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ABSTRACT

This paper deals with the transient deformation of surges
(bores) both theoretically and experimentally. Ideal surges in
open chamnels would normally disperse into periodic waves and be
transformed to the undular bore. A train of these dispersive
waves may finally reach some stable form e.g. solltary or cnoidal
waves.

In the transient process, with the development of the
undulations, the height of the initial wave would not be constant
as has been suggested by Keulegan-Patterson(1940), but would fluc-
tuate in a complicated menner., The author indicates, theoretical-
ly, regions in which wave crests or troughs can exlist and gives
experimental criteria by which modes of breaking (spilling, surg-
ing or plunging) can be determined. He also belleves that the
curvature of the wave surface plays a leading role in the mecha-
nism of dispersion and may act as a convectlive agent in the
development of the undulation.

BACKGROUND

Favre(1935) had shown by his experiments that when the
ratio h/H (ht the mean height of surge, H: still water depth) is
less than 0.28, some stable undular bore may be expected and the
height of initial wave % is about 3/2 times as large as the mean
height h of original surges. Initial waves are expected to break
when 0.28 <h/H <0.75, and for 1ts greater ratio there will be no
undulations. (Binnie and Orkney, 1955) Keulegan and Patterson
(1940) introduced theoretically that 7/h=3/2 and each wave of
the undular bore wlll reach the cnoildal wave in thelr forms.
Lemoine (1948) calculated the energy loss due to radiation in the
process of dispersion under the assumption of small amplitude and
slnusoidal wave traln and these restrictions in analyses were ex-
cluded by Benjamin and Lighthill(1954). The effect of bottom
friction rather than the turbulence in wave front of bore was em-
phasized by Sturtvant(1965) or Chirriot-Bednarzyk(1964) because of
consideration for the bottom friction to be important factors in
deformation of undular bores. Under the assumption of laminar
velocity~distribution in bores, Chester(1965) suggested the possi-
bility of osillatory surface on bores in criteria F< 1.6, where
F=V¥gh, and h 1s a representative depth.

Very recently, Peregrine(1966) discussed the same problem
with ours and he calculated numerically the wave patterns in the
dispersion process of bores using the equation of Korteweg-de
Vries. There are some dlscrepancies in understanding for the
dispersion mechanism between him and the author, and dlscusslons
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on this point may be done in this paper.
THEORIES
MECHANISM OF THE DISPERSION OF IDEAL SURGZS

It may be reasonable to assumne each dispersive wave, in
particular the initial wave, has properties of the shallow water
waves with finite amplitudes and considerably large curvatures at
the wave crest. The celerity of these dispersive waves C will be
giverl by the following equation:

. 37, H g0 -
C"CO[I"‘ZH +377-3_sz , CO" gH (I)
On the other hand, the celerity of ideal surges Cs 18
expressad 1n tne equation
. 3h in']*
Co= Go[1+ 38 + (B ] 2)
. According to the author's experimental verifications, as
shown 1n Fig.2, 1t may be a reasonable assumption to put C=Cs,

aside from the case Just before breaking. Therefore, the follow-
ing relation will be obtained by ejuating Eq. (1) with (2):

332 H 9. 3h, -l-( By const

t3mox2n t (3)

That 1s, the sum of relative height of dispersive wave 7 /H
and curvature term muast be soaservative for a given surge. At the
shoulder of actual sirges 1n the early stage of development pro-
cessgs, the negative and larger curvatures mast be expected to
appedr, and by the conservative function, the surface deviation?
must increase. The junction point 2 in Fig.3 of this small super-
imposed hump with thes back-layer surface of surge, will show the
profile with positive curvature and by the above relat.on, some
negative deviatioa (small depression) from ths horizontal surface
will be resulted. At next juaction point 3 in Fig.lh, 3*7/2x?* <0
and then % wi1ill again 1ncrease, anl 80 On.

According to thess procadures, the undulation of horizontal
back-layer seems to bz developed, and so 1t 1s the author's opinion
that convective agents in the transformabion process may be the
surface curvature.

