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Chapter I
INPRODUCT ION

Yany important problems must be solved by
engineers when designing channels in erodible material
and unfortunately their complete solution requires more
knowledge of the subjeet than now exists. The primary
purpose of the designing work is to obtain a stable
channel which will have the least initial cost and least
maintainance cost. For a channel to be stable, the
hydraulic features and the charscteristics of the bed
material and the material in suspension must have a
combined effect that will éanse neither silting nor
gecouring. To this end, British Fngineers have done very
intensive study in connsction with large irrigation
ecanals in India, Their solutions, however, have not
applied so well in the regions other than those where the
data were obtained. 4 generalized analysis of stable

channels is reported in this manuseript.

The problem

In what ways may the problems of stable

shannels in erodible material be solved more



satisfactorily? This question may be subdivided into
several items as follows:

1, What have previous workers done in this
field?

2+ What are the important factors involved, and
which of these factors have previous investigators
neglected?

3« What are the proper methods of attacking
this probdlem?

4, Can the shape of a stable channel crosse
gseetion be expressed mathematically?

B« Do the available data verify the results
of theoretical and dimensional analyses?

6, What conclusions and recommendations may
be made as a result of this study?

It is the purpose of this manuscript to summae
rize the information now available on the subject of
stable channels and analyze the problem from both the
theoretical and dimensional point of view. To the extent
that the limited available data will permit, these

developments are tested experimentally.



Chapter II
REVIZW OF LITERATURE

Although in this chapter the citation of the
literature are essentially in ochronological order, each
author developed his own series of formulas for design
of stable channels and published them at different times
as the regearch progressed. Hence the chronological
preseatation is based upon the time of the first
important contridbution of a given author. The English
system of units is used in all equations unless other
wise stated,

As will be noticed, pioneering studies of
stable channels have been made by British engineers in
India although some have been made in Egypt. Interest
in this problem in the United States has developed only
within the last thirty years.

Kennedy (14) using the data of the Upper Bari
Doab Canal in India, empirically derived the following
equation for stable channels in 1895:

Vo = 0,84 m y0ebe (241)
in which V, 1is the critical velocity which will just



10
keep the channel free from either silting or scouring, ¥y
is the water depth of the channel exclusive of side slopes
(most of the channels were rectangular in eross-section),
and m is a coefficient, A estandard for the coefficient
m of 1.0 for sandy silt was adopted, Coarser sand had
values of 1.1 to 1.2 and finer sand 0.8 to 0.9,

Kennedy determined the slopes of the channels
by assuming a velue of N for Kutter's equation which is
in turn applied to Chezy's eguation. Eé guggested N be
0,02 for large canals and 0,0220 for small canals,

Woods (28) in 1917 proposed the uge of definite
ratios of depth to width, based on an analysis of data
from the Lower Chenab Canal System. In 1927, he publishe

ed his general egquations:

log D = 0.434 log Wy (2.2)
Vg = log Wy, D = 1,434 log Wy (2e3)
S el /log 4% = 1000 8 (2.4)

in whieh D 1is the average depth of water, ¥, is the
mean width of water, V, is the non-silting, non-scouring
mean veloeily, <& 1s the rate of discharge or Wy D V,,
and § is the water surface fall in 1000 feet distance or
1,000 s

VWoods believed that the sediment carrying
ecapacity of a shallow channel is greater than for a deep

channel and depends on (Vg = Vy) , where vg is the

surface velocity and vy is the bottom veloecity,.
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In 1919, Lindley (23) published the following
equations developed from 786 observations made on 2700

miles of channels in Jhang and Lyallpur, Indlag

Vo & 0,95 y0:57 (245)
Vo = 0459 y°‘3°5 (2.6)
Bs 3.8 y1’61 (247)

in which B 18 the bed width of channel in feet.
Kutterts equation was used to compute the velocity of flow,
Believing that the ratio of bed width to depth plays an
important part in determining stable sectlons, he put
forward the theory that "the dimensions: width, depth,
end gradient, of a channel to carry a given supply loaded
with a given silt charge, were all fixed by nature."

Molesworth and Yenidunia (20:129) developed the
following general equation in 1922 from a careful examie
nation of & large number of stable Egyptian canals.

y = (9060 s + 0,725 B) (248)

In 1923 Buckley (3) developed a modification of

Tqe (248) for channels of depths less then 5.26 feet

(1.6 meters).

: .
P o.ooss_igpgogg s »8) B (249)

48 reported by Lacey (16), Buckley later derived &

¥

equation from measurements of the Nile at Beliedag :
v o u RO*98 078 (2410)
in which R 18 the hydraulic¢ radius,
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Ag reported by Lacey (16), ~hillips also
developed an eguation for the Nile at Beleida.

vV = 2,08 (RS) (2.11)

From 1926 to 1946 CGriffith (8, 9, 10, 11)
established his basic law and claimed that changes in the
eross-section of a channel, which resulted from changes
in the prevalling hydreulic conditions, could be mathe-
matically calculated by reference to this basie law. His
work was based on the Xmtter and “hezy equations and did
not use the existing canal data, In his latest paper (8),
published in 1946, he used the data of the lissouri Hiver
to check his eguations, His work can be summarized as
follows:

1+ The basie law of eguilibrium of the bed
at any point in the coross.section is:

S ,(0.5 4 3.3218) (2.12)
in whieh v 1is the mean veloeity in a vertical line
through the point under consideration, y 1is the water
depth at this point, m is the general sediment factor,
and H is the XKutter ccefficient of roughness.

2+ The general equation for the equilibrium
of a eross-gsection is

72 xm pl0e8 4 5.33M) (2.18)
in whieh V is the mean veloecity of the cross-section
under consideration, D ie the mean depth of the eross-

section, and k is the ratio of V/v, where v, is the



mean veloeity in the vertical of mean depth., %he
following valucs of Xk were given:
For rectangular cross-section k= 1.0
Por %riangular cross-seetion k= 1,13
For semi-elliptical cross-section k = 1,055
3¢« The general eguation for the equilibrium
of cross-sections is of similar type:
v = n (05 4 2.330) (2.14)
4, %he equation relating the sediment factor

to the sediment conceniration is:

(2.18)
in which ¢ 1is the sediment concentration of bed load in
parts per 10,000 by welght of water, and 2Z is a
sediment coeffiecient (for fine sand 2 = 7.,5),

5 The eguations for regime sections:.-

0.385 u « 314 &90311 )
* * (000 81022 - s

13,06 gl*oe
8,75 I 0477
P= 'U.ESQ (3:17)
© L]
(2.18)

¢ = 1.8 5947 Ql‘osa

(2.19)
in which R is the hydraulie radius, P is the wetted
perimeter, Nm is Manning's coefficient of roughness, and

G 1is the rate of discharge of bed load in pounds per
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second.

During the period 1929 to 1946 lLacey (16, 17,
18, 19) published several important papers based on data
from major irrigation canals in India,

His final equations may be summarized as
follows:

1. The relation between veloeity and hydrsulie
redius: '

Vel,50 {£R or £« 0,76 Vo (2.20)
in which £ is the gilt factor.

2« The relation between discharge and wetted
perimeter:

Pz 2,668 Q or P/RS= 7,17 (2.21)
in which P/R is a “shape factor",

3« The flow eguation:

v =16 (»1/2 g)1/3 y (2.22)
Substituting £g. (2.20) into Eg.(2.28):
vz 1a2898 R 8/s A8 (2.23)
&
in which
N, = 0,0225 r1/¢ (2.24)

where N, is the absolute rugosity, defined by the
gradation of the sediment and as a funetion of average
sediment diameter.

