 0.444 /A -1

R /6
(a+ (1-a)2) ¥/ (3.39)
ny %5 RS RV o
n2.

for which A is considered the independent variable.
3. The composite Manning's roughness coefficient n

can be determined by the relation,

. -

n n
i 2/3, 273 A+ 1
2 = sy ﬂ*g )(1"&._1
n
(-a)n m
a={l-a)l 2 '
aF (I=a) A n (3.43)
' 1+ = 12/3

n,
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4. Dimensionless curves have been intrbducéd to
help in the solution of the forementioned relations.

5. The developed equations showed good aqreement with
both experimentai and fieid data.

6. For short covers, that is, where the L/T ratio
is less than 500, it is recommended to introduce ‘
correction factprs, to take into acc?unt the diﬁfﬁrbange
at the entrance to the upstream end of the cover.

7. The study of the loose ice cover underside
configurations showed a tendency to form ripple or aune
type of ice waves which depended on the bedform and the

flow conditions. Further work is needed to, quantita-

tively, study this configuration.



APPENDIX A

GRAPHICAL SOLUTION OF
THE COMPOSITE ROUGHNESS PROBLEM



~

In this appendix, the-graphipal solution of
Eqns. (3.39) and (3.43) is given. The solution is given

by.ﬁﬁrée groups of curves, namely:
Group 1:
| Given in Fig.V(A-l), consists of three families
of curves: |
1. R-$ curves for'diffefent ny values where R

is the channel hydraulic radius, and ¢ is given by
o = &S/ /5 - (a.1)

2. curves for different n values

Nratio M1

where the n is n, /n and n; and n are Manning's

ratio

roughness coefficients for the channel, and the composite
section respectively.

3. R-M curves for different n values where M
is the Manning index value and given by
1.4 2/3

M Y R (A.2)

Group 2:
Shown in Figs. (A.2) to (A.5) each figure
for different a values ranging from 0.5, which is the
case of wide channel, to 0.65, which is representative

of a deep channel.

118
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In each figure, two families of curves are
given:

- 1. ¢-2 curves for different nl/n2 values,

marked by a solid line, where A is giveh as

A = 32/121 ‘ (A.3)

n
| .
. 2. A o3 curves for different nl/n2 values.

The intermediate values of o or-nl/nz, can be obtained

by interpolation.

Group 3: | - '
Fig. {A.6) gives a faﬁily of cyrves between the

discharge ratio and nl/n for different « values. The

discharge ratio is given as

discharge ratio = Q/Q

at fixed flow depth.

The' use of the curves is illustrated in
.Appendices B ahd c.

It is noticed from the curves tﬁat o has no
practical_effect in estimating the value of . It
affects the composite roughness but in a practically

negligible manner-. for value of nl/n2 less than 0.6.
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On_the other hand, a affects the‘diécharge more ‘than
A ox thg discharge ratio. |

| The accuracy of the curves is up to T o5e
depending upon the user. Fif’moré accur&te results,

numerical solutions should be applied

v 1R
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Fig. (A1)
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. APPENDIX B
COMPUTATION OF RATING CURVES
NUMERICAL EXAMPLE
—

e d T T e el ————— e ([ —
1
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" In this appendix, a numerical example is.givén
to 1llustrate the use of thelproposed éurves to estimate
the compositelroughness and hence the discharge.

Given: An ice covered channel having a trapezoidal
cross—-section of the dimensions shown in Fig. (B.l). The
following information is available.

Manning's roughness coefficients n, = 0.2,
n, = 0.03 and bed slope S = 1.2 x 107,
* Required: Estimation of the rating curve with and
withoat ice cover.

Solution: For this example, the detailed calcﬁlagions

at a flow depth of 10' is used.

_*Channel data

Pl =b + 4.47Y¥ = 74.70 ft.

Pé =b + 4Y = 70.00 £ft.
P = P1 + P2 = 144.70 ft. "
A = Y(b+2¥) = 500.00 ft.
R = A/P ='3.46 ft.
a = Pl/P = 0.52 ’
Rratio = nl/n2 = 0.66

*Curves solution s

. 1. Pig. {(a-1), for n, = 0.02, R = 3.46

1

¢ = 10.84
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2. Fig. (aA-2), for o« = 0.5 (approximate),

:!l'_.b

Il

A= 1.77 , 0.74

3. Fig. (A-1), n = 0.026 , M = 131

4. The composite discharge Q

Q=Mx S¥ x A= 226.9 cfs

5. Without ice cover, the discharge

2/3 |

1.49 s A = 458.25 ofs

0.0z

Q =
where R = A/Pl = 6.69.
*Rating -curves
Following the same procedure, the discharge is
computgd for different depthé of flow. The results are
given in Table (B.l), and the rating curves, discharge-
* depth relationship is given -in Fig. (B.2).

