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SYNOPSIS.

When a sudden increase in the discharge occurs in an open
channel, a surge wave is formed. This body of water appears to
move along the initial surface. Depending on the diecharge this
surge can be undular, breaking undular, or steep fronted as the
discharge increases.

A theorstical expression'has been derived for the undular
form, but no allowances have been made in the theory for the effect
of forces that cause the waves to break. To simplify matters the
surge was assumed to have becen arrested, by supcrimposing on it

a velocity egqual and opposite to that of the mean velocity of the

head of the surge. Thzn it z2ppears as an undular hydraulic jump,
with moving boundaries. The expression for the profile is

derived for permanent flow,¢if solved alene, with no allowance for
friction gives a solitary wave profile. Hence two further expres-
sions have been derived for the changes in energy and momentum.
After simplifying and assuming that the chanﬂel bed ie horizontal
and the channel cross section is rectangular, the resulting non

dimensional eguxtions areg:i-

1 ,4Y. ¢ ¥ 41
ay

—= is thc slope of the water surface. E refers to energy, 8 to

momentum, and Y to depth-%(y = yeY. yc = critical depth).

P "
%% = %g[% = %] [1 + %%] (71) C - cqefficient of friction.
Q gsuffix o - initial conditions.

2 . ~ width of c¢hannel.
dE RN & : "
== %‘2[}7&" g;} [l ® -gz] (72) y - denth of water.

With the small channel used in the experiments, allowances

; 2
hed to be made for wall i‘riction(l“‘zz)n



ii.
Ben jamin and Lighthiil show that this undular form of surge:

is not possible unless losscs in @erzy and momentum occur.

The waves arc termed ‘'cnoidal' waves because the prorfile
can be represented,to a very close approximation by, the graph
of the sguare of the Jacobian elliptic function cn x. The term
'cnoidal' was coined by Korteweg and de Vries.

The Bguations 41, 71 and 7< were then obtained in a form
suitable for computation, and a number of numerical examples were
golved. The resulting profiles were checked by experiment, and
the agreement between the recults was considered to be good.

It is believed that if the calculations were made for greater
initial depths then those possible in the model chamnel, that there
would be greater agr=emsnt pﬂth recorded values. This is because
of the uncertainty of the determination of the value of the
cocificient of friction at low Reynolds numbers. At high values
of R the friction coefficicnt can be determincd more accurately.
It is thought that probably the valuss derived from the Bazin,
Manning, or Gauckler-Strickler formulae would then be suitable.

A considerable number of experimental determinations of wave
profiles were made, and the results listed in graphical and tabular
form. The curves show that until breaking occurs there is a
definite dependénce between wave length and amplitude of the wawes.

Probably the most significant result of this study of the
undular surge, is the recalisation of the importance of the effect of
friction on the shape of the waves constituting the surge. In a
rough~sided channel for a given Yo, the cresf height is greater
and increases more rapidly from wave to wave, and the wave length

is shorter than in a channel with a smoother surface.
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1.

INTRODUCTION.

When a sudden discharge of water is released into a channel,
or when the outlet to such a channel is suddenly closed, a
'Surge Wave' is formed.+ This has the form of a mass of water
apparently movinglalong the initial water surface, and the shape
of the nrofile of the surge depends uponrthe initial floﬁ,'the
geometry of the channel,-the roughness of the sides and bed,
the bed slope, and the amount suddenly discharged. When themean
heiéht of the surge is small compared with the original depth,
it has an undular profile, and is then called an 'Undular Surge'.
In this thesis an attempt is made to develop theoretically an
expression for the profile of these undular surges, and to find
the profiles in certain numerical examples. The accuracy of
these calculations will then be checked by experiment.

In nature, surge waves occur as 'bores' or 'aegers' in
tidal rivers. The inflowing tide is constricted by a 'bottle
neck' in the river, and a bore is formed. This moves upsﬁream,
and decreases in height as it advances. Bores also occur
moving upstream when a lock gate is suddenly olosed, or downstream
when the lock gate is suddenly opened. ¥hen a turbine is
suddenly stopped or started; a surge is generated, either moving
upstrean in the supply channel, or downstream in the tailrace
channel respectively. These are 'positive surges', and the
surface level is always above that of the original water surface.
'Negative Surges' are formed when the flow is suddenly decreased
but they move upstream, and the surface level is always below

that of the original water level. In certain circumstances
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there can exist 'negative undular surges'

Three types of positive surges are formed as the additional
discharge is increased; differentiated from each other by the
shape of their surface profile. The undular surge is formed
by small discharges, and as the discharge increases the
amplitude of the undulstions incrcases, whilst the wave lengths
decrease. When the first undulation of the surge breaks, it
is then recognised as the second type, or 'breaking undular surge'
Further increases in discharge lead eventually to the ‘'steep
fronted surge' characterised by intense turbulence at its head.

These three types are indicated in Figure 1.

% .
_1_/*‘\\__//';\ o _ fr%_ F o
-screst' Ug kds
i, P //‘// AT P i - /, Pl e i
&) AT (b) Breaking Undular
&82.__‘__ ey
_._“__.,@-‘- :
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7 S P z T = Fa

(c) Steep Fronted

Pig. I. Surge Wave Profiles.

The equivalent stationary form oflthe positive surge is
the hydraulic;jump; and this also occurs in the three different
forms listed above.

The undular surge with its train of waves has been the
subject of considerable speculation and research. Considered
as a series of progressive waves it has received the attention

of many eminent mathematicians and physicists. More recently
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considerable efforts have been directed to the solution of |

problems associated with the 'undular' surge, considering

it as a particular case in the study of progressive waves.
Apparently, however, very little has been accomplished towards
the predictidn of such a profile when the initial conditions
are known. Usually friction has been ignored, and the results
have indicated either a solitary wave, or a series of identical
waves continuing to infinity upstream with a constant mean
depthe In practiee, however, it is found that the amplitude
of the waves decreases towards the rear of the train, and that
as the train advances the number of waves steadily increases,
more being formed benind the surge. As can be observed the
leading wave appears first, resembling a solitary wave, and

a gradually increasing number of waves appear behind it, as it

progresses, with the valleys of successive waves overlapping.
Each wave increases in height to a certain maximum, the leading
one reaching its maximum first, and the others in their turn,
Then each steadily decreases in amplitude as the surge progresses.
Eventually, and depending on the distance traversed, a number
of waves will have reached an spproximately permaenent shape,
although their size is continually decreasinge.

The mean heights of these "permanent" waves are successively
of a greater height sbove the channel bed: as the observer
moves towards the rear of the train, This is the result of
the slope necessary to overcome friction effects along the

length of the channel,
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The initial formation of a wave shape is of some interest.
As the discharge into the channel is suddenly increased, the surge

front first appears in a form somewhat similar to that of the

breaking surges The initial rise of level is, however, insufficient

to initiate bresking and the profile is evidently unsteble forming
the first wave almost immediately; as this wave grows, a train
of similar waves develops behind it,.

The meximum height that a wave can achieve before breaking,
has been found experimentally to be approximately 1l.75 times
the initial depth but increasing slightly with increases in
the initial depth, to about 1,80 times the initial depth.

Contrary to the usual method of appreoach, which considers
the 'steep fronted surge' first, then examines the undular
form, implying that the latter is a special case of the former,
it would appear that the steep fronted surge is a special case
of the undular surge., When the discharge has reached such
a value that the leading wave in the surge bresks rapidly, this
wave suddenly decreases in height, and hence moves at a lower
velocity, the other waves trying to overrun it, and the valleys
becoming filleds The surge then continues on its way as shown
in Pig. 1(c). Eventually, however, should the discharge at the
head of the surge decrease sufficiently it will revert to the
undular form againe It can be observed that even, with very'
large discharges, there is a slight waviness in the profile,
Further, at the inlet to the channel the first wave can always
be seen to take shape, rapidly increase in height, breask, the

successive waves overrun the turbulent water, and the valleys




tend to fill.

As previously stated an attemp@ will be made to reach
a general theoretical expression for thec profile of the
undular surge, and then certain numericgl examples will be
worked out. ~Owing, however, to the extreme tediousness of
the calculations, two restrictions are made; that the bed
slope,and the initial flow are zero. The calculated feéults
will be checked by experiment,- and it is hoped that the

experimental results will yield data that is of practical use.
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CHAPTIR 2.
HISTORICAL SUMMARY

It would appear that ever since Euler and Lagrange stated
their laws of £luid motion, the derivation of the equations. of
wave motion has been possible, but the great difficulty in solving
the necessary equations has militated against this. Although
much has been discovered about periodic wave trains, and a great
number of approximate solutions have been derived, even for
this relatively simple case an exact solution is not yet
available. Priction is invariably neglected in these solutions,
and other assumptions and approximations have to be made.

In his treatment of the problem of 'long waves' Lagrange
derived what is probably one of the first equations governing
wave motion:- )

%‘;§= 850 (§—§§ + %2—%) (1).
Where y ig the_depth of the undisturbed liqguid, y is the local
depth, and z and x represent the respective 00uordina£e axes.
For waves of small magnitude, the above result can be solved
to give an expression for the velocity of the wave 'c'.
c = [BY, (2.

For waves of shorter length, one oi the first great
experimental works was that of Scott Russell Gﬁﬂﬁ ﬁho obtained
a great deal of experimental data on the solitary wave. He
found empirically that the celerity of the wave was given to
a very close approximation by the relavionship

¢ = JJgy crest (5

N.B.* Numbers in brackets ( ) refer to bibliography,
when following a proper .ame.
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He also made many observations on the formation of, and
physical peculiaritics of other forms of waves.

Scott Russell's work was, imnediately complemented by
the theoretical studies of Airy (1) in the‘Encyclop&adia lietro-
politan; on the subject of waves. For waves of small amplitude
and assuming a sinusoidal profile, Airy derived the expression
for the velocity of propagation of the wave.

e =/§’%\4'banh g.‘{l‘s (4)

where A is the wave length and i is the mecan depth of the waves.

If ¥s becomes small, then Sguation (4) reduces to Zquation (2},
alternatively if it is large, then

c :qégg (5,

These expressions give results that are in good agreement with
practice for small waves. ‘

Rayleizh (18) later derived dn expression for the velocity
of waves of finite amplitu@e in deep water, and a more exact
form is due to Levl Cevita. Stokes @22) also extended Airy's
method, but again, although of more.general application, only
held for waves of small maénitude.

fhe previously mentioned results, however, are ﬁot directly
applicable to the problem in question, that is to a train of
gravity waves behind a surge in an open channel. A great deal
of work has been accomplished on the probleﬁ of gravify waves
in open channels, including the allied phenomena of the 'Solitary
wave'. The most important early results were fhose obtained
by Boussinesq (5) and Rayleigh from the fheoreﬁical point of

view, and the work of Bazin (%), the great French experimentalist.
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He constructed a large channel, over 600m. long, and conducted
what were probably the first accurate measurements on the
profiles of undular surges. Another great experimentalist of
this epoch was Scott Russell, but most of his work was concerned
with the solitary wave.

In 1895 Korteweg and de Vries (13) using g method similar
to thit of Rayleigh - (i.e.) assuming that the vertical and
horizontal velocities could be represented by a rapidly con-
verging periodic series, obtained an expression for the profile
of long waves of finite amplitude in an open channel. If< 1is
a constant, depending on the physical properties of the fluid
in the ¢hannel, ¢, and c, are constants of integration, and
«L1s some arbitary constant, then their equation takes the form:-

o (@)% =y -5 s e may ()
an equation for the profile of a permanent wave. This can be

rewritten as

y = hen®x BB (moa.k = /B) (7)
which represents the graph of the square of the Jacobean
elliptic function cn.x, with modulus k. h and b are the roots
of the quadratic

y2 + By + Cp = 0. (8)

In analoegy with the term sinusoidal, Konteweg and de Vries
applied the term 'cnoidal' to the wave profiles represented by

Equation (7). .When k¥ = 0 the waves are sinusoidal, and as

k tends to become-l the waves tend to the solitary wave form.
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r" Ve“y llttle attention was then paid to the Speclflc problém
'of uhe Lnaulav surge until Favre (6) in 1935 conducted some
experlments into the shape oi the profiles of these surges.
‘HlS main pre—qccupat}on was with the change in shape of the gurge
itself, regarding if aé steep fronted, as it progressed down the
¢hannel, and his theore’oic'al'wofk deals solely with this aspect.:
Part of the experimental work, however, was to determine a
number of the undular profiles, and this was accomplished in
a novel and ingenious manner. Two cameras were suspended above
the channel, with the 1ineujoining them,at'right_angles to the
axis of the channel. Simultaneous photographs of the oncoming
surge were taken, and the results were plotted using the methods
emplofed in photogrammetry. These results are discussed later.

An.ingenious theoretical approach to this pfoblem was later

proposed by Lémoine (14) to account for the dissipation of energy
in an undular surge. He suggested that the waves were formed
in an effort to dissipate the energy, which was radiated through
the wave train. . This energy is expended in turbulence at or
near the head of the stéep fronted surge, but no such turbulence
occurs with the undular surge. Lemoine's theory was based on
the sinusoidal method used by Airy, and his resuits are strongly
criticised by Benjamin and Lighthill (3) who show to a very good
approximation,that the waves in an undular surge aré cnoidal
waves. They also obtain an expression for the profile of the
waves,which is similar to that of Korteweg andlde Vries, but
the rather ambiguous constants of integration of the latter

are replaced by terms that are subjcct to physical evaluation :,
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(i.e.) Ha® (%)3 = 2Ry? - gy + &° - 2sy. (9).
where R and S_are energy and momentum functions respcctively.
Whilst showing'that cnoidal waves cannot exist unless effects
of friction are taken into account Benjamin and Lighthill do
notv show how this can be accomplished in practice.

A very useful. theoretical apiroach to the problem of
graduvally vaied flow in open channels, and anc adaptable with
certain approximations to the problem of undular surges is
présented in the extremely intéresting treatise by Serre (21).
Although he does not specifically treat the matter of undular
hydraulic jumps, or surges, the method is easily adapted to
these probleas. A morz detailed account of an adaption of his
method is included in this thesis, and it is proposed to show
that it yields results of considerable significance, although
it departs in general from the classical approach of Rayleigh,
Korteweg and de Vries, etc. It is very interesting to note,.
however, that the form of hié final equations is, subject to
suilitable transfoirmations, identical with that obtained by
Benjaﬁin and Lighthill. The reason for this similarity is
given later.

Keulegan and Patterson (11) have gathered together a great
deal of information on the subject of these waves, very little
of it original, but they checked ctheir solutions with the
experimental results of Bazin and Faure.

Binney and Orkney (4) conducted some very interesting
experiments, and showed among other results that the breaking

of the first wave of the undular surge occurs at approximately
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a Froude number = 1.26. This corresponds in the present
notation to a limit of approximately yo/yC = 0.8B. This is

at considerable variance with Serre's theoretical value of

0.57.
Hunt (8) used -an approximation for the velocity distribution:-
v = V surface) x (=—Y— '% 1
(y) (y ) (stface) (10)

in the sinuscidal theory and obtained an eXpression for ¢,
the celerity of a gravity wave in an opnen channel. The
remainder of his wofk, however, is mainly a recapitulation of
that of Kortesweg and de Vries, leading to the standard cnoidal
wave form.

Yoshiaki Iwasa (10) develops ' Serre's equations including
terms due to vertical accelerations, but when the same
approximations are made, as in Serre's work, in order that the
equations may be solved his results are exactly the same as
Serre's, but unfortum tely without any mention of the effects
of friction.

The theoretical part of this thesis is based on Serre's
me thod, foi the solution of problems in gracdually varied flow,
and an attempt is made, using the relationships that are evolved
to nredict the profile of certain surges in practice. The

& a0

,
-
F3

¢ checked by experiments in a small channel.

ot

resul
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CHAPTER ITI.

Theoretical congiderations leading to the

‘approximate equations ror the prorfile of an undular surge.

General. Equations. Method of Elliptic Intscgrals.

(1). GENERAL EQUATIQNS.-

In order that the exspressions obtain:cd may not be too
cumbersome, it is assumed that:-
(1). The fluid motion is two dimensional.

(3). The bed slope.. is sufficiently small for

). A rectangular channel section is used of width ’i’-

oy

coss = 1 and sins S
(4). The co~ordinate centre is at the outlet of thé channel with
the z axis being vertical and the‘X axis being the
longitudinal centre line of the channel.
(5). The flow is considcred as being permanent, and hence teras
iavolving differentiation -with respect to time can be
- ignored. To accomplish tuais for the problem of a surge
on originally still water, a velocity equal and opposite
to the surge is generally applied. This brings the
surge to rest, and it appears as a hydraulic jump, but
with moving boundarics (Fig. 2.

M

L .
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(6). The velocity distribution is uniform and equal tq IJ. aciqQss
any section . Hence u'=U = Q/1.y. (Fig. 3j.
If two sections A and B are considered at distances X and

(2 + dx) from the origin.