§» HRelation of silt factor to bed material

diameter:
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t= 1760 (2.26)
in which d 4is the mean dlameter of bed material in
millimeters.

In Lacey's recent interpretation of his theory
(16) , he re-emphasized his belief that his equations are
applicable to all active channels in alluvium in general,
irroupcotivé of the precise degree of scouring or silte
~ing, or the variation in sediment charge. He rearranged
Bqe (2.22) to obtain
v 8= 1.60 (R1/2 8)%/2 (2426)
in which 8 = 1000 &8 where 8 iz the slope of the water
surface. Lacey eslled Bgs. (2.,26) the "normal alluvial
equation™ and pointed out two significant narameters in
this equation:
1st parameter, (VS) - direetly proportional to
terminal settling velocity of sediment particles and
espitomizing the forces tending to restore the particles
to the bod.
2nd parameter, (11/83) - & funetion of sediment
size, sediment density, and sediment discharge and
espltomizing the forces tending to propel them forward.
The upper limit of Eg. (2.26) will be reached
when the critiecal veloeity oeccurs v = /9D » /[oR
From Lg. (2.26), he obtained:
VS e g2/4e0% o pg55 (2.27)
RY/2 5 = ¢8/2/4,006 = 43,5 (2.28)
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The lower limit of (V S8) 18 due to the
eohesion of very fine sediment.

In econnection with Lacey's work, Bottomley (2)
equated Manning's equation to Lacey's Eg. (2.28) to find
an expression of Manning's coefficient of roughness in
terms of the observed elope:

B, & 0,00928 5,3/¢ (2429)
in which Sy = 1,000,000 s
Por N, , lacey re-arranged Bge (2.282) as:
[126)9/8 / (ve)2/8] a3/% ®
. which combines with Eges (2.25) to give:
W, = 0,059 (¥ s)1/8

or
N, = 0,025, (V g)1/8 (2430)

As a summary of his work, Lacey stated the

following coneclusions:

1., 4 gtable channel is one that is active
and neither silting nor scouring.

2+ A regime channel is a stable channel
transporting a regime sediment discharge.

3., A regime sediment discharge is the
minimum transported sediment load consistent
with a fully active ded.

4. Tor every regime channel there is, for
a given bed sediment grude, a fixed valus for
the produet of the mean veloeity and the slope.

5« The product (V 8) is in 8ll regime
ehannels a eriterion of the ailt grade, and is
proportional to the terminal veloeity of the
'ilin art% 1es. This product is at all times

8 gon of the order of bhed material,
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6« ZThe normal alluvial eguation takes the fomm:
(Vv 8) = 1,60 (RM/2 5)4/3 (2.26)

It may be re-arranged as?
V= 1,42 (v 5)1/4 p1/2 (2.51)

which is the eguation for the veloecity of bed load
propulsion., * working volue of (V 3] may be
assigned to any channel.

7. 411 aetive channels in alluvium, free from
"shoek", whether silting or scouring or subjeet to
an excess 9ilt charge, conform with the normal
equation,

8, The degree of silting or scouring, and the
intensity of the sediment discharge, are implicit
in the values of V, R, and 8 which a normal
channel adopts when these values are assoclated
with actual grade of sediment exposed on the bed,

9¢ If any active channel is subjected to
"shook" by the presence of major irregularities
of the banks or bed, the effeetive hydraulic
mean depth is reduced, the slope increésed, the
velocity diminished, sand the depth increased.
frere is no change in the bed sediment grade, or
in the value of (V 3) previously recorded.

10. 4s to the shape of the channel, it has
been found that the wetted perimeter gives as
good & correlation as the width. 4And the wetted
perimeters of similar alluvial channels vary as
the square roots of the dlscharge. (16:46-7)

Chatley (3, 4) published two series of articles

in London in 1938, The general topic of the first series

"River flow problems"” ani the second series, "River

control problems.” He based his developments on Chezy's

equation, mod ifying 1t according to the Blasius relation

between bhoundary resistance and the Reynold number,

Vs _J:' 30.71 '0.57

Ny (2,82)
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in whieh ll is an arbitrary coefficient of roughness,
involving the shape faetor f ' of the bed material, the
density of fluid A~ , the cvefficient of rudbing
frietion ', and the kinematic viscosity of the fluid
¥ + In general, Ny is smaller than Kutter's N. He

compared Lqg. (2,32) with Nanning's eguation:
=« 1 22/0 1/8
V& R A
T
and Forchheimer's equation:

The above egations, including 2q. (2,32), are all in
metric unite.

Chatley analyzed the shape of the channsl by
three separate methods., These were “hezy's equation,

Manning's egquation, and Eq. (2.32), His third equation
gave

EE A (4;01.71 gted4 o (2. 33)
in which ¥ 1is the specific weight of fluid, W 1is the
width of the water surface, and T is the tractive force
per unit area along the iivor bed. His assumptions were:
(a) Ege (2.32) holds true, (b) DuBoy's idea of constant
tractive resistance at equilibrium is true, i.,e, T = ¥Ds,
(e) The slope of the channel bed equals the hydraulie
gradient., (d) Discharge « is determined by drainage
area and runoff factors. (e) The hydramiie radius R

equals the mesn depth D, (f) The soil struecture is
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uniform.

In 1943, Xing (1,15) developed a series of
equations from the data of cenals in Punjab and Sind,
India. In all eguations he used the effective depth P
and the water surface width W instead of the hydraulie
radius R and the wetted perimeter P. He pointed out:

The friction coefficient, which in pipes ;

is the actual coefficient at any peint,

ig in the cape of channels an average

coefficient, or alternatively may be

considered as a maximum value distributed

over an average perimeter less than the

wetted perimeter and greater than the bed

widthe 9This averaze perimeter is assumed

to egqual the surface width ¥, (15:52)

Hence, he used W/D as the "hydraulic shepe™
end VE/D as the "turbulence eriterion” in comparison
with Lacey's P/R and VE/R, ‘

King's final eguations for designing canals are:

l. The regime check eguation:

v = 8o wt/7 (pe)4/7 = .g. W/ (pg)4/7

(2.54)
in whiech W is the width of water surface, and D is the
effective depth or %-
2. The channel dimensions in terms of S and
CQ
Vi al/3 Qﬁ/hi (2.35)

Ds .2 ¢8/21 g-4/9  {2.36)

"o WS (2.87)



3. The channel dimensions in terms of f and

20

(7]
¥ =.; £3/10 A1/70 (2,38)
D= % %11/35 f"a/ﬁ (2,29)
W= %3:1/10 «B87/70 (2.40)

in whieh £ corresponds to lacey's "silt factor® except
that King used £ = va/n.
4, Slope in terms of £ and Wi

g o 7 ¢9/10 ~6/38 (2.41)

5. The turbulence eguation:

=11 al0/21 ~1/21 (2.42)

in whieh 4 is the mean diameter of sediment,

6« Dimensionless eguetions:

¥ 2/8 o 2,207 R}/ (2,43)
3§ = 0,124 31/3 (2.44)
55 = 3,763 81/ (2445)
¥2 = 2,77 a10/21 (1/20 (2446)

where P 4is the Froude number o _V_ , R is the

Reynolds number or and R, is the Reynolds number

2,
with W as a length parameter or -%;

In 1940 Straud (256) derived the equations for
wide channels where side effects are negligible and R

may be considered egqual to D, He based his work on the
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following two egquations:

DuBoy's equation: G = X% (.'-f; - %B.)