¢

Flow Depth . Discharges

With Cover Without Cover

0.0 0 0
2.5 27 59
5.00 62 126
7.50 129 270
10.00 227 458
12.50 ' 360 740
15.00 529 1025

e e ik S M, LA L4 P 7 Y 8 Tl e i e LS s

XV B s 1T TR e ———— -
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The same resulting curves can be obtained by
using Fig. (A.6) which gives directly for nl/n values the
corresponding ratio of the discharge with ice cover to
the discharge without any cover. The use of the curves
in Fié. (A.6) is recommended as it is easier to use and

theoretically gives the same result.

[\
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APPENDIX C

DESIGN OF ICE COVERED
CHANNELS

NUMERICAL EXAMPLE



/

In this appendix a numerical example is

illustrated to explain the use of the developed equations,

along with the graphical solution shown in Appendix A in

the design of ice covered channels.

Given: A trapezoidal channel with the following data

L]

is known:

“*eover has a 5 inch thickness

*cover underside Manning's roughness is

expected to equal 0.03, while.the-channel one is (.02

*bed slope 1.2 x 107°

- . *channel is'desigmed to carry a discharge

of 250 cfs

*3ide slopes not to exceed 2:1

Required: Design the channel and check.its capacity

. without the ice cover.

Solution:

(A) Design of channel

1. Applying Ernest's equation to estimat

approximate velocjty for a stable cover

putting the ice specific gravity of 0.92 gives

v=20.7, fps

" 133

e the

_(c.1)
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&\\\ 2. M value
R

Coeix = 1.49 02/3 _ V. _
M= = R = gg 200
3. Estimation of n
.Assuﬁe n= 0.025

10

li
[o)
~
-

]

.ASsume o = 0.50

n
1.9, Hl = 0.73

I

.Fig. (A.2) yields X
;Fig. (A.1) gives n = 0.0275, M = 179

. is‘not equal to the assumed one, repeat
the trial with the average value s

After successive iterations,

R=10.34, ¢ = 10.7, » = 1.8,

n=0.026, M =.130
4. The continuity equation
Q=AxXV=AXM SJs (C.2)

gives with Fig. (C.1l)

A=Y + 2Y) = 510 ft2
And the geometric relation
P=2b+ 8.47¥ = 2 = 150. ft.
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T

5. Solving,
b = 35 Y = 9,35

6. Check a = 0.51 so that the assumption
of a = 0.55 is valid. |

7. The channél designed cross—section:is
given in Fig.‘(C.z).

{B) Check Discharge Under Free ﬁater Conditions

1. Uhder the maximum depth of flow .namely
9.35' the discharge in the channel with an ice cover
was 530 cfs.

2. For « = 0.51, from Fig. (A.6) for nl/n
value of 0.77 the discharge ratio is 0.48.

3. The discharge without ice cover is Qo

where

L&)
i

Q/(/0)) ' (C.3)
or ’

480 ofs

@)
i

which is the required éischarge.

L 3
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EXPERIMENTAL ERRORS
Jhe sources of thHe experimental errors in

" performing the laboratory tests in this study can be

summarized as follows:

1. The errors in measuring the upstream and downstream -
. ~

depths of‘fléw:

a. variation of the floor B 0.090 inch.

b. Upstream ;efereﬁée reading * 0.040 inch. _ A‘:i.
¢. Downstream reference reading : 0.040 inch.
\ ~ d. Electric point gauge reading i.ﬁ.010 inch.

e. The water-surface f;uctuationsé'
Upstream ¥ 9.12 inch

t 6.08 ‘inch

Downstream
£. Distancé between upstream and downstream
‘positioné ¥ o.10 inch.
© 2, The errors that might occur in the.vélocfty_
\-meaééfements by the pi%ot—tube: ' | . ‘
) ’ L

. ' s R + )
a. A common instrument precision of = 1% was

-
L]

assumed.

b. Manometer-reading 9% ¥ 0.05 ihch which caused
a possible error in thé'observed veloéity of
aibout‘i 1.2% at low velocities and ti.08at !