In his interesting paper, Peregrins axpresses the physical
description coacerning the matter, that in Fig.lh, the vertical
acceleration of the water i1s upward becween E and C and there, ths
pressure gradient downward bencath the surface must be greater
than hydrostatic. (Being coatrary about the matter between C and
A). The extra horizontal pressure gradients due to vertical ac-
celeratioa of the water (or the effect of curvilinear flow) may be
resulted as shown 1n Fig.4. By these additional pressure varia-
tiomn, extra elevation at B will be caused, he says.

In spite of careful reinspsctions of our observed wave
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Fig. 2. The relation between the celer-
1ty of ideal surges, Cg, and the
celerity of dispersive waves, C.
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patterns, any depressions at D which have to occur in same magni-
tude as the elevation at B by Peregrine's theory, 1s never noticed.
Because the behaviour of wave forerunner near D 1s supposed to be
essentially important, some analytical approaches will be shown
later in this paper.

THE HEIGHT OF DISPERSIVE WAVES

As one example of fluctuatlions of dispersive wave heights
in transient process, variations of initial wave-heights are shown
in Fig.5. In cases including breaking phenomena in those process-
es, fluctuations of wave heights are much complicated and the
usual prospect 7 /h=3/2 is gquite rare.

From Eq.(3),

&7 _ 97 J,h
3 mli-7 *+3h) (4)

For the crest of waves, putting the condition 2*%W/2x%< 0
into Eq.(4), it follows that

1 n

h> ! *sg (5)
-y Similarly, for the trough of waves, with the condition
o*/2xt >0,

n
h <1+ gh (6)

Then, it may be concluded that the ordinary value M/H= 3/2
is only for the stable dispersed waves with small amplitude, while
the expression of inequalities in Egs.(5) and (6) is for more
generalized cases.

SOME CONSIDERATIONS OF BREAKING OF THE INITIAL WAVE

It may be reasonable to suppose that there is a particular
condition corresponding to each mode of breaking. Especially,
surging or plunging breakers of the initial wave are caused by
rapidly rising-up of the wave front and so analysls for the insta-
bility of wave front may give some informations about the growth
of surging or plunging breakers. The suggestive institution of
Stoker%l957) will be extended here to the case of breaking of
undular surges.

The equation of motion and of continulty are

2C-CxtVt+V Vx - g(S-S¢t) =0, (7)

C W+ 2V Vx+2Ct =0, (8)
where C =vGH Se= mvivi/RE
Let Vo: velocity component in x-direction of the undisturbed flow,
E=x, r=(VotColt - X, Co =Ha » then, Egs.(7) and (8) will be

rewritten as
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2C(Ce= Cal+ V(Vg=V) + (V, + Ca Vs — 9(S~S)=0 (9)

2V(C¢-Cr) + COE=W)+2(Ve + Co) Cr = O (19
Putting

Vo =Vo+Vi(¢)T +Val) T2+ (1

C =Co+Cil&) T+CalE) T2+ ) (12

and substituting expressions (11) and (12) into Egs.(9) and (10),
we get

Co(-2C+ V) + {2Co(42 - 2Ca) - 2C1+ VoY ~ Vi+ 204} T~

—gs-so+[ ] = 0 (3)
Col-Vi+ 2C) + {2V §8 - BUC + Cold¥- 2wl +4Ga) T +
+ [ }T’ + =0 (14)
For prismatic channels with the rectangular sectiom,
se- oty {+2)  s-mtve{Le 2T 15)
£= 19 gtoss | = 1T g8
From Egs.(11), (12) and Eq.(15),
a(s-s) =-as{(a+2¥iT+( T} 16)

_ 8 Ciy/C
where A==3T1% CoogB

Substituting Eq.(16) into (13) and (14), and comsidering for Egs.
(13) and (14) to be valid independently from T, we get next
relations.

2(Vo+ CoI S - 6CH+ 20N - 4G +49SCi( v, ~ 3g) = O, (7)
2
2(Vor CIYP - 6CI-2Cah+ 4CL= 0. k=1+ =% (18)

Adding Egs.(17) to (18),

(Vor CA@ - 3CH+ CgS(,- 355) = O (19)
Under the initlial condition:

3., m%'(m‘%?)n: C(& . (20)

the solution of Eq.{(19) is as follows.

