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ABSTRACT

In this thesis cosmic potential which manifests itself in

-

the tldea is invaltlgated. The introductlon deal- with the necelltty
of introducing new sources of energy lupply, and it 1s followed by |
historical dilCUIlidh\pf the previous ptiliza;iqn of'kine:lc.energy
| of the tidal flow, alwo therlatest developments 1n_the field of tidal
pover projects, ; , |
| Chapter I1I nnd IV are dealing with waves and tides, des-
cribing difference between them and {ntroducing tide producing forces,
This is’ folloved by general deucriptlcn and clanslfﬁcatlon of the
‘ modern tidal povur plantl and latest developnantl in the field nf
ltutbogencratorl. ;
Pinally, the last three chapters are dencrthtng the po'nible
locations of the tidal. power projects on the North Atlantic coast,
clasltfylns thcn fn respect to the pool arrcngeuentl, and &hn ponalble

power output, In order to_uuppleatnt the varying output of the tidasl

power péojecti, some suxiliaty power sources are slso discussed.
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CRAPTER 1

INTRODUCTION o
To the seashore dweller, the ebb and flow of tides is a familiar
phenomenon of nature, Tides are, as it unre; the breathing of the sea,
the pulse of the cosmos, which gives life to the oceans of th; world and
sets them in motion; and since the remotest ages, this mystery has haunted

the mind of man and stimulated his heart gnd brain to meditate and search,

The ocedn tides have long been envinloﬁed as a source of power,

"Tidal mills" were constructed in Europe as early as the llth century

;nd in Amar}ﬁa as carly ao the 17th century, 89ch small tidal.hydro-
mnﬁhcnical power davelopmenta dure'prlctic11 for grinding comm or spicas
as the work could be adjulted to the parivdic and varying power from'the
tides. Electrification and the rupid industrial and economic growth of
the 20th century, however, have established s heavy demand for electric
power, and 4t {» expected that the uor}d;a present need for cnergy will
double within the next ten years,

With numercus harncsasble rivers slrecady daveloped to the full
and tho increaeing scarcity of convenient sites for the_lattlng up of
!urthorrgndlua and high-head plnﬁtn, with thermal planto paying now for
their coal four times as much as in.1959 and hardly abla to isprave theoir -

afficiency, and with tho cconcaical production of atomic power otill farx

diotent, conditiono are veering coro gnd core in fovour of tidal powor,




{'i}%\r\ The Eosmlc'potentlal which manifests itself in the tides is
‘ 8o large that, 1n.compariaon, the totality of the energy won up to the
present Froﬁ~the uhter:appears to be trivial., A rough computation
progeediqg from a mean tide height‘of 2.3 ft, arrives at an approximnpe
total oufput of some si, 000 million h.p. whereas the possible output of
the continental water resources of the whole world does not exceed
7,600 million h.p. - a mere meventh of the‘tidnl potential,
A closer investigation of the possibility of harnessing tidal -
power reveals an smazing mult{iplicity of overlapplnﬁ problems fof which
prlcticgl solutions are by no meane os simple as nppnnfi at firet aight, .

Further, traditional hydro-electric practtce ippllea only conditionally

. e
te tidal plants, in the working of which, cosmic forces, intervene to a

very wide extent., Weo must therefore realize that no economical and

practical solution of the problem can be arrived at without a close

BRI

co-operation of tho astronomer with the hydrographer, and of the civil

g vith mechanical and electrical engincer, not to mention the economist.
) = .

?f At the present ¢time there is not a single tidal project {n

<

; operation, but the French enginecors have promised to have one in opera-

tion by 1966, Other nations also are very energetically studying possi-
bilities of the tidal potentiale along their seca coalt;. Within recent
years tidal power on a large scale has bea; considered as a practical
addition to a supply network, Thia has boen due to thae possibility,
above all, of élndlng meens to regulate and control the supply of the s

L LY
tidal energy, which owes ite origin, to another phenosenon of the uni- %:y{é
. A . : , o

vorse, the rotation of the varth and the interaction of the attraction
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3
of the sun and the moon, The tides remained independent of the atmos-
pheric movements, although the latter might affect their amplitude in
' &

certain regions. .Tidal energy could not hoﬁever, be directly harnessed
vherever it presented itself, as in the open sea, and it was the reflec-
tion of tidal movtménta on the continental plateau, gnd the incidental
tesonances which coused these to be nmplifged up to 25 times, which

gave the poseibility for their energy to Qe harnessed,

Anothgr important quality posed by tidal energy was its fidelity
to the calculated figures of time and tidal range, spart from slight
changes due to atmospheric action., Tidal energy could be predicted
ennctly_for many years in ‘advance and this was a vastly different picture
from that presented by river flows.

Utilisation of the tidas to generate s substantial quantity of
powar requires provision for the liorlga of large quantities of water so
that discharge may be made froo a higher to .a lower elevation th;ough
hydraulic turbines, A large single pool may be built to enitrap water
from the ocean, but genaration of power is liatted to those times in the
tidal cycle when tha differential in elev.tion.bntuacn the ocean and the
bool is ouffictant (orroperatlon of the turbtneo; A combination of two
storege poole for similtancous entrapment nnd'uxcluulon of water from
the ocean can, however, provide for somo ﬁenerattcn at all timen, Asn
compared to oost river hydroelectric projactﬁ the potential averago
hydrsulic head of tidal projocts is quite small; but the v.ry'largo quan-
titfes of water available for power production are accurately prcdl;tablo

for many years in the future,

-




The work embodied in this thesais c#nalstn of a few intercomnected
prpblems, |
Firstly, origin and tide producing forces are analyzed and
differences between ordinary and tidal waves described,
Secondly, the most suitable locations for erection of the
tidal powar plants on the North Ati;ntlc coast are reviewed and chosen,
Thirdly, the actual]l utilizeation of the tida's energy to 3enernt;
power in vnriﬁu- layouts {s considered. The best pool arrangement for
a given location {is celecéed, and other problems connected with genera-

tion of energy from the soa are given consfideration,

N A PR :. T f .
- BRIt o oy




CHAPTER 11
HISTORICAL DISCUSSION
» Man has for centuries devised methods of putting the ocean
tides t.o;‘work. Attempts to utilize the potential and kinetic energy offered
by perennial rhythm of ebb and flow goes very far back in history. Ve
meet with the first instance of a practical realization of the problem
on a very small scale in the shape of so-called tide mills, which made
their nppen}nnca as early as the eleventh century in Englﬁnd and other
Weatern European countries, Grinding corn or gypsum, or ‘aving timber,
these floating contraptions in which an undershot watervheel utilised
only the kinstic energy of the tidal flow,

Th; oldest work on the utilizstion of tides was written in
1438 by the Italisn Marieno, of Siena, and includes, in addition to
skotches, conltructlonnlAhlntl.

In Chelses, Massachusetts, in 1734, "Slade's Mill" was built
to grind spices, Thie mill dov.lopcd‘about 50 horsepower from four vater
wvhesls driven By tha head created by damaing a small iltury to trap water
at high tide, )

Tidal powar {n England was first used canturies ago, and tp.
early water supply of London was pumped to & water tower by a mill operated
by the tidal flow; it consieted of & large paddiu wheel mounted on a raft
end moored between two of the plers of old London Bridge, and this worked
unttl ths old bridge was replaced by'th§ pra:cni structure in 1826.‘ In
1790 a tidal basin water-wheol lnp:alla:ion vsp operating on tﬁd River

Tessr, Devon, the whocls being later replaced by turbines,

5




up a tidal power plant at a particularly favourable spot

2)%" on the North Sea coast. In Great Britain, a few years after World War I, . .

»

': " preliminary projects came out for the Severn, followed by schemes for
two tidal plants in the vicinity of Liverpool, In FPrance as well, the
fmport of this heretofore untapped source of energy was promptly recog-
nized, and suggestions were made to harness tides to pouur‘genarntlon
with the help of the technical means available at the times, The first
major project, also worked out after World Wor 1, is based on tha very
favoursble conditions obtained in the Bay of Rotheneuf at Cape Benard,
Subsequently, all these tidal schemes sank more or less into oblivion,
and it appeared from various publications on the subject that an econowmi-
cal harnessing of tides to powor generation was still very far sway.

This brief historical survey is proof enough that soma signifi-
cnnc? had been granted at ocarly j#ncture to the problem of tidal power,
and at the present perfod of intensive sesrch for new sources of energy,
it 1o perfectly natural that we should try agsin to bring the problem ﬁo
a satisfactory solution. After all, as proved by tha cvolut}an of public
and lnaultrlaf.conlumptlon during tha past forty years, tho saturation
point of cnergy requirements is still very far lhoad.. .

Latost dovelopments in different countries can be described ae

follows:

i
A
g
B
¥
i
o
i
¥
i
5
{

;

FPrance. French engineers promiased that St, Malo Tidal Plant on the Rance

B River will be ln‘oﬁératlon by 1965. This s tho first and only tidal-

power scheme in the world actually under construction, The Rance scheoe

is in the long estusry which culminates opposite Dinard and St. Halo,

-3




When the scheme will be {n full operation sometime in 1966,

. (f;}lt power in 1965) the gros® output of its twenty-four 10,000-kv
‘K  unite will be 608.5 million kwh annually., Of this, S357 million kwh
will be geuorsted when water fe flowing from the Entin-to the saa and
71.5 million kwh wvhen it is flowing from sea to basin,

Power for pumptng, cstlﬁated st 64,5 million kwh annually, is

4 necessary dcductio; from this total, Tikins pumping into account, the
net output of the Rance plant is estimated at 5S4l wmillion kwh, There
will also be sevearsl sluices to help in lowering or rni‘lng the wvater

"level at periods of valving as repidly as poesiblae,

Crest Britain. (Proposed Savern Barraege). In 1926 a tidal eodel was

made at Manchaster University and a series of experiments carried out
{n connection with the proposed Severn Baerrage under the direction of
Professor A, H, Gibson, The effect of the propoaod scheme on such mattars
a8 the deposit of silt and the erosion of the shore waere carefully studied,
and lcsnann‘of grest value were darived from thess experiments, Some of
the dock suthorities in the Bristol ares ware still not lltllfl.é with
the results of previgus model experiments, and in 1951 the governmsant
sanctioned a further tidal model investigation to be carriaed out by the
Hydreulics Research Organizat{on under 8ir Clsude Inglis,

Somo apspects of tho Sevaern Barrage aro thus still baing inveoti-
gatod, One of tho cost inpoté;nt points in ite favour at the pregent tico
s thet it would save sbout a million tons of coal every year, It hao

boen suggeeted that the cost suitable application of the power genorated




'37 could be for the heating for large diatriéﬁ heating schemes, and that

in the case ;f this Barrage the power could be transmitted at high voltage
to centers where such schemes are required. The hot water could be readi-
ly stored in large insulated con;ain?rl. By this method the difficult
problem of the intermittent nature of tidal power would be overcome,

The Severn Barrage is a single-basin scheme, At the start of
the operation, the head of the turbines is about 47 ft, and when the
station {s closed down the head 1s only T ft. At this point the tide
vill be rising in the estuary, and the gates in the sluice dam will be
openad Uhlﬂ(thl vater-level is the same on both sides; at high tide the
sluice gates will be ciossd, and the cycle will start all over again,
beginning 50 minutes lster each day. B5hip locks are provided so that
|ﬁ£pplng‘can pasp up and down the river even when the powtf station is

opsrating, and there will have to be a number of fish passes provided

B so that fish can also pass up or down the rivar,

i .