", - high velocities;_ |

c.. Verticél distance,’ measured by-tﬁe attached
point gauée of ¥ 0.060 inch. - ‘

138 °
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3. The shear measurements are subject to an error of
¥ 5% in measuring the balance angle due to the common
errors of reading, and the errors due to the f;uctuations
in the shear value caused by the unsteadiness in the flow
was ¥ 10%. ‘

-

Composite Error:

Applying the general equation &f the theory of

errors

o2 = 3292 72+ (39?5
*2

ax1 1 + - e 8

where

Q=Q(xl, xz,'...) -

and Q is a deflned relation leads to the comblned expected

experimental error in estimating the comblned roughness by

Ey.2 . 4 Br2 2 X
‘En/n = (15) §(7f) + %(——)
where
EV/V = relative error in V.'_ . .

’ Ep/R = relativé_error in R.

Eg/S = relative error in S.
and are given by
Ev/v=i2_0
- _ - 2
Ep/gp = 2R (Ey/¥)7. |
ES/S=(E/L)2+52 (EY/)xf_ as S is .-

very small compared to the value of 2.



aAnd, EY is the

assumed ‘constant in
The value

composite roughness

fact that should be

140
error in the water depth measurement,.
both upstream and downstream énds.
of the experimental error'in the
differs from one run to another, a

taken into consideration.

An average error in estimating the'compdsite

Manning's roughness

k3

coefficient was found to beti'EB%.
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APPENDIX B

EXPERIMENTAL RESULTS



In this appendix the experimental results of all the’

by
runs mentioned in Chapter (4) are given.

TABLE E-1
e EVALUATION OF CHANNEL MANNING'S ROUGHNESS n,
Run No. Q Y . S nl .
E1-1 2.14 1.113 2 x10°%  o.o01
E1-2 1.84  1.063 3 0.0112
E1-3 1.30 0.965 2.5 0.0146
E1-4 2.56  1.340 2.5 0.0115
F1-5 - 1.82  1.220 1.7 . 0.0115
El-6 1.37  1.440 1 0.0120

Avérage'nl,= 0.01167

TABLE E-~2
EVALUATION OF COVER MANNING'S ROUGHNESS n,
‘ Run No. Q Y s o,
R2-1 2.14  1.04 4 %1073, 0.034
E2-2 1.72  0.97 3 C0.035
E2-3 1.20 0.88 3 0.039
E2-4 0.92  0.80 1.9 0.038
Average n, = 0.03589
Q in cfs
Y‘in ft

142
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EFFECT OF COVER FRONT ON VELOCITY PROFILES

/

TABLE E-3

143

Run No. Cover Cover -Thick x Q Y
E3-1 Out - -1.5 2.5 7 1.49
E3-2 In 2" 1.5 2.5 1.39
B3-3 In 2" 3.0 2.5 1.39
E3-4 In 2" 4.5 2.5 1.39
E3-5 In 2" 6.0 2.5 1.39
E3-6 - In . o2n 7.5 2.5 1.39

TABLE E-4
EFFECT OF COVER FRONT ON SHEAR DISTRIBUTION

Run
No. 1 2 3 4

Q 2.61 2.28 l.88 1.61

Y 1.33 5 1.353 5 1.287 5 1.237 5
Ry 1.857 x 107 1.63 x 10 1.413 x 10 1.143 x 10
X Total shear values _

1.5 0.379 0.21 0.12 0.104

3. 0,418 0.262 0.15 0.14

4.5 .0.451 0.232 0.155 0.171

6 0.474 0.34 0.182 0.20

7.5 0.531 0.45 0.218 0.165

9 - 0.53 0.35 0.22 . 0.2

10.5 0.63 0.41 0.225

0.263

B T2 s e WP REPEE N VIR
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TABLE E-6 .

VERIFICATION OF COMPOSITE ROUGHNESS

-Rﬁn

measured co

No. = Q N 5 n ¥
EG-1 1" 1.74 | 1. 0.0017 0.01967 25
EG-2 1 2.14 ,1.21 ¢.001 0.01939 29
EG-3 1  1.63 \i;égl 0.001  0.024 27
EG-4 . 1 1.37 68  0.0008 0.0231 ‘34
"EG-5 1 1.56 1.33 0.0005  0.0212 53
EG-6 1 2.25 1.41 0.0009 0.02176 31
EG-7 1 1.94 1.39 . 0.00058 0.01969 47
EG-8 ~ 1 1,60 1.33  0.00042 0.01850 64
EG-9 1 1.28 1.265 0.0005  0.0242 54
EG-10 1 2.38 1.577 0.00067 0.0202 42
EG-11 1 2.50 1.60 0.00083 0.0219 34
EG-12 1 1.27  1.29 0.00027 0.018 98
EG-13 2" 2.70 1.17 0.0018 0.0196 19
EG-14 2 1.93 1.34 0.00063 0.0195 44
EG-15 2 , 2.40 1.43° .0.0009  0.0205 32
EG-16 2 1.69 1.24 - [0.00072 0.0215 38
EG-17 2 2.04 1.36 ° 0.00117 0.025 26