Zy

: B
‘: \N’urﬁ.f'_l/
I Qurface i
; A Lf {ﬂ+dl\.j

Figd Flow defals of Sechions A and B

Then from ths momgPtum relationship
fQ(_UB - Uy ) = Ipd:—l - jpdA - eax (L + 2y, + yeglysax
or rew}itten . iy (s
JJ)dA + fQUB'— iPdA - fQUp = fgfysdx - ﬁ@dx(i+2y;.
where Q is the dischirge

P is the fluid cdensity

U is the mean velocity
u & w Are the localqomppnents of velocity

o 1s the friction force per unit area

If now M represent a momentum function per unit width

of ehannel 4
rS A )

M%) = J.EL§+_§1 . dz + Uy (12).
o (B g

and if ‘équation (11) is divided through by ﬁgl, it can be
rewritten '

M(x + dx) - M(x)

[sy ~§°@,’] (J--’P.‘zﬁ. dx (13)
[y - g%)(l*gf) (14).

i}

and therefore aM
ax
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SiuilaQIy if H is the energy per unit weight of fluid

Hix) = % ' j(% + 7 * ﬁ% ““f) dz (15).
and we have t?at P
[(ﬁ} + 2 + %‘E ) udA - j({% + 2+ ﬁ;ng) udA =To uLﬂQLj‘)dx
8 A v (i)
whence %% =g - g% Qf%%) ' (17)

It is assumed that all the momentum and energy losses occur
through friction in the boundary layer, and that outside thig’' limit
the flow is Irrotational.

Qwing to the curvature of the fluid filaments the pressures
cannot be taken as the eguivalent hydrostatic pressures. The

pressure distribution is given by

L dp _ 4 _ u‘aw _ W dw
‘Fg 4 E X  g. oz (18
f¢om continuity considerations
du - - aw
dx dz (19)
but u = U =
,-,si_uz_ﬁp,@;a& L
dx fy“ dax dz v& dx (BO)

Inteprating Equation (20

W = %§39§Xz-+ c - (21)
at the bottom W = O and 2 = O i+ s 6= 0

.'.,Wzgrﬁgl
Eddxg

Substituting these values into Eguation (18)

183 ..1-9 [-2a amy2, @ .__:4 . g A PR (e
pE oz &by fy5(dx Ly* _g?(gx) (,Ey“f' e

I

= = 1 * z[_ ;J ,%g

2
d
Integrating and knowing that p = O when 2z = ¥y
2

/ 2
P‘"Y"“(y‘““‘*[% E-Gm @] @

(22)

(24
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From this result, Equation (I2) on integratngand simplifying
becomes

2 8 48 2] 2]
W _ I%% Q Q_X, @_% * %2__ 26 )
M 4B = 2 5'23 ax° 3gfy ( y =8/

and Equation (15) becomes .
( 9z e £ (27)
B(x) = - Bop 207 a2
wt ¥ ngey dx 2y 8 dx 28 yg /
Equations (14), (17), (¢6)and (<7) form the basis of the
ensuing treatment of ths problenm .
As they stand at the moment, these equations are rather
cumbersone, and the following sgimplification is adopted.

Bguation (27) can be rewritten

2 (a2 _ 1 (ay 3} —H-y - 92 ' ,
%E?‘y'fﬁig g7 (& | 2gllyR (=8)
and this is equivalent to

B 2
g - 2 R R - !
Ggiz dy 3 ( ) 1 =H -y o ya (29)

Then if for the moment H is regarded as constant then
Eguation (29) can be immediately integrated to give after
nmultiplying through by ¥

If ¢ were known, then theoretically the profile of the
graduvally varied flow could be computed, if H and @ were known.
The only function other than H and Q, needed to determine the
profile, however, is M, and if this were found, then C could be-
evaluated.

Rewriting Sguation (26)

2 = C =
| 42 4y - 3
5g£ 1 d "% v (dx {H . ng (1)
T (y) is put equal %o (%%)2, then Equ:ition (31) becomes
£.2 2 .
2 o | 92 - 22 -y - X - g~ 5 (32)
6g¢° | dy ¥ | 2 ek
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On dividing through oy yg Equation (32, can be put in the

form

[ ) B oy ) “2

Q@ 8lz. - ¥, 19 33
681" iyl "y T B T whl (83,

Then assuning for the noment that M is constant Bguation

(33) can be integrated to give, after multiplying through by y2

2 5 2 o \
521 : = - My - + @, + ¢ y© B4)
Then it is apparent from inspection of Bguations (30) and
(34) that the following relationship between H, M, and Q, ¥,

and X will hold
3

g@ﬁ ) = Hy - % + %EZ?.“ My (35)

To make this of more general application, it would be
preferable to have it in dimensionless form, and hence, if A

is the critical depth, let

¥ =% X (36)

z=Y X _ (87)

o 3 - @2 )

and we also have y¢ gzz (38

substituting these values in Equation (35) the resulting equation

18 s
1 858 BB L. B L il |
s (Gx)" =(F Y z t3- (5520 ¥ (39)
Let % =Eand Mo =g : (40)
c Ye
then
. 3
2 ()% =" - % + 2 - gy (41)

~ If Equation (41).is solved for a numerical example,
a solitary wave profile is obtained. This is as would be
expected, since the effects of friction are neglected. Therefore,

it is necessary that in any practical case, the effects of friction
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should be included, and this can be accomplished using eguations
(14, and (17) in addition. Once again, however, it is preferable
that they should be derived in a siaplified form, and therefore

using the following relationships

J)

AV )

2 E
fﬁ % where £ is a friction coefficient (42)

c

%ﬁ where C is Chezy's friction coefficient (£3)

and remembering that U = %yg Equations (14) and (17) can be
rewritten. In the following, the working will be given only
for Equation (14), as Equation (17) is very similar{ Therefore

we have that:-

aM _ Qe v BY ‘
TR 5 NI a

and using the notation of Equation (40)
ag _aM/yS 1 am_ 1 gu

dX ~ "ax ¥o° a&X ~ yc dz . (45)

and therefore Equation (44) becomes,

2]

%% = gY - %@gg (1 + %X) " : | (46)

This, however, as stated earlier‘only;applﬁes to_the
problen of permanent flow, which from the point of view of
this thesis iﬁ the Hydraulic jump. The value of the variation
of  and E afe_required, however, for ﬁhe moving surge. The
value of Q in ﬁhese two cases is different. Fig. <A, represents
the velocities in the undular surge, whilst Fig.'zB, represents
the velocities when. the surge has been reduced to the equivalent
case of pérmahent flow.

It is convenient here to refer back to Equation 44 which
can be rewritten 24 5

aM ' Vg
=y - %g ‘e (47)
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and at any section in Fig.2B V. is the velocity of the fluid
relacive to the boundary,
and therefore V. ={Vg - V1) =@y - v,) (48)
but V4 = %gg s )
and therefore V.= j?(ﬁj— §') (49)

and from this Equation,(47) becomes

aM __ 2201 L14% 502
Sy =~y + g (T 3 ) &2

the rate of change of Moméntum of a 3urge.

Using the notation of Equation (40)

#ore kg - 4 [2eF] i

'and similarly

%% =-5 + E;, [Yo“ _] [i*ri ] | | (62)

In equations (51) and (52) the changes of % and E are
seen to be positive. That this must be so, will be realised by
inspection of Fig.Z2B. Under the waves ths bQunddry Nnoves more
rapidly than the fluid and hence.in the positive 'x' direction
the surge gains in energy and momentum. In reality this is
stating that at the head of the surge the energy and momentum
are at a minimum value. Hence the signe in the relevant equations
are now Changeds.

This result shows that unless the channel is 'semi infinitely'
wide, the result is not general, (i.e.) that having determined
the flow profile for one particular channel, it will not hold

for another channel with the same ratio for Xg,unless Yo and C

are the same for both channels.
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Equations (41), (51) and (5%2) arc then the equations to be
used in th:s prediction of the profiles of undular surges in

rectangular open channels.

(2). METHOD OF ELLIPTIC INTEGRALS.

It ig interesting to note that some checks on the calculations
are available, by what is described in this thesis as the method
"of klliptic integrals'. It has already, been stated that the
waves in the train of an undular surge have been shown to:
approximate very clogely to cnoidal waves. | That is,the profile
of the waves approximates to the graph of the square of Jacobean
elliptic function €n x, with different moduli k.

If Y1 and Yg represent the heights of a successive crest
and valley respectively, and if these values are substituted
in Equation (41), noting that %% in each case is zero, then by

gubstitution,

g=Y1 ¥+ 1 (53)

= < EY:LYQ

and 3 = J1ye , Yz +t 11 (54)
' z BY1Ys

Replacing these values in Equation (41)

1 dy,\2 A
2 (Ao _ (v _ v o ¥l (s = ) . 55
3 (dx_) ( 1) ( 2) (YlYg ( )
and then the half wave length
’ *Y,
Laed Ao}’ @y
i e R —
Jg,é/(Y - Y1) (Y - ¥p) (§y, - V) (56)

and then using the change of variable

o 21 % Yo P ¥4 = ¥o 57
2 2 L 41 ( !

a9

<
|

L o= i du

LONG R X q /
V;‘?)(—-g'—-z-——g Rt mé‘) Gl-l\/(l o] 112) (1 + Ku.)
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where K = &_:12

Y1 + Xz (58)

- 8

¥i¥g
which represents a uniforimly convergent elliptic integral of
standard form for — |< K<+l

Alternatively with the original‘notation,

f’*!-

e QB o .

L=_8Q
,.; pipeirtr: e :i' - ...._.-_.._ .é e L]
1 [sg (TR = ¥ j_1 1 + Ku) (59)
where K = - yzz 3 (60:
+ o 60)
Y1 Vg —-KC‘——yiyg .

yﬂya;and XQE are the three roots of equation (35
_ S1Yz
when dy/dx ="0.

From these expressions it is possible to obtain a check on
the heights of the crests and valleys, and onn the wave lengthse.
The method will be indicated later.

In the following Chapter, the methods of applying the
relationships already obtained will be given. Various other

matters are also dealt with later, such as the value of the

Chezy caoefficisnt C.
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CHAPTER 1V
THE APPLICATION OF THE RELATIONSHIPS

DERIVED IN CHAPTER TIII.

Method used to determine the flqQw profile.
Rearrangement of formulae to s8inmplify calculations.
Methods in calculations. Elliptic Intagrals,
List of Gélculations, Detgrmination of the

,  friction coefficient (c).

(1) Method used to determine the flow profile.

To facilitate the calculations the fOllowing assumptions
were made,~ that the bed slope of the channel, and thé initial
flow were zero. Hence our surge wave moves in water that
originally is stationary. Then the preliminary steps in the
calculations are as follows:- |
The values of B, and §, are first obtained, where the suffices ‘o
refer to conditions at the foot of the leading wave of the surge

(i.e.) still water conditions.

2 2
Mo = Y8~ + Q (61)
- ggzx
5
and H, = y, + ““%E"_z / (62)

2edy,

which employing EBquation (40) give

) :

A =+ (63)
a

end E = Y, +2% 2 (64)

Hence Q and y, must be known to calculate B and E, .
It is then presumed that since the changes in 8 and E are
small compared with the change in Y, that for a small change in

Y, (= 4Y) $.and B can be assumed to remain constant and equal to
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B and E, respectively. Hence if these values of § and E are put
in equation (41) together with Y = Yo+ £Y, then a value for
%% will be obtained alb this value of Y. Assuming that AY is
small, then AX is AY/JdY/dXy The smaller AY, the greater is
the accuracy.' This value of AX is then used in equations (51)
and (52) to give the change in & and E, if the value of C be known.
For greater accuracy these values could be replaced in the original
equation, and eventually new values of # and E obtdineds This
by a process of reiteration would give an asnswer very close to
the truth, but usually the first approximation is sufficient.
The process is then repeated for further increments in Y,
continuing as far as is required, and thus the wave profile can
be plotted as the calculations proceed.

IfAY at the start of the calculations is infinitely small,
 tha1§X is infinitely large, and as predicted theoretically by
Serre, the wave front never reacheé& the initial level. In
practice the distance iX is reasonably short, but in the cal-
culations it is very difficult to know how much to aliow, when
the results are To be compared with experiment. Usually the
first value of AY = 0.01, and this gives a slightly shorter front
ta the wave than is indicated in practice.

As previously stated, in the case of the undular surge,
the increments in 8 and E have to be added to ﬁp ané E,.
Referring to Figure 2, it can be sszen that under the waves the
boundary is moving faster than the fluid. and hence the fluid
must be gaining in energy. " Looked at in reality this shows
that the head of the surge is a position of minimum energy and
momentum, and that the farther one proceeds towards the rear

of the surge, the greater these values become. In the hydraulic
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jump thése values will of coursc decrease as the oosscrver moves
towards the rear of the jump.

When the profil: has boen determined to the first crest,
ok 3 = dY 1 -~ ke i & 32 m . . -
the sign of Fx has To be reversed. This is because X is a
continuous function of Y, and we know from physical considerations
that che dspth of the water must decrease ggain.

. (2). Rearvzngsmeut of formulae to simplify calculations.

‘nilgt the profile of a surge could be determined dirsctly by
the method of Section I of this chapter, it would be a long and
laborious process, hence the following relationships have been
evolved. Using Zguation (41) as exzplained in the first section

of this chapter

3
= S s 2 . s \ ) .
L (@)? =m, (¥, s4m) = Xl L 2 - B (% +AY) (65)
6 ax®
where (%EL is the slope of the profile at Y = Y, +AY
Then AX = "(;3 (66)
(ax),

Hence from Zguations (51) and (5%) the values of AL, and AZ,
can e obtained and:-
%)
1 aY ® - g 2 (Yo + 28Y)° 1 \
= = (By +4AE, + 2AY) - - + == (8, +4A4,)
e o) = 1B WY Eilkrour 5~ (B
- (Yo + 248Y) (67)
and by inference
2 S '
(@)% - (5, + 45, +AE, +owE) (Y. + (e1)AT)P -
VS ,
(ot AUAD® ) (4, +A K +45, +orrBf )
(Y + (m+1) Y) (68)

Then using the valucs of Eg and 3, (Equations (63) and (64)
with this last equation; expanding and. then eliminating like

terms, and putting —
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(LB, + AB, +--- +AZ ., ) =SAE and
([-\sd +A;éu T +&'ﬁ!'\"] ) EE:AS ‘ (69;‘
Yo+ (n+ 1)AY = ¥

The following expressions is obtained vhich greatly rcsduces

the labour in the calculations:-

|

P

5%

~Ro8) (%) ' |

Ly -l %40)%0 - v %) (&L@i}__ﬁflaa, om0 (7o)

and the equatiocns relating changes in energy a.ad momentum to

denth bccame

d Bcd 1 1= F 2y 1

ax = 6ol y, -% 1+ (71)
2

8 Beldi-~LlT. B

ax ¥o Yo Y_—_‘ ]_1 + { :l (72)

From théae three equations,lgnowing the discharge at the point
in the lengith of the channel where the wave profile is to be
calculaced, tvhe original depth, and Cj; then for a p;rticulér
channel the profile of the undular surge may be determined, if
the bed slope is z:ro.

(3) Methods in Calculation.

If the known quantities at the entry of the channel :re
@, C, ¥ ., and the channel cross section, then the procedure in
calculating the wave proiile at a known distance from the entry
is s follows:-

(a) Knowing the above quantities the discharge ac the given
position c-.n be found using any of the noraal calculation
procedure (i.e. that due to Favréart&'model experiments. If
the initial value of @ is used then the profile obtaincd will
give the height of the highest wave that will result in the

channel.
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(b) Knowing the value of @ at the position required, and if

Ve represznts the mzan height of ths surge, to a good approximation

the velocity of the surge V = ET% T g 3 (73)
5 o W

Let Qu be the discharge for the eguivalent hydraulic jump

=V y,1
e =wXler = S (74)
N 7_Eg___me_z
fusther yg = %2 [—l + gL+ 8(%ﬁ) ) for a rectangular channel
! G

(75)
ang therefore Yy, can be obtzinsd by a rapid process of trial and

error Irom
I ——— -—-—.—Q__,...Mm--.-..- = 3{2 /ﬂ If2 o~
= 2 ad + NASY T Ve A8 (76)
2 Eg 8(30) )
Llternatively y; and V can be obtainesd dirsctly from Faurek
calculations, (Scec Appendix for numerical example) .
Knowing y. and y, ) W; can ve detéermined, and using Equations
(70) (71) and (72) the profile of the surge can be calculated,
if the value for the coefficient of fricuvion is known.
(4) Procedure in calculations using the sethod of EllipEic
Integrals.

Having calculated the profile of the undular surge, the

wave len.ths can be checked by the method of &lliptic integyrals.

In equation (59) there occurs the integral

T = G du . f+‘ du
.;_\,\-/(1 -~ u®) (1 + Ku) J1 1-w (1+w I+
l _ :
= 1 r+ du (7,:_.)

|' : " s
i j_{(l -u) (w-(-1)@-(-¢ )

This corresponds to the standard elliptic integral —
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i

Ll]
dt where a = 1
Jla =t )(t-1b) (L-ec) b= -1
b c = ~1/K (79)
and a ) y>b>c which holds as | < K <)
The solution is of the form gsn " (sin @, k)
2 2 oy . e / ( - )( g e .
where g = =~=. = =2£- ___ and {’ = sid a .= )y = b (79)
Vame g1¥i/k T ECERCED
: ' = sin"':
and k® =a~b - 2K , = ST
BT e d 2
and therefore
_ﬁ.qfi(sin ;I 2K ) {8n)

T+ 2 Y¥X ¥+ 1 E

If this is introduced into Zquation (59) the half wave length
L can oe determined. Alternatively Equation (59) can be

simplified for waves of small amplitude.