S8tickler and Gilbert's eguation: V = X p?/3 01/2
in whieh G 1is the rate of bed load discharge per unit
width, %Ye 1is the critical unit tractive force at which
bed movement begins, and X is the sediment parameter, an

experimental coefficient, Iis equation is:

- -:-11;:% ¢3/5 [q”/” “ %5/5] (2.47)

where ¢ = DV 1is the discharge per unit width of channel
and q, is the discharge under eoritical conditions In
1946 he (26) applied the prineciple of Zg. (2.,47) to the
suspended sediment discharge of the Jiissouri River past
¥ensss City as: :

G = (30.4) (20713) @216 (2,48)
in which G 1ig the rate of suspended sediment discharge
in tons per second, and & 1s the rate of water discharge
in thousands of cubic feet per second.

4 further equation paralleling &g, (2.47) for
the case of constant discharge was derived:
6= x o2/3 2B (G138 _ 4T3
(2,49)
Under equilibrium conditions, the average amount of

sediment transported per unit volume of water must be the

game at all sections of the canal, iees & = X' (a
q
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constant). Henece, when Ve —0Q

k's= x.;§7§lzz~ 71‘/3

Beesuse g = DV

‘& (x')lslg"/” 25/9

or
Y¥&nm Do'b'e {2+50)

in which m is a coefficient of the Fennedy-type equation
and can be computed from a number of parameters defining
the sediment and hydraulic characteristies of the streanm,
In other words, the value of m is a function of the

sed iment transportation characteristics, the sediment
load, the water discharge, and the roughness of the
channel.

Although Lane (20) 414 not develop any eguations,
an important and elesar discussion of the prineiples ine
volved in the design of stable c¢hennels in erodible
material was brought out in his paper in connection with
the design of the All-American Cmnal in 1937. He
summarized the factors affecting the stable channel
shape as follows:

(a) Hydraulie factors (slope, roughness, hydreulie
radius or depth, mean veloecity, veloeity distri.
bution, and temperature); (b) channel shape (width,
depth, and side slopes); (o) nature of material
transported (size, shape, spesific gravity
dispersion, guantity, and bank and sub-gra&e

material); and, (d) miscellaneous (alignment,
uniformity of flow, end aging)., (20:131)
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In 1947 Pai (7) pudblished his study of stable
channels in the Chinese journal, Hydraulie Engineering,
He derived an egquation for the shape of stable channels
in cohesive erodible materisl mathematically under the
main assumption that the resisting foree of the particles
is constant along the circumference of the channel

eross-gection,



Chapter IIIX
CENERAL ANALYSIS OF THE PROBLEM

Summary and analysis of previous work
The pioneering work on stable channel flow was

started by Kennedy. Since his initial work was done, the
same type of equation has been proposed by various
investigators in a large number of special applications.
In general, it should be noted, however, that such an
equation (V = my®) gives an expression only for the
eritical veloeity, indicating that it inereases with the
depth. ¥Yennedy gave a limiting critical velocity which
corresponds to depths of about 10 feet, In faet, this
limiting critieal velocity depends largely upon the
material whiech composes the bank and bed of the channel.

Woods, Lindley, and the Egyptian investigators
introduced the relationship between velocity, bed width,
hydraulic radius, and slope in addition to Kennedy's
type of relation.s They still gave no suggestion, however,
that these relations migﬁt be influenced by the gquantity
or the guality of the sediment.

The most elaborate work in this field was
lLacey's, although King's work was directly in parallel.
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While both of them gave the relationship between channel
dimensions and veloeity and introduced the effect of the
size of sediment, neither of them considered the gquantity
of sediment transported. Lacey used the wetted perimeter
Py, and the hydraulic radius R instead of the water
depth y of the Kennedy-type equations. KXing strongly
opposed Lacey, He pointed out that the idea of P/R
measuring "hydraulie shape”™ was at variance with the real
canal shape where the sideBs are guite different from the
bed in nature ae well as in appearance. He cited that

introducing R originated from pipe flow studies where

% = R= %o For the reason mentioned in Chapter II, he

used water surface width % and D = % as effective
depth of water.

Because Lacey and Xing gave various equations
whieh are helpful in the design of stable channels, a
comparison of their work is given:

1. Similarity of "regime test" equation:

From Lacey's Bg, (2.22)

V= 16 (B%)1/3

or
f = const. VS/R = Const. (R1/33)3/3

From Xing's BEq. (2,34)
v = 80 Wt/7 (pg)%/"
If R in Lecey's egquation is replaced by D



V = Const. £2/9 p2/3 g1/3
= Const, (W/D)I/v p8/7 g4/7
which is in almost the same form as King's.
2+ Similarity of "f":
From Lacey's Eg. (2.22)
f = Const. %2 = Const. (RY/2 0)2/3
From King's Eq. (2.34)
f= ;z « Const, W2/7 p*/7 IB/.'
3. Similarity of roughmess and turbulence
eriteria
From Lacey's Bg. (2.23), and Bq., (2.24)

Conste .3/a.1/2
eSONT
From Xing's Bg, (2.43)

£ = 2,257 R1L/3

or "
%—- = gonst, S * (n)l/a

or
Vv = const. £1/6 p7/6 gi/2

4, Similarity of slope equations: Iacey
transferred his equation to the form of the Punjab
Regearch Institute equation and obtained the following
form: (17:24)

Lacey's equation

§ = £5/3n84a,5 2/6

Xing's Bqg. (2.41)

5= 1 £9/10,,6/85
15
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The f wvalues calculated from the above
ecuation of Lacey's were not consistent with the £
values caleulated from Lge. (2,22)¢ The former varied as
a power of the later around 0.5 to 0.6« This variation
was removed by Eing's equations because '%8 is compa-
rable tc f.

Because Eing's eguations were developed from a
more fundamental method of analysis, his equations are
probably more reliable for application to designing
gtable channels. The primary defect of King's work,
however, is that he developed such a great number of
different types of eguations.

One should keep in mind the mutually dependent
nature of those factors which contreol the stable
conditions and understsnd the limitations of the eguations
which he uses.

All of the above mentioned investigators
developed their equations from the data of existing
canals. The following ones derived their equations
mathematically.

Basing his work on the Kutter and Chezy
eguations, Criffith started with a basie law which was
initiated by himself., He developed the velocity eguation
as a type similar to Kennedy's but the variation of m
and n followed a definite law, Griffith also corre-
lated the concentration of bed load with the coefficient
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m and the rate of discharge of bed load with the slope
8 and water discharge «+ Although some of these
relations may be questionable, he nevertheless was
approaching the problem in the advanced direction of
research in this field.

Chatley and Straub both started from DuBoy's
equation, Chatley introduced the Blasius relation
between tractive force and the effeet of Heynolds number,
while Straub used the result of Strickler and Gilbert's
studies., HEguations of both authors are for wide channels,
but Straud considered only unit width of channel while
Chatley gave the relation between width W, slope s,
and discharge s« DBecause for wide channels the hydraulie
radius is practiecally equal to the average depth,
Chatley's width eguation was unnecessary, Purthermore,
the significance of the channel width depends upon the
characteristics of the channel materisl--in some cases
the width is not important while in other cases it is
guite important, In the wide channels specifically
studied by Chatley, the width of channel is comparatively
unimportant,

Straub's work was more progressive. He is the
only one among all the authors to put the conecentration
of.the sediment into the equation. Unfortunately,
however, he simply stated that the coefficient m 1is

a function of the sediment traonsportation characteristies,



<29
the sediment load, the water discharge, and the roughness
of the channel--no suggestion was made as to how to
determine this ocomplex funetion.
Lane made a detailed analysis of this problem
and stismulated interest in further studles in this field.

