PAPER No. 95.

TRANSPORTATION OF SILT BY FLOWING
WATER.

By P. Craxton.

To discuss the transportation of silt by flowing water, the wnter
proposes to review the work of a few experimenters progressively,
beginning with Chezy's investigation of flow in streams without Joad,
passing on to Kennedy's practical law for streams carrying constant load,
and finishing up with Gilbert’s experiments on transportation of varying
load. The useful application of these investizations is the final goal,
and progressive treatment is admuttedly right in direction, but how far
towards finality we shall have advanced, it will be for others to say,

Ca, C», Co indicate coefficients applied in Chezy’s equations, C,,
C, in Kennedy's and C' C” in the writers,
The method by which Chezy's formula V=C 4/R.S. has been

derived is familiar to all, but has been reproduced in the appendix.
This formula deals with loadless streams, but, if it be applied to streams
carrying load, the coefhcient is modified, not the exponent. This
treatment is questionable, for it is here contended that the exponent
not the coellicient should be the varying quantity.

Later, Kennedy conducted another series of experiments on canals
in the Punjab which were in perfect reeime. The canals were, in other
words, passing constant load of silt. Though temporary variations
did occur, these were not dealt with. From these experiments Kennedy
found a relation between depth d and mean velocity V which is ex-
pressed by the equation :—
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Cilbert has finally given us e:n;pc:rimeﬁts which deal with varying
load. In the appendix a brief resume is given of his procedure. We
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here simply note that his " synthetic mean ratio FJI..E..{JE’ exXpressing

variation of slope to mean velocity, for 8 grades of silt, works out to
26, and ranges from 1'9 for fine to 3'8 for coarse silt. From these
experiments it will be shewn that the exponent of V is varying with
load. Not only so, but 1t also varies with nature of boundary.
Hitherto, as we have noted, the exponent has been taken to be 2
constant and variations have been made in the coefficient.

Before we can compare these results, it will be necessary to find
some means of correlating them. To do so we must examine the nature
“of the problem which flowing water and its power to transport silt present,
For this reason, attention is drawn to yet another set of laboratory
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experiments by Osborne Reynolds on the features of flow when examin-
ed by means of tubes.

Reynolds recognizes two leading features of motion in fluids, direct
and sinuous, and proceeds to find a connection between them. This
connection he finds, lies in a critical velocity at which direct flow becomes
sinuous. As long as the velocity is low a streak of colour introduced
into the experimenting tube is drawn out in a straight thread, but at the
critical velocity eddies burst throughout the mass. Internal resistance,
which varied simply as V, at the same time changes to obey another law,
and thenceforward for all higher velocities varies as V 2,

The reasons for this behaviour Reynolds could not for long account,
but finally he discovered that it lay in the presence of boundaries, - Seo
long as thesc were absent, as in a free fall, flow was direct, but the
moment the slightest lateral restraint by boundaries was impressed
upon the filaments, eddies burst into beirg. The remarkable phenome-
non by whicha mere film of oil is able to calm a troubled sea shows
how slight the restraint may be. Reynolds has shewn that the flm
produces eddies below the surface, and the form of energy is merely
changed not destroyed. There are a great variety of boundaries having
varying degrees of lateral restraint. For instance, we know that air i a
boundary, depressing the line of maximum velocity which would under
circumstances be otherwise at the surface. From 2 vacuum, which is
the conception for absence of boundary, to the absolutely unyielding
boundary we may have a variety of degrees of conversion, the exponent
rising in value till it is 2 at the unyielding boundary.

Thus we see that it is not friction, but lateral restraint which brings
about eddying resistance. Water may be said to be frictionless, its
filaments sliding freely over each other. Admitting that a film clines
to the boundary, the other filaments over this are freely sliding. There-
fore the effect of friction cannot be conveyed into the mass. [t 1s lateral
restraint which is the cause, and by it, the boundary, whether rough or
smooth, appears to exert its influence.

But how is it possible for smooth boundaries to create eddies ?
Reynolds has shewn that water in flow is highly unstable, steady motion
evincing a tendency to break down for the slightest cause. This, and
the fact that eddies burst throughout the mass at one time, give us the
impression that 1t 1s for reasons inherent in flow itself that eddies appear.
We have hitherto talked of the direct flow of filaments as also straight,
but it is more correct to con-eive that each is in reality in the form of a
wave with a regular period. In nature we seldom, if ever, get strictly
straight motion. There is always the period or rhythm to be considered.
[t would appearthen that the filaments of water when free to move develop
such motion. The moment, however, a boundary is applied the regular
motions at the sides of contact are thrown out of step. Water being
highly elastic, though incompressible, these impressions are immediately
communicated from the boundary throughout the mass. This, Reynolds
shows us actually happens.
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To further support this conception, compare the method recently
adopted by Gibson at Niagara for measuring discharges in pipes. He
does so by noting the periodicity of pressure at the walls of tﬁ: pipe.
If the bo indary itself be regular, as a pipe, the readjustments of free per-
iodicity to the boundary would themselves become regular and would
be characteristic for each separate condition, thus making the computa-
tion of discharges by observation of periodicity possible. :

We therefore conclude that there is no distinction between smooth
and rough boundaries where only lateral restraint is in question, but
while both exercise restraint equally, the rough boundary also offers
irregularities of surface as direct obstructions. We shall need to differ-
entiate between the two boundaries for this reason.

To do so we may have recourse to a very simple experiment, taking
first the side effect of a rough boundary into account. A vertical plane
is anchored to the bank of a stream and the other end is thrown out at
an angle into the current. What is the result? Head is raised along
the upstream face of the plane in a ridge as velocity is converted into
potential head. Released at the end of the plane, the acquired head and
resulting high velocities react in violent eddies. This gives us the -
formation DF an eddy in a striking manner, and shows us how it consists
of two distinct processes, viz., tying up and release. The first converts
velocity into head of potential, the second gives us the eddy in reaction.
Now a bank is made up of a succession of such planes, though of minute
dimensions.

To examine the bed we have only to look into a clear shallow stream.
There 1t will be seen that the bed 1s laid out in a succession of dunes
and hollows. Particles of silt are seen rolling up the face of the dune,
and are caught up into the mass, action being severest at the crest, where
also the residue drops into the hollow beyond. What is striking is the
intensity of differences in velocity, and their local eddying effect. We
cannot measure head of potential as we may at the ridze along the verti-
cal plane, but we conclude that it is there because of differences in velo-
city. In the one instance we argue from cause to effect, viz., from the
ridge, or potential, to increased local velocity. In the other we argue
from effect to cause, viz., f[rom increased velocity to potential,

Now it is this potential, evinced by differences in velocity to which
the wnter draws particular attention. Where such differences of velo-
city occur in a stream, there must be thar immediate adjustment by
means of the eddy. We have traced the process from cause to effect,
and back from effect to cause, and we conclude that irregularities of
surface create potential, and that potential in release gives us the eddy.

But this process is different to the first, viz., that of lateral restraint.
Eddies there arise, not from the irregularities of boundary, but from the
reactions of periodicity or rhythm when thrown out of step. The cause
is from within and the form of energy is merely converted from momen-
tum of direct flow to momentum of sinuous flow. In the second.
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potential is borrowed from without, and results in eddies giving us
accession of energy which is also varying. The outside source is
provided by reason of position. _

To explain what position’means a diagram will be helpful BA B.C.

1s the longitudinal section
of astream originating at
section A and flowing 7[‘_ [
down tosections Band C. |
At A the stream has no |, |~—""
outside source from which
to borrow potential, while

at B and C it has, the

source Increasing all the -_,/__.1_%////-&%:3
. . : /ﬂ,_ﬁf&/p

way down. At B it is @@

represented by head which

may rise to hi, and at Cto hs An obstruction at A, such as a shoal,
could not raise head as it has none to borrow from. It would therelore
in the ordinary silting up process remain and increase, extending as a
wedge downstream. At B and C, however, immediate reactions
would set In; in other words, the obstruction would borrow head or
potential, which would Teact in eddies and these would remove the
obstruction if moveable, otherwise if not moveable, the eddies would
contlnue to rise in excess at the obstruction.

The source to which we are here alluding does not mean that the
whole of the head, h; or hs is used. Reactions are innumerable and
minute, and a very small portion of the head needs to be utilised. By
constant recurring increments of potential which merge into continuily,
flow becomes regular over a uniformly rough boundary, and the acces-
sion of potential is more or less constant. To realize the combined
effect we need the analysis. It 1s, however, the continuity of uniform
result to which the writer alludes when he talks of potential.