T N, ,
1 5 2
T o (3 SB-)
/5(Y t . Y2 ) | (81)
2 Y, ¥

This method inv.lving the use of elliptic integrals can
also be extended to give theValues of 1L, y, and y. for successive
indulations. The method is necessarily approximate, but is
quite useful to provide some answers without the work involved
in the full calculation of the profile.

In eguation (41) if %% = 0y
ev? - L+l gy -o | (82)

If E and § are given the values E, and p, (Bquatiom (63) and (64))
then (82) can be solved fo“Y Thig will yield three valucs of

Y, and thne equivalent valucs of y and y, can be calculated. Then
using Eguation (8l) an approximate vaiue is obtained for L.

Putting L =A X an approximate value of £\$ " and AE can be

obtained to the crest of the first wave. Alternatively = and g



27
can be obtained dircetly from Equations (53) and (54). Putting
these values back into Equation (82) further and more accurate
valués of Y may be obtained. These are theén substituted in
Bquation (37) to obtain L more accurately. This is then repeated
if greater accuracy is reqguired.

The process is repeated for subsecguent valleys and crests,
and thus a s2ries of valucs of Y,, Y, and L are obtained for
each wave. These can either be used as checks on the main
calculations; or for a rapid determination of the thrce cuan-
tities ¥Y,,0, and L for each undulation.

(5) List of Calculations.

From the experiments undertaken, it was quickly realised
that the maximum hsight of the leading wave is reached - i.e.
breaking occurs for approximately Yo = 0:8B. Purely ior interest's
sake, however, two profiles were calculited for several waves at
Yo = 0.80 with two extreme values of C in an infinitely wide
channel. In the first &g = 0.002 which represents an eztremely
smooth channel, and for the second %2 = 0.08 reprecsenting an
extremely rough surface. These two profiles are shown in Fig.25
The results are discussed later, but it is of great interest to
note the differences in the two profiles.

A profile is also obtained for Yq¢= 0.9 when y. = 2%, rand
the effects of friction are neglected (i.e.) C =o. This 4s
would be ©XPeccted has the form of a solit&ry wave

Finaliy'profilcs were calculated for; Y, = 0.9 withy , =
2", 3" and 4%and ¥, = 0.87, and 0.95 with y, = 2%, These were
calculated with values of C appropriate to a smooth glass
channel, and then repeated £or.:. Y, = 0.9 and y, = 8" 3" and 4%

‘ . . =
using 'C’ values apnpropriate to the channel lined with netting.
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6. Determination of the friction coefiicicnt (Cj.

To solve ejuations (70, to (78, reguires a knowledge of the
coefﬁicient of friction, or ravher of the variation in the wvalue
of this coefficient. The other terms are knowh or can be
calculated, but the value of 'C' still haz o be determined.
from calculations and from observation it was soon cvident that
the profiles of the surges do depend very largely upon the
lozses of energy and momentum in the surg:s. I'nese losses are
aue not only to friction between the fluid gud its boundaries,-
but also loszes in the fluid itself. It has been sssumed, how-
ever, that the losses aré confined to the boundary layer and
hence are pronortional to the boundary surface area: In a wide
channel the friction effects of the sides could be neglected,
but not in the small channel used in thess ciperiments.

The use of the name Chezy coefficient for 'C' is rafher
nisleacdi..g, since it gives the impression that once the Chezy
constant for the particulsr surface, and the depth ars known
then the friction coefficient is kaown. This, however, has been
found to give uuch lower values of friction than occur in
practice, unless the velocity of flow is reasonably high, the
boundary surface is rough, and the initial depth is more than
just a few inches.

It was found that in the channel used in the experiments
the velocity of flow (and hence the Reynolds number) was too
low for ﬁhe empirical value of C to be even approximately
accurate. This was true even when the channel surface was
lined with netting. Hence a more snalytical approach was

tried, using the well known relationship for laminar flow
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B
ay . _Tm__ (85)
dx i, e _U__
&Y

where %% is the slopne of the water surface
m is the Hydraulic Mean Radius
U is the mean velocity of flow
y is the depth of flow.

A more detailed account of the sxperimental determination
of 'C' is given in Chapter 7, but the outline of the method is
as follows. The slope of the water surface is deteraincd at
a particular position in the channel, where the surge is to be
recorded; for difrsrent depthe and discharges. From this a
series of valueg of '3 can be obtained by the use of Equation (83).

It is well known in experimental work that one of the
criteria oi similarity between model and pMototype in work
similar to this, is that the Reynolds number (R.) be equal in
each. It is also knosn that the friction coefficisnt (whether
f or C) does vary with E,. Rather than use the Reynolds number,
it was thought preferable to use a flow number 'r' (= Vem =

Qel
el - Q&E.(%_ -4 \)Eig. 2 and Equation 49) this is of course
o)

Py v

ot
= R,X.  Hence C was plotted against 'r', for both the smooth

channel and the channel lined with netting, Fig. 4. It caa be
seen that in both casesg, the value of 'C' does appear to tend
to an average value when ‘r'>> 0.08. It does, however, vary
about a mean as the discharge varies. Then in order that these

curves could be used in the calculations, a further set of

tay 1
b

curves had to be calculated and plotted, with sraphed against

t i

r', ¥ig. 5. These curves were for Y, = 0.9 and Vo = 2, 5, and

4 ins. and Tor Y, = 0.87 and G.65 with y, = 2 ins alone.
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Therefore at any point in the calculations if Y were known,

1 i

r' could be found, and then from the 'r' to '€' graph , 'C'
could be found.

To facilitate the caleéulations even further, a final curve
was calculated and »lotted in each of the above combinationg of
¥ anc Yge Since the variation of momentum and encrgy are
depéndent upon the factors, gg; 1 + %¥ (= W); and (l~ - l)2

c !, ¢ Yo i d
(=A); these were calculated for various valuss of Y, and then
multiplied together. The result, (ﬁ%A.%BJ-waE plotted against Y.
Then in the calculations, at any sten this value of “LA.%Q,
could be read from the graph, and multiplied by the change in
X (=AX) woulé give the change in momentum (=A 7). This in turn
divided by Y gave the change in energy (=AE).

Cne of the difiiculties in comleting Fig. 4 was obtzining
valuss of C' at very small discharges, since the apparatus
available would not register such small quantitics, or such
small changes in these Quantities. Hence the lower part of
the curve is iven a probable shape as iadicated by the results
at the smallest measurable changes in surface lzvel. This is
unfortunate since for a considerable proportion of the calcula-
tions, this part of the curve has to be-used, since the flow
number is so small.

Profiles wiere also calculated with the emnirically deter-—
mined value of 'C', but although the denth at the crest of the
Tirst wave was not very much leéa than that recorded experimentally,
the calculated wave length was considerably greater, and the

depth at the first valley somewnat less than the recorded result.
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From a comparison of the recorded results in the channsl with
a smooth and rough surface, this result indicated that the cal-
culated caergy a..d momenitum losses were smaller than those occurring
in these practical cases, (i.e.) the values of € were too large.

An atteant was then mdde to find some mcan value of G which
could be used in the calculations. It was discovered that if
2 mean water surface slope was obtained from the reoosds, oy
taking” the slope of a line jJjoining the meain height between crest
and valley of successive indulations, this gave a necan valus of
'C" vhich gave results comparable in accuracy with those cal-
culated using the values of 'C' determined as shonﬁ above. This
however is only of academic interest, since some of the result
is required to calculate the answer. What is interesting however,
is tﬁat the slope calculated on a mean height basis, is greater
than that of a similar flow which has reached equilibrium - (i.e.)
when the surface shape remains constant. This would apparently
show that the losses at the head of the surge are greater than
those nearer to the rear of the wave train. A possiblz rcason
for this, is thit at the head of the surge the flow is approxi-
mately laainar and the velocity distribution is parabolic. Hence
momentum and energy losses occur not only in the boundary layer, bub
throughout the ligquia, that.is to say the boundary layer is
practically non cxistent. Farther along the wave train howecver
the velocity distribution approaches more nearly the conditions
assumed theorctically. That is, that the losses all occur in
the boundary layer and the velocity distribution outside this
layer is uniform, hence the losses in cenergy and momentum are

less than .at the front of the surge. This is probably
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analagous to the flow past a plate, with a gradually devcloping
boundary layer.
The results of the calculations employing the variable
friction coefficient, determined, by the mcthods described in

this section, are shown in Figs. 3=z to 24.
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CHAPTER _ 5.

Practical Details in the Calculation of Undular

Surgze Wave Prorfiles.

In practice the kiown gquanctitiss would be, the initial
discharge, the friction coefiicicat, the initial depth, and
discharge, and the geometry of the channel. From this the
profile of the surge could be determined,; as explained in
the previous Chaptar.

To simplify matters a little, however, in the calculations,
arbitary values of Y5 and Y, were chosen. rrom these ©W0y ¥e
can be determined and heace Q, = y.sgfgj% (84)

Then the velocity of the surge V —‘i _ (85)

From rig. 13 (which shows the ve1001t; of the surge at cach of
three depth gauges, .pbotted against initial discharge) knowing
the gauge at which the surge is to be recorded, the initial
Gischarge can be found correspondiag to the veloecity Ve  Several
ruas are then made at this initial discharge with the chosen
initizl depth, and the surge is recorded at the desired depth
gzuge. This record is ﬁhen reproduced to scale, and the
calculat=d points shown on it as large dots. Thus a compariszon
of the calculated and recorded profile is obtained. Figs. 22 to
4. A numerical example of the_preliminary calculations is
included in the \‘ppendix.

(a) Stcp by Step Calculations.

As already describec in Chaptcecr 4, a curve is plotted of

W.A.gz against Y for the chosen Y, and yo. W. =(Q + %?);

2
A :(% - 3)%; and ¢ is obtained from Figs. 4 ind 5.



oh

3

AV 2 " 3 x5

The value of &) (% Yo = B and M arc found for the
<Yq 2

-

particular Y.

rinally a calculation sheet is drasm up cmbodying all the steps
involved in the approximate step by step solution of Zquations
(70) (71) and (78). 4 specimen sheet is included (Fig. 27)
and an explanation of the headinzs is ag follows.

Colusn (1) Y, and ¥, ° |

Solumn (8), (3) and (4) (m+ 1), (n +1)° ang A

B(n+ 1)8; T = %l)-d(m %18

@‘35) Yn

EAB) Y. °

Colusn (5) G - T. G

Colum (6) N - P. N

2

J28 and JAD are calculated in the preceding line.
Colum (7) G - T + N - P. These value¢s change sign and When
G-T+N-=-P=0 it represennts a crest or valley.

Column (8) 6(G - T+ N - P) = (%)2

Solumn (9)/6(G ~T + N - P) = %%

Column (10) Mean % is the mean of the wvalues at Y, and Yae
d

and used in the calculation of AX.

Column (11) IZAX and AX. 4X = 2L , ahd 3)X is the sum of

Mean GY
AX from Y = Y, to ¥,. %X
Column (1%} Point AX. Value of AX to be uscd in the calculation
of AE andﬂ%. which is found by trial and error and
is equal to AKX, of the next lha.
¢ 2 2 , "
Column (13) & .1 Tt = W.A.85. This has been
(18] 55 = Yé ( 2#) =2
alrecady calculated, but the value used is the mean of
the two values for Y, and Y., -

; 2]
Column (14) Iag and &%: Ag = & (;~ “:'L') (1 +
c Y Yo

ZAB is the sum of AZ.

}. PointAX

}_ﬁ?
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Column (15) L4E and 4%: AR = AS
Y + Yanu
2
JABR is the sum of AE.
Several points arise from this. It was dzccided that it
d

would be.more accurate to use a mean value of .3 in the calcu-
lation ofAX, although, this would pronasly not have a vary larqso
effect.

PointaX is tﬁe value ofAX reached in the following line
for{. Its knowledge necessitates a ccrtain amouﬁt of reiteration
but with ciperience a good gudss can usually be made, so that
two trials are rar¢ely needed. There are several methods of
estimiting Point AX, but these Whilst useful are not of
sufficient intsrest to bu cxplaihed in detail.

mMcan valucs of gg-(% - %32.(1 + %ﬁ) and of‘Q% also used

¢
w0 increase the accuracy of the calculations.

X

These calculations are then checked by the method of
ellintic integrals, and finally checked ag,inst the experimental
run, with the exact valuc of Q required.

(b) Zlliptic Integrals L

from the step by step calculations the values of y, and y,
(Gepths at the first crest and valley) are obtained. y, is

calculated and hence K. Then 'k' is determined and the value

-1
of sin Lo
2_ and yCi are determined.
JE+ 1 Jai ¥ = )
2 ViR A

It should be notcd in the last cxpression that yf hys alrcady
been calculated, and that the divisor sguared is 1.5 times the

divisor in the expression for K.
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from a handbook of ¢lliptic integrals, th: valuec of the incom-
plete integral of the first kind F = (P,k) is found, where{ is
90°, and sin -~ 1k (which has been detcrmined, gives the cross
reference. The value, thus obtained, multiplied by the two
expressions determined asove gives the half wave length 'L'.

For comparison, the value of L is determined by the approxzimate

method .,
L = ﬁygh (1 + _5_}_{_8)
(3(2: ol Xﬁ__)% o
< WA S

s finally four values of 2L are available, two by the method
0r €llintic integrals, one from the sten by atcp calculation and
[ 58

one recorded. These are listed in Fig. <6.

(¢) Elliptic Integrals 2.

A worked example is included in the appendix of the above,
and also of an attempt to evaluate the crest and villey height,
anéd the wave length approximately by this method.

This is similar to the above, but requires in addition the
value of I, and B, (from Equations 63 and 64) and the solution of
, 2 5 :
the cubic BY - % $ o AT = O
P 2
As the method of working will be shown in full, no further

details are presumed o be necessairy.



Plate 2. Generdl o kb ol recording apparafs.



=

)
CHAPTZR 6 .
A DESCRIPITION OF THTZ APPAKATUS USED AND THE METIOD OF ZMPLOYING

IT TO RECORD THE PROFILES OF¥ SURGES IN AN OPEN CHANNEL.
Apparacus. Principle of the depth gaugés.
Methods of Calivration of Apparatus. Procedure:
in Producingrand Recording a Surge Profile.
Deternimtion of Wave Lengths of the undulations.

Photographic Comparisons. Check runs. iotes.

(1) Apparatus.

A glass lined chaanel, forty eight feet long, five inches
wide and ten i.iches deep, was supplied with water from a tower.
The water Tlowed from thiis channel into a drainage channel; then
into a. storage tank, and was finally pumped back to the supply
tower (Fig.6 )

The water was releazed into the glass lined chaniel by means
of a slide valve, but first passed into a large tank (&) which
helped to easure that the water entering the channel was aot
unduly turbulent. In order that the-rise in sufface level in
the channel ‘should be a8 nearly instantancous as possible, the
water left the tank through a narrow but gradually expandiag
opening, the size of which could be varied by a screw attachment.

The gquantity of water was regulated by a screw valve, and
measured by means of a mercury manoneter. This manometer was
calibrated using a large tank (B) into which the flow of water
could be diverted and measured. Tank (B) could the: be emptied
directly into the storaze tanks (Fig.6 )

The.chaﬂnel was coastructed with an inner surface of glass,

held in place by a steel framework with a mild steel (6 1« % & ihe)
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channel as the bass. Mild sceel “TY piccss Formed the sides of
the frame, and mild steel angles ths top rail. The glass was
laid in pasnels approximately siz feet in length. The bed glass
was laid entirely on a black mastic compound (Trade Name "3Black
Magic') on top of the mild stesl channcl. The glass side paaels
th®n slotted in on cither gids of the Dbed pa.:¢lg and were heid
place by, steel side straps along the lower edge, by the nild
stcel "T" pieces, and by the top rail. In all cases, joints
between either glass or metal were sealed with the mastic com-
pound. Vertical and horizontal joints were not allowed to
coincide (Fig.'7 ).
At each horizontal joint, a brass strin was inserted.
JThese were slotted to wake the basc of the depth gauges.
¢ the outlet to the chaﬂﬁel Wers UWo brass gates. The
first was a guillotine typs gate. On one face was a brass strip

horizontal holes vored at )% in. centres. With a metal »pin

£y

Wit
in one of the holes, the gate could then.be shut to within a

redeterained disvance of the bed. To shut the gate completely,

o]

the pin was reaovedj;and the shock of closure was cushiongd by

2 ohin rubber iucet in the bed of the chaanel.

