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Natural Roughness in Ariificial Chanunels was

&%

vriginally plamned by the hydraulics staff of the Civil Engineering Department
at Colorado Agricultural and Mechenical College. The deiailed planning,
however, togethoer with the design and construction of the flume, and the
tekzing and analyasing of the data were done by the research fellow asa

part of a master's thesis bearing the same title.

Funds coniributed for the project were:

Fellowship - ASCE $1,000,00
Expenses - ASCE 400.00
Expenges - Colo. A and M College 1,099.00
Total $2,459.00

Because nearly all of the expense budget was needed for materials, most

of the construction of the flume and screens was done by the research feliow,
Cccasional assistance was given by other graduate students. The designs
for the flume and clearing space in the laboratory for the flume began in
August of 1950, The flume was completed early in March and preliminary
tests and alterations were finished by the first of April, Aprii was spent
collecting data and the rough draft of the thesis was completed and question-
able data were checked in May. The research was brought te a cloge on
June 4, 1951,

Introduction

Open channels and canals are needed to convey water for many
ptirpbses such as water supply, drainage, navigation, flood control, water
power; and irrigation. In connection with irrigation, for example, water
must be brought from the margy storage reseﬁo&s and diversion dams to

the land for crop use. The tranapbrtntion of this water has been a problem
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The Gijective in any canal deaign is to carry the reguired amount

ci water ag efficiently as possible. The canals are often lined with gravel,
rock, gszl concrete, or any of a number of the many manufactured linings.
Thisg lining is gener a.lly used to prevent erogion and possgible failure and is
gne of the determining factors in the resisidnce cifered the flow of water
by the canal. The resistance coefficient is the measure of resistence to

flow and is generally taken for conditions of steady, uniform flow.

Past Work in This Field

Engineers have developed several formulae for the determination
of the digcharge of canals and natural gireams. These are for the most
pert based on empirical relations. Of the many proposged, oaly two have

gained generé.l recognition., These two equaticns are:

" (1) the Chezy equatibn.

Q = CA VRS 1 (1)
and (2) the Manaing equation,
1. 486 2ls qila
Q 186 A R S | (2)

Resistance to flow in pipes, which has certain similarities to
resistance to flow in 'opexi channels, was investigated by Nikuradse who
developed a rouginess standard by cementing sand grains of definite size
to the inside of pipes. Once the standard was establighed in these pipes
artificially roughened with the sand grains, the results from commercially-
manufactured pipes could be compared and clagsified according to the
standard.

Purpose of Resesrch

The purpose of the research carried on for the J. Waldo Smith
Hydraulic Fellowship was to determine the relationship between artificial
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: dene ia thie past with artificial roughnesses and the theoretical

a2 developed from the resulis, with the roughnesgs of natursl materials

such o stream gravels used in canal linings.

);3 of the Problem

3

The varisbles for a dimensionsl analysis of the subject can be
azlected from the basic principles of fluid mechanics and hydraulics. The
"nabl@s afﬁectmg the flow in open channels can be clagsified into three

main groups as follows:
‘The geometry of the chennel and the roughness,

d - depth
B - width
A - enape
k = rouganess
S -~ glope

The flow - - assume steady and unform,
V = velocity
The properties of the ﬂuid.

i - viscosity
p - density
Ay - difference in the specific weignt of
the fluid in the channel and that of
the atmosphere above it.
These variables may be expressed in functional form as

(dB lk-‘ov u,‘p,A’y)=
If d, V, and p are chosen as the repeating variables and
dimensional analyeis is employed, the variables can be reduced to six in

number:

¢, (BM, x, ok, S, aVo/u, VV/Axa; <0 (4)
‘ P



elative width
shape of the channel
relative roughnass or the depth of flow divided
by the diameter of the roughness
8 = glope
dVp / i+ = Re = Reynolds number, the inertia forces relative
to tae viscous forces
V/Vf_ :/_'\.ig = Fr = Froude number, the inertia forces relative
P to the gravitational forces

The Froude number above includes both inertia forces and the
fovee of gravity, and by using it as tae dependent variable and assuming
that the velocity iz proportional tu the square root of the slope, Eq. 4

\

becomes:
v= Ve ¢, (B, , d/k, Re) Vs (5)

or:

V = C v/ ds (6)
in which:

c,* V& ¢, (B/4a, 1, ¢k, Re) (7)

As it ie the aim of the dimensional analysis to combine the variables
into dimensionless parameters, Eq. 7 above was divided by \/'E
giving the following:

C2= Dl/\/ g = ¢3 (B%i, & dA; Re) - 48)
To simplify tne analysis of the results obtained in the experimental work,
certain of the variableg were held constant. The channel was kept
rectangular and the roughness was placed only on the bottom of the channel

so taat the relative width could be congidered infinitely large and the

channel shape factor could be cunsidered a constant.