It might be convenient to call the source on which potential
borrows, velocity head, since at each obstruction velocity 1s converted
into head to give us the potential.

The eddies produced by potential, it will be easy to understand,
are not distributed evenly throughout the mass as are the eddies of
restraint. Intensity must fall off with distance from boundary, and we
thus eet our differences of velocity, as represented by the vertical and
horizontal velocity curves.

Now, since the eddies of restraint represent energy which has merely
been converted from direct motion into sinuous motion, we should
expect the energy to be unchanged. In conversion, the acceleration of
direct motion has been absorbed by sinuous motion till uniform velocity
is attained. This means that acceleration is eliminated and the equation
for work becomes Mas=0, when M is mass, a, acceleration and s, space.
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But by a dynamical principle, work is also half, vis viva of momentum
s MV
. C

7
& : % . . 2
I'o measure this, we have to destroy it by writing —,— =0.

_  MVe

We therefore have Masz—i"- or, V i=2as,

We thus get back to the original dynamical law of motion 1n 1ts un-
chaneged form. In other words, if the energy of eddies varies as V%, we
mercly have conversion of energy without any loss. This is the fund-
amental law at the basis of equations of flow, and we shall always refer
to 1t as such.

Though there is a discrepancy, as will be shown later on, 1t will still
be convenient to account that energy of eddies due to restrant varjes as
V2, the exponent remaining constant.

The enerey of eddies, due to potential, on the other hand, has no
fixed law, except that it is some constant function of V when the nature
of the boundary is regular. Its distribution throughout the mass is al-
ways varying. Now the effect of potential 15 to reduce velocity, but
this velocity in absorbing potential has a higher exponent, i.e., 1t has
oreater eddying energy. Just as uniform veloaity, when eddying energy
of restraint balances acceleration, absorbs acceleration, so modified velo-
city, when roughness causes obstruction, absorbs accession of energy
due to potential, We shall always have to deal with modified velocities,
and 1t 1s well to remember wherein the forces lie,

Let us then again review our position. We have a stream with
internal forces created by eddies which come into existence because of
lateral restraint and potential. Lateral restramt gives us eddies, which
have evenly distributed energy, expressed by the function V2, the expo-
nent remaining constant. Potential gives us eddies with energy distri-
huted unevenly through the mass, falling off in intensity with distance
from the boundary. Otherwise, the energy becomes constant when
boundaries are uniform. The combined energy of eddies gives us the
total resistance within flow with which we have to deal.

Now acceleration 1s balanced by this resistance when uniform velo-~
city is attained. Justas for the mass, so with each filament. Thus
velocity curves give us varying velocity throughout the mass, since
energy of eddies by potential is varying. But since we express our
laws by the mean velocity of low we are not at present concerned with
varying distribution. The all important condition which enables us to
find a law 1s the balance at uniform mean velocity. By it we obtain

our equation, thus:—
Acceleration « Resistance.

Of these two quantities we know all about acceleration, but resist-
ance needs to be still more carefully considered. We have already
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considered it, but we may not have exhausted all the conceivable forces
which influence it. There is, for instance, viscosity. This, Reynolds.
shows, tends to maintain direct flow and opposes sinuosity, till broken
down at a cnitical velocity. If this be so, some energy must be lost in
converting direct into sinuous flow. As a matter of fact it 1s, for
Reynolds shows, how glass, which for our purposes may be regarded to
be the limit of smooth unyielding boundaries, gives us eddying
cnergy not as V2 but as V¥ 823 Viscosity therefore lowers
the exponent, but, when considenng the law of restraint, we may for
practical purposes ignore it, since there are also other discrepancies for
which we do not account.

Having then considered all the forces which give us the eddies of
resistance, let us take any cross section for our investigation. Over this
cross secion we have acceleration of gravity opposed and balanced
by resistance of eddies.  Sincea section, and not a reach is being treated,
acceleration 1s constant throughout the section. Call it f,

Then t[t:ating: unit width, the work the force f does through depth
d=fd, forsinceitisconstant, it is the same asif we moved the forcef
through distance d.

Opposing this force we have resistance of eddies, expressed as

. n.
some function of V as V

Therefore fd = V*,

or writing the expression as an equation,
-~ m
fd=CV D, or E=Q‘H :

2
Writing n=2 for the fundamental equation, f= C}

In this last equation we recognize much that has been familiar
but hitherto elusive.

The above formula deals with streams without load, but we have now
to consider streams with load and to enquire into the forces which enable
streams to transport silt.

. To be transported, silt must be held in suspension, velocity merely
giving it its forward motion. But w= have only two forces present to
do so, those of acceleration and eddies. Of these, acceleration has no
vertical lifting component, as its action may be taken to be horizontal.
It cannot therefore help the silt which must be supported vertically to
move forward. If not supported it would fall to, and rest on the bed.

We conclude therefore that eddies supply the lifting force, for they
only have vertical components capable of doing so. Over the cross
section we have chosen, particles of silt are distributed in varying density,
having been brought into those positions, measured on the vertical, by
the encrgy of eddies. Part of the energy has therefore been absorbed by
lifting silt in suspension. The resistance of eddies to oppose acceleration
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is therefore reduced ; ‘acceleration in consequence should increase,
till a balance is again established at a higher velocity, This makes it
possible for streams with increasing load to quicken their velocity.

Eddies have therefore a two- fold woikss do: Partaf Hheir. energy
1s spent in resisting and elimiating acceleration and part in supporting
silt, Then cr:mmdcrlnc V, which is the measurable quantity, we have
to determine whit Eactien ob Vo goes to resist acceleration, and
what to support silt.  The fraction is changing with the nature, that is
the specific gravity of load, but enters the problem as a coefficient,
and not as a [unction af’fccmw the exponent. In other words, the
capacity for resisting af_celcratmn and the capacity for auppnrtmq silt
both vary as V". The amount of silt 1n suspension is therefore alse a
measure of the energy of eddies. This is important to remember.

The forces of gravity along the slope of the channel, for convenience
considered to be horizontal, can be requisitioned by causing debris 1o
roll or slide along the bed. If, however, we examine a vertical curve,
drawn to illustrate its theoretic character near the bed, we shall find thas
the velocity at contact with the bed 1s either zero or indefinitely small,
and rolling and sliding along the bed cannot be due to actual bed velo-
cities, As these, however, rapidly increase from the bed upward, and
as particles have some depth, the changing forces bear more on the
upper part of the particle than on the lower. The resistance of bed with
this difference constitutes a strong couple which may set the particle in
motion. Add to this the fact that the nature of the dune induces poten-
tial, and hence velocity, on its upper face, and we see that the forces
for rolling are really present. Such action would have the tendency to
reduce the forward velocity, since it would absorb acceleration.  Rolling,
however, except for the very slow progression of dunes in most natural
streams 1s not a large consideration.

Another more important effect needs to be considered, and that is,
the obstruction which the suspended load itself presents to flow. This
must also reduce velocity, but we should be careful how we understand
it, A floating body does not oppose acceleration or alter veloeity. [t
15 simply borne forward. The moment, however, that its direction
is not the same as that of the current, opposition sets in. Now, the
particles of silt are shot up with the impulse of eddies. It is their angle
of trajectory which 1s' opposed to the direction of the current. They
therefore oppose the stream, just as the eddy which gave them being
would have done. There 1s however this difference.  Part of the
energy of the eddy 1s absorbed by supporting the weight of the particle
and the effect is not the same.

Thus while we have absorption of eddies by suspended load in-
creasing velocity, we have also the obstruction of that load reducing it.
As weight has to be supported by the eddies we may conclude that part
of their energy is absorbed, the amount being represented by the specific
gravity of the silt and the wvertical distance it is raised from the bed.
The above are therefore tendencies which still show that streams
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receiving increasing load are able to quicken their velocity but it modifies

our previous impression,

Hitherto we have been considering the forces of only one cross
section, but now consider a defined reach of channel with uniform slope.
For all cross sections in the reach, f becomes constant and we have :

Vo=_C4d.
11
or V=Cr do
In a channel transporting silt the tendency is for the bed to assume
uniformity of slope. For channels in regime this equation would there-
fore express the true relations though with modifications of the exponent
as we shall see.