=

he second gate was or ths usual weir type opermting from
the bottom of the chinnel upwards by means of a rack and »inion,
and could thus be gel to givé any reguired depth of water. A
Small pointer on the pinien indiczated the reqguired position of
th1; sate for various depths of water, at half inch intervals.
Mild steel blocks on the sides of the mild steel channel
were drilled and tapped to take % in. diameter hardened steel

od had a large sqQuare head, which could

threaded rods. Hach r
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thea be turned using a spanner. The heads of the rodas, were
rounded 4t the lower end, and rested in hollows i mild steel
plates. By this means, the complete chaianel could be lowercd
from thclngizontal to give a naximum bed slope of approximaunsly
1 in 100. As the fulecrum was at the "jack' nearcst to the
inlet, the tank (A) connected to the channel was raiscd as
the outlct emd Tell. This rige, hoﬁever9 wag very small.,and small
wedges under the frame &ﬁfying the tank allowed for this; A
picce of rubbér hosing, connecting the tank-to the supply line,
2ls0 allowed igr this novenent.

The bea.glass was laid very carcfuily in an atte:apt to
ensure that the bed of the channel was horizontal. When the
.work was finished, and ainor adjustaments made by mecans of the jacks,
the bed at the depth gauges was levelled to within 0.Ql5 in.
At all other points, the maximum difference was 0.021 in. These
differciaces were found by partially filling the channel and then
carerully measuring the depths at differcnt places by means of
Point Zauges.

After experiments with the smooth channel,in order to
simulate flow along a rough walled channel, the sides and bed
of the channel werc dad with % in. mesh wire netting. This
netting was cut into approximately 2 ft. lengthe and then very
carefully bent into a square cornercd, U shane; so that it just
.fitted the channel. The free cnds were heid in placc by small
vooden wedges placed across the channel.

Th. depth gauges (Iﬂu.3 ). sere constructed with a perspsX
top ~ad boutom, coanegcted by two thin picces of spring

blozk,

steel with rounded zdgesz. The bottom block fitted into the slot
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in one of the brass Srips in the bed of the channcl. Hence
the only obstructions to the flow were these thin pieces of
spring steel, and the gauge wire. This wire -Hassed through a
hole in the lower perspex bleek: and the end of the wire was
knotted, leaving a % in. tail. The knot was Fitted into a
recess under the perspex block, and the tail after being
insulated with a proprictory insulating glue, was fitted into
a small slot under the block. The kanot prevented the wire from
slipping through the block and was found to be preferable to
morc elaborate systems of screws or clips. The other end of
the wirc passed through a small perspex cylindcr and was again
knottcd. The perspex cylindir was connected to a threaded brass
rod passing through the upper pérspex block. A aut on the upper
side of this block drew the rod through the block and tightened
the wire to a suitzvle teasion.

I'ne end of the threaded rod was held by ﬁ gmall bolt with
a millea head}ia a hole drilled longitudinally in a long sguarc
scetioned brass rod. The brass rod was dividged into inches and
tenths of inches along its length. It was .raised and lowered
by a rack and pinion against a vernier, reading to 2.0l in.
directly and by estimation to 0.001 in. By this meaus, the

entire depth gauge could bc raised and lowered by a measurcd

Y

amount. " .}

(8) The principle of the depth gauges.

The wire (copper with RV.C. covering, 0.031 ia. overall

diameter and manufacturcd by Henley's Cables Ltd.) and the water

form a condenscr, with the metal filament of the wire and the

i the * .ring to the wire as a
water as conduetors, and the ?.V.C. covering

dielectric. As the water level varies,so the capacitance of
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the condenscr varies. The end of the wire is connected to the live
terainal of a coaxial socket. A plug and cable then comnect this
variable condenser into the circuit of a freqﬁency modulated
oscillator working at 2 m.c.pn.s. As the capacitance varies, so the
frequency varics. This changing frequency is then fed into a
discriminator circuit, and the resuvlting #arying D.C. signal is then
amplificd and applied to either a pen recordcr or cathode ray
oscilloscope. With such a low frecusncy signal, the pen rccorder is
preferanle and was used throughout the experiments. If the C.R.0.
rccord is used, it must be photographed.

The final D.C. signal varics almost directly in proportion to
the varying water level, and for all practical purposcs, a cali-
bration of the deptn gauge can be assumed to be linear. This, of
cowrse, prezupnoses that the apparatus is worked within thc limits
specified by the makers. With the mazximum initial depth 4 in. and
maximum variation in level at this depth approzimately 3.5 in.,
the calibration of the gauges gave a linear result, (i.e. change in
depth plotted against millimctres deflection of the pen recorder
gave a straight line graph}. The oscillator 2nd d;ecrimimator circuit
were manufactured by Messrs. Southern Instruments, Ltd. The amplifier
was designed and made in the Blectrical Engineering Department of
the Sanderson Laboratories of Ediuburgh Uaiversity. This extremely
useful piece of equipment would actually g£ive a full scalc reco?ding
on the penrccorder for only 10 millivolts input, and with practically
no zero drift. Tnis compared very favourably with the best

plif available which necded 2 volts input ror full

comnercial anlifier

he nenrccorder

k=

scale deflection and had a noticeable 28r0 drift.
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was manufactured by iiessrs. Kelvin & Hughes, Ltd. and used paper
divided longitudinally in millimetrcs and by millimetre arcs
transwrsally at a radius equal to the length of the pen.

Since for some of the experimeats three depth gauges were used
and otherwise as many as six were in operation, a rotary switch
was installed between the various D.C. outputs and the smplifier.
Also, to enable the penrecorder to be switched on or off at a
distance,as when calibrating the depth gauges, a switch in a
long cable was inserted ian the mains supply to the pen recorder.

In order that the penredorder might be calibrated, a
frequency meter was employed to give the freguency of the mains
electricity sunply and a small step down transformer was
employed which could also be switched by the rotary switch to
the anplifier, and thus to the penrecorder. Thus the mains
frequency could be recorded on the penrecorder, aund the true
freguency noted at the same time. The accuracy of the freqguency
meter was checked by periodic cunguiries at the local power
station. It was found that the variation in mains frequency
was : 0.2 c.p.s. at the maximum. This variation, however,
scemed to have little effect on the paper specd of the pearecorder
which remained well within the b %o tolerance claimed by the
makers.

To ensure that the peanrccorder was giving a true record

of the phenomena, a number of waves were.photographed and
compared with similtaneous records obtained by the pen recordel.
The canera uscd was a Kodak 35 mm. with a 3.6 lens. Lighting
WA S provi&ed by a Stroboflood lamp giving a.flash of some

10 microseconds' duration. A pizce oflwhite paper was sccurcly
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fastened to the side of the channcl remote from the camcra with
A fine grid inscribed on it in Indidn Ink. Despite Meniscus
and parallax effects, the water level could be estimated fronm
the photozranhs to Q01O ins.

To measure the depth of =till water ordinary point gauges
were used. Before ecach experiment the water level was sct to
the reguirced depth by the weir gate, and then checked with the
point gauges. It was found that the contact between the metal
point and the water could be determincdlvery ¢asily and with
ext?emg—accuracy by the following method. The point gauge was
insulated fiom the channel, and connected to onc lead of an
'Avomcter' sct to the high resistance position. The other lead
was in contact with the metal frame of the chaunel, and thus_with
the water. Hence when contact was made beﬁwecn the point gauge
and the water, the circuit was complete, and the meter ncedle
SWUNg OVEDr. |

4An ordinary Centigrades thermometer was used to measure
the temperature of the water at the inlet to the channcl.

The glass channcl and the depth gauges werc designed
specifically for this particular problem, and the circuliry was
designed to allow the use of existing eyuipment. The idea of
using a capacitance type depth gauge i3 not original, but the

gauges used in these esperiments are believed to be of an
original design. A short note on the difficulties encountered
in the design is given in the Appcendix.

(3) Calibration

(2) Manometer.

With the Mains valve open the slide valve was suddenly
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opened and the water was diverted by another screw valve intd
the measuring tank B. ‘The initial and final levels in the tack
were noted, and the flow timed witha stop watch. Since the
fank had alrcady oeen calibrated it was known thait a onz inch
change in level was equivalent to a discharge of 0.818 cubic
feet of water, and hence the discharge for the particular valve
opening could be determined. The differcace in level of the
mercury in the two arms of the manomcter was also noted. — This
was repeated for a number of discharges, %nd the resulits were
plottcd as discharge against manometer diiference in level.
This was repeated later for a larger orifice, since the sméll
orifice was required to give morc accurate readings at small
discharges, but did not give a sufficicntly large discharge to
produce breaking waves at large initial dcpths.

(b) Depth Zauges.

When the electrical eqguipment had 'warmed up', (i.e.)
reached a steady state (this teok about five hours), the depth
gauzes cowld be calibrated. The long warming up pcriod was
presunanly due to the fact that as the apparatus eventually
becane very warm, it was a considcrable time before equilibrium
was reachcd betweea the heat given out by the instrument and
the heat losses to the atmosphere.

When the steady state was rezched, water was run into the
channel until the tdal depth was approximately twice the initial
depth reguired in the experiments. The gauge was raised by
the rack and pinion until the top of the lower perspex block was
at the level of the surface of the water. The reading on the

scalc was noted, and the gauge then lowered by an amount eqpal

!
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to the initial depth of the experiment. The electkical anparatus
was then zecoed for this position, the pen of the recorder being
set to one side of the paper. The recorder motor was started,
the gauge was raised a little aad then lowerad to the previous
setting, thus ensuring a correct dynamic reading. It was held
monentarily at this position, and then lowered in stéps_of
0.5 ins, witvh a slight pause at each step (with the recorder
still in operation), to approximately a total depth of 1.85
times the initial cepth. Again it was 1owereé slightly and then
raised to this level, and then raised by steps of 0.5 ins, until

the gauge had reached th

40

initial depih again. Thus a dynamic
calibration curve was obtained with the water level rising and
falling, in terms of milliaetres deflectioﬁ for each hslf inch
change in depth. Originally the calibra%ion dcpth intervals

were 0.1 ins., but as all thelcalibration curves were found to

be straight lines, the interval was increased to 0.5 ias. One
result was to show that the difference in meniscus ¢fiect between
:the water level rising and falling, was negligible, being of the
order of 0.010 ins.

As already stated a contiauous calibration curve was
obtained, as stonpping and svarting the motor did not give -
consistent results. Barlier experiments confirméd that raising
and lowering the gauges was the ecuivalent of lowering and raising
the water level respuctivaly; and was -a much more rapid method
of Qilibratioﬁ. This was important as the calibration was
“carried Qut egach day, and for each initial depth.

To ensure a constant depth of watcr during calibration, the

'guillotine' gate was shut, and the surface given a considerable
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time to settle. Each gauge was calibrated in turn, and the
record plotted on graph paper as,millimetres deflection to
change in depth.

(c) Penrecorder.

‘he paper speed of the rccorder was checked at frequent
intervals, but the variations were so minute as to be negligible.
The mains frequency was applied to the recorder via the trans-
former and rotary switch, aand the freguency noted'on the
frequency meter. Thus the paper speed could be calculated.

(4) Experimental nrocecdure in »roducing and recording a
Jurge wave.

With the depth gauges calibrated, the initial depth of
water was set to the required level by the weir gate, and
checked by the point gauges. The depth gauges were returncd to
their slots, and the guillotinc gate removed.  About Fifteen
minutes interval was nccessiry between experiments to ailow the
wa.ter level to sevtle. Then any slight adjustments nccessary
were made to the zero positions of the ekctrical apparatus, and
the rotary switch was sc¢t to the first depth gauge.

The valves were checked to ensure that the water catered
the channel and not the measuring tank. The control valve was
sect to give a relatively small flow, and the slide valve was
then opened as rapidly as possible. The surge appeared at the
entry to the channel almost instantaneously, and mpyed downstrecam.
As it approachcd the first gauge, the pearccorder nptor was
started, and thus the profile of the wave as it passecd the gauge
WA S recorded. As the head of the surge approached the s&cond

aepth Qangb, the output from this was switched to the rccorder
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by means of the'Lotury switch, aﬁd.similzrly &t the third,
tourth, Tifth and sixth dcepth gauges. It was found, however,
that to get & reasonibly lengthy record at each gauge only three
#gauges could be euployed.

When the surge reached the end of the channel the rccorder
notor was stop1ed} and the rot:ry svitch reset to the first:

gauge in readiness for the next experimeat. The ‘manometer

ou

ifference in level was measured, and then the control valve
opened a little more to give a suitable change in the manometer
readiﬁgs. The slide valve was shul, and the water level allowed
to settle. Zach of these experiments was entitled a 'Run'.

The r:levant ipformation for each run - gay, date, time,; number;
tempergture of'water, manoneter difference in level, initial deptn

of water, nains frequency, and the amplification used were recorded

in 2 note book, and on the record takcn from the penrecorder.

The discharge was inmepcased for esch run, until the first
wave vwas obzrved to break. Then these runs constituted a serics.
With the initial depth, and the amplification suitably changed,
a further geries of runs was made after calibrating the depth
gauges. This was accompiished for initial dcepths of 2, 3, 4,
and 6 inches with thc smooth channel, and for depths of 2, 3,
and 4 inches for the rough,nctted channel. The & and 4 inchs
smooth channel ruans were also continued for largser discharges
after the first wave had broken to ascertain the effect on wave
length, crest height, velocity, etc. of waves bréakiug with
iﬁcre&si_g forces

Calibration graphs were then plotted for each gauge in

each scries of runs. Hence the depth at each cresti and vallex;
R

could be determined. This information wag then tabhulated.
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CHAPTZR 7.

DETATILS OF SXPERIMENTS.

When the channel, the depth gauges, and the electrical
apparatus had been completed and check:sd, the experimental
procedure was as follows.

(1) The calibration of the manometer, which his been

already described.

(2) Ihe calibration of the pinion on the weir gate %o

give settings for predetermined depths.

(3) Checking that raising and lowering the gauges was

equivalent to raising and lowering the water level. The water
level was allowed either to rise or fall steadily, and at the
instant of contact with a point gauge, with the level rising

a break was made in the graphical record of the penrecorder

by rapidiy switching the recorder off and on. With the level
falling, the instant of switching was when the pointer just
disappeared when obscrving across the underside of the water
surface. Then the gauge wis lowered and raissd an amount equal
to the previous rise and fall in the water level, With a pause

at similar intervals. The penrecords of both sets of observations
were compared, and were found to be almost identical. Some very
slizht differences were noted, but fuvther tests showed that this
was due to slight drifts in the electrical signals which were
naturally more marked when lowering or Paising the water level,
as this took considerably longer than raising or lowering the

gduges. The coincidence of the results was eninently satis-

factory.
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(4) Deterpining the feiction coefficisnt (C) for

the smooth and rough channel.

Tio points gauges were get up at a known distance apzrt,
and at & Knowa ¢istance from the depth gauges. A quantity of
water was run into the chamnel, practically filling it, and
when the level had settled to a steady value, the readings on
the point gauges were taken for this depth: This gave a fixed
level between the two point gauges. The reqding at the bed
was algo taken for both point gauges. l

The veir gate was them lower:d sz lititle, and g small con-
stant discharge was injected into the channel. When conditicns
had reached équilibﬂium the readings on the .two point gauges
were made. The weir gate wa@s lowered somewhat, and &gain with the
same discharge the levels were read, whsﬁ the flow had settled

B

to a steady state. This was rcpeated until the weir zate was
fully open. Hence the slope of the water Sufface Tfor this
discharge could be determined at any depth,&t any of' the depth
gauges. This was repeated for different discharges,; for both the
smooth chamel, and when it was lined with.netting. Thus for

a given depth, dischargc, and position in the channel, the sur-
face 8lope couwld be calculated, and this value¢ inserted in
equation (83) gave thevalue of the friction coecfficient (C) for
these coaditions. The valuss could then be inter-polated from
one discharge to another. ¢ was then pbtted zgainst "rd

(= %n. m(E - %) = Ryt ). Fig.4 In addition Y was plotted agdinst
8. (l {al) = pr. Then foy a knowmn Y, r could bc determined,

.L Vo 5

and hence C.
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One point to be cousidered was that the point gauges had to be
placed so that they wWere not affected by the initisl un8table

conditione, or the draw down curve, in the channcl.

(5) Deternmination of the profiles of undular surges.

At sach initial depth a numbcr of rwas were made, and each of these

groups of rﬁﬁs was called a 3epies. Thesec are tabulated in Fig.8
geries 1 - 4 are at diffcreat initial depths in the smooth

charnel (y, = &, 3 4, and 6"). The surge profilcs are reeorded

at depth gauges &, J, and 5.

Ser-ies b 7 are Tuns at variouws initial depths with the

channel lined, with wirc actting (y, = ﬁ; 3? and 4"). The
profilecs were recorded gtgauges &, 3, and 5.

Series 8 - 14 are 'Velecity Runs', used to deternine the
velocity of the head of the surge at any position in the
ch=mnel, for the conditions in Series 1 - 7. Lence six depth
gauges were_employed.

Series 15 is coupoged of ruﬂs used for cemparison with the
photographic records of the surge profiles in the smooth channel,
(o = Z; 3, and 4%). These were fakemn at one particular zauge

=

for each run.