%ﬁ Canada and U.8.A, Another interesting tidal power project location

& .

o could be the Bay of pundy, WNew Brunswick, Here the tidal range is the

greatest {n the world, varying from 21.1 feet on neap tides to 52.2 fast

on eprings; corresponding figures for the Severn acheme are 22,2 and &'

47.6 feat,
In 1955 the Passsmaquoddy Bay Tidal Project comxission of the

R TR AT R AN

construction of an initial Cobscook Bay project, all within the Stato of
Maino, at an cotimatod cost of $30 million, An ultimate project wao
contexplatod to exbrece ths Passemaquoddy Bay, The tidal range on thie

sito ie 1l fecet on noap tides and 26 feot on springs, The recocmmended

United States’ ?edof.l Emorgency Administration of Public Works recommended
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#:initial project was approved by the United States Government and -

The Corps of Engineers estimated that ghe initial project
with & modified design would cost $61,500,000. A Treview board raised
this estimate to $63,158,000. Work progressed until August, 1936, vith
an expenditure of about $7 million, and was discontinued due to lack of
further appropriations by the Congress.

A ropof; by the U, 8, Federal Power Cotmission, published in
.l9h1, reached the conclusion that the ebove-mentioned tidal powar schems
could not at present compete with ordinary hydro-slectric projects, or
"aven with large modern steam plaptl.
This underestimating of the new rosources of tidal snargy was

mostly dus to lack of progressive thinking in the ticlg_ol turbo-machinery,

fch should be designad to meet spacific requirements of tidal projects,

Lstest French experimental results on the model study of the
naw buldb-type turbine designed for the Rance project and the interast in
tﬁc snergy from the sca by the Government of New Brunswick, brought s
nev interest in tidal projects and threw a new light on the old pessimxistic
rsport published by the U, S, Pederal Power Commission in 19Ll, |
In 1961 the International Joint Commiesion (Canada end U. 5, A,)
invest igsted once again the economical aepects ;t the tidal power enargy
of tho project dropped by the U.S.A, government in 1936, end produced 8
ooroe favourable report on this wmatter,
In 1962, Preater Robichaud, of tew Brunswick, after consuice-

tion with three consulting firms regarding the possibility of producing
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an abundent supply of low cost electric power generated by tides at
the Feld of the Bay of Fundy, said: "It is cogaidered_that furthi;)/ﬁ
studies of the potential power development ntAthe head of the Bay of
Fundy is juntifled"l He also mentioned that three years would be re-
quired for preliminary e*plorntiona and design before conetruction of

the tidal power plant could begin,

U.9.5.R, Prom publicatfons of L, B. Bernstein, Gosenergdoisdat, Moscow,

ML
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and Laningrad, 1961, western readers can learn about tidal power in

it
_5"#-

gty

Russia,

o

X

5 Although much smaller in installod capacity than the Prench

‘§Z§EF:~

Rance schems, the Russian Kislogubakoy project, which is fha only other

IR
i) T
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i
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tidsl powsr developmant under construction, i{s worth mentioning on sccount

.

e
3]

N 4.
£

of the unorthodox construction methods baing used., The site is on the
conlttbot11¢h Murmansk and the Norwegian frontier, and the whole power-
station block will ba assembled in the dry near Archangel from prefabri-
cated sections and then floated to its final position, N
The machines chbsen for the above mentioned project will ;;‘J
French bulb units, Two French firms Neyrpic of Grenoble and Alsthom
of Belfort, are to supply bulb units which the Soviets have ordered for
their tidsl powsr development., The threa horisontsl-shaft turbines to
ba manufactured by Neyrpic, will develop 40O gu each under a hoad of
1.28 n, at 72 rpo. with 3.3 o diemster runnor. The synchroncus genera-
tors, to bo manufactured by Alethom are rated at L5 kVA-380V each,
;

The machines are to be suitablae for cporation ao turbines or
- ;

puzps, and {t wes thio foctor more than any other that cade tha-Yatest
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dailgn acceptable rather than earlier proposals involving conventional
Kaplan turbines in conjunct:on uith‘a pumped-storage plant,
Avstralia, In Western Australia cons;dcrnble interest {s now being
focused on the vast tidal-power resources of the Kimberley coast in the
far north of the State. The tides in the area range up to LO fr and
the coastline is steep and rugged containing many natural inlets with
comparatively narrow openings to the sea,

In March, 1962, the Government rcceived s report from the
Public Works Planning and Design Engincer, J, G, Lewia, outlining the
possibilities of some 45 schemes along the Kimberloy coastline,
Mr. Lawie showed that some of these proposals compared very favourably
with othars throughout tha world including the‘prelcnt scheme under
constructicon at La Rance, At asbout the pame Cima the Government received
{ndspendent informstion from the Fronch firm, France Technique, which
also reported very favourably on the gecnoral possibilities,

1t 18 not yet possible to asscss the cconomics of the proposals
wvith any accuracy because of the lack of survey data, but the Government
is expected to announce plans for an extensive survey and investigationm
very soon, The incentive for powar development in this very remote area
would be to davelop the large mineral rascurces now being discovered
right acrose the north of Austrelia. The Lewis report draws attention

to the posoibilities of very high-voltage dtroct-curicnt“transminaton

in explotiting theee oinerals,

LhY




CHAPTER 111
WAVES

Waves are fluctuations in the surface level of a fluid.

Theese variations in level may be periodic, fluctuating without period,
or trgnslent. They may be segregatcd into two major classes, waves of
translation and waves of oscillation,

Translatory waves are moal commonly encountered in hydrology.
The translatory wave f;rm advances, and the water over which it paascs
is also moved forward in th direction of movement, It can be gshown
that the translatory wave is a problem in unstcady flow,

Olclllntorx vaves, oﬁ the other hand, do not result in appre-
ciable displacement of the water particles in the direction of motion,
ihe particles oscillating in an orbit about {%%%nn position, Transla-"
tory waves include flood waves in natural chan;ull, surgea, and soiches,
¥Wind.genarated ocean waves arae typical oucillnt?ry wvavos,

The hydraulic jump is somatimas called a otanding wave, Stand-
ing uav'i aay form in flowing streams under the proper flow conditiones,
Here the wave form remains eseentially staticnary, and the water flows
through it. Standing waves may be ipportant factors in hydraulic
dasign, |

Surges are of occesional interest in hydraulic design os a
flood wave ¢us to oudden change in dlachorge,

Tides, which affect etreacnflow of many coastal stres=s, are

12




TRANSLAT(RY WAVES

£ Uniformly Progressive Flow., A special case of unsteady flow poasible

in uniform channels is that in which the wave form moves down the
channel without undergoing any change in shape. This is uniforuly
éi' progressive flow, (Fig. 3-1), though not directly applicable to an
firregular natural channel will shed coma light on certain aspects of

natural flood wavesn,

iy

LT S
¥
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Fig. %1, Unfiformly progressive flow,
From the definition of uniformly progressive flow, {t follows
that successive popitions of the wave front sust be parallel, i.a,
u = u

2"V

PRI
end tho dotted lino in Pig. 3-1 reprascnts the position of the wava
front 1 sacond after the tica of tha initial pooition, Tho wave
configuration travels downotroca with colerity u, but coon wator volos

citiee 1o tho crose soction vary fron oaction to oection oo tho hydraulic

radius and surface elope chango.
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. Monoclinal rising wave;: Fig. 3-2 shows a specilal case of uniformly

progressive flow which is called the monoclinal rising flood wave.
" : ’

Such a wave {8 nﬁ$roximnte1y eimilar to the flood waves in natural
streams, It can be generated by lntroducing(into a channel, where ateady
uniform flow at depth d1 and velocity v, is occuring, a new steady dis-

chargae Q2 vhich requirces the stage d_, and velocity v

> 2 for uniform flow,
" A uniform channel of constant alope is assumed, The two regione

of steady flow are separated by the wave configuration abdc in which a

condition of uneteady flow cxists. This configuration tends to develop

a definite and unchanging shape and to trovel with a constant celerity

u, greator than either v, or v,.