Dimensional analysis

To make a dimensional analysis of this problem,
it is necessary to study the various factors which
control the channel flow., These factors may be divided
into three groups:

As Flow and channel characteristies:

l. V mean velocity of the flow

2+ 8 hydraulie gradient of the flow

3« ® water surface width

4. D average depth of channel, D z‘é
By Fluid charaecteristios:

1l P density of the fluid

2 aU interface difference of specifie

weight

3¢ 4 viscosity of fluid

Ce Sediment characteristics:

1. 4 mean diameter of sediment transported
standard deviation of sizes of
gediment transported

3 d mean diameter of bed material

4, < sgtandard deviation of sizes of bed



material
5, Pg density of sediment
6. G rate of discharge of sediment
Y £
8 2,
Other variables which are not listed in the
foregoing, but mentioned by Lane (20) in his work on the

design of the All American Canal, are roughness, velocity

shape fagtor of sediment

a factor of cohesion of sediment

distribution, temperature, and channel aging. These are
not inecluded for the following reasons:

1. Roughness may be considered as a result of
the combined effect of the size of bed material and bed
load, and the concentration of bed load and suspended
load together with the flow and channel characteristies.

24 Veloeity daistribution depends primarily
upon the nature of the turbulence of the flow. The
turbulence in turn depends upon the variables listed so
that it becomes an additional dependent variable which
mast not be ineluded,

3« Temperature influences only the viscosity
of the fluid, Therefore it should not be ineluded.

4., Aging of the channel results in sorting of
the bed material and depositing of a colloidal coating
which maekes the channel smoother. This reflects the
combined effect of < , f£' , and fe' which have
already been listed.
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The most general relationship of all the
variables may be expressed as follows:
$u, », 4,0, a', 9, £', 2., V, &, P, RB,Ar,#, 8)=0
%hen D, V, and L are chosen as repeating
variables the following funetion of dimensionless

parameters is obtalned:

45,5,5, 55, ¢ rws, £,820)20 ()
in whiech R 1is the Reyhold number V DAPJ/u, and F 1is
the Froude numbver V//2Fp & V //gD .

From Eg. (%.1) it is evident that the problem
igs a complex one. Fortunately, however, the deasity of
sediment varies over a narrow range. Furthermore, the
form of the partieles is mostly rounded without sharp
angles, due to the attrition while rolling along with the
fluid. Therefore, with these considerations Egqe. (%.1) ean
be simplified to:

(3, 8,3, %.:. ‘,{.'.. for gp, B Ev8) =0 (2.2)
St111 further simplification may be accomplishe

ed by assuming that there is a definite relation between
the characteristics of bed materisl and the sediment
transported by the fluid, i.e. either % and T or %f.
and Y are dependent variables in Eq. (3.2). Hence .

1
Bge (342) may be written as:

4’3(3 3, 3 fo.--— B, E, )% 0 (343)



Although Eqs (343) is still a hopelessly
complex function for experimental investigation, it is
possible to restriet the problem to particular ceases as
discussed in Chapter VI.

32
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Chapter IV
THEORETICAL SHAPE OF STABLX CHANEEL OROSS.SECTIONS

The investigation of the shape of the stable
channel cross-section was started with Lane's idea, as
he stated:
The slépe of the bank must be sufficiently flat
s0o that the component slong it, of the forece of
gravity, when combined with the foree of the
water, is insufficient to dislodge the particles
(20:135) .

Two cases must Le considered, (a) for the non-cohesive

material and (b) for the cohesive materials

Shape for non-gohesive material
Consider a single particle A of Fig. 1. Vhen

the forces acting on this partiecle are in eqguilibrium,
the resultant of the tractive foree by water and the
downward sliding force of gravity should be balanced by
the resisting force of the particle. i.e.:

t2 4 (w sind )2z r (4.1)
in which w 18 the weight of the particle in water, r
is the resisting force of the partiecle against movement,
and t is the traetive force of flowing water on the

particle,
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Fig.! — Channe! cross-section
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when the surface drag is of

major impor+ance i



35
Agsume
tet, ;o (4.2)
in which %, is the tractive force on a single particle
at the lowest point of the channel; and yh is the
maximam depth of water.
Further assume that when y = o, = @ the
angle of repose of saturated particles, and ¢ = o,
From Lge (441):
(w sin 8)2 = rg?
1e0. re = w sin @ (4.3)
in which ry 1is the traetive foree on a particle in the
bank at water surface lavolQ
When y® ¥, t
dz 0 and t= %,
From fge (4.1) tea s 2%, (444)
From the theory of the boundary layer, it is
well known that there is a laminar sublayer existing
above the surfase of an hydrodynamieally smooth boundary,
even though the flow is turbulent., DBecause most
alluvial irrigation canals may be considered smooth, it
may be assumed that all the partiecles of the bed and bank
are within this laminar sublayer. Therefore, surface
drag and deformation drag dominate rather than form drag
as the water flows over the pertieles. 4 schematie
diagram o the forees involved is shown in Fig., 2. ‘hen

these forees are in eqguilibrium,
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tezwtms'txw tan ©
Acoording to the data from the experiments by
White (27), K 418 between 0,3 and 0,4, Therefore,
agsuming K s 1/3,
to» 1w tan @

3

From bgs (448) %52 2 7o

= (% w tan 8)%2

or 1 ‘

If it 18 further assumed that r varies linearly with
the depth, gsee Fige 3, at point A:

r'rt"(ra"t) Yo

=wein® 4 (1/3w tan © - w sin 8) &

= weln @ [14(....1..*.1)13
3 cos © Ye

(4.6)
Bge (446) now may de substituted in Eg, (4.1)
and divided by tcg. g0 that every term becomes dimene
sionless to yield b

2 a)2 k4 2a |
%_2* (w so,i_% )S W :% ‘[1 3 (B"’E:"a"e ;1)%0]
From Bge (4.28) and Eq, (4.8):
2
(3,)74 9 (883)" = 9 00 6 [1 4 (sabr - V3]

therefore

Sind = %in @ 14(.._1__-1)%] [b»ﬂ

3 con @




and
%% = tand = %.{gfgg}
or
d (x/yo) = 24
TR, * et e i
then
a (X 1-stn? 0 142 oo 1)7 A el
(rg) 3 608 © To . y
=
a(g,) sm0;[14(3 30 -1)%] 1-%‘]
cos 0
finally
¥/¥o
.;... " ' ose” 8 A i d d(§o)
8 [14(,§ ooae-l)a;lo”l-go] (4.8)

By graphical integration, the results of Eq,
(4.8) are presented in Yable 1 and in Fig, 4.