Series 16 - 22 are the¢ rune made for the purpose of
checking the calculated profiles, and again were recorded at
one particular gauge for each run. 4 profile was not calculated
for an initial depnth of 6%, as it was seen from Scries 4 that
the waves in the surge tpain were far from fully developed cven
when they had reached gauge 5, and hence no compaLison was

posaible betweea the pen record and a calculated profile.
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Series 23 compriscs 6 runs at an initizl depth of 4" and
a constant discharge. The time of opening of thec inlet valve
was varied from instanteneous to approximately 4 secs. to.see what

cffect, if any, this had on the surge profilc. The results of j

}

these runs are discussed in the next Chapter.

Gertain of the results.obtained from Qeries 1 - 7 are
tabulated in Figures I7 to20. Many amore valucs are available,
since the crest and, valley depths, and the wave lenghthshave
been recorded of the first three waves at Qﬁuge 2, the first
Tour waves at gauge 3, and the first six waves at gauge 5.

These are thenavailable should they be reguired at a later date.

The Tinal results of the velocity rums in Series 8 - 14

are shown in graphical form in Fig.R as velocities at gauges

2y 3, and & pbtted against initial discharge.

No nunerical resulis are given for any of thne S:zries 15 - Zk.
Also the series used for photographic cemparison if preproduced
to the same scale as in Figs. 22«21 , show.no discernible difference |

between the rscorded and photographed profiles, and hence are

not included. The graphical results of Series 16 - ZZ are

presented in Figs. 22 te 2 chowing the differences between the
calculated and recorded profiles.

Only =230 runs are indicated in these records, but many
more w=re made. In each of the Series only & selection of the
runs are given, as the presults of the full number would occupy
an inordinate amount of space. Further Ssries were also
completed with initial depths of 1, 1Y, 24, and 3} ins, but
again it was thought that the runs selected vould present
sufficient information, althowgh the remainder wWould always be

available.
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Finally a number of runs were made, after the graohical
results had been started, in order that various points on the
curves (i.e. wave lengths at low dischargs, or depthsg after
breaking had occurred, might be more definitely ascertained.

The total numbcr of calibrated aiid checked runs was 517.

The work was not carried out in the order shown in Fig. 8§
which is presented in this manner for ease of interpretation.
The first runs made;were Series 15 fo check the sccuracy of
the recorder with photographs of ruas in the smooth channel.

The grid did not appear on the photographs when the wire netting
was in place, and hence no compariSon wWas available for these
runs. Then the deterningion of the friction coefficient and

the various runs to detefmine the prefiles and velocities were
made)first with the smooti: chamwnel, éﬁ&-then with it lined with
wire netti.g. The netting was Peiained for the runs made to
check the calculations &nd to check isolated results. Finally
with the smooth channcl 8gain the remainder of the runs were made.

Fig.9 shows a recorded run from the penrecorder. This is
not a specifiec run, but is included to show the type of results
obtained. It is of little use a8 a fisual recérd since the
anplification of the record at each gauge is different, although
it does give an idea of the change of shape of the profile. An
attenpt Was made to make the output 6f the Seuthern instirument
panels connccted to the gauges, equal to each other for the sanme
input, but without success. This would have then givem a direct
visual impression of the growth or decay of the waves.

The results of thess @xperiments are given in geaphical

form, snd are commented on, in the nest Chapter.
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FEE RIOEuE

FIS. 9. A recorded Run
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(56) Deternination of ths Wave Lengths of the undulations forning
an undular surge.

Having determined the depth'of water at the crest and valley
of an undulation, the mext problem was to determine the wave
length. This required an accurate kaowledge of the apparent
velocity of the uadulation at the depth gauge. To determine
this velocity, Several series of 'Velocity Runs' were carricd out.
The previous runs were of little value for this purpose, since
only three depth gauges had been employed in order that @ record
of reasonavle length could be obtained at eacﬁ. In the velocity
runs,; six gaugcs vere enploycd, and a number of runs made at
each depth, and with the smooth and rough surfaces to the chamnel. |

From the record, the digtamce in millimetres between the first
crest at cach depth gauge was measured. IFrom this the time taken
for the surge to travel from one gauge to the next could be
calculated. Knowing the distamce between the gaugeS, the mean
vélociby could then be found. These velocitics wWere then
plotted against distances along the channel ab the mid distance
between the gaugeS. From these further graphs could be plotted
of the velocity at any sauge against manomecter differcnce in
level, or against discharge, for particular initial depths.F%g I3

Therefore, for any particular run, the velocity at a gauge
could be found from the curves of velocity against discharge.
Then having measurcd the distance between successive crests on
the record ia millimetres, the distance between the crests could
be calculated. Stilctly speaking this would only be accurate for
at the most,the first wave length, since the velocity Would vary

but this voriation is sufficiently small to be neglected over the

first few undulations. S



Platz.3. Head of Undular Sur‘o_[z 9;1-4". Scugez.
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(6) Photographic Comparison.

A further series of runs was made at - initial depths - or 2, 3,
%n%i4 ins. in the saooth channel, and the record wms taken at
only one gauge. From the calibration curve and tha-curves of
velocity against discharge, the profiles could be feproduced to
scale. Furtﬁcr as ‘&ach surge passed the depth gauge a photograph
was taken.\ Prom the grid on the papesr at the back of the channel a
reasonably accurate record of the profile of the surge could be
taken from the photograph. The two scts of records were compared, |
and inall cases were almost idemtical, showing that the recorder
gave a true record of the phenomena.

To obtain the best results the photographs were taken at
night. 7The camera shutter was held open, and With thc surge at-the
pnobe, the 'flash . was trigzered. The shutitcr was them allowed 3
to close again. From negatives,enlargenments were taken (PLATE "-')
and the wave profile could be plotted. Alternatively the true
to geale profile from the recorder could be plotted on the
photograph.
(7) Check runs.

The profiles calculated theoretically were finally checked by a

series of carefully controlled ruas at the correct discharge.
The comparisons are shovn in Pipga. 22-2L. These runs vere per-

formed exactly as the previous ones,except that an even longer

interval was allowed,to ensurc an - apsolutely horizontal water
surface at the correct depth,was obtained. The discharge had . |
also to be set very carerfully to that calculated, and this

n-ecessitated a careful setting of the difference in level of

the manometer readings. . The particular gauge af which the



| Pl 10 Head of Undular Surge-yo=4" gauge 5. channel
hned with n;zﬂmg. N.B. compare. with p\ol&.l
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profile was!to be recorded (the one nearest to the outlet)
¢calibrated, and the run carried out 8% already describcd. '
(7) Netes.

(2) It should be realised thai the profile shown by the pen
recorder is in fact not identical with the photographed record,
since the depth gauge-_records 3 variation with time At
one point, wheres$ the camera record is the variation of water
level with distance at one instant. Since the differences are

obviously small, however, the tWwo are regarded experimentally

as identical, and probably the various errors introduced by

the experimental technique are greater than these differences.

(b) The Meniscus effect is very smsll, but its geffeet can be

seen when recording surges of a small hecight at a large amplifi=
cation. The effect is shown exagge_ratdly in Fig. 10.. However,
the ecalibrgated ruas could not be recorded at these large
amplifications, since it was found that the penrecordef was not

reliable beyond about the middle two fifths of the paper. Hence

to obtdin the maximum change in depth (even with the lower initial |

depths,) of a series of runs within these limits on the paper,
the amplification had to be reatively small. Thus the meniscus
effect was found to be of the same order of the errors in

mE1ﬁuremcnt of any depth, and could be ncglected.

- Mamscus ?.Ffecf (Q}‘?ane "Gj-ed)

PIG.10 i e

VS A i i e i S P R

(c) Distances of gauges from inlet (feet)

T -t 2 e e

6

e et e e

I
!
B 5 aisials . L

Distance | 5.90 | 9.95 | 22.15 r54 3 5 . 45 46.00

i = [——— = e i
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gggults 0of the Exzperiments and Saﬁghlations.

Ezperiments

Figs. 11 to 21 show some of tiie more important results
obtéined from the experiments. It was not thouiht advisable
to include any further resultsﬁlthou;h many more were available,
since it was hoped thst those presented would provide a sufficisncy
of information. .The results of Series 23 are given at the end of
the Chapter. This sesries was undertaksn to accertain the effect
of the time of opening of the main valve on the shape of the wave
profile.

Fig. 11 shows the variation inkleight of the first crest of
the surge, as the discharge is increased, until ths first wave
just breaks at some point in the channel (indicated by 'Br.').

Apart from a slight curve at low discharges, the resulting line
is apparently straight under all conditions. This shows that
digscounting the effects of very low discharges, there exists a

linear relationship between crest; height and discharge, at any

position in the chammel, up* to the discharge regyuired to cause

!

breaking of the first wave. It would appear further frem inspeetion, |

that the greater the initial dspith, the smaller becomss the effect
of low discharges on _linearity | Also in the smcoth channel

the slope of this line decreases, noticeably with increase in
initial depth, whilst with the rough (lined with netting) channel
the change in slope with changes in inivial depth is small.

P

This is to be exﬁccted, sincs it shows that in the smooth charnel

the surge can build up to breaking more quickly thaa in the

; ) B o
- rough chann¢l, singe less engrgy 18 dissipated in friction. .+h15



g . o

il

-

B8r ot
gawge 5~

~

\

-

3
|
a

. Kis1ng o a mean of aporox
5 3"‘%‘9410. 4P

&

ODepthr 17 1nches of /*"crest of surge waves (ycrest)
-

o, |*
T 7

o T
9°, ) i
304?'?:55 | _NOTATION.
— 9. [nolicates gauge)

Smooth Ch a_rmul.

—— =« ——=Channel lined with
netting.

Br |57 Crest breaks
al somepo/nt
/in +he channe!

/10 /5 . 20 25 J 3
Oischarge (Q) cusecs x 10 Maximvm ——
' Flow
Availablc.
> } Euparum.nl’at Rats 83
® i g 3

£16. 11 DISCHARGE (Q) 70 DEPTH AT I CLREST (ycrest)
WITH _DIFFERENT INITIAL DEPTHS (4,)

Ty

©



64,
is also evident from the steeper slope of the lines relating
to the smooth channel, and from the grsatly increascd guantity
reguired to cause breaking in the rough channel. This is
despite the fact that the netting must cause a slight but

appreciable change in th:e eifective depvh, making the rough

@

channel runs have a eglightly lower effective initiel depth.

Two Series of runs (4" and 3 Jos esmooth channel) were
carried out with discharges beyond dbrsaking. This brought to
light some interesting facts. The first, is that depending on
the distance of the obsarver £romlthc inlet, the height of the
first undulation will fall,and then rise to a maximum again a
numb€r oi times as the discharge is inecreased. This is caused
by the change in position at which brecaking occurs, and by the
nuﬁber 0i times in the distance,that the wave regathesrs itself
befors breﬁking zgain. The sscond, is that as the discharge
increases ths wave will eventually have rcached its maximum
height at all points in the length of the¢ channel. That is,
by changing the discharge the wave can be caused to break at
any position in the channel.

At y, = 2" the curves are shown Tor gauges 3 and 5. 3ince
the maximum height of each surge is reached after travelling onl¥y
a short distance along the channel,; at this small initial depth,

the crest heights 4t gauge 3 are greatsr than these at gauge 5.

W

Fig. 1lz. These curves show the change in depth of the first
valley of the surge wave for different discharges,at onec position
in the channel. The curve at low discharge is much more pronounced
than that of ths crest heights, and does not appear to change in

shape with increazes in initial depth. Beyond this curved part of
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the graph, the depth increases very slowly, but steadily with
discharge nntil the first wave breaks. Then again in the inter-
mediate region of the breaking undular surges, the depth changes
rapidly with discharge, until finally it approaches the crest
height, when the steep fronted surge occurs.

Fige 13 This series of curves shows the varéation in velocity
of the head of the surge with changes in added discharge, for
different depth gauges, and different initial depths.

In each separate case the velocity increases with discharge,

and at the larger initial depths the curves are practically
straight lines except at very small discharges. The curves cross
one another on occasion since the velocity depends upon the
amplitude of the wave, and the position of the occurrence of
maximum amplitude depends on the discharge.

For any one discharge, the velocity of the head of the surge
increases and decreases as the amplitude increases and decreg?es.
Hence the velocity of the surge in general decreases beyond

gauge 3. The velocity will tend towards a value =/gyo, as the
discharge tends towards zeroe.

As the surface roughness increases, the velocity for one position
in the channel, and for one discharge, will decrease. Further
the change between gauges will be much more marked in the rougher
channel. It is interesting to note that the velocity at any

position can be calculated with considerable accuracy if Yovast

—

is known, from equation 3, due to Scott Russell. V = Jﬁycrest
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Pig. 14. These curves show the -change in th:s first wave length

plotted against initial discharge. In all cases, as the discharge
increases, so the wave length decreases until the first wave
breaks. At cmall discharges the rate of change of wave length
is greatest, and as the discharge tends to zero, the wave length
tends to infinity. It was extremely difficult to measurc these
wave lengths accurately, as even with a hand magnifying glass,
the crest was difficult to position with certainty. Thesgaveanin
the rough surfaced channel at small initial depths, presented the
greatest obstacles to accurate measurement, since the waves were
rarely as smooth and symmstrical as those shown in Fig. 9,which
are recordecd in the smooth channel at an initial dcpth of 4 ins.
This is due to sglight irregularitics in width and depth, as the
netting is not entirely ﬁniform, and to large ripples produced
when the watsr level falls, ané the watcr held by surface tension
behind the netting is suddenly® released.

The appropriate curve when yo = 6 ins. is not included, since
the waves had not even reached their maximua height at gauge 5,
and conseqguently the wave shapes were still not fully formed.
Th: profiles when Ve = 4 ins.are barely.fully formcd at. gauge 5.

With yo = 3 and 4 ins. in the smooth channcl, wave lengths
were measured after the first wave had broken. At breaking the
wave length fell abruptly and then rapidly built up to a
maximum again before decreasing steadily as before. This sudden
fall and rise in the wave length would be¢ repeated each time the
wave broke. It would algo appear that the curve after this
downward plunge and recovery follows its original path,but

extended.
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70,
he curves for the smooth channel are above those (for the

saime y,) plotted for the rough channel. That is the rough channel
needs a smaller discharge than the smooth channel for the same
wave length to occur in each.

Fig. 185, Non dimensional form, of crést height plotted against
meann depth of the surge at one position in the channel. These
curves are plotted thus, to compare them with Favrs's results.
They fall into two distinct groups, depending upon the surface of

The channel. With the smooth channel the waximum values of

Jarger
ys = Yo
they appear to give similar results for the maximum values of

~J0 are greater than these for the rough channel, but

gy ) . o i
£§~——XQ~; comparing like ianitial depths. In both groups the
Yo
apparént tendency is for the curves to reach a steady maximum,

(i.e.) the & and 4 in. (y,) curves are coincident over part of
their lengths. There also appears to be a point of inflexion
on the curves, which is more pronounced as the friction incrcases.

At 2 ins. (yo) in the rough channecl, the curves at gauges
3 and 5 overlap, which is presumably due to the change in rate
of growth of amplitude at different discharges.

After breaking, the curves Tirst fall in height -~ the amount
of the decresse depending upon the initial depth, then rise again
to a maxinmum valuc, aad finally fall off to a curve similar to
that shown by Favre.

The curves for the rough surface channel tend to a much
more constant maximum height than those for the smooth channel.

The valuc of'y, used in these curves is the me€an depth between
the first crecst aad valley up to breaking, and is then interpolated

after breaking betwcen these vesulis and the theoretical value of
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7. _
Jg calculated for the steep fronted surge at large discharges

CPEg.. BT g The mean depth gives results which are not guite the
same as those obtaincd by continuing the siopt of the main body
of the surge,to the hecad of the surge. However, ac it has been
shown in the deteraination of the friction coefiicient, the
effective slope¢ at the head, is not the same¢ as th:t of the

body, of the surge. The difference is small, howcviér, and makes
little change in the results.

Fig. 16. Non dimensional form of, wave length plotted

againet megan depth of the surge. At low values of X£~§EXQ that
is & small discharges,the valuc onyL ;. tends to infinity in
s ~ Yo
all cases. At high values,ﬁé——- tends to zero. The limits of
' Ys = Yo

the cuives, imposed by breaking, are very qlosc together except for
Yo = & ins. in the rough surfaced channel.

The curves for both the smooth channel and the rough surfaced
channel are grouped very closcly together, but arve defiqite curves,
distinct from one another, except in the case of Yo = 8 and 4 ins.
in the smcoth chsmnel. This is of interest, sincc it would appear
to show that the curves for deepsr initial depths would not be
displaced very far beyond this compound one. The curves are
obviously in order of roughness, (i.c.) the lower the value of the
coefficisnt of friction, the lower is the relative placing of the
curve. Despite this, it ié obvious that even ﬁith a very smooth
channel the appropriate curve should not be very much higher than
those of Fig. 16, since whea the channcl is lincd with netting,
it has a very rough surface indeed,andﬁ%he rclative curves are very
clos: to those relating to the smooeth channel.