Thig reduces Eq. 3 to:
C, =¢4 (d/k, Re) (9)



ments

ie enown in Fig. 1. The equipment consisted of a large tilting flume
435 it long, with an adjustable side which made it poésﬂble to use widths
from 4 ft to 3 fi. The depth of the flume was Z ft measured perpendicular
to tae bottom of the channel., The water for the e>:§eriments was supplied
to the system by a 14-in, propeller-type pump and was returned to the
sump after passing through the flurnme., The flow was regulated by a valve
at tae entrance to the 8-ft by 8-ft head box and partial regulation was
aiso obtained with a bypass valve on the purhp outlet. The water enter-
ing the flume passed through a needle gate made of tapered vertical
slats to give an even distribution of flow across the section and backwater
wag controlled by another set of needle gates at the exit.

The flume was supported by four sets of telescoping jacks made
of pipe. The jaciic could be adjusted first in 4-in. increments for rough .
adjustment and then screws in the top of the jacks wefe used to make the
final fine adjus;;ment. Measurement of the discharge was made using a
lO-l/Z-in-. stainless-steel orifice plate placed in the 14-in, line and con-
nected to & water manometer. .

 The roughness used in this study consisted of stream gravel

screened over a narrow gize range. The screens used were hand made
of 1/4'-in. steel pencil rod welded at tiie points of conté«_:t. Tradse screens
obtained from & local manufacturer proved unsatisfactory because of too
wide a vaz_‘iatioh in the spacing. = Although fabricating the screens by hand
was a time-consuming and tedious job, this procedure was justified because
of the need to use equipnieat which could be duplicaﬂ:ed for research else-
where. The screen openings measured /8, 1-1/8, 1-3/4, 2-1/4, 3-1/2,
and 4-1/2 in. clear spacing. The sizes thus obtained were designated 1-,

4-, and 4-in. gravel.
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Hearly 10 cu yds of gravel was screened to cbtain encugh of the

three gives to cover the 43-ft by 4-ft floor of the flume to a thickness
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thought to be adeguate, The gravel was lifted up to the flume by a chain
foist mounted on an overhead 4-in. rail, The rail and loading equipment
were designed and built for the job and proved very satisfactory. The
i-in. and 2-in, gravel was placed loosely in the flume and allowed to finé
ite own position, the rocks were placed by hand in the case of the 4-in,
gravel as it was too large for the limited supp]y of water to move. The
placing was done 3o that the rocks were shingled in ag natural a manaer
a8 poseible.

The depth of the water was measured with the aid of hook gages
in wells ocutzside the {lume and independent of the flume so that they
remained stationary when the flume was tilted. The depth was taken as
the height of water above the floor of the flume minus a mean thickness ‘
of g‘ravel layer,

The flure was designed and constructed from 2-in. by 4-in.
lumber and 1/2-in, waterproof (exterior) plywood. It was supported on
two 6-in, I-beamse sét 4-ft apart. ‘These beams, in turn, were held up
with 4 sets of jacks as previcusly described. The jacks were made of
pipe welded to old automobile brake drums as bases. Two seis were on
hand and served as guides for building the other two sete. The water
entered the flume from & permanent 14-in. water line in the laboratory
near the head box.

Before actual testing began, the 1-in, gravel (and later the 2-in.
gravel) was placed loosely in the flume and allowed to find its most stable
posgition of least resistance to the flow., In many cases the rocks seemed
to pile up in somewhat of a pyramid with the rocks on top of the piles
locked firmly in place. After the 2-in. gravel had adjusted to its most



stable condition, a &6-in. rolling wave of water could pass down the flume
without @;zm@mgmcvemem of the gravel. If the gravel particles were
digturbed, norma;l flow would often move them the entire length of the
flume, ‘ .