Shape for cochesive material

The following study was initiated in 1947 by
Fai (7). 7The main assumption which he made to simplify
the mathematical work was to consider r, tihe resisting
forece of the particles against scouring, a constant
along the circumference of the eross-section., The
following development shows that this assumption is
evidently not true for non-cochesive materisl:

Combining Eqee (4+3) and (4.5) and letting

5 t,,



wein @ » 1/3 w tan @
which means
gos & = 1/3
or & must equal 705°. Therefore, the foregoing
assumption holds only for 6 = 703 .
For cohesive material, however,

r= f° 4 Ly
where f, 1is the cohesive force between particles and
fe 1s the friectional force between particles. Due to
the meager knowledge of the cohesion of soil particles
r Dbecomes an unknown quantity. Therefore as an approxe
imation it may be assumed that r 1is constant along
the perimeter of the channel,

Prom £g. (4.1) it may be seen that:

when y=z0, =28, t=o,
and gin 6 = : (4.9)
When YzYgrarz0, t2zo0,
and t,% = 2 (4410)

Dividing Zg. (441) by Eqe. (4.10),
$\%_ A o) 2
( ) - (':iln )

%o r
or
( g_ (rfw)? - 2a)
(r/i)
Substituting Bgs. (4.2) and (4,9) into the above
equation:

2 2 2
(.g.o.) " (a!n(:;n = ésind)
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Hence
gin d = sin 81 = (y/y,l % (4,11)
Finally, substituting 5q. (4.,11) into Eq. (4.,7):
s (B) « [T-sn®e L= il
in ® 1l -
3 (.}o) s ,; b’yoiﬁ
g Jio oscz ) { )
2 -1 aly/y
i’ 4 o[ 1< (7/350°% /o

(4.12)
This eguation may be integrated graphiecally.
The results of which ere presented in Table 1 and Fig, 4.
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Chapter V
DATA ANALYSIS

Ag indicated in the preceding two chapters,
experimental data are needed to establish the general
 funetion given in Bg, (3.3) and to determine the validity

of the theoretical eguations which have been derived,

Dimensionless Functions
The most logieal method of utilizing experi-

mentel data would be to analyse them agcording to the
dimensionless parameters in Eqs (3.3). Unfortunately,
however, the dats on existing canals are incomplete S0
that 1t is not possible to compute all of the parameters.
The information most generally missing is the temperature
of the water and the size and concentration of the sedi-
ments Therefore, it has been necessary im this study to
use only the data for water that is essentially clear
and to estimate the temperature based upon weather
records.

Two kinds of bed material may give water that is
nearly clear, namely, those with partiecles coarse enough
that the flowing water cannot disturd them and those with
compaet graded sediment coated with settled colloid of
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high cementing value. None of the data were used for
coarse material in existing canals, becsuse sufficient
information was not available on the deseription of the
bed material. Furthermore, the coarse material is
usually accompanied by fine material due to decomposition
and disintegration.

In view of the foregoing, the data of eanals
used in this analysis are from canals of cemented fine
material with almost olear waters, The general

dimensional analysis gives Bqs (3.3):

‘P(" d; ﬂf’wva,n,z l)ca

Under the above mentioned eondition,tﬁ%, 20 and f;

is always a high value and may be neglected. Then,
Eqe (343) can be reduced to:

¢fpe 2o B s, §0 3)z 0 (5.1)
For highly ocohesive material, the nearlye-clear

water can hardly change the width of the channel and the
average water depth, lence %, is largely artificial
rather than controlled by flowing water and it probably
does not represent the shape of the channel, This
statement is consistent with the results of the theoreti-
eal channel shape derived in “hapter IV. That is, the
curves of ¥Yig. 4 for cohesive material show that a flat
portion of uncertain length is always present in the

central part of the channel. Therefore, in this case
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%f is considered to be insignificant., ZXEq. (5.1) then
becomes:
s CRE BIER (5.2)

Bge (542) represents the funetional relationship
in a form as complete ag can be obtained by dimensional
analysis and logiceal reasoning. It 1s therefore
necessary to investigate available theoretical relation-
ships which will further develop the function.

Because open channel flow is primarily a
gravity phenomenon, and hecause the veloelty varies
largely as the square root of the channel slope, F
and = may be combined into one parameter as ¥/ /B.
further proof of the validity of sueh'a step is found in
the Ghézy equation arranged for wide channels:

va ¢ /Bs
or
. Al

80 that i O
‘ﬁ o /g' (5e3)

Henee, Eqe (542) may be written as:

R E d, o
%(wsﬁo,ﬁs ‘v)go | (5.4)
or :
& ik Tie
2 Z, 5 5):0 (545)
Evidently, this function expresses the variation of the
resistance coeffiecient with the “eynolds number and the
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bed material.,

Because flow in open channels is a boundary
layer phenomenon, it is to be expected that the results
of previous investigators should be applicable to this
problem, It may be recalled that the Kdrmdn-Schoenherr
registance equation for flow past a smooth boundary is

w2 2 4,13 log (R Cp) (546)
Ef‘ e

where € is the resistance coefficient, Ilikewise a

1
similar, and perhaps more common, equation for turbulent
flow in smooth pipes is the eguation of Xdrmédn-Prandtl:

-2 = 2 2og (R [E) -~ 0.8
[z (547)

e

where £ 1s the Darey-Weisbach resistance coefficient in

h 2
LR

in whieh R 41s the hydraulie radius of the flow in pipe.

the eguations:

For flow in open channels this eguation becomes equal to

the slope 8 &and may be rearranged as

ot i
et

which, if the average depth is set equal to the hydraulie
radiue, is equal to Bg. (5.3) so that
C

g,
@ Je (5+8)
From Bge (5.8), Bgs (5.7) can be written as:

!.‘E._, 5.66 log (R [2/C) § 0.292 (547a)
&
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Because of the similarity between flow in closed
conduits and flow in open conduite, it is probable that
Bq. (5.5) can bdest be rewritten as:

‘kr(?:g. ‘z', %, $)=0 | (5.9)

which will evidentally take a logarithmic form such as
C
22K, log R B3K (5.10)
e ¢ * X ’

Kl and K, bYeing constants which must be determined ex-

2
perimentallys, The parameters deqcribing the bed material
must aet as third and fourth variadles.

To establish the validity of this general
funetion and to determine the magnitude of the constants
in 2q. (5,10), data were selected from the limited
information available on stable channels in the United
States--namely, data from the St. Clair River taken from
the work of Li (22) in his master's thesis at the State
- University of Iowa and data on various irrigation canals
taken from Soobey's reports (24). Yo determine the
probabl; viscosity of the water, the mean water
temperature was estimated from the mean air temperature
during channel-flowing season, Table 5., 41l of the
elementary data are arranged in Table 2. From Table 2,
the dimensionless parameters were computed and arranged
in Tadble 3,

The computed results are plotted in Figs B with
semi-logarithmie ecordinates to conform to Eq, (5.10).