Clo) = '/<§-+ Ket) . 73
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where

% = 3/gS(‘\I/‘,' 3—(2‘3)
K = {%(vwco)/(g—*;)f:o}’ %
T=0

The angle between the forerunner and an undisturbed surface (see
Fig.6), will be given by the equationi

tan@ = QH—(‘,%.—'LL}T:; 29C°C.(€)

22)

Then,

dg - _2Co_ | KB pe
@ 9u+%ﬁf(%+mwf , @3

where

| [2CdVe+CdS (I __2

KB = -5 -3
Vot Co (%l_:rl) - o Vo 30k }

According to Eq.(23), rEe

wen  @H>EcCVerCil-5)s , P >0 am

the forerunner will gradually rise up and in the contrary case,
the forerunner may damp out.

For simpler cases which are S=0 (horizontal bed) and
Vo=0 (intrusion on the still water region), we have Eq.(19) as
follows.

(24)
Cog% - S(fl = O ’
ol

or e =-1/5¢+K C(0) = - % (25)
From Egs.(20) and (25), K will be

K= =520V + Ca) / (43, 26)
and '

=—1/[3& __Co
tond = =1/{ 3%, @) . 7)

4 =-2-3,-_,-;co$'9/{%'fﬂ'(‘g%)'o}z >0 8l

If we can roughly assume that the plunging of forerunner
will be defined by the condition tanf-—oo, the site of breaking Xp
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may be estimated by the relation (putting the denominator of Eq.
(27) to be zero)

SR o/ g4 29)

EXPERIMENTS
METHODS AND PROCEDURES

The wave tank of horizontal bottom being 30m in length,
4m in width and 0.5m in depth, is shown in Fig.7, in which loca-
tions of 9 electric resistance-type wave-meters are also indicated.
The No.0 wave meter is attached to and moves with the piston-type
wave-generator and it can record the surface variation just in
front of the piston plate.

It must be preferable to drive the piston with the large
acceleration at its start for the purpose of generations of surges
having the abruptly-rised front closely similar to the ideal
surges. By our wave generator, W/T= 2.2 ~3.5 cm/sec, where Vp:
the constant speed of piston, T3 the time required to reach con-
stant-speed state from the start.

The relative height of surges h/H is determined theoreti-
cally by the piston speed as follows.

w ) [+ 38+ 3]
Co I+ %}

In Fig.8, the relation between Vp/Co and h/H are shown both
in a theoretical curve and experimental plotting. To generate a
expected surge, the slightly larger speed of piston-drive than the
values given by the theory will be required. The reason of this
discrepancy is supposed that the given energy by the piston motion
can not perfectly transfer to the fluid.

(30)

Relative hei%hts of surges in our experiments are in the
range 0.08<h/H<0.64 and corresponding generator speed are
18.3 cm/sec < Vp<85.5 cm/sec.

Breaking phenomena are observed by 16 mm cine-camera
loaded on the particularly designed wave tracer which is driven in
remote controls to run at the same speed as the celerity of dis-
persive waves.

RECORDED WAVE PATTERNS

Each typical record of wave patterns in cases of the stable
dispersion process and the unstable process including breaker
phenomena, is shown in Fig,9a and 9b, respectively.

Because the dispersive waves in stable process are expected
to reach finally to the conservative wave, 1t may be convenient
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for quantitative expression of the rate of approaching to a final
state, to take the shaded area 1n Fig.1l0 as the amount of residual
instability. Denoting this area by m and the initial value at the
position of No.l wave-meter by mo, we can see the tendency that the
ratio m/me in Fig.ll approach rapidly to zero and after rumning
over the reach of 80 times as large as the still water depth H,
the dispersive waves in the stable region will reach to the form
of the comservative (solitary) wave.

Transformations of dilspersed waves in the unstable process
will be mentioned at the later article.

DISTRIBUTION OF THE HEIGHT OF DISPERSIVE WAVES AND RANGES OF THE
STABLE OR UNSTABLE PROCESS

The distribution of surface deviation %M from the undisturb-
ed level are shown in Fig.l2. The theoretical prospect is much
satisfactory, that 1s, all of the wave crest and all of the trough
exist over or under the theoretical limit-curve 7 /nh=1+h/3H,
respectively.

By the author's experiment, the upper critical value for
the stable process including no breakers is h/H=0.25 which 1is
slightly smaller than Favre's value 0.28, but both Favre's and
the author's value are the experimental and theoretically un-
founded.