Since thes wave colerity u (s greator than theo moan velocity
of flow preceding or following the wave, a voluma of watar oqual to
{u - vl) AI must enter tho froant of the wave at ab, whare Al te the

oross-asctional area,

Pig. 3-2. Monoclinal rising wave,

llowovar, because the wovo configuration has o conatant shape
and volu=n, &n oqual quantity of water cust be diecharged through tha

sacticn cd, Tho watar which flows through tha wave shape is called




;
i
£
e
;

the overrun, Q'. It follows that

Q = {u- vl)A1 = (u - Vo)A, . (3-1)
Solving this equation for u
v, - AV .
u_AlAl.-AaE (3-2)
1
Since @ = Av, Bq. (3-2) becowmas
Q- %

um= I;Tx; ‘ (3‘5)

‘\\Coabtning Bqs. (3-1) and (3-3), the overrun is found to be

'Q'-q—‘,;"’—::—e‘—‘ - " (3-b)
1- % /

Inspection of Bq. (9-3) disclosss that if there ia no inttlli
flow (Ql and A, oqual gsro) then ths celerity is qbl‘ﬂ or v, When
thefé\tl initial flow, the wvelocity of ths wave front i{s greater than
the velocity of ths water in tha wave, because soms water shaad of the
wave is gethered up by {it, The wave configuration thus moves along
oore rapidly than the water particles making up ite volume st any instant,

1t is evidant from Bq, (3-3) that the velocity of a moooclinsl
wave i3 a ti;ctlon of the aresa-dischargs relation for the channel,
!liur. 3-3 shows such a cnrii. Velocity ususlly tnctngscl with stagse,
therefore discharga, (the product of area and welocity) increasss at a

ooro rvapid rate than ares, and ths'uxtl-dtlchnrgo curve is concave up-

wvard for woet otaticas,
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rig. 3-3. Velocity relations in a monoclinal wave, i
From the figure it may bs seen that %
. J
. ;
Ql - QE ;
- ]
Q, ~Q - ‘ | -
o we—dakmg T - (35)
. 1 . _ - \ . B

Since 'r.h'o curve ' is eoacan'upv\trd,' the celerity u, must duyl

be graater than \J and Voo It follows aleo that as Q approachss any

T e e B n FTLUSAR TR A R L AL

given value of Q, the celerity incresses, approaching & maximm as

QW-Q approsches moro, f}un!ot_t_

Latting B, dasignate top width, 4A = B dy, end

-
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The term dg/dy is-the slope of the rating curve of the section for

- uniform flow,

Seddon's Principle, Eq. (}-7)‘“-:“ the principle Seddon developed

by ntudy of gage heights on the Mississippi and Missouri kivcu. He
detemlned wave celerities by noeing the time at which the point of
rise occurred at each succeuivt gaging statica and found the cclctity
to be quite constant for small riu-s. On the Mississippi River below
f ' Cairo the wave celerity va's found to be about 92 nila;[dn_y at all stages
over & reach 277 miles ioﬁé. For a 333 mile rtach of the Missouri River
_below Kansas City, the celerity was found to be |

- usy4,28+0206 - ' (3-8)
wvhere u 1s in feat per second snd G 1i the avarage atsge in the resch,
Seddon pointed out that the celerity in a resch is dcpcndmt on ths
wagn width of the river betvun the stations. He sven used the determi-
nation of u to compute B.. For the reach to which Eq. (3-8) 1» appli-

cable, the sverage rating curve could be efipressed as
Q= 0.15 (1176 + 19)*

SOIvin; Bq. (3-7) for B,

5.62 (¢ + 16. 25)5
'C é-rafh E

The principle outlined by Seddon s spplicsble caly to emall
rises. As oboun in Pig. }-3, the colcru:y of largs vaves is less than
that !or very mu tises ruchtn. ths seme crest haight (ten o tin 02)

It is interesting to om that suuu- determined the celerity

\ S

" on the Mississippl between Carrollton snd latuu Rougs to be more then

L
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/ \ i
‘500 miles/day. This is to be‘e.xpactad froth Bq. (3-7) since da/dy 1is
necessarily very large in the lower reaches of the Mississippi, -approach-

" ing infinity at the outlet where stage is controlled by sea level,

Pig. 3-4, Adbrupt translatory wave,

Abrupt transliatory waves, An sbrupt translatory wave is the result of

an instsntaneous increase in dischargs, Pig. 3-4 indicates conditions
one second after the instantaneous opening of a gate in s channel has
genarated gn abrupt translatory wave, The volume of water entering the

channel in this time 18 Q, = AV, {arss actd),

The increased volume abhg is given by «
Q - Q = ulAy - Ay)
Substituting Q = Av '
' 1
vou (v ¢ Av - 4 ' (3-9)
£ The volume dfig has beesn sccelsrated from v, to Yo
The force regquired ;b produce this change in womantun 1o |
(v - v )(v . v,) v
o e R 2 (3-10)

PR TR S
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{ - where m is mass and w is the unit weight of wvater. Since F also equals
. »

.the difference in hydrostatic pressura on aress A1 and A2
F=wAy, -vAyYy, B (3-11)

wvhers ¥ is the depth to the center of gravity of the section, Equating

these values of 7, eliminating w, and inserting Vo from Rq. (5-9)

+ | Ao¥a - Ay
- ‘ Kl

Considering a unit width of rectangular channsl we may substitute d for

'.I-V1

A and &/2 for y

-v*
u 1-

Ae the height of the wave decreasas, d1 approaches da

vevtfa e

Equatiocn (5-12) i{s a general equation applying to any chennal and any

(4 + 4,) (3-13)

s

height of wave, Eq. (%-13) spplies to & rsctangular channel, and
£q. (3-13) ie limited to waves of very small msgnitude, The dirsction
of flow is assumed to be positive downstresm, If u is sero, Eq. (3-12)

reduces to the gensral equation of the hydrsulic juap. Thus, the

hydraulic juzp may de considered a standing wave with colortt? saro,

The sdrupt wave or moving hjdtautic jusp is known as the hydrsulic

bore, A bore cen form in a roctcn;ulir ch:nnil only when

(s - v)®
et o2
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(3-12)




In other words, the bore can form only when the initial

depth in the channel is subcritical with respect to the net wave

valocity (u - vl)' This is analogous to the conditions under which

& jump may form,

u.‘—— —-—-.u' \n
dr da d,
d‘ _-V| ——& d' d[ —-v'
A B

Fig. 3-5. Typses of bores,

Bores occur frequently and sometimes regularly in some tidal
estusriss., As the tide rises rapidly, a bore is forsad and moves swiftly
upstreaam, Buch bores are to be obssrved on streams entering the Bay of
Fundy, the Sevarn River in m.w_m,'ma the Tsientsng River {n Chins,
Tidal Qorot are of type A, Pig., 35-5. Ploods due to intensive rainstorm
or dus to failure of a dam can be accompanied by bores of typ‘bl. Type
C bors can result only from a decresasss in flow, as by the closing of a

gate in @ canal or powerhouse tailrace,

Surges, Sudden changes in Jllch.rgc caused by ths opening or closing

of a gate result in the transmission ot'd surgs wave upstrexa from the
gate. Surges are considered as positive or negative depending upen

;%}_ lhithir they are adbove or below the original still.wster level, A péal-
: tive surge, Fig. (3-6) may be caused by the sudden closing of a gata,

snd ite cslerity may bo determined by an analysis similar to that spplied

to the sbrupt translstory wave Bq. (3-12).
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Rig. 3-6. Positive surge,

P27 2722727 777777 772777777
Fig. 5-7. QRegative surgs,

Pig. (3-7) shows a negative surge such as might result from
the sudden opening of a gate, The negetive surge differs from the wave
forms previcusly discussed in that it does not have constancy of ion,
becsuss the upper siemente 6! the wave travel faster than the lower
,lﬂﬂtl. During ons second the force required to change ths momentum

of the vertical elemsnt intercapted by tha incrament of height dy is

y...dv.I'_-_:)_*_'.,. ' (3-13)

The valus of u 1o nagetive since wo are considering a wave poving up-
strean, Tho forcs ¥ is also egqual to the 4iffercnce in prossurs acroso

ths distenca (v - u)




i 2
- (y - dy)? - 2L (3-16)

where B is the width of the channel, ngle;tlng (dy)2 this equation
reduces to

Fe-wBydys=-wAdy (3-17)
The negative sign indicates a positive force since y is decreasing,

therefore, dy is negative. Combining Eqs. (3-15) and (3-17)

dy = - 13—%—31 dv

since v - u =V, [Eq. (3-14)] '
..%
T T .

Integrating batween d1 nﬁd 62 and 1 and‘ve

. .
] d. - 2 d ---——-(v-v)
2 ‘l
J ‘ r‘s 2 1
which can also be writtaen

v2 - '1'2 Jgdl - 2‘3d2

VLT R W e PR

The water velocity where the depth 1s y , Pig. (3-7) 1o

v = vy 2fed - 2fo) Bt
and .luc.vdu¢J-;y_.

up = v ¢ 248 - Iy, (3-19)

At the crest of tha wave where _11 - dl .

“1_"'1‘{;;




C RN T T s [ T

-
3
e

23

and at the trough of the wave

uy = v, ¢+ 2 gdl - 3Jgda (3-20)
. o-
By setting u, = 0 in Eq. (3-20), a value of d, - d, can be derived in

terms of d and vi» namely

v

1 - .
4 - d, - g 4 ~gg (v + 5 sep) (3-21)

‘The rate of lengthening of the surge is

dA !—
ey -v -3y (o 'Jda)
and integrating for the length of the wave

2 =3ds (o, Jae

8ince u,t = x, vhere x is ceasured from the point at vhich A = 0, we

can axprass A 1in terms of x, the distance from the origin as
5(8_( J dl -J-d;)l
v - J",‘x

Flood wave due to dam failure., 1f the dam of Pig, (3-8) 10 sssumed to

A (3-22)

fail suddenly, s negstive surge travels upstream in the ressrvoir with
celarity u,. Simultaneously, sn advancing wave moves downstress with

celerity U, The celerity will bs saro at soms point A at which vl-aho

1s saro, and hence, from 8q, (3-21)

IIA - (dl - d&" - 5/9 dl
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Since dA - cl1 -z, dA becomes L/9 d. From Eq. (3-18)

v, =0+ 2J3d1 - 2J 3dA - 2/3 gdl (3-23)

At the toe of the wave, where d = 0, the celerity u, wust equal the.

vater velocity v .and, from Eq. (3-18)
u°—0+2 sdl'o-e Bdl (5'21‘)

The derivations sbove are of theoretical fnterest but of limited
practical application, The comploto, instentaneocus failure of any
dam is most iuproblblul‘nnd frictional resistance would rapidly re-
duce any wave celarity well below that indicated by Bq. (3-24),
Purthermore, Bq. (3-18) and Eq., (3-21) were derivod for a surge of.

very small gmplitude,

r
;

VO

K
=
E

Pig. 3-8. Plood vave ceused by feilure of s dan,

Saiches, Oscillations of water bodies above and below thsir mean
fﬁr level are called seiches, These oscillations have a natural pertiod

k' dspanding upon the physicel fastures of the water body, A dfsturbing




force with the seme period of oscillation as a lake or pool builds up

a seiche to the point where the energy dissipated by friction equale

the rate ‘of application of enargy. S;ichel may be caused also by strong
vinde or differences ln' barometric pressure which cause an initial
displacement of a water surface,