S



Teble 2.--DATA OF STABLE CHANNELS

Noa Channel Benk snd bed Q A . B S =
material C. £ 5. £.2 f./5e. £+ £+ / Ft. 'g! ,/fLec
1, ¥ain channel above Clay 189,370 65,500 2.90 1948 0.,00002 1.46
Ecarte, 8t. Clair River
2. uaint:hannal below Softer clay 178,000 68,500 2.,60 20456 0.,000019 1l.46
Ecar :
S« South channel above Fine 68,000 33,500 2,03 1320 0.00002 l.46
Bassatt sediment
4. South channel below do 56,500 28,500 1l.98 944 0.000015 1.46
Bassatt -
6. Widdle channel, do 33,800 18,400 1.84 692 0.,000015 1.46
8t. Clair River ‘
6. Grand Cenal, Arizona Clay loam 161.8 5946 2,72 20.0 0,000438 1,05
7. Lateral 7, Turlock, Compact sand 15.4 23.0 0467 21.0 0,000008 1.21
Calif. :
8+ ¥ain, Turlock, Callf, do 3540 36542 0,92 28.0 0.,000263 1.21
9. Rist and Goss Ditch, Heavy loam 3ed 566 0,91 6.3 0400034 1.31
Colos
10. 014 PFarres Ditah. Colos PFirm earth 99 BeS 1,17 9.0 0.,00032 1.31
11, Jarbeau Power Ditch, Clay loam 3243 16.4 1l.96 13.6 0,00049 1.21
Coloe :
12, Louden Ditech, Colo. Compact sand 62.0 373 1466 25.0 0,00038 1.31
13. Masa Lateral, Colo. Fine sediment 4043 274 147 14.7 0.00026 1.21
14. Boulder and ¥hite Grade sediment Se2 3421 140 7«2 0.,001248 1.21
Rock, Colo.
15. Billings Land & Irr. Clay loam 167.6 6844 2.45 24.0 0.000230 1.21
Company, Hont.
16, Do lLatersl 2, Monts Sandy loam 6437 Be.2 0478 8.4 0,000176 1.21
17+ Bitter Root Valley Irres Hard pen 953 59.8 1l.58 27.0 0.00020 1.31

Company, Hont

9%



Table 2.~-DATA OF STABLE CHANNELS -- Continued

Foe Channel Bank and bed Q A \V4 W S V;
meterial e ol wmjem 6.1 s
18, Bitter Rooct Valley Irr. Fine sediment 92.8 §56.8 1.63 27.0 0.000262 1.31
. Cos Hont. (different
reach)
19. Do Do 112.5 67.6 1485 2640 0.,000215 131
20. Do Graded sedi- 112.5 564 2.00 2646 0.000312 1.31
ment
21. Billingstmd & Ix'r. Benton shale 148.7  79.2 1.88 26.5 0.000162 1.21
Cos, Hont.
22, Do Billings clay 169.5 66,2 2.56 25.0 0.00033  1.21
24, Do Clean soil 106.9 46.5 2.30 20,0 0.000295 1.21
25. Parmers! caral, Nebrs High cohesive 510.8 139.8 2,22 51.0 0.00017 0.93
clay
26. Bear River Lateral, 8ilt and moss 4,63 3489 1,18 5.5 0.00075 1.21
Utah
27. Solveson & Co., Utah Clean ssnd 4.0 4,0 1,01 7.5 0.,00066 1.21
28, Iogan Laterel, Utah Compact sedi- Q.56 1.05 0,54 T2 0.00135 1.21
ment
29, Point lLookout Canal, Clayey losam 873 58.9 1448 3548 0.,00027 1.21
Utah
30+ Bear River Lateral 2, Do 79 5;74 1,38 7.8 0.,000875 1l.21

Utah

frd



Table 3+~~-COMPUTED DIKENSIONLESS PARAMETERS

POR STABLE CHANKELS

v =VDp 5
Hos. v D=% S in 105 & =% E /5 m 105 g{;{oE‘
1. 2.90 ~S54el 0.00002 1.46 0.087 19.4 6840 3540
2o 2,60 3346 0,000019 l.46 0.079 18.1 6G.0 33e1
Se 2.03 25.5 0,00002 1.46 0.071 15.8 3540 22.1
Lo 1.98 3045 0.,000015 1.46 0,083 16.2 41.0 2543
Se 1.84 26.7 0.000018 l.46 0.063 16.2 5440 21.0
€e 2.72 2,05 0.000438 1406 0.336 16.1 5443 Se37
Te 0.87 1.10 0.000098 1.21 0,113 11.4 O+61 0.536
Be 0.99 1.26 0.,000263 1.21 0,156 Geb 1.038 1.07
Se 0.61 0457 0.00034 1.31 0.214 11.6 O.4 0«545
10. 1,17 0.9456 0.00032 1.31 0.213 11.9 0.856 0.714
1l. 1.96 1.21 0.00049 1.21 0.314 14.2 1.96 1.38
12. 1.66 1.49 0.00038 1.31 0.240 12.3 2.17 1.77
13 1.47 1.86 0.00026 1.21 0.181 11.9 2.26 1.920
14. 1.00 C.446 0.0012486 1.21 0.270 7«65 Qe 37 0.484
15. 2.45 6.85 0.000230 1.21 0085‘6 15.8 5;79 3945
16. 0.78 0.98 0.000175 l.21 0.140 10.6 0.63 0.594
17. 1.58 2.21 0.,00020 1.31 0.189 13.4 2.58 2.00
18. 1.63 2.10 0.000262 1.31 0.199 12.3 2.61 2.12
19. 1.85 «60 0.0002156 1.31 0.202 137 5467 2.68
20, 2.00 13 0.,000312 1.31 Oe242 13.7 325 2437

154 &



Table 3.-=COMPUTED DIMFNSIONLESS PARAMETERS
FOR STABLE CHANKELS -- Continued

: . R R/Z/E
fce 14 D S 1075 E L/ & s 107 m_10*
21, 1.88 2.99 0.,000152 1.21 0.192 1546 4.64 2.98
22. 2456 2.65 0.00033 1.21 0278 15.3 5.60 366
23. 2,00 2437 0,000335 l.21 0.229 12.5 S92 Seld
24. 2.30 2.52 0.000295 l.21 0.,266 1545 4240 2.84
25, 2.22 2.74 0.00017 0.93 0237 18.2 €455 5460
26 1.19 0,708 0.00075 1.21 0.250 Sel 0.69 0.758
27. 1.01 0533 0.00066 1.21 O.244 1043 0.45 0437
28, - 0.54 0.143 0.001356 1.21 0.252 Ge9 0.063 0,000913
29. 1.48 1.65 0.00C027 1,21 0e204 12.4 1,99 1.60
30 1.38 C.738 0.0008756 121 0.283 26 Q.86 0.886

6v
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The average curve drawn through the data follows the
general form of Eqs (5.10 snd establishes the constants
g0 that

..Jg.. 2 5.66 Log R JE/C - 11.0 (5411)
g

Because data are not available on the bed material, it is
not possible to draw curves of wnﬂank% and the plotting
can show only the variation of R with F/4.

o compare the data with the funotion for
resistance in pipes, Zqg. (547) 1s plotted as shown. It
is to be expected that this eguation should not agree
exactly with the data becsuse the eguation is for pipes
and the data are for open channels, Furthermore,the
Bge (5.7) is for smooth pipes whereas the data probadly
represent channels vhich are not smooth. HNeverthelesa,
it is noteworthy that Eq. (5.7) for pipes and Eq, (5.11)
representing the data are parallel. ZEvidently, the
assumptions made in developing “g. (5.10) are substane
tiated by field data.

Secause the data probably represent channels
that are not exaotly smooth, it is to be expected that
they all fall above a smooth-boundary curve which acte
a8 a lower envelope. Yor this reason an estimated
eurve is drawn in such that all of the points fall above
it.

—-é Z 5466 log R JE/C = 745 (5412)
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This equation for smooth channels corresponds to 5qe. (5.7)

for smooth pipes.

Shape of the ghannel Yross-section

Yo cheek the theoretical shape of the eross-
seetions of stable ehannels, existing channel cross-
gections were compared with the caleulated cross-sections
from #q., {4.8) for non-cohesive material and BEqe. (4.12)
for cohesive material, The angle © was estimated by
the inoclination of the upper portion of the existing
channel cross-section. 4lthough the determinmation of
whether the bhed material is oohesive or non-cohesive is
questionable, an estimate was made on the bagis of the
meager data available.