Now, we have the general expression :

Energy of eddies « V",
this energy being measured at any cross section.
But the forces at the cross section are being renewed at the rate

of V.
Therefore the power, or capacity of eddying energy, to transport
. : n+1
silt in suspension varies as V
For the fundamental equation n-+1=3 and transportation o V3,
We may now return to the three sets of experiments mentioned at

the beginning. . . o
To first compare Chezy's results with the writer's theory, we have

. Cym
Resistance of eddies= =
This is balanced by the force of gravity acting parallel to the stream’s
bed, as F in Chezy's formula.
If W=weight of water and h= fall in length L
Th F_h :
chn w - L
or F=W.s.
From which we derive V*=C’"s.R (Ckezy)

But F:CLLE (writer)
SOV w
d

-

and for any one site Ws is constant .*. V*=C" d. (writer).

Chezy makes n=2.

The writer does this only for the fundamental equation. The
exponent he shows is altered when roughness or silt load are introduced
into the equation. For regularity of surface, or constant silt load, it
again becomes constant, but when these conditions vary-it also varies.
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Reynolds and Gilbert both express the equation for such conditions by
a variable exponent, :

Actually the exponent of V for the fundamental equation, when only
the law of restraint is considered, is lower than 2, and should be 1'83
because of viscosity.

Now, the fundamental equation applies to pipes where the full’
effect of lateral restraint is obtained by a complete boundary.” A stream’
on the other hand is made up of a boundary partly in seil, which is com-
paratively unyielding, and partly n air, which is extremely flexible.
The value uf" the exponent should therefore be appreciably lowered.

Against this we have added energy of eddies due to potential of
roughness which all channels possess. This will again raise the value
of the exponent.

We see then that the actual exponent 1s very uncertain, and by
theory is in fact indeterminate. To overcome this difficulty Kennedy -
evolved the method by which an empirical exponent is found giving us
conditions as they actually occur on streams in regime. For this reason
his experiments have been invaluable,

By Kennedy's plan observed velocities and depths (the only giianti-

ties which he found aﬁccte{_! the results) were wntten down. He then
found that these were consistently correlated by the equation.

v=C, d 6%

Now, since Kennedy treats streams in regime the quantity { of the
writer's equation

becomes constant, i.e.,

To rc_c[ucc Kennedy's equation then to a fﬂ_rm similar 1o that used
by the writer we have merely to write his equation as
1:36
\Y =, d
y 15
d

i-e., we express the exponent of V when that of d is unity.

It will be scen that this exponent for Kennedy's channels is lower
than 2. To explain this Kennedy advanced the following theory,
taking both suspended and bed load into account. Suspended load

varies as VI which expresses eddying cnergy. But the whole of this
load 1s being carried forward at a velocity V. Therefore the load trans-
ported varicsas V" Add to this bed load which is rolling forward
simply as V. Its effect will be to lower the power and make it some-
thing less than n - 1. Assuming n to be 2, as Chezy does, we get the -

orC, = _
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final result something less than 3, and this Kennedy finds to be 2°56.
Reconverting back from transportation to suspension, we get the ex-
ponent 1’56, The reasoning is clear, but 1t is certain, as we have shown,
that the load does not roll at simply a velocity V.

But more than this, the nature of the boundary must be taken into
account. Chezy experimented on artificial flumes with practically
solid boundaries, whereas Kennedy's channels had a soft bed compos-
ed of silt which presents a comparatively yielding boundary. For this
reason Kennedy's exponent would be lower. Gilbert shows that solid
flumes have notably higher capacity to transport silt than channels in soil.

Now, as we have said, Kennedy's results apply to one grade of
silt (though mixed) and further, to constant load. To extend them so as
to include other gradrm itis necessary to pass on to Gilbert's experiments.
As these involve an entirely new method of observation, they are given
at some length in the appendix. Gilbert experimented with varying
grades and loads of silt and found that the exponent of V is a varying
quantity for both. Hitherto we have applied Kennedy's results to vary-
mg grades by simply taking a larger or smaller proportion of V, =t
random. By doing so we modify the co-efficient of Kennedy's equation,
not the exponent of V. It is correct, as Gilbert shows, to medify the
exponent for each grade. )

The useful results of Gilbert’s experiments are represented by a
table in the appendix and this abstracts the means of 8 grades of silt.

The 1’-Eli:ilt1-—jr-ﬁi
I w

same as Chezy's formula does. We may therefore treat it as we have
Chezy's formula, by reducing it to a form similar to that given by the
writer. We thus see that the exponents of V vary from 19 to 3'8 accord-
ing as the silt is fine or coarse. The varying nature of the exponent is
important, Reynolds also in his experiments on tubes fau_nd !hc same.
Why the exponent should vary the writer has tried to show in his theory,
for while lateral restraint gives us uniformly distributed and constant
resistance on any cross section, potential gives unevenly distributed and

varying resistance.

The three experiments therefore which we set out to examine have
been compared by one standard, but what is the useful application 2
Kennedy has again given it to us by his critical velocity V, at which the
relation between V and d subsists. By plotting the locus of this equa-
tion on his discharge curves he makes it conveniently applicable,

Now, Kennedy's equation as reduced to the form
13
) \Y =C,d
may be also written L
G ¥
| - W—_——
~ In this form the expression on the left may be called a silt index,
and may be defined as the capacity of a stream to hold silt in suspension.

gives us the relation of slope to mean velocity, the
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Comparing 1t with the writer's equation :

I?-'I:'l :
we see that T is equivalent to the constant force of acceleration -

across any section of a stream. If then we wish to measure suspension
by this force we have merely to write f as unity.

Kennedy’s V, then is therefore a silt index. But n is varying for
eich grade of silt and we should therefore have distinct curves for different
grades of silt. This distinction is given to us by Gilbert who finds the
curve for the varying exponent n.  We have in this table 8 values for &
distinct grades.

But before attempting to apply Gilbert’s results we should examine
whether his conception of terms is similar.  One very notable difference
occurs in his accepting capacity at the maximum load which a stream
15 able to carry. None of Kennedy's streams can be said to be carryine
maximum load, since during freshets they are able to pass on loads
many times in excess by drawing more largely on potential, Cilbert's
exponents are therefore notably high.

Another deficiency may be said to exist in the load, for Gilbert
deals with the load of traction, i.e., with the load near the bed. This
may, however, be assumed to be proportionate to the total load, and the
error may thereby be partly eliminated, '

Accepting then Gilbert’s results as  being uniformly higher than
Kennedy's, we have yet to correlate the grade of silt in both. Unfor-
tunately Kennedy graded his silt by the rate of subsidence in still water,
whereas Gilbert graded his by means of sieves. Kennedy's grade is
also mixed, whereas Gilbert’s grades are distinct. The nearest approach
to comparison therefore to which we can come 1is to accept

S . : 5] 10
a distinction for Kennedy's sample between his grades 10 and T5

which represent 68 per cent. of his sample, and to find the corresponding
grade in Gilbert's samples. The discrepancy between the two equations
would then approximately represent that due to average load of Kennedy's
channels and maximum load of Gilbert’s. Further, Kennedy’s exponent
for V could be extended on both sides of the correlated sample by com-
pleting the curve parallel to that given by Gilbert. We thus should have
two similar curves, one for average load, and one for maximum load,
enabling us to apply the results of experiments on a wider scale.

The above represents  work which might be taken up by the
Research -Department. The correlation of the two experiments can
but be an approximation, but other experiments may be instituted after
Gilbert’s plan to obtain the extended exponent for conditions suited to
- the Punjab. Not only do grades of silt vary gradually according to
locality, but very often they change rapidly due to temporary floods and
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freshets, These last are the greatest, dangf:r But though these investi-
gatmns are for the future, we have their general principles for imme-
diate instruction. Gilbert’s experiments show us where the himitations
of Kennedy's equation lie, and also how modifications when applied
should be made. The choosing of greater or less proportions of V, 1s
plainly wmng Each grade of silt has its separate equation. Eac]n
grade of silt has also a separate sct of velocities, as shown by Gilbert

and as explained by the writer's theory.

The work involved in finding the variable exponent is formidable,
and we should therefore be well advised to meanwhile gratefully accept
Kennedy's single sct of results, being content to know where the limi-
tations and errors of application lie, and using our judgment accord-
ingly. This conclusion is rather haappmntmg, but happily relieves us
of much labour.

Yet some will ask how 1s it possible for Kennedy's results to work
so efficiently? The writer ventures to reply that the possibility lies in
the variable potential.