Whan the force csusing the displacement ceasss ox changes In
1pttnlity, s saries of pulsations follow at the natural frequency uyntil
damped by frictional torgal. Fluctustions in excess of 2 ft. have
besn obsarved on the Great Lakef as a result of wind,

A seiche may be considered to be composed of two wvaves travel-
ing in opposite directions and in such phase relation that - 0‘¢t
the nodes, and v = 0 at the boundariec of the basin. Fig. (3-9) rep-

resants a uninodal seiche in a basin of uniform cross saction, The

elevation at R {s constant, and the water surface at the ends fluctuates

A T TR TV TR

betwaen the limits &, b and c, ). From Eq. (3-18), with v, = O, the
; p.ilod of the seichs {»
4
: o
| e, Lo (3-25)
TV
The wvave lcngth'li
) 2L » uto ) | (}'ﬁ) N

"#4g. (3-10) presents two cases of multinodsl seiches {n & closed basin
43;?‘! length L, 1f k is ths auzber of nodes, the gensral axpressions of
E Rqs. (3-25) and (3-26) are

to - (,‘2’)
hy gd

-
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Fig. 3-9. Uninodal seiche.
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77777 7777772777, Fig. 3-11. Seiche in a basin
open at one end,
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A - Eak (3-28)

In no case should more than tuornodéu be countéd per wave length,
Thus, both cases shown in FPig. (3-10) have k = 2,

1f the basin 1is open at one end Fig. (3-11) the water-surface
elevation remains constant at this end and the seiche takes the form
of that in & closed basin twice the length of thc-open basin. Thus,
Bq. (3-27) becomoa

L1,
k \ gd

t =
[+

(3-29)

Equatione (3-25) to (3-28) have all been besed on the assumption of
a uniform and conatent cross section in the basin, In a basin of

irregular saction, thoe period is given by integrating

L
t = 2 d_l_

° ey

[+]

(3-30)

Because of the usually complex relation between x and y in a natural
lako or other bl;tn, it {s impossible to integrate Eq. (3-30) by
analytical means. Such a basin may be trcated readily by plotting
1/ J By against x and mcasuring the area undar the resulting curve.

The noda vlil occur at the value of x dividing tho area into two equal

parts (A, = A,, Fig. 3-12}.




OSCILLATORY WAVES

An example of the oscillatory wave i{s the wlnd-genérate?
ocean wave, Observation of a floating cobject in fa{irly deep water
vill demonstrate that there is little ‘forward motion of the water but
rather that the particle tends to oncillaﬁe in a circular orbic,

Waves differ from one snother not only in height (H) but also
in steepness, and hence in length (A). The ;ltio A /8 is often used
lll a measure of wave steepneas, The steepest possible wave has a valus-
of 7 for )i/u, but values this 1;:v are not corinoniy observed, Wave
form is unatable at any lesser valua,

“l&ll grov in length as well as in haight under the continuad
action of a constant-velocity wind. Thp affect of wind duration is to .
raiss wave velocity {n relation to wind velocity, Hﬁcn the wind shifts
inldtrnction or intensity the naw generation of waves will differ froa-
the older waves, wvhich still persist in thltF original course, The
moTe racent waives may lntercapi the earliar waves. 1In any such mingling
of different wave trains socme waves vill.b- reinforced and others re-
duced, depending upon the cni.ut_to vhich the two waves sre in phase,
The effact of these con!l(ct; is the very confused wvave pattarn which
one usually observes in any detailed inspection of a storm at ses, Of
- course, thesa troudbled vateri ore a natural accompanimént to the gusts
'and'.ddlel that characterise the genorating winds, the confusion of
datatll should not be permitted to obscure the underlying pcttci?, waich
slso desorves ottention,

Proo observation es well ao frcm theoretical analyses, it

28 [
I




Pt it P P R ay s

w1 X

-~ {
- A =2TR L
" TRACK OF ROLLING WHEEL+

) x! }
i

p ;
I3

. TR

\
\O.
3
/

Fig. 3-13, Trochoidal wave form.
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iappenrn that the trace of an osctllatory wave on a vertical’ traulverae e

:plane clonely reaemhlea 8 trochoid with the .circumference of the
rolling circle equal to p 2nR and the length of the tracing nm

';equal to the radius of the orbit of the surface particles r,

A trochoid is the curve traced by a point on a wheel uﬁtch‘

:,1: rolling along a straight line, Fig. {3-13) shows a wheel of radius

E. R rolling (upside down) on the horizontal line X-X'. o K

[N
\‘

The trocﬁoldal form results in lhnrper'cres;n\and flatter
& troughs than indicated by.liuple harmonic motion, When r, = J\/a‘,
£ (then r, - R), the trochoidal form results in sharp cusps at the wave
' crests, a limiting cese not ‘observed in nature, the curve is cycloid,
| The general equations for trochoids are

x -'aa - ro sin 6

y = (1 - cos 9)

. Q,.C--

| Velocity and Celerlty of the Havna. A wave may be dofined as tcuporal

variation in fluid vﬂloclty uhlch is propagated through a fluid nndiuau

The speed of propagation of such a pressure disturbance relative to the |
fluid is known as wave celerity. The cnlorlty'tazqulte distinct from
the local ch:nge ln tluld veloctty and ln gennral of much greater mag-

. nltuda

. The wave celerity {u) nﬁqﬁld bo distinguished from the nbnqluti
vave veloctty Cv.) vhich is the vector sum of the celerity and the un-
disturbed velocity v of the fluild through which the disturbance is pro-

pagated,
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::In open channel waves these vectors are as a general rule parallel to /\
k'the channel axis.
then v, = v + U (scalars) ‘veloeity

vhen ¢ = -v the absolute velocity = 0 and &

i‘h- wave celerity depends on ths ﬁpltud. of the wvelocity |
change and on th; fiuid properties, mainly on modulus of elasticity
‘ ‘and density. There are thras basic types o! waves,
(1) Capillary waves, vhen surface tension is & motivating
factor, '
(2) Gravity waves ,'uhcn fluid weight is an uuntiil propstcty,
(3) Blastic waves, vhere compressibility is en important factor,
. In both (1) and (2) the existence of a fres surface batween
liquid and gas, or betweaen two liquids is required, end both sre usually
called the nut!’ct wvaves, | |
The coll.eri.ty of a surfece wave may be expressed by gsnsral

B equation (3-31), introduced by G. H. Ksulegan, Rational Hydrsulic

Laborstory Buresu of Standards, Washington, D.C., a8

Ue %— + ;7); tanh ?;‘_; ' (3-31)

[~
14
i
g
b
¢

where A = wsve length
d = depth of the flow
T\\d 'w surfacs tensicn
w = unit weight of water

P - annnlty - wfg




FPor very small wave lengths where caplllary action is predominant

.4 e
| P -~ - (3-32)

For relatively large wave lengths, the gravitational term becomes

predominant,

A

Gravity waves are sometimes classified as the deep water waves

2 e
u -J" 2 cann 2 (3-33)

and tho shallow water waves, the dividing or critical value of
d bel J2-
— being
»

)
Hhch§ > 2, the waves are called deep water,

. p
Hhon§ ( 2,>the waves are called shallow water, g

Tha cxpr‘euj.on" for wave celerity of gravity wave may be approximated
as follows, .
d \{ - 2nd
1) As long ae >"§ tanh =—/— 2= 1

and u - \l g 2n : (3-34)

(2) AI%"‘) 00, tanh?ig- -2—;?-.

and . v =58 (3-35)

Degp-water Waves, Waves generated in deep water are usually of the

type known es cescillatory waves, in which the particles of water saking
up the wave oscillate in a circular orbit about some wmean poaition, 1In
shallow depth of water the orbits are ellipsoidal in shapa. The
a=plitude of oscillation of a trochoidal wave becomes negligible at

depths greater than one-half the wave length, Thus waves occurring in

1]
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A ' e
zjvéﬂer with a depth greater than ;h/2 may be considered as deep-water

% waves
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Fig. 3-li. Elements of an oscillatory wave.

Fig. (3-14) shows the varfous elements of the trochoidal wave.
Por deep water, as in the ocean, where d is large compared to the wave-

length, Eq. (3-34 becomes

2

1 u - J g N/on = 2.2ty M

3

% The wave celerity with which an oscillatory wave progrosscd is ralated
‘ to the wave period (t) and the length (M) by

2

4

A-ut

.t\.

E ec period {n scconds

\ Lt =

2 I
u 2.27

Radius of the orBtt has becn found to be
-y/R r

[+

Amplitude H = 2r

e

———

P PR

LI

F I TR L o




3
k-
E

E
I
o
B
i
4
b‘
i

2
"

i
)

Examination of the wave profile of Fig. (3-14) reveals that

I wave crests are much steeper than wave troughs and that the trochoid

is not symmetrical about a level line through the surface orbit center,
Actually, there is not enough yater in the crest above such a level

line to £i1l the space above the depressed trough below the level of

the surface orbit center., Consequently, the total volume of sea water
being the same in storm as in calm, the still-water level must lie below
the level of esurface-orbit centers. The distance by which the orbit

center of a porticle is raised above ita still-water position LP given

by the expression

2
r 2 2
- o H H
YemThn Oy
[}
wvhere r°-§
A
and R -'é;'
2
H H
[ 1] a=3- 0.78 37
2
H H
b-—z-* 0.78-;—

Tho existence of the mass of water comprising the wave crest

at an elevation above still-water level constitutes s potential energy

source, similar {n nature to the pool behind a power dam, Likewise,

_,th. revolving water pnrticleu havs kinetic eneray 1ike the jet striking

.l impulse uhael The potential energy, of course, moves on with the
Ilvl torn itsolf, but the kinectic encrgy icparted to the water partlclcl
4 not eo transferred. In & given deep-water wave equal quantities of

ianrgy are stored as potential and as kinetic energy. Tho .total energy

~
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fﬁ a wave per l-foot width of crest is expressed by the equation