The existing cross-sections which were chosen
for comparison with the theoretleal ones are for both
eohesive and non-cohesive hed materisl and have varilous
values of 6. PFor cross-sections number 1 to 4, which
were messured in India (1:84), the bed material was
chosen as non-c¢ohesive and @ ranged from 309 to 459,
Cross-sectlons number 5 to 10 were measured in California
by ¥r. 0. H, Rohwer, Senior Irrigation Engineer, Soil
Conservation Service, U.8,D,4, Of these, numbers 5 and 6
were in material that was conaidered non-cohesive and @
was 459,

Cross-sections number 7 to 10, however, were
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estimated to bde in cohesive materisl and € was found %o
vary from 60° to 90°, Finally, cross-sections number
11 and 12 were measured by the writer in 1944 while
working in Kansu, China., ¥or these cases the bed material
was assumed to be cohesive and 6 was 602 and 7859,

Table 4 is & tabulation of the information on
the foregoing canal cross-sections. The graphical
comparigon of existing and theoreticzl cross-gseotions
are shown in Pigs. 6 to 11, For lack of more sxaoct
information, straight lines were drawn to conneet the
data points.

The close general agreement bhetween the
theoretical and the actual cross-section shapes subde
stantiates the use of £gs. (4.8) and (4,12} for design
purposes, at least as a first approximation,



Table 4.~-CANAL CROSS-EECTIONS

Foe Cansl Iocation of the Bed Coheslive or
cross-section materisl non-cohesive
l. Fohri Cansal, Singl Indla 64.6 miles from inteke Fine send Non-cohesive  30°
B Do 118.2 miles from intake Do Do 45°
3. Do 134.3 miles from inteke Do Do 30°
4q To 154+2 miles from inteke Do Do 30°
S5« ¥ain canal, Anderson Gage station Gravelly
Cottonweed, Callf., loam Do 48°
6. Highline, Turlock, 2.6 miles upstream from Sandy Do 459
Calif. Tast Avenue bridge loam
7. Highline, Turlock, Fead gate Clay loam Cohesive 20°
Calif,
8., West side main, cage station Sand end Do 75°
Imperial, Calif. clay
9. Briggs Ditch, Fresno, Upper gage statlon Fine sandy 60°
Calif, loam Do
10. Briggs Ditech, Fresno, Jensen Avenue Do Do 769
Calif, station
11, ®Hulu Ditch, XKansu, 1640 ft. from intake Send and Do 60°
Chine cley
12, Nenchusn Ditech, Kansu, Head gete Clay Do 76°

China
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Rohri Canal
64 6 M.lesg from Intake
Sind, India

Non-cohesive, 6= 30°
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Rohri Canal
118 2 Miles From Intake
Sind, India ‘
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Fig 6.—Canal cross-.sections, Nos | & 2.
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Gind) India
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Fig. 7.—Canal cross- sections, Nos. 3& 4



No. 5. Main Canal V-2, Gage Station
Anderson Cotforweed !rrigation District
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Fig 9 —Canal cross- sectiong Nos. 7 & 8



No. 9. Briggs Ditch, Upper Gage Station
Fresno lrrigation District
Fancher Creek, California
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Fresno Irrigation District
Fancher Creek ,California

KCohesive, @=75°

- (7] & 10

1 1 1 =

Scale in fFeet

Observed cross-section, =— — — Theoretical cross-section %

Fig 10—Canal cross-sections, Nos. 9 & 10.



No 11 Hulu Ditch, 1640 Ft from Intake
Kansu , China
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Chapter VI
DISCUSSION

Of particular coneern to engineers in this field
is the prodblem of designing a channel that is safe at all
times. In other words, & chamnel that will neither be
gseoured to an undesireable shape nor filled up by
settling sediment, It should be remembered, however, that
the only acceptable condition is not negessarily actUal
non-geouring and non-silting, Hather, if the degree of
scouring and silting stays within the limits of keeping
the channel in good shape, it can be said to be in a safe
condition, Although the best condition is when eguili-
brium is reached, i.e. th§ rete of scour equals the rate
of deposit, it is not possible to keep this eguilibrium
condition at all times because no channel can avoid
fluetuations of discharge. Thercfore, it is best to
investigate the situation thoroughly and keep the design
condition prevalling as much of the time as possible,

Suggestions for designing stable ghénnels:
For determining the general characteristics of

flow, Fig. 5 can be guite helpful, although due to limited




data, the plot is not complete. 3y investigating the
material in which the channel will be constructed and
comparing i1t with the information listed in Table 2, the
design engineer may gset a general idea about how the
condition under consideration varies with the average
condition indicated by Bq. (11) in Fige. 5. This figure
gives more appropriate information than any empirical
equation derived from average data.

To determine the cross-sectional shape of a
channel, Table 1 or Fig, 4 may be used. The only
problem is to determine ©® the angle of repose of the
materialy, If it is possidle, determining € experi-
mentally is most desirable. Ordinarily, however, the
material is not homogeneous and the material in the bank
may not be the same as that in the bed., In faet it may
be difficult to determine whether the material belongs
to the cohesive c¢lass or the non-cohesive class., In the
end only average conditions gshould be used. Therefore
the shape may best be approximated by & trapezoid based
on the curves in Fig, 4. Such & trapezoidal shape will
at least be more conducive to a stable condition than
a shape designed by arbitrarily assuming the side slopes
of the channel.

In view of this discussion, the following
further items must also be kept in mind.
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1, Time--It takestime to silt up a channel or to
gseour it into an undesireable shape. Likewise, once the
equilibrium condition is disturbed, it takes time to bring
it back to equiiibrium. Yherefore, non-equilibrium
conditions which cause gerious seouring or silting should
be permitted only for a short period., ild secouring or
silting, on the other hand, can be permitted as long as
no permanent damage is done.

2. “Yesign discharge--Contrary to usual hydraulic
design procedure, the maximum discharge is not the design
discharge. Instead, the design discharge is the dise
charge which permits reasonable scouring and silting with
equilibrium conditions prevailing during most of the
water-flowing sesson. This design discharge may be called
the dominant discharge.

3, Sediment characteristics-~As pointed out in
Chapter V, had more information on the bed material been
available it would have been possible to draw a family of
eurves on Fig. 5 instead of one curve with a rather large
range of scattered points. It is therefore evident that
the characteristlies of sediment would be very helpful in
stable channel analysis. In most cases when lanning's
equation or Chezy's equation is used for design work, it
is felt that the choice of the resistance coefficient
Ny or ¢ is rather arbitrary, involving considerable

guess work. Nowaday's research on this problem and the
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general problem of open channel flow is pointed in the
direetion of getting more precise information than is
embodied in those former classie eguations. It is
logical, then, that this report uhen;d emphasizge the
importance of sediment charscteristies. To this end
gooperation among geologists, soll scientists, and
hydrsulie engineers is extremely important. For example,
in treating suspended material, the electro-chemical
effect cannot he neglected and in dealing with bed
material, electron charge of very fine particles is the
important factor of cohesiveness.

In studying the quantity of sediment transported
by a given fluid, common practice has been to divide it
into two classes for convenience of investigation, namely,
the suspended load and the bed loads For this reason,
various equations for these classes have been developed
in modern engineering literature.