A stream, as pointed out, 1s able to borrow potential at all poinis
of its course except at the offtake. Thus 1t carries on silt or drops it,
eliminating the errors of desrgn and giving the application of the rule
great latitude. It is this also which forces down large excesses which
‘appear during freshets.

If this be so, it 1s necessary to pay far great attention to the offtakes
where ad}ustrnents by potential are not available and which are therefore
the critical pomts of our canal systems. It is indeed the offtake which
governs not only the eFﬁcwm} of our canals but the courses of all natural
channels which make up rivers, The writer has now observed the
courses of river channels for vears, and has no hesitation in giving the
offtake the ﬁrat 1&{.& of importance. Some time ago he was engaged in
a controversy in ** Indian Engineerirg * over the Sukkur Barrage, and he
then argued from the outfall. The argument in effect defends the
offtake, for unless there 1s the outfall, and only when its influences reaches
as far as the offtake, will the latter probably cease to silt up the line of a
threatened break away, such as critics had so prominently in mind at
Sukkur. In other words, while the outfall favours a breakaway, the off-
take chokes 1t. It 1s only when the latter overcomes the former that it
will occur.  The offtake, however, often silts up a channel which already
has an outfall, and that in the face of strong forces tending to keep the
head clear. The offtake in fact is more the changing factor than the
outfall. The greatest danger to our canal heads therefore lies here,
and we may also say that their efficiency is determined here.

But it is just at the offtake where Kennedy's equation fails. The
reason undoubtedly lies in potential which also fails to function. The
writer has shown that at such points no reserve of potential can be borrowed
from, and as some potential 1is also lost 1n effecting change of
direction, the conditions become still worse. Moreover when freshets
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come down the capacity of. streams to borrow on potential needsto be
‘much enhanced, but this increased capacity is denied the offtake.

For all these reasons it 1s particularly necessary to pay attention to
the offtake and the question arises what are the remedies? Since poten-
tial cannot be enhanced one remedy 1s to increase velocity ‘by giving
greater slope to the branch at head, The capacity of the head to carry
on silt 1s thus raised. Over and above this some excess head should also
be allowed to pass over the cntical periods during freshets.

But this means loss of command which cannot always be spared.
Is there yet then another remedy? Many have been advanced by
specially designed heads, but the simplest and best in the writer's opinion
is the groyne, A figure indicates how it may be applied.

Fig 2.

The direct effect of such a groyne is to move the offtake higher up-
stream from B at the branch head, to A, a point in the feeder itself, The
loss of head at B, due to change of direction 1s then eliminated, being
conserved as pc-tent!.al in the grovne pocket, and redelivered to the branch
as velocity after the change has been effected.

Other advantages not connected with the shifting of the offtake
are : the exclusion of backwater, and in fact of all direct flow from in front
of the branch head ; the indraw 1s limited only to that section of the stream
marked out by the dividing wall, and this side section we know is less
heavily charged than other sections further out; by having a cut water
at the nose of the divide wall, the action of eddies, indicating loss of
potential, is almost climinated.

Returning now again to the effect of the offtake, the efficiency of the
groyne lies in the creation of head in the pocket. The greater this head
the more effectually will the offtake be carried upstream. By reaction
velocities are checked, and silt is at once dropped, beginning at the point
to which the afflux reaches. Qur object is to cause the st to drop
outside the groyne pocket. It 1s then carned away again by reaction
which sets in as cross flow due to head at the bank. Not only bed but
h:gtcr particles of silt may in this way be diverted away from the groyne
pocket -
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But the moment a canal is added, the efficiency of the groyne is
lowered, because of the indraw thereby created. Some efficiency stll
remains, but it depends largely on the difference in velocity, inside and
outside the groyne pocket, which again is proportional to the difference
of capacities of groyne pocket and head of canal. For small channels
we may proportion our design to give the desired effect, 7. ¢., to gain
the potential neccssary to carry on silt, but for larger channels the
writer has a suggestion to offer which is a departure from past practice.

Our object 1s to carry the offtake higher upstream. The further
removed from B the more ability will the branch have to pick up potential
at B, since potential has an increasing reserve the further downstream it
1s. 1o attain this object the intake at A may be narrowed as shown in

the next hgure :—
A

Y

T

7 PR A A i, s

Fig 3.

The efficiency of groyne is thus transferred to the narrowed section
at A, and is independent of the relative proportions of groyne and branch-
head. Moreover silt is more effectively extended by being dropped
outside the pocket. It will be advisable not to make the groyne pocket
any wider than the branch itself, for the writer does not propose to work
by means of under-sluices in the pocket at any time. By doing so the
advantage of potential at B is lost. It will be much better to carry on
regulation at A, and preferably partially by means of rising cills.

Thus, we have permanent control above our branch-head, thereby
permanently transferring the offtake to a point above the branch-head.
Let us recapitulate what the advantages are which are claimed for this
design. By it we utilize the energy of the stream instead of letting 1t
go waste. By doing so we gain potential at A, and by afflux divert
silt away from the groyne pocket. Moreover we again conserve energy
at the branch-head B, and deliver it usefully to the branch. (This
energy with under-sluices would be lost).

Again, the creation of eddies, stirring up bottom silt is almost elim@-
nated, the dangemus backwater 1s Enhrel}' eliminated, and indraw 1s
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limited to only the less heavily laden side section. These eliminations
and limitations make a vast difference.

While some engineers may think that we beg these concessions for
the groyne, may the writer assure them that he has given their claims a
thorough trial at minor heads with satisfactory results. He can also
give examples on inundation canals which prove the larger claims.
Only this vear by the addition of a groyne has one of the worst canal
heads been converted into one of the best. A narrow cunette, 30 feet
wide, involving but five lakhs of silt clearance was dug to eive
early supply, ELI’id this the groyne widened and deepened till 40 lakhs more
silt had been carried down. If not credible to others, these results are _
at least familiar to us on these out-of-the-way canals. Not one but many
exﬁrnp]t‘s may he qucuted It may D]"ll}- be noted that the pr::-c](cls of thcc,a
.groynes are of large capacity which enhances efficiency.

The narrow section 18 however a departure which has to be tried :
yet 1t hardly comes under an experiment, as we are familiar with the
effects which such conditions secure. It only remains for the design to
be applied.

Thus, while reviewing the experiments of the past, the writer has
atternpted to bring them into line with the present, and to lead them to
practical result in a simple design.
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AFPPENDIX.
Hrpervments by Grove Karl Gilbert.

The experimenters roeognized that water earries forward debris in various
ways. sliding of particles on the bed they note rarely takes place. Pure rolling
i3 also of small relative importance. If the bed is uneven the particle usually
does not roll but makes leaps and the process is then called saltation. With
switter current the leaps are extended and the particle may be caught up by an
ascending swirl, and its cxcursion may be indefinitely prolonged. Thus borme
it iz zaid to be suspended, and the process by which it iz transported iz called
suspension. There is no sharp line between salfation and suspension, but the one
grades into the other. The two processes, however, they consider to be distinet.
In zuspension the eificicnt factor is the upward component motion. In trac-
tion, & term which includes saltation, rolling and sliding, the efficient factor,
they say, is the motion parallel with the bed, and close to it. Thus transporta-
tion is divided into suspension and traction, indicating two distinet processes,

With this classilieation the writer does not agree. Omitting sliding and
rolling, zaltation and suspension are one process, the bed load being supported
in just the same way, as the load of suspension, wiz., by the vertical u:-u:nl-,c'um]_m
of eddies. It must be remembered that velocity is not a force capable ol doing
worl, Tt is simply a condition balaneing the intemnal forees. The intensity of
eddies makes the only distinetion, a distinction, however, with no line of
division between fraction and suspension.

The experimenters confined themselves to obscrvation on traction, their
primary purpose being to learn the laws which control the movement of bed
load, and especially to determine how the quantity of load is related to the stream’s
slope and discharge, and to degrees of comminution of the debris.