—~—

2 .
Emgudn -2 (3071 (3-36)
o

E = é wA H2 approximately

Deep-water waves are considered to be of moderate height whean

i ratio exceeds 1/25. Waves of great height tend to have narrower’and .
steeper crests and broader and flatter troughs than moderate waves.
' When the ratio H/A exceeds 1/7, the wave form becomes uvnstable and ;

breaks up in numerous irregular waves of losser height, i

Shallow-Water Waves. When the stili-water depth d is less than Jﬁ/?,

the influence of the bottom on particle orbits becomes appryci;blc.

f: Most of tho equations presented in th§ preceding section must be modi-
fied for use with shallow-water waves,

The orbital paths of the water particles are sssumed gonarally
to be elliptical, Accordtné to this view, the actual position of the
particle at any instant is taken to be on the 1p:otucction of an ollipse,
with a vertical line through the position the particle would othervise

occupy on a circumscribed circle, The wave thus becomes more nearly s
translatory wave, When d<:)/25, the wvave can bs considored a transla-

i Ili’ uav& with celerity
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In the intermediate range, when the depth is between

A /2 and /\/25‘-, the celerity is given by Eq. (3-33)°

A 2xd
us= q{é&— tanh — ~

Wind and Weves. KNumerous empirical relations between wind and waves

have been developed, Their verification is difficult because of tha
inaccuracies in estimating wave haightl. u}:d because waves, once
generated, tend to persist for some tims, even though wind velocity
‘chmgu. Stevenson found that where the fetch l.f , the d_il;mcc tht;ough
which the wind acts on the water lurtice, exceeds 30 -u-i , the maxi-

mum wave height to be axpected with high winds is given in f:et

am s iy

For short fctchu {under 30 Ii.lu) H appears to conform to

L B-l.ﬁﬁ# 2.5-"]?1_

. Waves of maximum height are not gensrated with the onset

{
of s given wind, Evidence indicates that the time required to davelop

wvaves of maximum height corresponding to s certain velocity increases
vith velocity. In general, the time required is less than 12 hours,
Molitor modified Stevenson's formulas to introduce wind
welocity as follows : Cod
a e 0.7 VL, for L‘>20 ailes (3-37)

~ I o.m'r‘,w"t.f . 2.5 7 ¢» fot L <ao ailes

(3-38)

j—
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‘Molitor pdtnts ocut that empirical formulas are much less
satisfactory than actual observations for a particular site because of

the strong influence of local conditions,

Ride-up and Set-up, 1n determining the proper freebosrd above

maxioum still-water level for design of dams or levees, a safety factor

must be introduced into Eqs. (3-37) ad (3-38) to allow for the ride-

"up of waves on the sloping surface of the structure. This factor {is

usually taken as about 1.5.

A persistent wind will result in a shift of water from

. one 6ide of a basin or reservoir to the other, increasing the water-

surface elevation on the leeward side, This incresass in elevation is
sometimes referred to ss set-up H_, and it must be considered in calcu-
lsting fresboard on levees snd dams, The formula proposad by the

Lorents Zuyder Zse Comnission of Holland for this effect is
2 .

| H, - TEUU? cos _ {3-39)

vhere B = set-up {n fest above still pool level, v = wind velocity
io lllll per hour, L! = fatch in nllen, d = gverage dcoth of wvater

{n feet, and 6 » angie of wind and fetch (measured between the fetch
of the wind snd a normal to the shore.line wvhere the set-up is to be

computed).




CﬁAPTER 1V
TIDES

The principal movements of the seva may be divided 1ntq three
classes; Ordinary or wind waves, tidal movements, and ocean currents.
Ige essential feature of any tidal movement is, as the name implies, its
perfodicity. The period may not be of constant length, but if variable
it must follow some conceivable law, "In conformity with this notion,
the word tide may be defined as the periodic alternate rising and falling
of oceanic and other large bodies of water, duc mainly to the attraction
of the moon and the sun as the earth rotates upon its axis., This rising

I, o
TRt ! -
and‘(g}hing ie accompanied by and depends upon a lateral or horizontal

movemant of the watera: such movements are called tidal currents, Their
poriodic character distinguishes them from ocean currenta., Remorkable
stages of tha water !;vellcé a given place, wvhether dues to cnrtbquak;n,
gales, or other causes which probably have no definite law of recurrance
although populafly known as "tidal wvaves” cannot be rcgarded as belonging
to tidal phenomena, On the other hand, the stages of a river, if periodic
in their nature, may with propriety be included in its tides,

Tho tide rises until it reaches a maximum height called high
water, and then falls until it reaches a minimum height called lo; water,
These two phases of the tide may be spoken of as the tides. The differ-

- ence between a high and a low water is called a range of tide, ond so is

independent of sbsolute heighte: {ts average value 15 called the mean
+ .
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Tlnga (Mn). For a few minutes before and after high or low water, it

:l difficult to observe any vertical motionm in the tide, W¥While thus
i:-parently stationary, Eha tide is said to stand,

When the water is rising, it is flood tide; when it is falling,
tit is ebb tide. High water occurs at the moment when the water level is
.?hishaut, and low water when it is lowest, Successive high waters come

‘ about 12 1/2 hours apart; wmore precisely, the averaga interval between

E corrnupondiﬁg high waters on successive days is 2hh 50“. This is the

3 samp as tho average interval betwsen two successive passages of the

.. moon across the meridian; snd the coincidence, maintained indefinitaly,

k. makes it certain that thers must be some close connaction batwsen the

‘f moonn and the tides,

P O N L
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When the moon 18 new or full, the range of the tides is con-

'; siderably greater than the average, high water rising higher and low
' water«falling lower, without affecting mean sea-level. These are called
spring tides. The neap tides, at the firet and third quarters of the
moon, have the smallest range, -- usually rathor less than half that of
the spring tides.

Fprtﬁér evidence that the moon is largely responsible Eo? the
tidea is found in the fact that when the moon is in perigee {(nearest
the earth) their range is négrly 20 per cent greater than when it is in
apogee., The gr;atentkrange of all happens when the moon is new or full
at the time when it i{s in perigee,

Based upon the fact that the tides are due chiefly to the

-

difference between the moon's attraction upon the eaveloping sea and the .
earth as a whole, one would expect that at most tidal stations two high
b

waters and two low waters would occur cach lunar day; in other words,

to each transit of the moon there would correspond one high water and one

E
i

low water, On the average, the time of high water at a given station
follows the time of transit by a certain number of hours and minutes,
called the high-water {nterval (HWI), or high-water lunitidal interval,

or corrected establishment, 1In liko manner the low-wster interval (1w1),
-

or low-water lunitidal interval, indicates, unless otharwise specified,
the aversge number of hours and minutes between the time of ttahplt and
the time 6! low water, o ?

If intervale st soma particular tice are esent, they should

be properly distinguished by na=e or otherwviae; or the avorigc values
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may, for‘diltinction, have the word mean prefixed to their name, The
establishment of a port is the mean interval between the time of high
water at that port and the next preceding passage of the moon across
the meridien, Tﬁc establishment of Rew York, for 16|tance, is g" 137,
---on the average, high water occurs the;e Bh 15n after the moon has
crossed the meridian; but’ the actual interval varies fully half an hour
on each side of this,

An inequality in interval, range, or height is a systematic a
departure of the same from its mean value, The extreme aqnugF of this
regular departurc is sometimes called the coefficient of_tﬁq‘tnequayity.
Diurnfl inequnlity in height is the difference in height Setunen two
consecut ive High waters or low waters. Diurnal inequality in time or
interval 1s the difference in length of two consecutfve high water inter.
vals or low water intervals,

In North Atlantic waters the uornlngcjpd nft;rnoon high tideo
sre about equally high, and the low tides equally low; put in many seas,
&8 in the Gulf of Mexico and the North Pacific, there is a marked diurnal
inaquality in the hoights, ;ouﬁlcd vith considorable irregularity tn th;
times of high and iow water. Indeed, in extreme cases there ll.but one
"high water and one low water a day. This fnequality occurs only when the’

@oori 18 far north or south of the equator. When the declination 1s sero,

there aro two equal tides daily,

All of these complicated phenomena aro readily explicadble by

)
¥
(
1

the offects of the disturbing forcca, due to the sun and coon, on the

water of the oceans,
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Not long after new of full moon, the tidal effect of the sun
is added to that of the moon. When this effect upon the ;nnge is great-
est the tides Are called spring tides, At any given place the retard,
or interval betuéen new or full moon and spring tides, may be regnr;ed
as constant, Not long after the moon is in quadrature, the tidal effect
of the sun is taken away from that of the moon, and wvhen the range becomes
a4 minimum from this cause, neap tides occur. Their retard at & given
place may be tognrd;d as constant, and it does not differ much from the

ratard of the spring tides; unless the water is shallow, in which case
’ .r‘l

the retard (spring or noap), as darived frou\gpe high waters alone, will

differ from that derived from the low vaters,
The inequality, or gpparent irregularity, in time or height

introduced by the sun, and so dependent upon the moon's phase, io various-

AR
S ‘;\J

ly stylad the semimenstrual, semimensual, semimonthly, or phase inequaii-
ty; the last ceems preferadble for most purposes, because there are several
kinds of month in common use, enpéclally ld'tfdul work, and the word
"phase” suggesto a connection with the age of t§e moon,

When the sun's tidal offect shortens the lunitidal intervals,
cavaing the tides to occur earlier than ;nunl, there 1as aaid to be a
priming of the tide; when, !rq@ the seme causs, the interval is larger
than usual, there is said to bo a logging.

‘A tidal day {s the varfiable lnturvnl'{Ehh 50“ on an average)
between two alternate high or low waters, A cnre-accuritcldellnltlon io
tho interval between the mean of four consecutive tides and the woazn of

the succeeding or preceding group of four consecutive tides,




The amount by which the tidal day exceeds 240 50" s some-
times called the "laggipg of the tide", and the amount which it falls
ahorg the "priming",

The ;mount by which corresponding tides grow later day by
day (i.e, the amount by which the tidal day exceeds Ehh 00“) mnf be
called the daily retardat{ion.