Again, this particular dinensionless form of result has becn
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78.
employed i order that these resulits aay be comparcd with Favre's
reszlis. It is interesting to note how very closcly the
ezperimental points lic to the smooth curve drawn through them.

indicates that either, the measurements of the wave length

|_
by
j—l .
(9]

Figs. 17 to &U. Tabular resulvs of information presented

granhically in Figs. 11 to 16. Little nececd be sgaid about these
tabular rcsults since the information has becen plotted in granhi-
cal form. They are included, howcver, to show the specific results
obtained, from which the curves were plooted.

Pig. 21. This shows for one initial depth (4 ias.) the
complete diagram of the change in depth of the surges through
the three si-sag:;csg undulsr, wheeaking wndulars “anidestecp fronted,
pPlotted against initial discharge . The depth at the Tirst
erest znd valley aré ploivted from Figs. 11 ang 12. Also
included are the measured values of y; , which is the mean
height of the first crest and valley. +These are shown with a
solid line up to the mazimum flow available. The calculated values
of ¥ are also inserted for flows above this, usging the standard
theory and congidering the surge as steep fronted. These values
are plotted with a long dotted line. The assumed paths of the
three curves,y crest, y valley,and ¥, between the experimental
values and the calculated values of yg arc iaecluded with poinﬁ
dotted lines.

It is interesting to note, how well thesc curves run into
each other, particularly those relating to yg o It is a great

pity, that sufficiently large flows werc uot available to
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80
continug these curves cxperimentally to cumpars them with the

theoretical curve.

Aliso included on this figure are the calculated crest, and
solitary wave depths for Y = 0.95, 0.90, 0.87, 0.285, 0.80 and
U075 The last two valucs of Y; give impossgible crest depths, since
the wave would have broken at thsse values. They are interésting
however, showing clearly that no allowance for the hreaking of the
waves enter; into the theoretical approach.

Calculations

The results of the calculations, and the comparison of
these results with the recorded surge waves are given in Figs.
22 to 24. In addition there is inéluded the calculated profile
oi two waves with differeﬁt out consgtant friction cosfficicnts,
at a valus of Y, for which the waves would have broken in practice
{Fig. 25.~- Fig. 25 gives the tabular results of the comparisons
betwsen the step by sten calculations, the two elliptic integral
methods and the recorded results. The comparisons listed are

for the fir

i

t and secoad crest, and first valicy depths, and the
first wave léngbhs. PFinally a specimen calculation.sheet is
included. (Fig. 27).

Fie. 22. Comparison of Oalculased and Rocorded Surge
Waves (yo = 2 in.,. Smooth channecl. The profiles arce shown for
Yo = 0.87, 0.90 and 0.95. When Y, = 0.95, the calculated rssults
ghow a wave somswhat higher than the rscorded nrofile and the wave
length is a little less ﬁhaﬁ that recorded. The front slope of
the two profiles Show good agrcement. When Yo = 0.90, the two
profiles are almost identical. The main differences, are that

the calculated front of the profile is slightly longer than that
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recorced, the caleculated crest height is slightly higher, and the
wave lengtn a little longer than that recorded.

With Yo = 0.87 the discrepancies between calculated and
recorded values are most obvious at the crests. The calculated -
Tfront is slightly longer, the calculated wave length a little
greater, and the valley depth vary little decper than the recorded
values.

The first two of these profiles were recordcd at gauge 5,
and the third at gauge 3 as this value of Y, could.not be obtained
at gauge & before breaking occurred.

Fig._SS. is a similar record to Fig. 22, but for ¥y = 0.9,
and y, = 3 and 4 ins. Again at this value of Yo, the agresment
between calculated and recorded valuss is very good. The crest
heights ars a 1little lower, the valley depths are a little higher,
and the wave lengths slightly longer when calculated than the
recorded values. Both records were made at gauge 5.

Fig. 24. The third record of comparison between calculated
and recorded profiles. Three profiles have been plotted at Y = 0.9,
(#ith y, = 8, 3 and 4") when the channel was lined with netting.

In all three cases the results follow the same pattern. The front
of the wave is a little too long, the crest and valley heights
‘slightly less, and the wave lengths somewhat longer, whsn comparing
the calculated recults with the recorded profiles. The agreement
in all three cases however is moderately good. Profile (a) was
recorded at gauge three, because owing.to the friction the maximum

‘wave amplitude at gauge 5 was too small. Profiles (b) and (c)

were recorded at gauge 5.
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For ease of compariéon between thesc gight scts of profiles,
the calculated, and rscorded crcst in each szt, were made to
coincide. This was decided upon sincc it is not posgible to
give a precise position for the froant of the profile.

Fig. 25, vomparison of two calculated profiles, with widely
differing friction cocfficients. The curves also show that
although the value of Y, = 0.80 chosen is lower than the limiting
value for breakiﬁg (i.e. about 0.83) the caleculations do not allow
for this, and praedict an undular profilc again. What is very
clearly brought out is the difference in the profiles however.
Profile 'A' is that for a very rough channel - almost imposgsilly
rough. Profile 'B' rcpresents the profile im a channcl of similar
shape and gize to 'A', but with smooth walls. In 'A' the wave
lengthe are much shorter, the crest and valley heights are
succesgively considerably higher than in 'B'. The-general shape
of the waﬁes is however unaltercd, the valleys being much broader
than the crests. The prgfiles are also plotted,with the same
horizontal and vertical scale (chain dotted; which whilst showing
the t%ge differences in size, doe¢s not convey the information so
clearly as the distorted profiles.

The two profiles would be of more general application, if

Y. had not such a low value, since the side effects have been

0
ignored, and a mean value of C is used for each profile.

KFig. 26. shows in Tabular form the numerical differencces between
expefimsnt and theory, which are shown graphically in Figs. 22 to
24.

Also included are the wave lengths calculated by the two

methods of elliptic integrals. In gsneral, it can be said that in
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| Depth at first Denth of secnad Denth of first
Yo Yo Channel | crest in inches | crest iun inches | valley in inches
ins. Surface
A B A B A B

2. | 0.87 3.16 B.12 3.19 3i15 %.17 2.19

2 0.90 2.77 2.78 2.79 2.79 Gel 2.3

2 0.95 Smooth 2.30 253 2.58 .54 2+ 175 2.0

3 0.90 4.2l 4.17 4,52 4.19 5.19 3. 20
4 0.90 5,056 .53 5.57 5.56 4.2 4.30

Z 0.90 Lined 579 2.76 2.80 5.78 2.55 Ced5 !

3 |0.90| witn 4.23 | 4.18 4.24 | 4.20 3.50 | - 3.47 |

A - recorded wvalues. B - calculated values.

First Wave Length ]
Elliptic lntegrals |
Vo Yo Phaniiel [Recorded ~ |Step by S8tep I'Shox't Complete ! .
ins Gurface |Values (ft.) Caleulation (£t.)|Method (£t.) :iethod (£t.)
2 10.87 1.16 1.18 1.14 1.18
s 10.90| Smooth 1482 1.85 1.19 1.22
2 [0.95 1. 36 1.3%2 1.33 1.34
& 10.90 2.01 ©.00 1.95 2.00
4 |0.90 564 2.69 2.68 2.70
2 10.90| Lined 0.99 : 1.0% 1.06 1.07
3 |0+90 with ~ 1l.52 1.56 161 ~ 1.63
4 |0.90! netting 1.95 2.09 .16 2.19
. 1 \ _,

Fig. %6, Comparison of recorded and calculated values of

wave lengthe and depths of undular surges.
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the swmooth channcl the Complete Elliptic intemral method gives the

rezsules ncarest to the Recoraed results, but it must be r2membered

that hese r2sult

n
9
5
®

obtained from the 3tep by Step Calculations,
and these give the most accurate results when the channel surface

is rough.

Fig. 27. This is a specimen calculation sheet for Y, = 0.87,
Yo = 2%, in the smooth channel. A constant coefficient of friction

is used, which was obtained from the mean slope of the appropriate
experinental run. It is interesting to compare the results from
this, with those plotted in Fig. 22 where a varying friction coeffi-
cient has been employed.. Apart from this, however, the csheet
shows all the sgtceps in ths calculation. The symbols in the
"Headings' column have already been gxplained in Chapter 5.

' To obtain the dimencions in inches, the values of Y in the
first column, and the values of 2AX in the slsventh column have to

be multiplied by —2— = %.30.

0.87
The Rezults of Sevies 25.

A number of runs were made at an initial depith of 4 inches,
with a constant discharge. The time of opening of the mains
valve was varied from insgtantaneous to about 5 seconds.

It appeared that with a time of opening of approximately
two seconds, there was very little change in the wave profile,
taking the run with instantaneous opening as datum. The most .
evident change was at gauge 2, and was an overall change of maxi-
mum value about 4%, shbwing a decrease in wave height snd wave
length. The change at gauge 3 was similar but 5n1y about 2%, and
thare was no evidént change at all atguge 5. Thesc parcentages

are obtained considering the crest height above the initial level,
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and the wave length, when the opening was instantaneous,as 100%

With a tiae of opening of approximately three seconds however,
the changes are very nuch more marked. The wave profile at
gauge 2 is very much reduced. The wave height is decreased by
approximately 40%, the valley depth increésed by about 30%. At
gauge & the changes are less marked and at gauge 5 are quits
small, except for the valley depth which is increaged by about
20% .

At & seconds opening time, the results are even more marked
at gauge 2. The crest height, valley depth, and wave length
being changed by - 50%, + 35% and - 17% respectively. 0Oddly
enough at gauge 3 the valley depth has increased by 66%. At gauge
5 the changes are - 5%, + 33k, and - 8% respectively.

It must be emphasised that these values are only approximate,
since the valve was opéned by hand. The importent point is,
however, that very little change is experienced until the opening
time is about 2 seconds. Between 2 and 3 seconds the effect
suddenly becomes very marked at gauge 2. Béyond 3 seconds the
effect is markedly noticeable at gauge 3. At gauge 5 however,
the changes are small even up to a time of opening of 5 seconds.
Favre put this latter time as high as 7 seconds. His channel,
however, was much longer - 200 feet approximately and as the
results above show, the more distant the obssrver is from the

inlet the less effect, time of opening has on the wave profile.



CALCULATION SHEET

Determmaution of Fhe Profie of an Undular Surge.
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91.
-CHAPTER 0.

Discussion of the Results.

The purpose of this thesis as propounded in the Introduction,
was to develop a theoretical expression for the profile of undular
surge waves; to use this expression to calculate a number of
profiles, which could then be checked by experiment; and to
endeavour to obtain some data from the experiments that would be
of practical uce. In addition to commenting on the results
obtained, and on the measure in which they fulfill the proposed
purpose, other facts or theories that have arisen out of this
investigation are included in this chapter.

A theoreticai expression - or rather a compound of three
equations —~ has been developed which, with certain assumptions and
restrictions, can be considered to represent the profile of an
undular hydraulic jump. The undular surge which is the main
consideration of this thesis is then transformed into this undular
hydraulic jump, by superposing dn it a velocity egual and opposite
to that of the mean velocity of the head of the surge. The
resulting expressions are Equations 41, 51 and 5%.

These expressions unfortunately do not lend ?hemselves to
analytical solution, and conseguently they have to be solved by
a most laborious step by step process. This process has been
carried out for a number of initial conditions and the results
have been presented in tabular and graphical form, in the
previous Chapter, comparing them with recprded profiles.

The results are moderately good, which is probably all that
could be expected, since the final theoretical expreesibns are

arrived at by making a number of assumptions, and the step by step
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method of solution iz an a»proximate solution.

The maximum errors in the wave lengthe were + 7%, - 3%.
Measuring depths above the initial water level, the maximum error
in the crest heights was % 9%. This was in only one insﬁance
however, aznd the mean error was + 3%. At the first valley the

maximum error was again + 9%. Thi

0]

latter percentage is perhaps
g little unjust in presentation, since the depths considéred
were small comparsd with the crest heights, and the errors will
be much of the same order. Since, however, in practiceiit will
be the crest heights that are of major importance, it is worth-
witlle noting that the maximum ervor in these heights was when the
wave height was least.

Further it is presumed that should undular surge profiles
bc calculated for larger channels than that used in thas
experiments, the results obtainéd will contain a smallcr percen-
tage of error.

The reason for this presumption is as follows. As explained
previously the lowcr values of the graph 'C' to 'r' have had to
be esitimated, since it was not possible to measure differences in
water level at such small diséharges. Since the slope of the
curve at these values is very steep, small differences in 'r' mean
large differences in 'C'. Hence it only requires that 'r' should
ts slightly inaccurate, or that the path of the curve be wrongly

stimated, for quite large differences to occur between the value

-

€]

of 'C' so oBtained,’ and the true value. It has also been
determined by calculation that relatively small differznces in the
value of C have an appreciable effect on the shape of the profile.

" Pence in the small channel, where the value of 'r' is always
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relatively =small, it is not surprising that differences occur

between the calculated and recorded profilcs.

However, with larger channsls, thc'average value of 'r!'
will be much greater, and conseguently as the slope of ‘r'/'C!
curve is much less at these values the differences bctween the
calculated and recorded results can be expected to be much smaller.

‘In addition,in larger chamnels the ffiction coefficient 'C!
more nearly approaches a constant value, and hence it is quite
probable that in the type of chamnel usually met with in practice,
(i.e.) lined with concrete, brick, or cveir earth, the standard
value of 'C' obtained from the Bazin or Manning formulae will
sufficé. It would be intefesting to have some comparisons between
profiles measured in a large channel and calculated results.

Another point is that in large channcls, in general the side
effects can be neglected, and consequently the -calculaiions are
simplified a little. It would appear from FeVre's results, that
these remarks are probably justified, since the shape of the surge
profiles he ebtained,do closely agree with profiles calculated,
with high values of 'C' and neglecting side effecte.

It is worth noting aﬁ this point, congidering the curves of
'p' to 'C', the dangers of too facile a comparison between model

~and prototype, when the model is made to a very small scale.

One point that has not been considered yet, is, what physical
reasons c&n be zdvanced for the formation of the undular surge.
Two reasons are tentatively advanced which approach the piroblem
from different view points.

Let it be supposad first that the surge had no waves on it,

and that it 48 steep fronted. Then if the velocity of travel of
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t@e surge is low enough, the front of it will have the appearance

of a wave front, {(i.e.) it will be smooth, not turbulent as the
front of the normael steep fronted surge. Now somewhere in the
body of the surge, the whole mass is moving, if not unifornly,
at least it has a constant velocity distribution from point to
point. Yet at the head of the surge the velocity distributien
varies from zero, to this constant distribution. Then the mean
velocity of the body of the surge as experiments have shown, is
less than the velocity of the head. Consequently the head tends
to move away from the body of the surge, and therefore must leave
a depression behind. Then immediately the new head of the surge
must do exactly the same thing, (i.e.) move faster than the body,
ané thus the waves are formed one behind the other. The reason
that they do not form solitary waves, is that, before the depression
behind any wave can reach the initial level, a second wave 18
formed, and consequently the valleys intewmingle.

This is a somewhat specious argument, since it attemptis
to explain the. phenomena from a 'visual' point of view, but it
does at least give an answer. It has always to be remeumbered
however, that the visual impression of the surge, and the paths
of the +luid particles are not the same. The path of a surface
element in a solitary wave is a half ellipse and the particle after
being moved forward a distance equal to the major axis of the
ellipse returns to its former level. wWith the undular surge,

the particle has a path much as follows:-
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The size of the approximete part cllipse becomes smaller

and smeller and the downward motion finishes at a higher level than
in the previous nart ellipée. Eventually (theoretically at
infinity) the ellipsez height is zero and the particle moves on

he body of the surge with a gradually decrcasing velocity, as

the height of the surge decreases. The visual impression is
obtained from all the paths of the particles added together. Tﬂz
velocity of the surge wavc is the mean of the horizontal velocities
of the particles when they have creached the highest point in their
trajectories.

From a physical comnsideration of the particle motion, a
tentative theory of the cause of these undulations is as follows.
There muszt b2 some force acting on the particle to cause it to
rise and advance. This according to 3cott Russell is due to the
precsure excrted on the particle by the forward displacement
of previsus particles caused by the additional flow at the inlet.
ror the solitary wave Scott Russell shows that the wave can be
forumed by simply moving a plate forward. Any particle directly
in the path of the plate has to rise above particles in front of
ik, aslwater ig virtually incompressible. A:part analogy is the
action of a train of railway wagons when a sudden-push is applied
to one end of the train. Henée considering one particle for the
moment, it has to rise and move forward. Then at some point in
its trajectory the force must be rcuoved, as the‘particle rises
above the agency of the force. Thus its trajectory must flatten.
The particle then possesses a horizontal velocity, and relatively,
considerable potential energy. It therefore falls, whilst still

noving forward. So far this result applies to either the solitary
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wave or any wave in a surge. However the particle in the
solitary wave returns to its original level, sinée all the dis-
charge is containgd under the profile of the solitary wave.
For a wave in a surgs hoviever, more fluid is being injected whilst
the particle is following its elliptic path, and consequently the
particle caanot return to its original level. In virme of its
potential energy however as it falls, it must displace some of the
fluid beneath it. This is happening all the time with different
particles and consequently they tend to cause momentarily a
masgssing of water behind them. When the potential.cnergy is decs=-
troyed, the pile of water behind, causes the particles,under
pressure from the added discharge to perform another elliptic
trajectory, but of necessity, a smaller one this time. This
continues with ever'diminishinglheight of trajectory, until no
further rise or fall is discernible. Then the particle is
moving with the surface velocity of the body of the surge. This
argument, does appear to advance an &planation a 1ittle morg in
keeping with the fluid behaviour than that originally propounded.‘
In passing it should be mentioned that below the surface the
particle path is similar, but the total upward displacement of any
particle is proportional to its initial depth above the bed of
the channel.