To this end a laboratory was equipped at Berkelev, California, and experi-
ments were performed in which each of the three conditions mentioned were
separately varied, and the resulting variations of load were observed and measur-
ed. Sand and gravel were sorted by sieves info grades of uniform size. Deter-
minate discharges were used.  In each experiment a speecific load was fed to a
stream of specific width and discharge, and measurement was made of the slope
to which the sfream antomatically adjusted its bed, s0 as to enable the current to
transport load,

For each combination of discharge, width, and grades of debris, there is
they found, a slope, called the competent slope which limits transpartation.  With
lower slopes therc is no load, or the stream has no capacity for load,  With
higher slopes ecapacity exists. :

Capacity is defined as the maximum load of a given kind of debris which a
given stream can transport. When a fully loaded stream underzoes some change
of condition, affecting its capacity, it becomes thereby overloaded or underloaderd,
If overloaded, it drops part of its load, making a deposit.  If underloaded it
takes on more load, thereby eroding its becd. Through these reactions the pro-
files of stream bed are adjusted. Load is introduced by adding debris at the
head of the experimental trough and by trapping and ]‘]11':.‘&1.‘-21!1"111-'; that harne
close to the bed at the end of the trough. When the load is small the bed is
moulded into hills, called dunes, which travel downstream, the eurrent eroding
their upstream faces and depositing debris on the downstream faces. With anv
progressive change of conditions tending to increase load, the duncs eventually
disappear, and the debris surface becomes amooth. The smooth phase iz in turn
suceecded by a second rhythmic phase in which a system of hills, termed  anti-
dunes, travel upstream, by erosion on the downstream face and deposition on the
upstream face. Both rhythms of debris movements are initiated by rhythms
of water movement. T
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To thess observations the writer offers the following remarks:—

These phases are important to remember as indicating how deposition and
secour are initiated. Potential iz the influence behind them. With the dune,
potential is brought into existence at the base of the dune, and rising up its face,
inereages in intensity, till at the crest it reaches a maximum. Eddies are the
direct result and at the crest become intense. Particles in consequence may be
secn moving up the face and rolling into the hollow behind the crest, H;Iﬂﬂ}"
leaping free, parbicularly ab the crest into the body of water above, or b&jn;__:
redeposited in the hollow again, or on the face of the next dune. Thus the dunes
move forward, In the anti-dune the process is the same, except that action af
the crest, beeomes so severa that scour setsin and cuts the erest back, giving
the appearance of a dune travelling upstream. I{ must be remembered that no
dunes can form permanently in a stream at a point removed any diztance from the
hesd. Potential here has a big reserve to draw on and i= capzable of scouring
out even the heaviest shoal. Every engineer will be aware of this, ‘Thus
streams are enabled to carry indelinite loads, once these have passed the head.
We shall consider these phases again in relation to slope which they affect and
determine,

Omitting the other observations of Gilbert, the relation of velocity to c apacity,
and slope as determined by him, will alone be considered, sinee it is the only part
of the experiment useful for our present purpose. Itis fortunate that Gilbert
here deals with mean, not bed veloeity. The other results are purely empiric
involving the * competent’™ value which has to be deducted from the observed
slope and discharge to express the exponent.

Examining then the experimenters’ conception of eapacity, we find that
it expresses a maximum which is attained by increasing load till the limit of
transportation iz reached. In natural streams this maximum is ssldom attained.
A stream has usually capacity for more load which we have shown mav be of
unlimited quantity for any point removed some distance from the head., The
results of the experiment should thersfore be in exceess of observations made in
midstream, but will be very useful for strecams at off-take. The excess values
here referred to appear as larger exponents of the mean velocity in the results
of the experiments.

Next it must be remembered that the experimenters’ aim has been to
represent ohsorvations of the I:u:d_ lpad only.

They did so by means of an arresting trough across which the stream was
made to leap, the bed load being trapped. This may also give higher values
as exponents of ¥V which cannotl be correlated to results based on other GXeri-
ments orexpressed by the general laws of theory, though the bed load may bo
conzidered to be more or less a constant proportion of total load.

The experiments are still valuable, especially where the ratios of two indices
of variation, such as the ratio feg/lw (to be described below) make {hem
comparable with the results of other experiments.

Other points of vital interest are also brought to light, principally the effect
of slope on the redistribution of the internal forces on a vertical plane, and the
effect of added load in modifying not only the slope but also the nature of the bed.

Turning then to the experiments themselves Cilbert conceived a process
of comparing the rate of vamation of one thing with the rate of variation of an.
other by means of an algebriac form for which a rather lengthy digression
will be needed. To this form the title of * power-function’ has been applied, the
most common form being y=ax™ (1), or if the co-efficient be suppressed y o xB-

If we consider x and y simply as numbers, the rate of variation of ¥y with

respect to x is the differential ratio of y to x and is dy | which equals anx?-le
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If we consider x and y as powers of a common base, the equation becomes
log y = log a 4+ n log x (2).
By differentiating
(g
5 d—li“—}? =n (i)
i log x
The fact that equation (2), the logarithmic-equivalent to cquation (1), is
the equation of a straight line enhances its utility by enabling us to examine the
comparative rate of varation of the cxponent. n.
But in many physical problems it is found that the exponent n does not have
a constant valus through the observed range of x and y. The exponent n is
in other words o variable, and its locus of log v —=f log x, is a curve which we may
represent by A B in the figure.

ey

e

T,
1

D B o E Tog ¥

Locws of Tug y=f (loy ®) illustrating “the nature of the indeax of relative
variation.
At any point of the curve C, its minute clement, not distinguishable from a

straight line. has an inclmation ”j_:: which is homologous with nin eguations
{3) & (1}, and which we may eall ng

The value of ny varies from point to point of the curve,

The variation at any point C on this curve would then be represented Ly the
tangentline C. D. of which the equationis: logy = }‘_U-{—lli’ log x.

Whenece _ftlﬂE 1 FE‘ K“g H

comparing this with equation (1) it is seen that ]-:-g"1 F. O. corresponds to a
Replace it by ap and we get

y==a, x''s

For any other point as € on the curve the tangent inlerseets the axis of log
y at a point different frum F, and this corresponds to a different value of 5. In

other words, if we would express in an equation of type (1) the same relation
between the two variables that is expressed by the logarithmie locus in the
firure, we must make the coeflicient as well as the exponent :mriahln:'. The
values of 2, and n, are evidently functions of the independent variable, x.
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To distinguish that this equation is one in which co-cificient and exponent
are both varianis he uses the symbols
;
B
The exponent i is the instantancous ratio of the variation of v to the varia-
tion of x, and is the fivst differential coeflicient of log y with respect to log x,
and is spoken of as the index of relative variation. Much attention is given
to it and the disenssion of the variation of such values is nsed as a mode of
treating empirically the relations between the various factors of the general
problem of traction.

Again, recwting to the figure and giving attention to a reatricted portion of
the curve, for example the parl between O and O the value of i corresponding
to the point C is the inelination of the line C 17; the value of i corresponding to
the point (” is the inclination of the line C° . Between the two are a.continuous
series of other values. The inclination of the chord commecting C and C° con-
sidered as a ratio or exponent, is intermediate between extreme values of i If
the sequence of values follows a delinite law, the value given by the chord equals
some eort of meoan derived from the others, and in any case i0is in a scnse represen-
tative of the group. It may be called a synthetic index of relative. variation
botween the indicated limits. Tf the co-ordinates of C be log x” and lag ¥ and the
co-ordinates of (¢ be log x* and log ¥°, then representing the synthetic index
by L

_log y" —log 3’

log =¥ —log x°

As the divection of chord depends on the position of C and C” upon the curve,
g0 the value of I depends on the limits between which it iz computed. As the
direction of the chord gives no information concerning the direclion of any part
of the eurve, so the value of T cannot be used to determine any particular value
of i, Ttis used for the ecomparvison of different functions for whieh the data span
approximately the same range of conditions.

In dealing with the relations of capacity to velocity Gilbert employs the
synthetic index of relative variation to discussz the problem. This iz charac-
terized by the symbol [, the index with respect to mean velocity being written Iy
and distinguizhed as [ﬂl, Lygs Tyds Ly when associated with the special cases,
constant discharge, constant slope, eonstant depth, and constant width, respec-
tively. These distingnishing symbols are uzed, since to make a definite compari-
son between capacity and mean velocity, it is necessary to pustulate constaney
in some accessory condition. If slope be eomstant, velocity changes as discharge,
and if discharge be constant, velocity changes with slope, and if depth be constant,
velocity changes with simultaneous changes of slope and discharge.