The retard, expecially spring and more especially spring
high-water, has been called the age of the tides. If this term is to
be retained, it seems desirable to supéose the age to have one value
and that such as to suit the neap as well as the spring tides, the low
vaters as well as the high. Moreover, inatead of age of the tide, the
expression age of the phase ;nequallty villlgencrnlly be used i{n what
follows, It will subscquently nppenr‘chat,“for acep water at least,
the lunitidal interval of such tidel as happen to occur as many hours
after syzygy as reprénent the age of the phase 1nequnll:y, have thetir
mean values, In other words, the ibyinﬁ and ncap intervals are about
equal to the mean intervals., Because of this fact the times of such
tides as give mean intervala may be used {n determining the age. Ex-
perience has shown that the ages as determined from heights or ranges do

not agree with those determined from times (intetvals),

Since successive transits of the moon occur on an average
l?h 25m apart, the age can be approximately expressed by stating the
number of the traneit preceding the tide to which the lunicidal inter-

vale are to be applied., The cffect of selecting an ecarlier transit i

to .increase the lunitidal interval by 12 25“. 0f course, by adapting

\
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the transits to.a suitable terrsstrial weridian, any age can be allowed

for,

Another way of reckoning the age is by the hour of the moon's
- e
transit. The time of transit increases on an average 50" daily, so
that if the transit used for spring tides occur at 0h 50“, such transit

foilows 8yzygy by Ehh. But the tide follows the tranait by the lunitidal

1ntefval >
2h x 60 Jhour of tramsit fo{] .
age = maxi range + 1/2 (W1 + M) (4-1)

? Whenever the hour of transit exceeds,lah, 12h must be rejected, The
ke . .
F same formula is adapted to neap tide, by replacing the word "maxiomm”"

by the word "miniemm" and always discarding 6h or IBh from the hour of

transit,

/

To infer the age from the time when the interval has its masn

value, replece maximm range by oean lunitidgl interval = 1/2 (HWI + LN1)

L}

Some writers prefer to incresse the age or reotard, as defined
sbove, by the ‘high-water interval, because of the fanciful noticn that
they thereby obtain the intarval batﬁucn the tranesit of the moon and the

v
sppesrance of the resulting high water,

Heléht of the Tides. 1In the open ocean the range of the tides {as observed

-

e

on ildigtcd lllandis averages asboit ;vo and s half feet, but is very
different on on different 1slarda, owing to the cocplicated mode of
cacillation of the ocesn waters, On the coast the range is usually srenFer
“for the oscillations tend to grow higher as they run tnto ubnllqv water,

In shallow water the wave moves slowly, so that the tise of high water

]
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Pig. 4-3. Average spring-tide ranges (in metres).
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.
differs widely at stations only a few score miles apart,

In shallow eatuaries where the range of tide 1is conaida;nble,
the high water is propagated inward faster than the low water, for at
high water the greater depth prevails. The high water thus gaining
upon the low wategﬁtauaes the duration of rise of tide to become shorter
as the wave proceedsa; and so further the wave goes without breaking,
the more abrupt its front becomes, Finally, it becomes so steep that
the top of the wave falls forward (oot in ;ﬁe middle of the stream but
near the shelving shores) something like the crest of a breaker, This

&

phan?menon usually accfmpanted by muchy noise, is called a bore, Other
nama; for the bore, boor, or boar's head are eager (England), mascaret
or barre (France). The following rivers and arms of the sea have bores;
The Amaeon, Tli;n-uhng, Brahmaputra, Ganges, Indus, Garrone, Seine,,
Sevarn, and Wye rlva:;.

Where the configuration of the coast forcas the tide into a
corner, or whers tha natural period of oscillation of the water in .
bay or gulf is nearly the seme ae that of the tides, the rangs becomss
very great, At the head of the Bay of Pundy the mean range of spring
tides 1s !1tty feat, and on the eastern coast of Patagonia it is almoat

a8 groat, It is aleo very grcat in the Bristol Channel, on the coast

of Normanddy, and in the Hudson Strait,

Datum planece. The average height of all low waters ot any place over

8 sufficiently extended period of time is called mean low water and {io
\ f
the official reference pihnc for the depth shown on navigation charte,

and of improved channcls, in the waters of the Atlantic and Gulf coasts
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of the United Stateas, The average height of the lower of the two

dail& low waters is called the mean Iouer lov water and 1s the wfficial
reference datum in the waters of the Pncific coast of the United States.
In British waters the datum is usunlly the mean low water of spring
tides, Qr low-water springs.. This reference plane 18 also used at the
Pacific entrance to the Panama Canal, The average height of the 8ea,

as determined usually by the average of the ghserved hourly heights over
an extended period of time, is called mean sea level, and i{s the standard

datum to which elevations on land are referred,

DISTINCTION BETWEEN ORDlﬂeRY AND TIDAL WAVES.

Short Waves. (The depth of the water is supposed to exceed the length

of the wave, and the rise to be several times less than the wave length.)

(1) Particles move in ellipses which are very nearly circles at the
surface,

(2) The horirontal and vertical displacements of the particles diminish
-rapidly below the surface,

(3) Particles originally in the same vertical line are, at any given
inatant, in the same phase of oscillation,

(L) The wave profile approaches a curtate cycloid, {(The marigram, or
record of s self-registering gauge, is a cuf:ntc cyclotd,)

(5) The period or wave length assumcd, the other becomes fixed, regard-
leas of the depth of the water or thao rise and fall of tha uurfacc.

(6) The celarity of propagation dcpends upon the wave length only,

us= Jg)\/?u - 2.27{;\_
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This follows from £q. (3-32) that the period and celerity
of short waves in deep water vary as the square root of the wave length

and are independent of depth of the water,

Long Tidal Waves. (The depth of.the water is supposed to exceed, by

a considersble smount, the rise and fall of the tide, and the length

of the wgve exceeds the depth of the water, )

(1) Particles move in ellipses approsching horizontal straight lines.

(2) The horizontsl displacements of the particles are about the same
at the bottaﬁ‘;n at the surface; the vertical displacements are
proportional to the heights of the particles sbove the bottom,

(3) Particles once in the same verticle line remain so for a long tima,

{4) The wave profile approsches a cosine curve. (The marigram, or
record of a self-registering gauge, is a cosine curve, ) -

(5) Two of the quantities period, wave length, and depth of wvatar,
assumed, the remaining one bacomes fixed, regardiess of the rise
and fall of the surface,

(6) The celerity of propagation depends upon the depth only

ueyfgdes.6rya
This follows from Bq. (3-33) that the colerity of a very long
vave ‘to compare to the depth of the water (as in the free tidal wawn)
varies as the bquare root of the depth, and is independent of the wave
length,
Charecteristics based on observations only are ocontioned

below:
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Wind Waves,

(1) The period of a short wave at a given place depends upon the
velocity, continuance and’ (in limited bodies of water) direction
of the wind, |

(2) The amount of rise and‘fall at a given place depends upon the
velocity, continuance, and direction of the wind,

(3) Wind waves do not arise unless the velocity of the wind exceeds
4 certain value: Q.45 miles per hour for capillary waves, 2 miles
for gravity waves.

(4) The period, as well as the amount of rise and fall, may vary rapidly.
from place to place, as can be geen in peassing around a breakwater,

(5} Wind waves are very confused, and their period uncertain,

(6) Wind waves are soon destroyed by the viscosity of the water.

{7) Storm waves at sea (wind 30 or 40 knots) have & rise and fall of 15 orx
20 feot, a period of ebout 10 seconds, and, by (43), a length of

about 500 feet,

Tidal Waven.

(1) The pertod of a tidal oscillstion does not depend upon the given
place, but upon the astronomical forces to which 1t is duas,

(2) The amount of rise and fall of thé tide at a givgnf;lacc depands
upon, or rather varies with, the direction, and intensity of the
aotrononical forces to which the tide is dua,

(5) Tidal oscillations of same periods aro very nesrly proporticnal to

-~ th; dieturbing caeuses, howsvor small these l.tt;r éay be,

() The pertod 1o fixed around the world; the caount of rise and fall

P
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changes slowly from place to place,

(5) Tidal waves recur with Yemarkable ragularity,

(6) Tidal vavds move on as free vaves through long diatances,

(7) The rise and fall of the tide at sea, by Ehe equilibrium theory is
about 1.8 feet x (cosine of latitude)2 and the length of the tidasl

wave {8 hundreds, or even thduaanda, of milea,

THE ORIGIN QF T;DES

As previously mentioned, the wave has been regarded as an
existing phenomenon without special reference to its astronomical
causa, We will now consider éhe origin of the tide under several con-
ditions., This will indicate some of the difficulties with which a
general theory has to contend {n the case of nature,

All particles of the earth (including the seas) will occupy
positions fixed reletively to one another 1f no other forces act upon
them then the following: The earth's attraction, ite centrifugal forcpt
of sxial rotation, and an extranecus force acting upon all of-tta parthlq,
alike. If the extraneocus force does not act upon all particles allke; |
then motions will be set up {n the yielding parts,

Suppose the earth to consist chiefly of & spheroidal nucleus
either rigid throughout or rigid in its outward layers, Supposa this
nucleus to be covered in whole or in part by one or more seas either
shallow or not, in comparison with the carth's radius., The attrsction
of the moon upon any given particle near the nurfa;u, aay, 1o 01653 a

line drawn (st any given instant) froom the particle to tho coon's center;




52

its intensity, which is inversely proportional to the square of the
distance, and local direction (i.e., direction with respect to the
earth's surface) continually change as the earth rotates upon its
axis, The attraction of the moon upon a particle at the earth's
center is along a line drawn from the earth's center to that of ths
moon; its intensity {is independent of the earth's axia} rotation,
The difference between these tvo forces may be called the
tide-producing force at the surface point in question,

’ Just what this force will do to the water as the earth ro-
tates upon {ts axis, cannot be clearly seen excapt for very special
casas, Th;l force being very small in comparison with the carth'e
sttraction, ite vertical component, which elightly alters the intensicy
but not the direction of tarreltrinl,gravity, cannot set up {n sean
shallow in comparison with the aarth's radfue any considerable motion
amongst the fluid particles, The horizontal cozponent of the tide-
producing force may, however, impart a sensible horizontal motion to
the waters of an extended sea, and, because the fluid {s incompressible
and continuous within a given basin, indirectly create a slight rising
and falling of the surface, vhether or not the period of the earth's
axial rotation were sufficiently long to enable tho surfaca to approach

8 lovel surface; 1.6, to arrange itsel? normal to disturbed gravity at

each point,

The Tide-producing Force. The system of arrovs in Fige. (4-4) end (4-5)

ero intended to raprosent tho horitontal cocponent of tho coon's tide-

producing force at various places on the carth's osurface. Tho arrows
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located upon the same small circle (1eodynamic line) are supposed to

151

T

be of equal length, and all arrows are supposed to lie in a system of
great circles vhich meet in a point directly under the moon,‘and, of
course, in a point 180° therefrom, At these two points the ;:ngth of
the arrows is :ero;‘for, the horizontal component of the moon's dis-
turbing force must there vanish - the force ftself being vertical;
The ;ength oflthe arrows {8 likewise zero along a great circle midway
between these two points; for, all pointe along this circle are very
nearly as far from the moon as is the earth's center.