When the gravel was first placéd in the flume, it was smoothed
mechanically as much as pessible. Then it was left frze to move under
the influence of the water so that each particle could seek its own resting
place much the same a8 in nature. When the water was first introduced,
considerabié movement took place with a very small flow. This move-
ment into pyrar.ids or dunes gave a very rough appearing bottom to the
channel. The flow, howevér. seemed less turbulent after this dune action
was completed than when the water first passed over the smoothed gravel.
The apparent loss in turbulence after the formation of dunes, points out
the possibility that the composite roughness of all the separate particles
of gravel is lessened by the mutual interference brought on by the
natural placement of the gravel by the water.

The possibility of fastening the particles firmly to the bed of the
flume was studied, but because of the unnaturalness and difficulty of dup-
lication it was believed that the procedure described was the most 'standard"
method. The 4-in. rocks were too large to move with the flow available
and were all hand placed in a random shingling effect such as wag observed
in the case of the 1-in. and 2-in. material. Figs. & to 15 show the rocks
as they were found during and after testing.

Before any experiments were run with a particular gize gravel
after it was placed in the flume and leveled, the gravel was brought to a
state of eguilibrium as described. When testing was ready to begin, the

channel was set to the desired slope and then checked with a surveyors level.



ted and the flow was regulated with both the valve at

the by-pass valve at the pump. When the minimum flow

that could be read on the water manometer was reached, testing began.
Each experiment was called a run and each group of ruas for
& certain slope wag called a set. All sets with a certein size gravel
were called a geries. The 2-in, gravel constituted series I with the 1-in,
inaking up gseries [l and the 4-in, series IIll. For each series of runs the
g£lopes were changed in 0.5 percent increments to make 5 sets and the
discharges were varied to give abcut 5 runs per get. Because almost
1o trouble from backwater was encountered at very low depths, the
initial run for each set of experiments wag made at a low discharge.
Backwater was corrected by adjusting the needle gates to obtain
both Ml and M2 cﬁrves so that thé true normal depth could be deter-
mined more accuretely. The hook gages in the stilling wells were set
each time and the extent and nature of the backwater curve was observed.
At very low depths, the M 2 curve was ingignificant because the backwater
wag restricted to the extreme ends of the flume. Ae the discharge was
selected for each new rua, hook gages and the needle gates were adjusted
8o that normal depth occurred -- the surface of the water was parallel
to the bed, For final determination of the mean depth, only gages at dis-
tances of 15 to 30 feet from the entrance were used. When in place, the
gage 10-ft from the entrance seemed to be in the zone of unestablished
flow. When the flow became established, the turbulence originating from
the bed had worked its way vpwerd to cause an irregular surface where
the eddies appeared and spread horizontally. The gage 40-ft from the
head box was in the zone of effect from the exit conditions and therefore

was only used to measure the backwater curve in determining the mean



pth wag establishecl, the discharge rmiznometer
was read, Then the Llo:;k. gages were read afier which the diecharge
menomeisr was read the second time. The discharge was cornputed
ior an average of the manometer readings

When 2 series was completed with one gize gravel, that gravel
wae removed and the next size was placed in the flume and brought to a
stable condition. Afier the gravel showed no further eigns of movement,
tesling began as in the previous series.

- About on= quarter of the flume length was needed to establish
steady flow and o short length was used at the lower end of the flume in
correcting . fcx' vockwater, A longer flume would have been much more
desirable., Furthermore, because the turbulence condition changed along
a lar'ge part of the 43-it length of the flume (as evidenced with the 1-in.
gravel) and beceusz of backwater effects, a flume of congiderable length
would be essential to obtain accurate data for flat slopes or small gravel

gizes.

Interpretation of Results

In the dimensional analysis approach to the problem, it was

decided that the data taken could best be presented by plotting the resis-

tance coefficient C ‘ g as some function of the relative roughness d k
and Reynolds nuraber Re, After some study, however, such a plot seemed
unnecéssary because the conditions were always turbulent and the variation
with Reynolds number was insignificant. Instezd, Manning's n vs the
relative roughness = d/k was plcited for the convenience of those who
prefer to work with Manning's equation.
The results of the study are plotted on Figs. 16 and 17 and
both show somae of the same tendencies. The relative roughness d/k is
the depth of the water divided by the diameter of the gravel used, The

value of Chezy's C was computed from the formula C = b i P
A 7\755
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Tae fact has been proved in the past that the values of Chezy's
and Mazning's n are not congtunt for all types of flow in & particula:

channel in a particular state of repeir, IMig., 16 and 17 were plotted to

e

establish (he variction of these coefficients of roughness with the chang
in the relative roughness. In Fig. 16, the plot of Chezy's resistance :
coefficient against the relative roughness, there seems to be a smooth
curve for the three sizes of gravel at the greatest slope which was 2,5 per-
cent. The poinis for the smaller slopes drified somewhat from this curve

possibly because cf the limitations of the equipment. In Fig, 17, the pior

=

of Mamaing's n v d/k the v:olillve roughness, the curve shows an increase
in roughness with depth up te abous d/ k£ equal t¢ 2 or 3. The curve then
has & gradual reversal of the slope until the normal decreace in n for an
ir‘xcrease' in depth becomes manifest for larger velues of d/k.