The computations of the index are then made by the formula

j ol b
v log vip—log v m

in which (" and C” are specific capaeitics and v/ and v” are the corresponding

mean velocities.  Craphically, I, is the inclination of a line connecting two

points of which the co-ordinates are, for the first, log C7 and log v'm and for the

zecond, log C7 and log v,

points in the logarithmie plot C=f (v,;,) & line is drawn with regard to all,

Where the data serve to place more than two
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The following table gives the means of indexes for several grades of debris,
the latter being tabulated below. The table represents averages for practically
the entire range of the conditions covered by the experiments.

Table of synthelic indezes.

[H umber of Mean | Mean Mean l%m [ ]iIIea.n
Grade. | separate I I, I . I e
determina- va - 1
tionas, W i v
A a ] ‘ 362 1-87 2402 183 Q52
B " 18 | 4-35| 194 4-00 224 (45
C . - 19 307 1-85 2-96 193 0-32
D : . 9 4-50 1-87 2-97 241 0-d2
B . e 3 517 1-83 3108 I'-"Eﬁi 035
F £t 3 f 873 227 4-11 38 -i; 0-26
G = 9 9-56 2-60 380 3-68 0-27
H ' 3 | 10-01 3-20 7-81 3'12l 0-3%
| 5-33‘ 205 385 zwm‘ 088
Ths following table of grades of sand and gravel gives us the grades of debris
used :—
| Sieves D, mean | J
used in | diameter |F; No.of | Fy No.of |Range|p .
Grade name, | separa- | of parti- | particles | particlesto |of D | FE"’
tion cles to linear | cubic foot. |or Fy 1
(meshes)| (foot). | {foot.
itol i::u:hl | ‘
A ..150/60 | 000100 1,002 | 1,910,000,000 | 1-13 | 1-44
B .. 40[50 000123 872 1,023,000,000 1-17 | 1-60
Q .| 30/20 0-00166 | 602 417,000,000 | 1-44 | 2-09
D ..l 20/30 | 0-00258 388 | 111,500,000 | 156 | 380
E v o| HO20 00561 178 10,770,000 | 1-95 | 741
T .| B8 00104 Rt 1,685,000 | 140 | 2:74
£ .. 4/6 0-0162 G618 451,000 | 143 | 2:0%
H : I 3/4 0-0230 434 156,000 i 1-36 | 251

The comparison of I_

with I affords an estimate of the relative varia-

tion of mean velocity and slope. The rate of variation of capacity with mean

velocity being I, the ratio of variation of mean velocity with capacity is I/I;
and the rate of variation of capacity withslope being L, the rate of variation

I
mean velocity with slope is

1

I,',.q

.

of

By means of this or its

inverss ratriu-I—q-we arc able, as already stated, to examine the results of
w

other experimenters and to compare them with these experiments.

The principles of steady, uniform flow, tn-chann:ls (as ordinarily defined).

1. In any channel where there is uniform flow, the two factors involved
are the frictional resistance and the accelerating force ; these two must be equal
or acceleration would occur.
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2. The frictional resistance is assumed to be proportional to the 8¢ uare
of the velocity, the area of the channel in contact with water, its rotghness an-|
the density of the liquid.

The general formula of flow is then-obtained as follows:

I__,___|__.-..a--l--."'
_._.-—-M#-,r
.—-—'—"'__ﬂ'ﬂﬁ_'_'_'_'_ﬂ-
E— "‘"r"w,v-ﬂf‘-‘-‘-.r
P B ‘*"“"d_
£ [ R—
% _,_ii:—mrc.z—..—'“"_“ S
P 3 [“w
/ : - = "‘fs"j
e e I e D R R i ___-.ll...._ e e #re e pormee oo e el R ST A E
» RN
“
A'a'd
F=accelerating force parallel to the channel gradient.
f=friction resisting Iorce.
s =area of surface in confact with water for a length L,
V=velocity of flow in feef per second.
A—ares of cross section in square feet.
L=Ilength of channel considered in feet.
p=wetted perimeter in fect.
r=hydraulic radius =_-in feet.
h=fall in length L in fect.
h
S=gradient of canal =7,
d=density of lHguid.
W=weight of water in length L in pounds.
C, & Cj, = constants.
Then:—
¥ h - Wh
o s
but s=pL;
therefore £ = O, p L. d V2.
Fef .- _th=t:h p LAV
from which: i
2 Vh
V= "8 put W
o pLid but W=A Ld
therefors
vs ALdh 1 h o i SR
_-ﬂh P L d L P - Cq g
or V .vr"__"' ' '\-/ B, R.“: (A7 8. R, (Chezy's formula),
Cy
This might. be written in a general form
Y n _ Ced. R,

a3 the exponent 2 for V is merely an assumed value.
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DISCUSSION,

THE AuTHOR iniroduced his paper and said that parts might be
found elliptical and needing further explanation. For example, he had
omutted the whole question of shape and size of channels. Again
he might be blamed for slurring over the compa-ison of Chezy's equation
Vo =C. S. R. with his own equation V" =C"d. Inthis case, as C. R,
was dependent only on the size and shape of the channel, it might be
expressed as a definite quantity for a given depth.

“_C rlm . .
Thus C. R. =%y , where m was something less than unity,

being nearly equal to unity in the case of wide shallow streams and dimi-
nishing as these became narrower and deeper.

s Vo =G, 4™ g and where S was constant, as for streams in

regime.
yr — Cg,d™, which was of the same form as the author’s equation
when m=1, i. e., when channels became so wide that the effect of banks

was negligible,

In the Author's equation, the effect of banks as indicated by remarks
on page 55, was taken into account by the exponent.

For purposes of comparison 1t was not necessary to go any
further, since it was only the author’s object to ascertain how far Chezy
was right in assuming 2 to be the value of n, the exponent of V.

Again, in comparing Gilbert’s results, a small error in notation
should first be corrected. On page 65 of Appendix, I, was not associated
with velocity, but was written for capaaity and slope, width being con-

stant.
It was to be noted that the mean of Gilbert's synthetic indices

_II‘L%*_ =726 (sec page 66). This meant that slope varied as 2'6 power
W,

of the veloaity, 1. e,

See V28, or, C. S. = VY which was of the same form as Chezy's
equation, when R, the hydraulic gradient was absorbed into the exponent.

These omissions were due to the fact that the exponent rather
than the co-efficient was dealt with. Although 1n the equation y= vxi,
expressing the relation between the variables of flow, Gilbert showed
that the exponent and the co-efficient were both varying, the a<:hor was
still justified in dealing only with the exponent, since the sic, - v asured
the ratio of change and gave the law, while the co-efficient merely gave
the condition. The danger was that the condition might L: made more
of than the law, as in discharge equations, where modifications viese
applied to the co-efficient while the exponent was fixed. By so doing,
however, the law was destroyed and the equation became purely empirical
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and irrational. To get the purely rational equation, the Author had
enunciated a law which he called the fundamantal law (vide page 51).

Here f. d=c.t v%. The units of this would be : —
feet feet®
= X feet = -— =
seconds” ) seconds”
which was rational.

?. +

In other accepted equations, a discrepancy would be found. This
was due to the introduction of * po’cr:ntia!,” an outside influence created
by eddying impulses at the prominencies of the rough boundary when
there was position. It might be objected that to cbtain the fundamental
equaticn, it was incorrect to write M. a. s.=0. If the condition of flow
was considered, it would be scen that it became uniform under a succes-
sion of impulses which opposed acceleration and velocity was dependent
on the momentum of and rate at which these impulses recurred. The
quantity M. a.s. was therefore the measure of real work by acceleration
hetween the interval of two successive impulses over an inhnitesimal
space O, which in the limit became zero.  The result showed that the
exponent of ¥ where impulses opposed only gravity was always 2. When

more than gravity had to be considered as potential, the exponent was
greater than 2,

The idea that the modified velocity absorbed and carried on poten-
tial was new perhaps, but the Author could think of no better way of
expressing it. In other words, two equal velocities, one over a smooth
boundary and the other over a rough, were quite different as onc had an
exponent 2, while the other had an exponent greater than 2, and the
greater the exponent the more the eddying energy and silt capable of
being transported,

He apologised that his conclusions were incomplete and pointed
out that this type of investigation clearly helonged to a Research Depart-
ment and he was content if he had put forward some new 1decas worthy
of consideration.