The system of arrows is fixed with respect to the moon, and
80 sweeps over the surface of the earth.as the moon performs her apparant
datly ravolutlo;, or shifts somevhat as she declines north or south from
the colestial equator. At any point P on the earth's surface, the soon
being upon the equator, the horizontal forces are equal in magnitude
and direction to the hortlont;;_fotcen at P', a point upon_thn samo
parallel of latitude as P, but 180° distant 1n longitude; or, what
&mounts to tho esme thing, they repeat themselves st any given point
P every half lunar day. But when the woon is not upon the equator,
the forces arc not generally the same at P and P', either in oagnitudes
or in direction, and go do not exactly repsat themsolves every half
- Tunar day. Thie aslternaticn of the forces gives rise to a diurnsl tn-
equ.lll ty 1In _‘t\hn tides,

It ;f§l be noticed that for places situated upon eithar oide

of the aquator, the forces hova, vhen tho coon Lo upon the ogustor, o

coridional cozponent directocted frem the polas toward the eguator,
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consequantly tha existence of the Wocn causes the water (half-tide
lavel) IE the equator to be higher than {t would otherwise have been,

The moon's movement in decliﬁation causes a fortnightly
fluctuation in half-tide level,

1t should be notad aleso, that the accolerations, and not the
forces, are uh;t really count. The force of the sun's sttraction on
the carth is more then eighty times as great as that on the moon, owing
to tho difference of wass; but the accalerations at the seme distance |
‘et equsl. This use of the temrm 'forca' {nstead of ‘accoleration' {s
coomon in colestial aschanics, It {g noteworthy that axact calculations
can be made of the motion of 4 body (for exazple, a comot) when we have
no idea what its mass is and consequently do not know the force of
attraction (F =« G o B/re) but. the acceleration (P/o = G B/ra) is accu-
rately known,
where P = force of gravitation batween massas (plancee)

B = mase of tho carth

@ = oase of tho body

T = distence batween canters of the nasseo

G = gravitaticnal constent = 6.67 x 10'8 dyu.-cne/cze
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Calculation of the tidé:producing potential,

Pig. U4-6.

The attracting force of the moon upon any particle of unit

mass wvhosa distance is D from the moon's center ie

CH
I . (k-2)
pe '
whera M io the aoon's moes and G the attraction betwsan unit massos

unit diotence apart.
2
8-3—0 and O-ga—-

n2 E

whoere R {9 & wean radius of tho carth, and E {¢ carth's masse, \

Row if W {s such a function that

du M '
a.ﬁ .- - D—2- (h")

it is, by definition, the gravltnttén.l potintlnl of the moon at the
point whore the particle is c;tuated; !0!,.10 the direction of D ln;
cressing, the forco is negative, From this equation, it 1llncea that
the coon's potential daérqasea as the distance of tha particle from

ths wmoon incraases,

3




e rr = v o ———

1f

W --gﬂ + constant ) (4-%)

equation (4-3) ie satisfied, Let
r = the distance of the moon's center from the c;nter of the
earth
f?- the distance of the AISturbed particle from the center of
the earth
6 = the angle at the earth's center between the disturbed
particle and the moon's center
In the plane trinnsla'defined by the carth's caﬁfar, the moon's center,
and tﬁe di aturbad particle, the lengtha of two aides are r and P

while the included angle s @, Consequently the remaining sida, whose

length io D, has the value

D-/ta-arpcbleffz .
Replacing D by'this value and making the constant eecro, Eq. (b-4) becooes
v

W o

/fe“c?'fPCOIO-oPa -

Suppose the earth and the particle P to constitute a systen
not a subject to deformation by the moon, The whole system s urged
towvard the moon just as if each unit particle of the systen had applied .

to it tho force

"l

acting in a direction parallel to the line joining the centers of the
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earth and moon. The components of this force ‘are. i

o oM GM oM
o GM oM
12 “‘2r2' "“31,2

whare ™y, @, m3 are direction-cosines of the line joi_htng the centers

of the earth and moon referring to axes fixed in the earth, the origin
being the earth's center. If U dénotes the potential at P of this force,

it must bs such a function of x, y, 3, the co-ordinates of P, that its
partfal derivations shall be the above component forces,

Such a function is

r

U= % (mlzlt +my ¢ n511 + conatant

1f Py Y p5 denote the d;roctlon-colinli of P t.!afrlng to the axas

oantioned in connecfttcm with my, 8, n,, wva have

x=pp
Y= p,p
= pyp
€08 0 = pym + b, + Py =

‘m sin XN sind + cos A cosd cos (moon's hour angle)

whara

A = the latitude of P

d = the doclination of the moon

2

v P cos @ + constant
r Sl e -

How let the lfltc:: be subject to d




alasen g o o

be an opportunity for P to move relatively to the earth's center or to _

a tigid nucleus which may surround the center, The force causing this

bt

movement has for {t's potential _ . -
W — U=y, |
or
GM Mp

- 5 cda 0 - constant = V
Vr2-2rpcoae+P2 r

At the earth's center the potential of the tide-producing force must
be zero because W and U are there equal.

Making pe 0 and V = 0', the constant becomes equal to

GM
+ —
r
v > -3 Q‘! cos 6 (L-5)
Vr - erfco- e +P2' r
The expression
l -
- qra - 2rP cos’ 9 + P2
cay be written * -1
2 2
l(l-afcoae+L§),
r r
r1
This expanded in powers of g becomes
2 3
1 P, .. P
;(PO*P1?+P2 2*1’5 )4'...... )
r ,r .

vhere ~

Po =1

Pl - cos.ﬂ
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P = 3 c052 0 -1
2 2
. <
P=5°°5 g - 3 cos @
.5 { 2
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The P's are functions of ¢ alone and are called zonal harmonics or

Legendre's coefficients, Bq. (4-5) now becomes

2 3
v..@[p 22, L....]
r 2 r2

(4-6)

neglecting higher powers of the moon's parallax, the required tide-

producing potential is

2 2
cos 6 - 1
v-cu[ts("’a )

T

(5-7)
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Pig. 4.7, The tide-raising forca,
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Components of the tide-raising force. Differentiating the tide-producing

potential along the direction of the required force, the vertical and

tangential (horizontal) components are:

(1) Vertical component g—; n ﬁ}f (3 cos® e - 1) (4-8)
°r

auf

(2) Tangential component - Pa%% -3 — cos 6 sin ¢ (4-9)
r

atf

-2-—-n1n29
2 r)

The megnitude of the tide-raising force is very small, this
can be obtained from using Eqs. (4-8) and (4-9) representing forces
per unit maes (or scceleration) in vertical and tangential directions,

The moon attracts the oceen at point A, Pig. (4-7) directly
baneath it and nearer to it, more powerfully than it attracts the solid
wass of the earth, and ao tends to pull the two apart. The ocean at
B, on the far side, is less strongly attrictcd than the mass of the
earth, and so the disturbing force again tends to ssparate the two,
At points C and D the nooﬁ'n attraction pulls the sarth and ths ocesn
along converging llno;, end draws them together, At 1nfcr-.diuto pointe,
such as P and P', a combination of the two ct!;ctn taka place, and the
resultant forces are indicated by the arrows,

Invest{gating the extrems valuas of the tide-rateing forco,
lat us select points A :ﬁd C wvhere tansentlil cocponents are aqual zoro,

Porce (eccoleraticn) in vertical directicn is:

aw r%'f(j coss 9 - 1) | (5-8)
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2 '
If, C=g %, and R -P vhere, R is a mean radius of the earth and E its

mass, ' -
Combining Eq. (4-8) and the value of G we will bave

2285 (37 (30?0 -1) (4-10)

If M 1s the moon's mass (in terms of the earth’ 8) r ite
distance in radi{ of the earth, and g the acceleration of gravity at
the earth's surface, the tide-raising force (on the unit mass) at

point A, where angle 9 = 0 s
s-2g (P’ (8-11)
For the moon-earth ratio M/E = 1/61 and £/R = 60,3
& = 1/8,800,000 g = 0.000,000,112 g
or |
a= 6.000, 003, 554 !t/uca, 18 8 = 32.09 ft/sec® '
This is the maximum tide-raising forca(acceleration), 1t is

directed toward the moon when A liee between B and M and from the moon

on the other side of &..