. Kalinske (12, 13) used “hite's (27) experi-
mental results and the basic physical principles of fluid
dynamics to develop an eguation for the rate of bed-load
diseharge. “instein (6) concluded on the basis of
observation that a given size of particle moves in a
series of steps of definite length and freguency, and
that the rate of tramsport depends upon the number of

particles moving at that time., He assumed the proba-
bility that any one partiele will begin to move in a
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given unit of time to be expressible in two ways: (a) in
terms of the rate of transport, the size and relative
weight of the partiocles, and & time factor egqal to the
ratio of the partiecle diameter to its veloeity of fall;
{(b) in terms of the ratlo of the forees exerted by the
flow to the resistance of the partiecle to movement where
the resistance is proportional to the immersed weight of
the particle and the motivating force proportional to
that given by the usual drag equation in terme of the
fluid veloeity at the elevation of the laminar sublayer.
Equating these two forms of the probability relationship,
Einstein developed a general function,

Por suspended load, a fundamental egquation has
been developed by various investigators from the theory
of fluid turbulence.

‘heoretically speaking, any truly correct bed-
load equation should be ecapable of extension to inelude
the sediment transported in suspension. ILikewise, any
truly correct suspended-load cguation should also include
the hed load. Just above the bed, a contimual inter-
change of material is occurring between the bed and the
overlying fluid and in this loecality it is obviously |
difficult to distinguish between the bed load and sus-
pended load. If the function of total sediment trans-
ported could be expressed in explicit terms, the problem
of designing stable ghannels would be much simpler,
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Regommendations for further researsh

Although thie report shows that conaideradle
advance towerd a solutiecs of the phenomenon of stable
channels has been made, thie solution is atill far from
complete or adeguate, 4s shown in the dimensionsl
analysis of Chapter III and in the foregoling discussion,
the prodlem invelves many variables and complex relatione
ships. In solving such @ complex probdlem, the best
approach i3 usually to sttack the simplest case firet.
Henoe, the nonecohesive material with comparatively
goarse gramular partioles of nearly uniform sisze probadly
should be ohomen for the first Investigation, For this

cane 5gs (343) beoomos:

o8 4 sy Ry Ei8)=0 (641)
Bogense 1t ls very 4ifTioult to make a study of this
natore in exiasting ocanala, It is more economioal, faster,
and more acourate to csrry it on first aes a ladoratory
investigeiions ¥Yor this purpoae, a channel is needed in
which may be placed the bded materisl at any desired slo;i.
Because for a given discharge the sediment belng transe
ported is the amount reguired to reach eguilibdrium, 1% is
necessary to be able to reeiroulate the sediment,

If the anelysis in Chapter V is uﬁauaaa to be

sorreat, Ege (6.1) may be writton as:
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&3 § vovs * R B/E) = 0 (6+2)
Although the validity of such an assumption must be

established by experiment it is possible that in this
partioular case, both .% and ,’gws are dependent

variables ag discussed in the first part of this chapter.
If sach proves to be true then the following funetions

result:

3° (¥ 22/ 75) (6.3)

and

w78 = by, (5 20 E//5) (6e4)
Finally, although the exact determination of
each of these functions depeands upon laboratory research,
the behavior in existing canals remains the finsl
eriterion by which coneclusions founded on the relatively
gsimple conditions of the laboratory must ultimately be
tested,
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Chapter VII
SUMMARY

In the past the problem of stable channels hgl
been studied largely by empiriocal methods for immediate
help in design work. Hecently, however, there has been
a tendeney to attempt to base the design on the laws of
gediment transportation and to express the equilibrium
condition mathematiocally. Unfortunately, no perfeect
equation has yet been formulateds It is possible that
an approach to fhia problem can be made by a combination
of rational and experimental methods and that results
can be expressed by dimensionless plots. As a summary
of this report the following two statements may be made,

1. The general flow cgharacteristics in stable
channels may be expressed as funections of the Reynolds
number, the froude number, the water surface slope, and
the characteristics of the sediment. ¥Ege (H41l)
represents the average condition and may be used as a first
approximation in design. Kq. (5.12) ie assumed as a
lower envelope for smooth chaunnels. Both equations can
be plotted as straight lines on semi-logarithmie paper
and are parallel with the line representing the smooth
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pipe flow as shown in Fig, 5,
2., The sghape of the stable channel oross-section may
be expressed mathematically. For practical applieation,
the curves of Fig. 4 are availadble for immediate use and
the tedious computations to obtain values from Bg. (4.8)

or Bgq. (4.,12) are not required.
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NOT AT ION

In the following symbols the English system of

unite is used unless otherwise stated,

e

-

gediment concentration in parts per 10,000
by welight
mean sediment diameter in millimeters
8ilt faetor in Lacey~type eguations
Daroy « Weisbagh resistance coefficient
cohegive foree bhetween particles
frictional force between perticles
a sediment shape factor
a cohesion factor of sediment
resistance loss in feet of water
gravitational acceleration
the ratio of V/v,
a coefficient in Xennedy~type equations
an exponent in Xennedy~type eguations
rate of discharge per unit width of channel
resisting force of a single particle against
movement
resisting forece of a particle of the channel

bank at the water surface
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resisting foree of a particle at bottom of the
channel

tractive foree of flowing water on a single
partiele

tractive force on a single particle at the
lowest point of the chananel

velooity of water in a certain region or at
a point

mean veloeity along the vertiedl of mean
depth

weight of a single sediment particle within
the water

horizontal co-ordinate of eross-section

water depth and vertical co-ordinate of
eross-section

maximum water depth

area of channel cross-section

width of channel bed

Chezy resistance coefficient

mean drag coefficient

mean depth of water

Froude number

weight rate of sediment discharge

a constant

length of pipe

Kutter coefficient of roughness
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Mannlang coefficient of rougimese
absolute coefficient of roughness introduced

by lLacey

-8 epefficlent of roughness introduced by

Chatley

wetted perimeter

rate of dliacharge of water

hydrauliec redive = A/P

Reynolds rumber

Reynolds mamber with surfece width an the
length vevieble

1,000 8

1,000,000 »

tractive force per unit avea

sritieal tractive force

mesn veloelty in a sestion

eritienl veloeity from stend point of none
gilting and nonescouring

width of water surface

mesn width

a sediment paramttir in bn Boy's equation

a sodiment goeffleient introduced by Griffith

angle between horisontel line and & tangent
to the curve

gpecific waight of water

interface difforence of specific welght
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angle of repose of saturated material
dynamic viscosity

coefficient of rubbing friction
kinematic viscesity

density of fluid

density of sediment

standard deviation of sizes of sediment
a funetion
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Table S.=~MEAN TEMPFRATURE DURING IRRIGATION SEASOR

[The data of this table are from "Summaries of clima~
tological data by sections, Us S+ Ds A+ Weather Bureau
Bulletin W, 1926."]

fonth
May June July Augse Septs Avers
Station age

Boulder, Colorado 56ed C6,0 70,8 7T0.6 632 65.4
Fte. Collins, Colorado 53.8 685.1 68.0 67,5 59.28 62.3
Pt. Vorgan, Colorado 5644 66,6 73.1 71,0 62,0 65.8

Rifle, Colorado BS54 65,1 70T 69,2 6l.1 6443
Logen, Utsh 5ded 65e4 TL.T 7047 61l.2 64:3
Pillings, Montana 54,8 63.0 70,8 €8.,9 68,7 89,1
Como, Montana 516 B046 ©€H.8 63,9 6448 84.4
Scottsbluff, Nebs wwen e Blal BTG  ewes wsmw

Sacramento, Calif., Perennial flow Annual ave. 50.0
Denair, Calif, Do 59.8
Phoenix, Arig. Do 695
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