The curvee change slope at a value of relative roughness of about
2, El Samni (3) (University of California, Berkeley) found in his work on
pressures exeried on bed materiel that for a relative roughness of over ¢,
channel roughxiess could be expected but below that value it changed to
channel irregularity. The plots in Fig. 16 and 17 geem to imply thai this
phenomenon applies to netural roughness in an artificial channel as well,
Although a relative roughness of 2 ié not practical for irrigation cenals,
this study does show that the characieristics for channels do change for
very low depﬂm of flow. This change to channel irregulatiry at low values

of relative rouginess should be investigated further.

Suggestions for Further Study

The data preseénted in thie report show a definite need for more
research with a larger water supply and 2 longer flume. Although the
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ERIMENTAL DATA FOR TWO-INCH GRAVEL (zeries 1),
Vel )

Digeh a ft per

cofs it sec C/Jg n o‘ﬂ;
3.32 0.385 2,16 8.68 0,02485 2,30
3,48 .30 2.23 8.90 0,02415 2.33
5. 39 .528 2.55 8.73 0.02662 3.16
6,15 576 2.66 8,72 0,02672 3,45
8.42 664 3,08 9,26 0,02585 4,10
8,50 .681 3,12 9.38 0,02505 4,08
6.92 .594 2,91 9.40 0,02499 3.56
2.92 .290 2,52 8,34 0,02571 1.67
4,66 .384 3,03 8.60 0,02572 2.30
6.14 .457 3,36 8.73 0,02603 2.74
7.51 .524 3,58 8.73 0,02680 3,14
3,31 .268 3,09 8,56 0,02400 1.60
5,70 .392 3,68 8.30 0,02690 2.35
5,95 .410 3,63 .8.14 - 0,02690 2,46
7.47 .468 3,99 8,36 0,02740 2,80
8,35 .504 4,14 8.37 0,02711 3,02
4,57 .339 3,37 8.33 0.02585 2,03
8.50 ,468 4,54 8.68 0.02787  2.80
6,27 .379 4,14 8,37 0,02597 2,27
4,84 .314 3.85 8,52 0,02495 1,88
2,94 .221 3,32 8,76 0,02303 1,32
8,54 425 5,02 8,58 0,02632 2,54
7.36 .388 4,74 8,47 0.02606 2,32
6,15 .345 4,46 8.44 0,02579 2,06
4,99 .298 4,19 8,57 0,02507 1,78
3,25 .213 3,81 9,20 0,02188 1.28
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3,68
.85
1.27
3,83

3.37
5.16
7.76
8,78
5.24

3.57
7.18
5.05
4.75
3.05

DATA FOR ONE-INCH GRAVEL (serice [I),

Vel

d it per

ft. sec CNg n dlk
0.496 1.85 6.54 0.03422 5,94
5636 2.30 111 0.03388 7.62
J24 2:B1 - 1.3% 0.04186 8.67
.802 2,75 17.65 0.03731 9.60
L3716 2.27 6.56 0.03354 4,43
.522 - 2,95 17,28 0.93339 6.25
.588 3.30 17.54 0.03113 7.04
.63¢ 3,46 7.63° 0.,03108 7.59
471 2,78  7.09 0.03218 5,64
294 2,51 6.66 0.03165 3.52
.413 3,37 17.53 0.02968 4,95
470 3,71 17.77 0.02959 5.52
.529 4,11 8,18 0.02862 6.28
.245 2,80 17,04 0.02922 2.33
.398 4,00 7.96 0,02753 4,67
464 4,66 8,50 0.02719 5,55
.333 3,67 7.88 0.02679 3.98
.406 5.28 9,20 0.02386 4.86
.367 4.89 8.97 0.02409 4.39
.336 4,50 8.86 0.03328 3.95
.283 4,20 8,79 0.03624 3.39
212 3,60 8:70 0.03933 2.54
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