A seriegs:of sketches of the paths of particles was under-
taken at oﬁe point in the investigations and it does elucidate one
problem. ﬁow is it that the particles move forward in a series
of jerks, whereas in surf riding,a planing board will apparently
remain at the crest of one visuvally advancing wave? The solution

is, that as each particle rises in its trajectory it strikes the
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underside of the board and keeps it moving Fforward. If the board
is horizontal the motive force is friction, and it would appear
from purely theoretical considerations that a slight forward tilt
to the board would produce a steadier and more reliable propulsive
force,

The inception of the phenomenon of breaking is usually
associated with the point at which the forward velocity of
the particles of fluid at the crest equals or exceeds the %
translation veloeity of the wave.s This statement, correct
in itself, is substantiated by a methematical analysis based
on irrotstional motion from which a cusped shape of the crest
id deduced. As in such an analysis all effects of surface
tension are ignored, it is obvious that the exact height
of a bregker will not be arrived at correctly and that a
theory taking into account the limiting radius of curvature
should be evolved.

These considerations also allow an explanation of the
behaviour of the steep fronted surge. The main question would
appear to be why, if the particles have previously described
an elliptic trajectory will they not continue to do so even after
breaking has occurred? Thhereason is, that for a time the
particleg do continue to make visual wave forms (breaking undular
surge) but eventually, after a wave has broken very violently
the turbulent water effectively smothers most of the vertical
rise of the particles, leaving it almost entirely with a horizontal
motion, This is of course a vast simplification since a great
deal of mixing and turbulence occurs at the head of the steép

fronted surge, However, before the particle can rise to its full
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height,it is overrun by the advancing surge, whereas if there

were an unbroken wave behind, there would be no interference with
its trajectory.

Fron the experimental work, a number of interesting facts
have emerged, and these are included in note form:-

A surge wave builds relatively rapidly to its maximum height,
and then the height decreases slowly as the surge moves along the
channel.

The calculations only apply (except to the hei;ht of the
first wawve) when the surge has reached a relatively permanent form.

The rougher the channel, or the smaller the initial depthy
the more rapidly the first crest reaches its maximum height.

At a particular gauge, the wave length decreases and the
crest height increases until breaking occurs; as the discharge

incrzases. For one run however the wave length will increase

at first and then steadily decrease. This sequence of events
is much mors rapid at the smaller initial depths.

Even if a surge starts its run with a steep front; if the
channel is long enough, it will eventually pass through the
stages to an undular surge. This is because the friction
decreasgs the dischaﬁge at the head. Hence if the available
discharge is large enough, a surgs wave can be made to attain
its maximum h2ight at any position in the channel, by varying
the discharge. Also after breaking occurs the maximum wave
height at a probe can decreass. As the discharge increases the
wave breaks sooner, and has time %o rebuild again. Depenaing
on the distance of ths probe from the inlet, the crest height can
rise and fall séveral times (each time the wave breaks) as the

discharge is increascd.
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As lhe discharge increases, 50 at one gauge the valley

deptas glowly but ‘sveadily increas2 up to breaking. This
experimenitally observed fact does not agree with some theoretical
conclusions_in the literature, that as the discharge incireases
the waves more nearly approach the solitary wave. On the other
hand, as the surge moves along the channel the valley depth does
UECTrESEE. This is due to the build up of the wave formation,
aind to the gradually diminishing depth of 1iuid at- the head of
the surge, which until steedy conditions are reached, does make
the ¢ifective initial depﬁh greatcer. The valley depth continues
to dccrease alter the surge profile has reached its stable shape,
tecauss the size of the waves decreases, owing to friction effects.

When the surge has reached this stable shape, ths crests of
Lhe_j&ves are at successively greater depths above. the channel
ted, but the amplitude &qggggse&ufrom-one wave to .the .next. .
After reaching this comdition it is interesting to note how very
accurately the empirical eguation (%) due to Scott Russell applies
(1. V= /8
This can be checked from Pigs. 17 - 20.

Az the friction increases ('C' decreases,, the crest aad
valley depths are increased, and the wave length decreascd.

In practice, to determine the wave height approximait€ly,
if the depth of the solitary wave is calculated and an additional
©%. of this depith above the iniﬁial water level is gdded, this
gives a reasonably good éRggttheighti-of the first undulation.

The calculations do not give results of the greatest accuracy
when Yo is near to 0.89% (breaking) since the assumption of a
uniform velocity distribution is then at considcrable variance

with actual conditions.
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From geometrical considerations alone, if the channel used

in thesc experiments was assumed to be some practical channel,
scaled down by about 60:1l, then the prototype would be roughly
3,000 ft. long. As however the comparative friction is much
greater in the model, than would be met with in any. practical
channel (except a very rough sided, weed infested, earth one)
the prototype to produce comparative results,would have to be
mucin langer. For instance FavVvie's model channel is about three
times the width of the one used in these experiments. Yet with
an initial depth of 10.75 cms, which is very similar to our
initial depth of 4", Favre's surges reach in 200 ft. the stage
in their evolution, that is reached in the small channcl in
about 40 ft.

A more detailed comparison is given between these results
and Fa?re'é in the next chapter.

Another point to be considered, is the effect of the time of
opening of the inlet valwe: If the time is no more than 2 secs.
the effect is negligible at all positions in the channel, and
up to about 4 seconds the effects are very small at gauge 5
where mozt of the surges were recorded.

At low discharges the waves do approzimate to a sinusoidal
shape. As the discharge increases the profile becomés more
nearly cnoidal, up to a certain maximun, and then diverges
glightly from this shape when the wave aﬁproaches its point of
breaking. The ultimate shape just before breaking occurs is
almost cusped at the peak.

Finally it is necessary to.make some estimate of the

accuracy with which the experiments have baen:carmicd out.
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From bhe photographic comparison it would appear that the
crest heights are accurate to within very small limits, particularly
when the record was not allowed to extend beyond the centre two
centimetres of the penrecorder papers. After-this'had been &
discovered, all the runs were kepth within these limits. The
maximum error would then probably be approximately ¥ 0.0l inches,
that is when the apparatus is used at the maximum amplification
employed (i.ee. for Yo = 2 ins. ), and when ¥, = U4 inches this
error would be smaller, since the amplification is less. This,
however, is counter~balanced by the difference in ease of reading
the record, since 1l millimetre of the record represents a greater
change in depth as the amplification decreases.

The record can be read direct to the nearest 0,1 millimetres,
with the aid of a handglass fitted with a scale, and by
estimation to 0,006 inches. However it is estimated that
the meniscus and disturbance effect of the wire of the depth
gauge have a maximum value in the troughs of the waves of + 0,01
inches.s At the crests these effects are much smaller. It would
appear from an inspection of Fig. 9 (pége 58) that the record
itself is subject to irregularities of the order of + O,1 mms.
However it is believed that these irregularities are caused by
surface ripples, and a comparison of the results obtained from
these records with photogiraphs, indicates that the maximum errors
in the measured crest heights are + 0,015 inches. The errors in
the measurement of depth at the troughs of the waves would appear
fo have a maximum value of - 0.0l to + 0.02 inches since the

meniscus and distrubance effects are positive,
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This meniscus error was greatest at small initial depths
gince the wa#e length was small.

When measuring wave lengths the error was found to be a
little more uncertasin. This was due té the difficulty in
measuring accurately the distance between crests, as it is
difficult to determine their exact position. Eventually however a
technique was devised which gave reasonably consistent results,
except, as already mentioned with the rough channel and Vo = 2%,
Even with these however the maximum error was only £ 8.25 inches
(approximately f %%). At greater initial depths the measured error
was much the same, t 6.25 inches, but the percentage error was
considerably less. However when the wave lengths were plotted
against discharge, and a probable curve drawn, any values that

were suspect, could be checked.
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CHAPTER 10.

An appreciation of some of the recent contributions

to_the literature, reclevent to _the subject of surge waves in

apen channels.

The two most important recent additions tc the literature
dealing with the equations of flow in open channels,with special
reference to the undular forms of flow, are those due to Serre,

and Benjamin and Lighthill.

Benjamin and Lighthill show that an undular form of surface
profile in open channel flow is only possible, because of losses
in energy and momentum,due to friction. Serre derivesg his
equations for the flow profile, and the change in energy and
mémentum, and then shows that under certain conditiens the result
can only be an undular profile. Both obtain the same equation for
the flow profile, although starting from different premises, and
this expression readily lends itself to calculation as it contains
only known gquantities. The eqguations for the change in energy
and momsntum due to Serre are however necessary for an undular
profile to be obtained. The first equation! yields the profile
of a solitary wave.

The coincidence of the.two results isg easily exnlained. Serre
evaluates 'H' and 'M' (Energy and.Momentum functions) from first
principles by determining 'p' and 'u', (pressure and velocity)
and substituting these in the original equations. After assuming
temporarily that H and M are constant he integrates, to bring
both into one eguation.

Hc finishes by showing that mathematically under certain conditions,
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his result will give rise to a periodic solution, when solved
for the shape of the ‘profile. On the way he makes alnumber
of simplifying assumptions chief of which is that the velocity
distribution is uniform, and that outside the boundary layer
the flow is irrotational.

Benjamin', and Lighthill on the other hand, assume a
harmonic solution for a stream function, thus assuming a
periodic solution for the profile, and irrotational flow.
Hence the two results should at lcast be similar. Then it
can be seen that Beﬁjamin and Lighthill follow exactly the
sane steps as Serre, (i.e.) evaluating H and M (which they
term R and S respectivelyj, but they rather neatly eliminate
a considerable amount of tedious analysis by eliminating
'p' between the two equations for H and M, and thus obtain one
equation involving the two. Thus it is not surprising that
the two results are identical.

It should be noted that both these methods involve a
direct contradiction. Both assume irrotational flow, and then
consider the effecfs of friction. However, simplifications
had to be made, in order that the equations might yield some
results.

Although it has been stated that our H and M correspond
to Benjamin and Lighthill's R and S8 the rclationships are

R = energy per unit mass = H.g.

n
1}

momzntum flow rate pcr unit span = M.g.
&
Their 2 woulgd in our notation be g :lﬁ (flow per unit span)

and theirf? = y.
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With these corrections the two expressions

2 ) r,2
= SRS s e .
6 19 ( Hy g+ 512 My
and
dny\2 . 3 2 .
q° (HJZ%) = 2R7Z - g7° -~ 88y + ¢°. (36) .

can be seen to be identical.

The thzoretical analysis of this thesis, is based on Serre's
method, but Zenjamin and Lizhthill, whilst not deriving equatians
for the changes in IDunergy and Momentum, do make some very
interesting observations.

They show that the theory due to Lémoine:, whilst being
elegant, is bascd on false premises. That is, he assumes a

sinusoidal wave form. This would then give rise to a constant
a

Ys — Yo’

as can be seen from the results already presented is not correct.

value for the parameier (where a = wave amplitude) which
Following this they obtain Zguation (86) by the method
outlined above. This is then converted into a dimensionless
form similar to Bquation (41), and a determination of the standard
elliptic inteéral form is made.
One of the most interesting scections of their paper, shows
now Equation (86) is analagous to the motion of a particle in
& field of zero total energy and whoxpotential is tThe cubic in

Bguation (86). This gives rise to their Figes 1 [Figs 29)s

» //”

+257 - q’

g
!
i

N
. ¢
’\ \
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Waves appear when the cubic has two zeroes between which it
is negative (B)s Curve (A) is when the amplitude is zero,
and curve (C) when the amplitude is infinite (i.e.) a solitary
wave. When v2:>gh. then the cubic corresponds, to curve (@)
and Equation (86) becomes Rayleighs Zquation for a solitary wave.
This emerges from a stream flowing at a depth below the critical
depth, without loss of energy of momentum,

Thus, as hgs already been determined in this thesis,
Equation (86) when solved gives rise to a solitary wave, when
ya{yc. Hence Lemoine's theory can only result in a solitary
wave, and not a train of waves.

If, however, some cnergy is dissipated in friction at the
front of the wave train then R decreases, &nd curve C must be
bodily raised to one of type B, where waves are possible, If
the energy dissipation is too great then the curve becomes one
of type (A), (i.e.) a steep fronted bore with no waves. This
latter energy dissipation is then equal to that derived from
the standard equations.

Furthermore if momentum is lost at the head of the wave
train, the numerieal value of the cubic in Equation 86 decreases.
Therefore for waves to appear, the energy and momentum losses
mist be such that when the changes in the values of H and M
(or R and S8) are included in this cubic, it is represented
by a curve of Type B.

Benjamin and Lighthill have also produced another very
useful dispram from which the permissible energy and momentum

changes can be read directly.
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There is one other important treatise on this subject. That

is, that part of Favre's thesis ‘Ondes de Translation' which
deals with the undular surge. He only included it as a part of
the experimental results, and obtained his wave profiles by a

me thod siﬁiiar to that used in aerial surveying. Two cameras
take simultaneous photographs of the advancing surge, and then
the results (wave lengths and depths) are plotted by means of an
ingenious machine. the Wild “Stereoautograph'. Favrs then
plotted two curves from the results. The resulis of the
experimental work in thié thesis have also been plotted for the
same obscissae and ordinates (Figs. 15 and 16). The comparison
of the two sets of curves bringsSome interesting facts to light.

First, however, there are a few points that merit attention.
The depth of the first vallsy, of the surge waves liacreases as the
discharge increases (Fig. 18). Thiz is at variance with Favre's
results, which show first an increscse, and then a decrease, almost
to the original water level. This has been mentioned in the
literature as confirmation of the fact that as the discharge
incresses the waves tend more and more to the shape of a solitary
wave. When this discrepancy'was noticed, the runs were
rescrutinised with even greater care, and additional runs carried
out. The result was the same however; the depth increases
with discharge until breaking occurs.

Further,an inspection of Fig. 25 shows that even for a wvery
amooth channel (%2 = 0,002) the depth of the first valley is
considerably more than that recorded by Fawre in his experiment
24, His result is 3 mms. (valley depth above initial level)

whereas the equivelent in Fig. 25 is about 6 mms, and this value
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increases at each successive valley.

It would app=zar therefore, that Favre's resulcs for the
depths of the valleys are not vsry accuratc. This is not
.surprising, since photogranhs taken from a similar position in
the present experiments do not show the profiles very clearly,

and secondly since the accuracy depends very much on the skill

of the operator of the stereocautograph, this may be.a:spunge ofrerror.

The operator would be accustomed to dealing with photographs of
land areas. In this type of work, there is a very definite
visual phenomena when the 'floating spot’ descends beneath the
ground level. It may well be that water does not give the same
response. The crests of course would respond nuch more rcadily
than the valleys to this methed, since they present a much more
definite outline.

Reverting to the supposedly greater Similarity of the surge
waves to solitary waves when the amplitude is large. What does
"happen, is that at all discharges the waves ressemble solitary
waves, except that they are a little steeper at the crest. It
is true that as the discharge rises,the surge waves change in
shape from ncar-sinusoidal to near-cnoidal, but the solitary
wave also changes in a similar manner.

Referring to Fig . 15 again. This has already been des-
cribed, but the one important point that stands out, is that (in
analogy with Fig. 29), as the friction increases the curves are
displaced downwards. Favre's channel was relatively smooth,
and consequently his curve is well above those recorded in these
experiments. His maximum value of Yot = Y0

Js ~ Yo
is a possibility, that as his valley depths are not deep cnough

is %.06. There
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Yo will be incireased and the curves raised even a little more.

Hence it would appear that to place reliance on Favre's
results, as applying to all cases is not to be rccommended. -
They do give rcuults close to those obtained in the literature
from theoretical considerations, but only because the friction
losses in FaVre's channel arc¢ comparatively small. If the
practical channel is at all rough, then some intermediate value
between Favre's and these of Fig. 15 must be used.

Again the maximum value of %_~ Y0 according to Favre is
0.28, In these experiments the maigmum value obtained was 0.38,
both when the charinel was smooth and had a rough surface; and
for an initial depth of 4 ius. which is comparable to his 10.75
Clms . It is difficult to perce{ve how the difference occurs.

It cannot be attributed to changes in friction since in the present

experinents the maximum value of ¥5-".90 is very much the same

Jo
for both sets of results. Presumably the differcnce lies in

the two methods of assessing ¥, , which is smaller in Faure's
exﬁ@riments. :

he Tinzl discrepancy between the two results is that in
the pressnt experiments it has been found that after breaking,
there is a transition period whers the curve swoops up and down.
Finally it settles to a steady curve, which falls to a value of
Jaost - = Yo

¥y = Yo
include this, transition. It is not surprising considering the

= 1. Ag is only to be expected Fawre does not

comparatively few runs that he made for the purpose of determining
these profiles.