He drew attention to the final practical application of some of the
principles put forward, to the design of canal and distributary heads. In
this connection. he described the application of his theory to the groyne |

Mg. W. P. Taompson prefaced his remarks with an appreciation of
the Author's efforts to bring to the notice of the Congress an analysis of
the conditions of fowin water. To appreciate the circumstances, it was
necessary to bear in mind the diagram drawn at page 50. A body of
water in uniform motion in a straight line under the action of gravity
was a phenomenon of some rarity and some mmport-nce and the wonder
was that it did not attract closer study by a greater number of enthusiasts.
Two forces act on the bedy in uniform motion, one measureable, the
gravitational ferce, and a resistance, sufhciently indchnite. This re-
sistance, the Author stated, was not friction but lateral restraint, all three
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of which appeared to be the same thing and between resistance, friction
and lateral restraint there was suficient matsrial for an Athanasian ex-
position of the hydraulic faith. As the result of the econflic: between
gravitational force and resistance, we had the eddies, a visible mani-
festation of the effects of resistance ; these eddiss had a certa n-property
in that they helped in the suspens.on of silt ; but having done this work,
it was difficult to accept the Author’s argument that they we-e in con-
sequence, of less resisting power to ths force of gravity (from which they
derived their existence) and that in consequence of this diminished power
the velocity of the body of water tended to iacrease. Arcuing in this
direction, we come to perpetual motion.

SARDAR Banianur PraBH SINGH drew attention to the laztmragmph,.
but one on page 48 wherein itis stated that water is frictionless, and also
to the last five lines of the same page wherein it is laid down that impres-
sions were communicated in water from the boundary throughout the
mass. | hesc two statements appeared to be contrary.

He had personally had experience with a groyne intake as deseribed
on page 60 and had found it had not the desired effect in preventing
undue silt deposit and he had to apply other remedies and do away with
the eroyne.

Mg, NicuorLsoN noticed the Author had used a silt index at the
bottom of page 56. He asked whether this was the same as the Wood's
Silt Index ?

He considered that the solution of the problems involved in the paper
were possible only by actual experiments and that mathematical solu-
tions were of little value.

He would like to ask the Author one question, viz., whether 2 channe]
carr}'ing a greater amount of silt would carry a greater amount of water,
There were varied opinions on this. For example, some time ago on the
Sirhind Canal they had thought that less water was passing during periods
when silt was heaviest. On the other hand tests made in Egvpt disclosed
that channels carried more water when the silt was heaviest.

THE PresiDENT said he remembered that the Author while in charge
of the Bhatinda Dn_rmnn_uf the Sirhind Canal had construcied a number
of groynes as described in the paper. He would be glad to know how
they had worked.

Mr. B, H, WiLspox said Mr. Claxton had attempted a very interest.-
ing but diffcult problem. In discussing it, he could not usefully follow
the Author's line of reasoning as too many exceptions to qusstions of
principle as well as treatment would have to be made. Ths treatment of
* potential "and the distinction drawn between turbulence produced by
« potential " and * lateral restraint " respectively were cases in point.

Il

In Mr. Claxton’s formula, = c; f was defined as a force. If the
exponent of V=2, the equation was dimensionally homogenous with C a
perfect number. If n was allowed to vary, this was no longer true, so
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that, while the formula might be used to represent empirically, variations
found by experiments, it could have no physical basis. In Wood's
formula for the Silt Index, | = V/04d, the index had the dimensions
[time—?*], This would correspond with an angular velocity such as
was expressed in the usual notation for the vorticity of a fluid.

520 5%

2 T &y*

The formula was therefore rational, if it was supposed the silt charge was
proportional to the vorticity. But although it was generally agreed that
the silt charge depended on the vorticity, physical proof was needed
that it was proportional. If, as scemed more reasonable, the cnergy of
the vortex was equated with the energy of the silt charge, the formula
should contain the square of the vorticity, The precise function of the
lincar dimensions of the stream then still remained to be determined.

Progress in the decision of such problems could be made along two
lines. On the one hand, the collection of empirical evidence as to the
relation of silt charge to velocity and the dimensions of the canal was
essential. On the other hand, it was necessary to proceed along more
theoretical lines. By working exclusively with empirical formule such
as had been dealt with in the paper, the influence of physical factors
which could not be measured with a foot rule might be lost sight of entirely
and 1t was precisely these factors, such as viscosity and surface tension
which controlled conditions of turbulent flow, and in particular the critical
conditions. Then, it was necessary to consider to what extent conditions
applicable to one channel held for another with an altered scale : thus,
how far was it justifiable to assume that the same laws held good for an
8,000 cusec channel as for a water course. The question could only be
investigated by reducing experiments to conditions of dynamic similarity,

F o
4

It was a simple matter to shew that the energy of a stream must be
determined by an equation of the form

E=pV2 1P [gl/V], [n/pVIL [ v/p V2]
Here n = viscosity, y=surface tension, and p = density and all the
terms expressed in brackets after the function sign ¢ were dimension-
less. The first of these terms which involved g could only be to the
power of unity, so expressing the energy in terms of unit volume

ENF=E'=pgleé[n/p VI].[v/p V1]

If then, it was desired to compare the conditions of two channels
without knowing the form of tre functions on the right of the above
equation, it was necessary to do so in such a way that the terms n/p VI
and y/p V?l were independent of the scale of the experiment. Thus
indicating by the subscript the dimension of an experimental or
model stream, it was necessary that

. . n/p VI = nofpo Vol : v/p V1 ZTH'JTPQVUEJU
Only under these conditions would the flow be similar,
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In the laboratory, by varying separatelyn and v, it should be possibl
to arrive at the true form of these functions.

~ Experimenting on the large scale where it was not . possible to vary
independently n and 7,
El=E Uy ¢ o [n/p VIIT o+ [v/p VAT =CE, /1,

Here C was a variable co-cfficient which depended on velocity and dimen-
sions as well as the physical constants of the liquid,

Until the form of this function was known, it was not likely that a
physical theory for the equilibrium of silt in a flowing stream could be
constructed. It was therefore on these points that investigation had been
started in the research laboratory.

Ligur.-CoL. B. C. BaTTvE said he would confine his remarks to two
headings, first, theoretical and second, practical,

He drew attention to thé series of monograms on the resistance to
flow of fluids 1n pipes by Mr. Evan Parry published by the New Zealand
Public Works Department, which were worthy of study. Mr.. Parry
gave the results of a paper by Professor Lees published in the proceedings
of the Royal Society, Vol. 91 (1914) which he summarised. In this paper,
Professor Lees pointed out that resistance to flow varied as a function of
the viscosity.

The viscosity of silty water differed from that of clear water and varied
with the amount of silt content. It was thus obvious that any discussion
on the flow of silty water should take viscosity into consideration.

Lees gave the following formula connecting resistance with fow 1 —

R a (T )X -+ b, where,

v 2 vd
= resistance per unit of surface.
= density of the fluid,

|

mean velocity of fow,

< < "o

= kinematic viscosity of the fluid, i. e, the physical visco-
sity divided by the density.

d = .diameter of the pipe.
%, a and b were experimental co-efficients.

In the paper under discussion, there was no mention of viscosity and

it seemed that this ought to have been taken into consideration. It was

 true that as d increased, the practical effect of viscosity fell, so that when

dealing with large channels, viscosity tended to become a matter of miner
importance, but all the same it was a factor.

The resistance to flow at boundaries, was obviously due, as pointed
out by the Author, to turbulence, but of molecular dimensions. The
energy absorbed in this turbulence was obviously affected by viscosity
and it was the kinematic viscosity, i. e., the viscosity per unit of density
with which we had to deal, .
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In this connection, Parry remarked * Above the critical value of the
velocity, the resistance is apparently partly viscous and partly an inertia
effect, and the relation between the elements a complex one ; so much so
that the probability is that it cannot be exactly expressed by any formulee ;

neither is a formula an absolute necessity, though an appruxmmtc formu-
la, if obtainable, is undoubtedly a convenience.” " In this work, the
resistance curve is regarded somewhat in the same manner as a stress
strain or magnetic force and magnetization curve is regarded, that is
to say, it is a complicated function obtained by experiment and expressed
by means of a diagram which shows the relation between two chosen
functions.” The speaker thought it was almost an impossible task
to make any adequate mathematical analysis of turbulences of this magni-
tude and the b.st that could be hoped to be done was to obtain empirical
formule and curves based on r.a.rcfully regulated experiments, The
inclusion of kinematic wiscosity in the formulz was obviously a step

forward in the right direction.