BREAKING

The initial waves always break and radlate thelr excess
energy when the relative height of surge h/H exceeds the critical
value 0.25. As we can see in Fig.5, the initial wave height 7,
increase rapidly untill the breaking occures. The increasing rate
of wave heights d7/dx before the breaking seems to be proportional
to h/H by our experiments and then the rise-up of initial waves
before roller breaking are much dominant than that of spilling
breaker.

According to the usual classification, breakings may be
agsorted into 3 types, i.e. spilling, surging and (rolling or)
plunging breaker of the initial wave.

(a) Spilling breaker

Keeping the symmetry of wave forms by the crest, the white
caps are observed at the cusped crest and the cusp angle are about
120°~130° just in breaking. Entrained air bubbles are left over
the breaking crest.

(p) Surging breaker

The dominant rise-up of wave front and the weak rolling at
the crest are distinctive features of this type. Generated white
water rush forward from the broken body. After breaking of the
initial wave, sequential wavesg in the wave train are scarcely
affected by the former breaking. Because surglng breakers have
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some Intermediate characteristics between spilling and plunging,
it may be difficult to strictly distinguish the surging from the
plunging.

(c) Plunging breaker

Strong rollers will be observed at the breaking crest of
this type. The white water rush forward and sequential waves are
much affected by the initial breaking.

We observed the instantaneous feature of breaking by tak-
ing high-speed photographs (64 frames/sec) loaded on the wave-
tracer and decided the type of breakings by those plctures.

RBesults are shown in Fig.l1l2 and it may be concluded that
the type of breakers seems to be determined only by the relative
height of surges h/H ag follows.

For h/H < 0.25, stable.

For 0.25 < h/H < 0.33, spilling breakers.
For 0.33 < h/H < 0.47, surging breakers.
For 0.47 < h/H, plunging breakers.

Instantaneous wave helghts at the breaking are also shoun
in Fig.l2 by marks with an oblique segment. These are still some-
thing not to be clarified by the author that all of breakings of
the initial wave occure beyond the Munk's criteria Mw/H=0.78 by
our experiments, but it was reported conversely that Mw/H= 0.6 by
Sandover and Taylor's(1962) experiment.

Lastly, discussions on the position of occurence of break-
ings will be mentioned. Experimental data are treated in Fig.l1l3
using the parameter ‘%(%?% which are designated by Eq.(29).

4]

The theoretical curve in Fig.l3 considerably deviates from
experimental points. Because the reduction of Eq.(29) was based
on the unreasonable assumption: tanf—oefor the breaking condition,
the theoretical prospect will be not in the least exact quantita-
tively, but it may be asserted that the curve shows fairly well
the general tendency of breaking position and A, is
supposed to be an important parameter in the analysis of breaking

phenomena.

ACKNOWLEDGEMENT

I wigh to express my appreciations to Mr. Watanabe, M.Eng.,
and Mr. Iwata, the graduabte student of Osaka University for thelr
earnest efforts in this research.

REFERENCES

Favre,H. (1935). Ondes de Translation, Paris: Dunod.



TRANSFORMATION OF SURGES 395

Keulegan, G. H. and Patterson, G. W. (1940). Mathematical theory
of irrotational translation waves: Jour. of Research of the
Nat. Bureau of Stand., vol.24.

Lemoine, R. (1948). Sur les ondes positives de translation dans
les canaux et sur les ressaut ondule de faible amplitude:
La Houllle Blanche, no.Z2.

Benjamin, T. B. and Lighthill, M. J. (1954). On cnoidal waves and
bores: Proc. of Roy. Soc. of London, vol.224.

Sandover, J. and Taylor, C. (1962). Les ondes de translation et
les ondulations de front d'onde: La Houille Blanche, no.3.

Chirriot, C. and Bednarczyk, S. (1964). Ondulation secondalires en
front d'intumuscences et ondes solitalrest La Houllle Blanche,
no.8.

Sturtevant, J. (1965). Implications of experiments on the weak
undular bore: The Physics of Fluid, vol.8, No.é6.

Chester, W. (1966). A model of the undular bore on a viscous fluids
Jour. of Fluid Mechanics, vol.24, part 2.

Peregrine, D. H. (1966). Calculations of the development of an
undular bores: Jour. of Fluid Mechanics, vol.25, part 2.