Comparing the results it can be seen that as the friction
decreases, the¢ point of inflexion in the curve (which occurs at

low values) disappears.
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Fig. 16 on the othir hand agress very well with Fayre's

plot of 2L to 5~ Jo, In ¥Fig. 16 as the friction decreases
¥s ~ Yo Yo

S0 the curves are raised slightly one above the other. Favre's

curve is a little above the family of curves in Fig. 16 at -
yr- —

low values of JL§~——Q (abscs 0.1; ord. 110) but is only fractionally
s :
above at high valwes. This shows that the relationship : - 2L -

¥s = Jo
is not greatly affected by changes in friction, except at high

valucs (i.e. > 80).

kavre seems to be under the impression that his waves were
fully formed by the time the surge had reached the end of the
channel. It would appear from the present experiments however
that they cannot have been fully formed. His profiles (yo = 10.75
cms) are very similar to those when y, = 4 ins, and these,wﬁen
compared with the profiles at y, = 2 ins. arc seen to be barely.
fully formed. When the waves have reached this state, the crest
heights are successively higher above 'yo' and consequently it

would be more accurate to use the parameter —& _ , where 'a'

Y — Yo
is the amplitude of the first undulation and is always the greatest
amplitude in a fully formed unbroken surge.
It must be emphasiscd that this very fine piece of

experimental work of Favre's was only a side line to the general

Work of his thesis. Consequently it is not surprising that

Iy

some of his conclusions are not very general in application. He _
was, however, the first to draw attention to the problem of the
undular surge, since the time of Korteweg and de Vries.

It is worth nating a quotation of Favre's on P.160. " Il

? b
y aurait certainement 13 une trés belle étude expérimentale a

V4
LN N i _ :
faire, consistant & chercher les influvences de la rugosite...-.
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et des rapports L et ¥~ JO sur la hauteur relative Yeest > = Vo .
Yo Yo Jg — Yo

Keulegan and Patterson state that FavVre's velocities differ

only from those calculated on the cnoidal theory (using his values
of '2L' and 'a') by 0.1 * 1.5%. This appears to be rather
remarkable considering the scatter in FaVre's results as shown by
his graphs, and also from the difficulties encountered in the
present experiments of accurately and consistently measuring

wave lengths. The reMainder of Keulegan and Pattersons's work is
mainly concerned with compiling aﬁd pressnting in a more orderly
manner, information that was already available.

The final contribution to the literature to be discussed, is a
most valuable experimental work due to Binnie and Orkney.

In this, a number of stationary waves were produced in an
IOPen channel, by various means. The experimental details
make very intersting reading, but the results of the experiments
are of immediate concern.

They showed that the stationary undular profile occurs at
small discharges, and was succeeded as the discharge increases by
the breaking undular and steep fronted hydraulic jumps. Several
very informative diagrems are included. Figure % shows Xﬂ£§§§2

o]
plotted against F, (= _VY_) where V is the wiform velocity of
approach of the_streaﬁ{gﬁbSeveral interesting points emerge. F,
is plotted = (1 +Hgg£;%, and the experimental points are scattered
round this line, muc; as though this could be taken as a good
approximation to the true results. The explanation-given for the
scatter, is the difficulties in meésurement.' It is suggested
that in fact, however, there exists a family of curves, as

already shown in this thesis, differing from one another by the
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initial depth difference (i.e.; dus to differences in ths friction
effects. Secondly, the plotted maximum relative height of McCowan's
cexireme solivary wave is very close to that obtained in this
thesis, for the undular surge. This is as expected sincelthe
maximum height of the solitary wave is always a little less thean
the maximum height of the undulsr jump or surge.

Another interesting point is a comment by Qrkney to the
effect of the-ease of measurement compared with that of a
travelling surge. It would appear on the contrary thit much
smoother waves are experienced with the travelling surge, and
that once the technical difficulties of measgurement are over come
the results should be more accurate, as it would appear that
various extraneous effects do detract from the accuracy of
measurement of the stationary profile.

Again Binney and OrkR@y quote the belief (strongly criticized
by Benjamin and Lighthill, that znergy is radiated in wave form
in the undular jump. The oppﬁsite contention is not that the
waves arc created to gzt rid of excess energy, but that the waves
occur because only a small portion of ths classical energy is

dissipated at the head of the bore and the remzinder is dissipatad

in friction. In the next non dimensional figure,(5) %; is
o)
plotted against & . The scatter in this again would appear to

be due to friction effects. Similarly as in our Fig. 16 the

resulis are grouped closely together, but perhaps would have

i

given separate curves if the hazards of measurement had not been

so greate.

It is quoted that Fare's maximum value of %?_ is 1.34. This
0]

would appear to be a misprint, since it should be approximately
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1.48. As pointed out previously Favre's results for ¥_—= ¥Q
are rather low compared with those obtained in the preseg%
experimenis, where the maximum value of Y5 obtained was
Jo

approximately 1.38.

The final curve of Binney and Orkney is the inverse of our
Fig. 16, with modifications, but has been carried through
breaking, to the steep fronted surge. ISome of their experimental
points near breaking,are well away from the mean curve and it is
suggested that these might lie in the intermediate region
(previously meationed,) that occurs after breaking.

This experimental treatise is of great interest, and does

appear to have opened up a a considerable, and profitable field

for further resecarch.
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CHAPTER 11.

Conclusions.

It is beleived that within iimits the stated purpose of
this thesis has been accomplished.

A theoretical analysis of the flow problems incurred in the
study of undular surge waves has been made, and expressions for
the prcfile, and change in energy and momentﬁm have been derived

These expressions have then been derived in a nbn dimensional
form, and after simplification and rearrangement have been obtained
suitable for the purposes of calculation.

A number of numserical examples have been computed from these
final expressions, and the results compared with eXperimental
results.

The comparison has shown that despite assumptions and diffi-
culties in the determination of the friction coefficient, the
calculations have jelded r&éults that at their worst are within
8% of the recérded results. This maximum error occurs when the
wave amplitude is large, and then the original assumption of
uniform velocity distribution no longer closely approximates to
the actuval conditions.

It is believed however, that in larger channels where the
Reynolds Number would be considerably larger, that the calculations
would yield results of greater accuracy. This is because at
these higher values of R , the variation in the value of the fric-
tion coefficient 'C' is considerably less.

A method is also indicated whereby in practice the profile

of a surge could be calculated (in a rectaagular channel) at any
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position, if the initial depth, discharge, and geometry of the
channel were known.

This method could be applied to a sloping channecl, since this
is allowed for in the original equations for the change in energy
and momeéntun. It would be necessary to have an initial flow in
the channel, and then the undular surge would be formed if there
were a sudden limited increaseg in discharge.

A considerable amount of experimental work has also been
accomplished, and the results have becn abstracted and presented
in both graphical and tabular form. The results have also been
expressed in a non dimensional form between the maximum depth
and the mean depth, and between the wave length and the msan depth.

These figures show that there is a definite relationship between

these Quantities.  With the former, the result is dto g .great extent

dependent on fplction, but it is not so apparent in the relation-
ship between wave length and nean depth.

Despite this, there is still a great @eal yet to be
accomplished on this subject. The effect of friction at higher
Reynolds Numbers, the negative undular surge, and the positive
dowmstream surge (formed by suddenkty. closing the guillotine

gate) among other problems have yet to be investigated.
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APPENDIX.

(1). Design of Capacitance Depth Gauges.

One of the earlier ideas was to use photography ezclusively
for the profile determinations. As, hOWever; a quantity of
electrical apparatus was available, and photography would have
meant the purchase of expensive cameras, the electrical method
wag chosen.

It had been generally agreed in the literature that capaci—
tance type depth gauges were preferable to the regsistance type
of gauge, and it was decided, therefore, to use some form of
capacitance depth gauge.

At Tirst a length of glass capillary tubing was used with
a mercury filling. Thisg, however, offered too much resistance
to the water and gave erroneous results. .The_second method was
the most simole and would work very well over large depths.

It merely entailed holding a thin strip of metal against the
~outeide of the glass wall, using the glass as a dielectric.

At the smsll depths used, however, the meniscus effects were
considerable, especially when the water level fell. Various
agents were tried to dispel the meniscus effect, but with no
great success, and regretfully the method had to be abandoned.
Its great advantage was that it did not intérfere with the flow.
In large installations this type of gauge could be easily
employed 1let into one of the side walls.
The third idea was to use ordinary enamelled transformer wire.

This, however, presented two main diffiCQlties due to ths thin

enamel coating of the wire. Since the capaclty of the condenser
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thus formed was proporiional to logg ?Z‘EETI_ {where r1 and rg
were the radius of the wire filament, and the overall radius
respectively) the capacity changes for this type of gauge were
very large. For wire with standard thickness'enamel, the
change was approximately 100 pf. per inch change in depth.
dince, however, the maximum range of linearity of the‘apparatus
used was &pproximately T 20 pf, and the maximum change in depth
was just over 3 inches this type of wire condenser was useless.
The second difficulty was the prevalence of 'pin holes' in the
enamel , and this led to breakdowns in the condenser.

Even wires with extra thick enamel coatings failed to give
such a small change as 12 pf. per inch. Attempts were made to
coat thé wires with various proprietary products, but without
the help of elaborate equipment these coatings were not
sufficiently uniform.

Finally attention was turned to P.V.C. covered wires, and
it was found that Messrs. Henley's Cables, Ltd. manufactured
the ﬁire with the smallest overall diameter. This cabling
turned out to be reasonably adeguate for the experimental work.
It offered very little resistance to the flow, exhibitsd small
meniscus effects, and most important of all, gave a capaCitance.
change of a very little over 12 pf. per inch change in length.
The meniscus effects were rendered even smaller by coating the
cable with a very thin film of 'Vaseline'.

Since only one strand of the cable could be employed,
the next problem,was adequate insulation of the end under water.

A great variety of methods and products were used without success,
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until a proprietary insulating cement was tried (Radio Spares

Insulating Cemént) which was found to be fairly successful.
It gave a very high order of insulation over a gensidcranle: ltngth
of time* when totally immersed in ﬁateri As, however, when
dry, the cement became very brittle, it was necessary to ensure
that when tensioning the wire, none of the tension was trans-
mitted to the cement, hence a 'tail' of about %" was left
below the knot holding the cable to the lower perspex block.
This tail was then gently slotted into a small groove cut in
the underside of the perspex block.

The frame of the depth gauge was evolved aftcr a period
of trial and error, and was designed to allow for the following
points. It must; offer minimum resistance to the flow of
water; be sufficiently sturdy to survive repeated handling;
allow easy and rapid replacement and tensioning of the cable;
~remain fixed in position when reqording, but capable of being
easily raised and lowered; mnmust act as an electrical con-
ductor betwggn the water and the earth side of the oscillator
caple; and be insulated from the filament of the P.V.C. cable.

LA
The requirements are all met in the final design

(2). Water Pollution.

In order that the water should remain clear, it was
necessary to stop the'formation of rust. This had been
accomplished in the Sanderson Engineering Hydraulics Laboratory
by adding a quantity of Sodium Nitrite to the water. After
even a complete year of continuval circulation the water was

remarkably clear and free from suspended particles of rust.
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(3) Numerical Example

To find y , kuowing Q, 4, and Yo vhere @ in this case
is the discharge at the »osition concerned and not the initial
discharge. This is the practical case. Q initial will be known
together with the channel geometry, the Chezy constant for the
chanﬁgl, tiie initial depth, and the distance of the position in
gﬁestion Iron the inlet. From Faure's calculations or similar
ongs, Q at the positon can be calculated. It is then reguired to
find y. in order that the step by step calculations can be carried

OUu G

D

Given @ = 0.1%26 cusecs. ,i = 6.184 ias.
yO: é.' ii18.
from Bguation (78)

r"\
e i 3 .
TI(1+8 ()%= . ghl
2 Jo 5

3y [

and y has to be obtained by a prociss of trial and error.
A guick check will show that Ye = 4.444 ins.

= 0.3703 ft. is correct.

.Y =4 ~ =0.9.

°©  4.444

N.B. It is most importint in all these calculations to ensure
that tie same unite are used throughout. As Q is usually
in cusecs, all the 'y' dimensions must be in feet and not
“inches,

(4 Numerical Bzample.

To find %he discharge (QJ required in the experiments, if
Yoo and yo, are given.
Let Yo = 0.90 and y, = 4 ins. Smooth channel.

Then y = 525_ = 4,444 ins.



Then V =‘§_ = 5.836 ft/scc.
From Fig. 13, this gives Q = 0.126 cusecs (the initial discharge)

whenareoording at gauge 5.

(5) Numerical example.

Tp find the half wave length L given y, , ¥, Yo and Y,
(v, and y, are the first crest and valley depths).

Let yo = 4 ins; Y, = 0.90; y, = 5.55 ins., and y, = 4.27ins.

3,
Then L = ¥t . g sn™ (@.k). (put g..8n™" (Pk) =
/5(&_-11“ 33 ke \
I z yl .)72
K + 511 90/
X = fo " Fa -2 = 0.516 ) N.B. as above y. = - - ins:)
yl e ya e 2’_&_ ( & 0-9
G |
vk o= %{L i = 0.825 and_yo? = 4-88
: o)
< "k » J2
" I =1.625 si' (90°, sin”' 0.825) = 3.32.
.*+ L = 3.32 x 4.88 = 16.2 inches . . 2L = 32.4 ins. = 2.70 ft.
7 2
By the short method L = —Eﬁiﬂ;- (1 + 3%%) = 2.68 £H.
% (& + Yo . ¥2 ) 16, =

I ¥z

(6) Numerical Example.

To find crest and valley depths and wave lengths, knowing
only yo and Y.
Given YO = 059 Jo = 4 ins.

1.517 ; Eqn. 63.

i

EO:YO+

o

o]
(@}

o

2
+

Ve
ST

(]
-

50 = = 1.516 Egn. 64.

I
Ci
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To find the crest of the solitary wave
o IL/J ] e 5 . 5 ";'3
(_{1____. 1) %D ¥ __ﬁ(l Yo )... (n &+ 1)° (AY) =0 Bge 70,

=~

= :
2y, g

e « Oy Trial and error N+ 1 = 33.6
e« Y = 1.336

- and ¥y crest = 5.49 ins.

o ¥, = 0.49, y, = 4.00 ins.

From short Zlliptic Integral lMethod -

£ 5 .
Ti o bl e Tho 2 (1 + 3K* K is as in Appendix (5)
P == 16 ’
V== i
yty yc =Y
0

Take an average value for y = 4.75 ins.

.'.H/ average = 1.07

18 B {1y B )(%3 . %)2 = 0.000483
ag =g, (1+29)(1 - 1) = 0.000517
dx ¢ 8, ¥

.LAE = (0.00483 x 8.88 = 0.00428
andLAg = 0.00517 x 8.88 = 0.00460

N.B. Thess values are about twice those calculated by the step

by step method.)
'« E crest = 1.52128

B8 crest = 1.52060

Then the Equation BY® - %E * &7 BY = 0 nas to be solved for these
values of E and £ to find Y. This yields three roots. The two
relevant ones are ¥ = 1.25 and 0.961
whence y crest = 5.58 and y valley = 4.27ins.

Theés£ two values substitued in the Elliptic Integral Equations

of the Short form (as previously) give ZL = 2.065 It.
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These three values are seen to compare quite favourably with
those recorded (Fige 26). This can then be repeated ad infiniium
to give Wave Lengths and Crest and Valley heights through the train,
The major error occurs in the use of an alegbraic mean value of Y
in the calculation of E and @ Probably with practice a more
appropriate fraction of Y crest would be found.

This method could be employed Jjust as easily, knowing @ at the
position, and ¥, as in Appendice (3).

T Addendum

A further contribution to the literature has been brought to
the author's notice since the completion of the thesis. A dis-
cussion of this follows.

SeCe De (Proc.Camb.Phil.Soc. 51 713, 1955) has made an important
contribution to the study of permanent gravity waves. He extends
the work of Benjamin and Lighthill, by including the third boundary
they mention, in their diagram of r/s. This boundary represents
the limits, imposed on wave formations, by the breaking of the
waves themselves. Then this complete diagram is presented in
~a more readily ussble form by plotting S' = 5/2 (95 - 11, + 2),
against R' = 3/8 (11S =g & 2) for constant values of wh and mH,
where m = 2M/n (Ais the wave length) h is the mean depth of liquid
and H is the height of the wave form trough to crest.

The Stokes theory of permanent waves is extended to the fifth
order of spproximation for waves in a finite depth. This is because
whilst the original work by Stadkes (to the third approximation) is

best satisfied when the wave length is not large compared with the
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mean depth of liquid, and?ﬁnoidal theory (Benjamin and Lighthill)
is suited to long waves. Hence it was presumed that both theories
should give the same results at some intermediste relationships

of wave length to depth, if the relationships of Stokes were
carried out to a fifth spproximation.

Comparisons of the values of the ratios of h/A and H/\ obtained
from the two theories for values of A /h 2?6, show that the above
supposition is correct since the differences are very small.

For 4practica1 case however some allowance has to be
made for the frictional effectss A method of meking such
allowances has been outlined in this thesis. Combining this
with De's work it should be possible to calculate the ratios of

mH, and wh in any given case.