In regard to the practical application of these questions he drevw
attention to the fact that at the present time, the successful h:-,rdrn-e]ectu\.
operation of low head projects involving large quantities of mrly water
was almost an unsolved pmb]cm Most schemes of this nature in success-
ful operation, beggedthe qusstion byadoptinglarge scale seasonal storage ;
but where no storage, or at most diurnal storage only was available, the
problem was still unsolved ; hence the difficulty of operating some of the
schemes of this nature which had recently been brought to the attention

of the public.

In dealing with silty water foi power purposes, there were difficul-
ties which Irrigation Engineers did not meet with, as there were fluctua-
tions in velocity due to variation in flow (which of course was due to the
varying demand on the plant) as well as due to the unavoidable variations
in the dimensions of the cross sections of the water channel.

For example, in the forebay immediately above the power station,
the cross section had to be considerably greater than that of the main
channe] and when this reduction in velocity was aggravated by changes
in demand, it was almost impessible to avoid deposits of silt just where
they were least wanted. ;

Up to the present the only successful remedy had been to fall back
on decantation which could obviously only be carried out on a compara-
tively small scale, and even then it presented many problems, since it
was necessary fo arrange the water channels, which at one time had to
reduce the velocity and drop silt and sand, and at other times had ta
increase the velocity sufficiently to scour out the deposit without at the
same time interrupting the supply.

In mountain streams, the deposits to be handled varied from stones
to pebbles, gravel, coarse sand, fine sand and silt. It was found in
prnct:ce that 1t was 1mpossible to carry out the decantation of all these
various types in one and the same chamber and three different types of
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decantation chambers had to be evolved, one for small stones and pebbles,
a second for gravel and coarse sand and a third {or fine sand and silt, and
it was the problems involved in the best design both for depositing and
then scouring out the deposit, in all three kinds, that were still so much
under discussion,

Mr. LivincsroNE-LEARMONTH asked whether the method of observ-
£ ihse biraoting the saradiaite ofaatos b
ing discharges through pipes by notine the penodicity of pulsation had
been perfected, and :f so, would be glad of accurate information thercon.

Tue AutHor replying to the discussion said that he had not
attempted to enunciate a theory of perpetual motion as sugzested by Mr.
Thompson and thought that acceleration and resistance were appropriate
terms to express the forces'across any section of a stream. In regard
to the points raised by Mr. Prabh Singh, the difhculty about sliding and
pressure would be remocved If 1t was remembered that motion was not
destroyed but simply restrained, The type of groyne referred to by

Mr. Prabh Singh did not fulfil the Author’s idea of a suitable grovne
completely. '

Replying to Mr. Nicholson, the Author’s silt index was quite diflerent
to the Wood’s Silt Index. He agreed that experiments by the Research
Department would be most welcome. In the Author’s opinion, velocity
tended to increase with density of silt, but there were modifying conditions.
A great deal depended on the specific gravity of the silt. At Sidhnai
the silt which was mainly finely divided clay, increased the velocity in the
canal very decidedly. In reply to Mr. Foy, the Author had constructed
two groynes in the Bhatinda Division, which had werked very well in his
time, Jt appeared that one had since been dismantled and the old
troubles still continued.

In reply to Mr. Wilsdon, turbulencs had been taken into account by
the Author, both for smooth and for rough boundaries and he did net
consider he had under-estimated 1ts effect. It was necessary Lo separate
eddies of restraint from eddies of potential, to obtain the fundamental
law. This was a guide through manyv complex conditions which, till
better understood had to be expressed empirically, but in doine so, one
was apt to introduce arbitrary co-efheciznts which destroyed the under-
lying law. Viscosity had been taken into account, but did not destroy the
fundamental equation, That s what lowered the value of the exponent
to something below 2, while potential raised it above that value and it
was 1n this way that the fundamental equation served as a guide.

With regard to Lieut.-Col. Battve's remarke, the Author had not
seen Parry's monograms and could not say how far the presence of
silt modified viscosity. Accepting glass as a smooth boundary, it would
be interesting to experiment on viscosity with and without grades of silt.

The Author offered his improved design of groyne as o partial remedy
against trouble on hydro-electric installations. By the narrowed section
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of entry, some head would be lost, but a useful balance might be found
at which loss of head was compensated by casier operation.

In reply to Mr. Livingstone-Learmonth, the Author had no accurate
information concerning the method of observing discharges through
pipes by the period of pulsation, but at Niagara he understood it had been
applied quite successfully.

Subsequently Communicated.

Mr. W. G. QuinToN wrote that Mr. Claxton’s paper was most in-
teresting. in that it approached the subject of silt in an altogether broader
way that had hitherto been done by most observers and thinkers. The
Chezy hypothesis was the fundamental one wup to now for uniform flow,
but in that the hypothesis was mathematically rational, the value of the
Chezy formula was out of proportion to its true worth, when practical
silt problems confronted us, because the whole friction idea seemed
unscund, and would never lead anywhere, for the reason that friction
postulated heat formation.

As, in practice, this could not be measured, the hypothesis lead
nowhere and resulted in the fickle atmosphere of variable constants.

The whole problem of uniform flow might well be considered analo-
gous to that of the fourth dimension. It was impossible to foresee how
the elements of velocity, slops, depth and bad width would be affected
by a given, or a variable silt intake, at the head of a channel. All that
could be said was that a given intake would require a certain Vo and
channel dimensions.

 If thesilt intake was increased or decreased, it was impossible to say
that a new velocity would make the channel flow to the same slope and
dimensions.

Slope could, however, be fixed fairly well by control points in a chan-
nel, e. g., regulators and falls, but even here there was no constancy where
* karries © were in continuous use.

Mry. Claxton took f (acceleration) == q}%ﬂ—, 78 force == C:

mass

But the acceleration force was simply

Il - -
Gt CV _ gsni.
g T od mass

Now, if the slope was fixed, as it could be fixed by control points,

gﬁf = K. g, where K was a constant or sine of the fixed slope angle,
foe, V' =K. g d

8
L:
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V=K,;d " which was of the same farrn as Kennedy's law. Thus
Kenned_vs Iaw was rational, and K, was the balancing factor for rationa-
ht}f, iz —

3 n=Ll
V[ fect g g (feet) "n
G —_ {eei_ i} }‘.; i, el
seconds seconds
This scemed to show that K; was a measure of the volume of silt
; d.
passing per secon "

But Q = Kd®3 and K = Bd + i}: for trapezoidal channels.

Now volume predicated (feet) ®

=
———
| i

el

2 per s second

n—T.
n o,

Bd + _d*was therefore < :-{éf volume of sllt)
Bd - %‘" =F (\ g

Where S = volume of silt passing per second
S, n, and d could be determined by experiment and thus

-5 )

n—1
- == 2
B-_—Z(y S ) 1 -_é—.. solved
3 3
The above indicated lines for further experiment with silt  volume
but 1t was necessary to sound a warning note that a true comparison
could only be effected by observing a number of channels of the same
slope and discharge, but with a different power of silt intake, by virtue
of varying regulator design. It appeared hopeless to experimentina
single channel because the regime changes would be so marked and there

would be grave c!uubts as to any fixity of regime at all, at any period
during the experiment,

The factor Z too would probably indicate variations for different
qualities of silt, hence the first step seemed to be to obtain data for
a number of similar channels offtaking the same quality, but varying
quantities of silt.

The ideas expressed above, as thought out from the lead given by
Mr. Claxton opened out a very wide field for research, because having
obtained data of varying quanhhes for a given quality of silt, next it was
necessary to pass on to varying qualities as well as quantities, Once
the quality and quantity factors of silt carried were properly examined,
then it would seern that the bedwidth and depth could be co-related
finally. The solution of that problem was not in sight vet,
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THE AUTHOR IN REPLY wrote that he agreed that K; the balancing
factor of Kennedy's law in Mr. Quinton's conception was a measure of
the volume of silt passing. In the paper the Author had laid down that
the amount of silt in suspension was also a measure of the energy of
eddies which was the same thing since his equation was based on the
condition that

acceleration € resistance of eddies,
" {.e.,acceleration « eddying energy.

Mr. Quinton’s proposals to further work out this conception involved
a truly formidable task. There was perhaps a nearer solution and that
was, to apply Gilbert’s curve for varying grades of silt to Kennedy's
equation, making the exponent a varying quantity along a similar curve.,

This might be done approximately from data ready to hand and
afterwards the curve could be perfected by means of other experimienis
carried out on the lines of Gilbert’s experiments sumtably modified,