© EG-18 2 2.38  1.13 0.0022 0.0238 17
EG-19 2 1.42 0.75 °0.00234 0.0226 16
EG-20 2 1.12 0.68 0.0021  0.0232 17
EG-21"2 . 0.98 0.62 0.00194 0.02282 18

"EG-22 2 2.48 1.22 ° 0.0018 0.0226 19
EG-23 2 0.89 0.82 0.0006 0.0215 43

.EG-24 2 1.56 1.25 0.0005 0.0204 50
EG-25 2 1.94 1.32 0.0006 0.0189 43
EG-26 2 2.3 _1.50  0.0007 0.0197 38
EG-27 2 2.50 1.52 0.0009 0.0213 32
EG-28 2 2.36 . 1.13 0.0016 0.0204 20
EG-29 2. 2.12 1.09:. 0.0014  0.0202 22
EG-30 2 1.83 1.07 0.0011 0.019% 27
EG-31 2 2.20 1.26 0.0011 0.0207 ' 27
EG-32 2 2.46 1l.21 0.0013 0.0189 24
"EG-33 2 1.82 0.91 0.0017 0.0199 20
EG-34 2  1.93 1.45 0.0008  0.0223 35
EG-35 2 2.39. 1l.42 0.0008 0.0192 34
EG-36 2: 1.69 1.25 0.0008  0.022 40
*E, is the gaximum expected percentage error in the

posite Manning's roughness coefficient.
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H F

MOD

m \a

wetted perimeter ratio of Pl/PZ'

. NOMENCLATURE

]

. - : . . ] -
channel .cross-sectional area, constant.

respectively.

channel top width.
channel bed width
houyahcy force.

Chezy's coefficient constant.

"eross-sectional area_oz channel and cover sub-sections

Chezy's coefficients for channel and cover respectively.

local flow depth by Hancu.

roughness height for sub-sectibn i.
absolute error

error in measuring hydraulic~radius.

error in measuring the slope.

-

@ h - - L]
error in measuring the velocity.

error in measuring flow depth.
exponential ; EXP(x) = e .
special Froude number used by Uzuner.

Froude number.
%

body forces in x-direction.
parcey's-Wiesbach friction factor.

modified Dafcey's—wiesbach'friction factor.

-

acceleration due to gravity.

he ight - ) o«

- Te
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subscript takes the value 1 for channel sub-section

and 2 for cover sub-section.
constant

roughness height for the boundary i.

length.

Prandtl mixing length.
Manniﬁg's index value.

composite -Manning's roughness coefficient.

Manning's roughness coefficient for the boundary

cﬁannel wetted perimeter.

channel wetted perimeter for the boundary i.
pressure force. )
flow discharge Qith ice cover.
flow discharge without iqe cover.
cﬁannel hydraulic radius. .
channel hydraulic radius for sub-séétion i.
Reynolds. number.

géneral exponent for Chezy-Manning n relation.
slope of energy line. ' .
slope of bed line.

cover thickness

local velocity at point i.

average point velocity in x-direction.
fluétuating poiﬁt velocity in x-direction.
channel mean velocity.

mean velocity for sub-section 1i.

shear velocity of sub=-section i.



max

<1
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maximum velocity in the cross-section and flow.

average point velocity in y-direction. ¢

fluctuating average point velocity in y—direétion.

weight.

distance along x-axis.

total flow depth..

flow depth at sub-section i.
depth froﬁ point to boundary i.
exponent used by Yu.

angle.

wgtted pe;iméter ratio Pl/P.

hydraulic division ratio used by

laminar sub-layer thickness for boundary i.

spedific weight of the water.

density of specific weight of theé water.

density of‘specific weight of the ice.

hydraulic ra&ius ratio Rz/Rl‘
initial X value used in nﬁmerical
friction.factor used by Hancu.’
relative depth.

relative depth to boundary i.
dynamic viécosity of fluid.
dimensionless term. i
laminar shear.

turbvlent shear.

shear stress at boundary i.

solutions.

mean shear stress at ice underside.

-

L e et



Von Karmen's constant.

general function.
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