The tide producing force at point C, vhen @ = 90° is half 'u -
great, this follows from Eq, (4-10), a = 0,000, 000,056 8, and acte
vertically downwards,

The entire range of the disturbing forc:rn the angle between

A end C varies from 0° to 90°, 1e:

3% (3)° 8 = 0.000,000,168 ¢ (8-12)

The influcnco of the sun on the tids-raising force is cuch lass

than the moon'eo, using Eq. (4-11) wo have
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for the sun-earth ratio 8/E = 333 420 ,where § = sun's mass, and
t/R « 23,466 ,80 a/g = 1/19,500, 000, The sun'a tide-raising force 1s
thus nearly 5/11 of the moon's. |
BEquations {4-8) and (5-9) show that for most positions of P

the vertical and horisontal components of the tide-producing force are
not very unsqual in magnituda, ‘

~ 8ince the horimontal acceleration (fg) 1 %%‘f oin 2¢, or
0.000, 002,71 sin 2¢ tut/uca. » wo bave upon integration over 90° or
thres lunar hours (with relation ¢ -wt),

s = 0.000,002,71 25 = 137 faut (4-13)
W

vhere @ is 0,000,1505 radien par l.conde, instead of 26,985 degreas per
hour, Thie gives 137 feet for the maximum sxcursion of a particle at
the equator esst or west from its mean position, due to the moon,

In order to see that the vertical force can have little or
nothing to do with the tides, let us suppose that, in & sea of uniform
dapth, the density of the watsr be increased or decreased from place to
place in such proportions as the force of gravity ia altered by the
vertical disturbing force of the moon, But the extrems uréauon in
density over the globe would then be only 0.000,000,168 and so, returning
to the consideration of water of constant density, it follows that the
extrems variation in the height of the free surface of a ses of uniform
depth would be but a 0. 000, 000, 168 pni of the depth,

The vertical force being generally sbout the sams megnttuds
as the horigontsl, end acting nsarly porpcndtcul,rly to the fres surfacoe

of tha fluid, cennot create s horizontal motion comparable with thst




L T——

T TR TR T M e T A
- Ay

T T Tt

AT AT L T

created by the horizontal force,
The deviation of the plumb line is evideptly due wholly to
the horizontal force. It is supposéd to be practically independent of
the depth or mass of the water,.the thogrnphy of thea continents, stc,
Any surface normal to the disturbed plumb line is a level lurtucq.
I1f a liquid lurfaéa coincide witp an instantanecus level surface

wvhile thi lattar undarso&l changes, the forces responsible for the bo-

havior of the liquid must be horimontal and not vertical.
4 4
An Hypothetical Bquatorial Canal of Uniform Depth Surrounding the Karth,

The present {llustration is given for the purpose of lhoiing
that the surfece of the sea does not of necessity arrange itself normal
to the plumb line as disturbed by the moon; and here also it is necessary
to consider the force to deviate the sema, that is, the horiszontal com-
ponent of‘Eho noon'é?:tdo producing force, All particles of the csnal
{in the ﬁt;igphcro toward the moon have imparted to them horisontal accelsra-
tions, urging them toward a point of the canal where thé moon is on the
meridian, All plrtlclil in ths other hemisphere are st the sems tire
urgsd toward a point 180° dietant in longitude, Thers 18 no eccelerstion
(cast or west) st thn:; two pointe, or at points 9o° distant where the \
moon 18 in the horison, Consegquantly, et any given place, from moonrise
to upper local transit, the scceleration is lllt!‘td,lUOCCUI. ths particle
is continually approaching the moon; fros transit to moonset the sccelerd-
tion {s westward; from moonset to lower traneit it is eanfuard; and froo

lower trensit to coonrise {t 10 weetward, How, if the fluid be hosvy ~°

and frictionless, the oaxicun costward volocity will occur sfter all tho
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eastvard acceleratjon has been imparted, that is, at lunar moon or after
oidnight; the greatest wastward velocity, at moonrise; and sero velocity
st the third, ninth, fifteenth, and twenty-first lunar hours,
All the time from moonrise till transit, emwre water flows

toward the east than enters from the west at a glven place, bacauss

the particles of moving water are continually acted upon by a force
imparting to :he? an eastward nccalarition. The revaerse is true from
transit moonlg:; S8imilarly for the other half of the lunar day\ During
ons of these periods the tide must be continually falling, and during
the other continually rillns. Low and high vaters occur at the close

of these periods, that is, at the transits and when tﬂo moon 18 in the
horison, The tides ﬁaving a fixed position with respect to thaiunon,

it follows that the wave-form travels wostward around the earth twice
during each lunar day, 0f course even the—hérllontnl displacements of
the fluid particles are small in comparison with the earth's radiue,

But {t {s obvious that if the wave-form advance wostward,' the orbitut—
~direction of the fluid particles must be such that the particles at

high wvater ara moving westward and st low water aaltvard; and so, as

L

Just otated, high water must occur wvhen the moon is in the horiscn, and

low water whan on the meridian,

The Bquilibrium Theory of Tides. The equilibrium theory begins by assum-

ing; |
(1) That the nucleus of tha earth 18 cozparatively rigid {or that at
loast fto outer layer io a ripgid shsli), and that it {8 composed

of concentric spharical layers, cach lsyar having o conetent density,

A
!
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(2) That the nucleus is covered by a fluid of uniform depth, shallow

as compared to the radius of the nucleus, but deep as compared to

the rise and fall of the tidae,
(3) That this fluid has neither inertia nor viscoaity, nor is there

friction batwsen the fluid layer and the nucleus or the enveloping

atmoapheras,

As these conditiono are far from bilng realized in the case

of nature, obssrvations will show at bast only certain approximationes

tovard ideal values, Bafors introducing the modifications necessary
to adapt the theory to the tides, it seems desirable to ascertain what
the tendencies are in the ideal case,

8inca thoﬂan;ullr velocity of the moon in its orbit and the
rotary motion 5! the earth's surface are finite, while ths particles
of fluid are suppoded to raspond immediataly to the .forces acting upon
them, wi way consider the earth's surface ap stationary during any given

instant, and treat the surface assumed by the water as o cass of static

equilibrium,

)

.

Bascause of hypothesis (1}, tﬁo attraction of the moon upon
the nugleus is ths seme as it would have besn had the entire mass besn’
concentrated at the earth's center,

At any given place the tide-producing tendsncies dopcnd cbtn(iy
upon the distance and dirsction of the disturbing body, and sre governsd

by what oay be reforred to as Laws' I and II.

Lav I, The tendancy to produca tides at a given atation varies directly

as tho mase of thas disturbing body and invarsely as tho cube of tho




body's distance from the earth's center.

.In consequence of thies law the amplitude of the solar tide
cught to be about 0.455 times that of the lunar tide.‘ For, the mass
of tha‘sun = 333 420/1, and the mase of\tha moon = 1/81, the mass of
the earth being unity, while the sun's distance « 92,800,000 miles and
the moon's distance = 239,000 miles, so that:

333,420 x 81 L -
(92,800,000)° ~ (239, 000)°

eolar tide: lunar tide =

lolaf“tido = 0.455 lunar tida

Law 1I. The tendencies to produce tide for various relative positions

of the tide-producing body are proportional to

2—’ B
5cos 8 -1,

vhere 6 is the senith distance of the body corréected for parallax., In
other words, @ {s ths sngle at the sarth's center defined by the 31.ven
station and the center of ths disturbing body.

1f h denote tha hsight of tide oxpruudll.n terms of the carth'es

2

radius, R, then it 1» pro;;ortlohnl to 5 cos” 6 - 1, or equal vay

aly col2 @ - 1). The equation of the surface of the ssa at any given
instant fe: A

F- l(l * h)

P=R+ aﬂ(j cos

o - 1) \ (4-18)
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vhich is the equation of an ellipsoid whose semiaxen are
R(l"'m): R(l"a): R(I-G)

That is, forces acting according to thio law cause the surface of the b
lci to assume the form of an ellipsoid of revolution whose longest axis
points toward the tide-producing body.

It will be observed that when tha moon, say, is in the menith
the alevation of the sea is 2 Ra higher because of the existance of the

moon; but when in the horizon, tha elevation of the sea is Ry lower,

For a given place the height of the tide will vary from hour

" to hour of the day chiefly on account of the variations in 6; but, as

already noted, it varics scmswhat on account of the variation in r, the

ooon's distence,

For a given place the angle ¢ depends upon the moon's hour

angle and {ts declination, both of which are functions of time,

The Height of Lunar and Bolar Tides, Imagine that the moon is divided

into two aqual parts, tha one occupying the moon's positicn, the other
e position diemetrically opposite but at an equal distance from the earth's
center. (Ses Pig. 4L-8),
| Tho potential of the entire coon at any point P now becomas
1 )
5 o 3 ]

\l-lQI 1 ol - +
2 (F 5 (raaserfconoofa 1"2'- 2rfcono'0f2

* tisea)m

nrﬁ
o

2 ) 'P
1 1 =
.Em;(Po-Plg* Pa% * casse 'P,O’er’Pa

i
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2 4
.?‘_(po-;ye %*Ph E,‘-+_.....) - (4-15)

A surface of equilibrivh or a level surface ig one which has
the same potential at all its points. §upponing the earth to be g
sphere without rotation, and the moon divided as in Fig. (4-8), any

{ surface of equilibrium has for ite equation

f GE % GH[%— ] = constant ' (416)

b E denoting the carth's ‘mu. Because the water of the sea ia incom-

prassible and bacause the action of the moon is symmetric about u‘llna
joining tha centers of ocarth nm.i moon, the surface whose equatfion ia

Bq. (4-16) wust cut & partect or undisturbed sphere in two small circles
whosa planes are perpendicular to the line Joining the centers. Lat

R = tha radius vector of the surface Eq. (4-16) at these small circles,

, = the mesan radius of undisturbed sphere, 1If now we write

P=r(1+n) (4-17)

» '

R h {eo a vory small qu;ntlty in compariscn with R gnd represents ths
variation of P from a constant value R, Since Bq. (5-16) 1e true for
&1l poseible valuss of ? {t 1a true when P Ror haeop Dmloplna

Bq. (5-16) end putting f = R wo have, as 1o Bq. (L-15)
G2 . o R b ] ‘ . - )
+ —[P +p + P ¥ e = cenatant (5-18)
E v ;‘5 b ?; |

HWQP -5c0020-l,....l(wmho coco-l/r, P = 0, Hsnco, |
1t v ooit all teres boyond Penalr in the brochkots ao being cu:yauuvoly_

enall, Eq. (4-18) becoman
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3 GE

; | T + _{_-. - conul:ant

r. . ' i
Writing this value for the constant in Eq. {4-16) we have;

2 - e, 1 [ E, M : \

: .r . = P'}EH[E;*B]‘ﬁ*? (h"'lg) e

ful:ting_ F- R( 1+ h), Eq. (4-19) gives upon developmant

| | 2@
| . B 2 M RE(1+h B, M
- B S S I p°+p2_(_é_)_+_m B Y

r
- L (4-20)
~.anittin§ tlﬂ ‘second and higher powers.of h as being very small, ™
"' * have from Eq. (4-20), h - ‘ . <
o o, |
- .M R 2 .
' h =y =2y P, »wal3con“g-1) . (b-21) -

L Y e |
- - 1
wvhen § = 0, i

. 3 , .
. MR , 1
hep=x=a _ ' 3 (4-22) !
I & o . |
- when @ -“.590° . 1
Lo, n’ L . ) . ' 1}
.hma -5 E r-s = e - o ’ : ‘(h'e5) . !
- - . » . ©
. ' ' j
|

Nou Rh rnpnunn the 1n.qu\uty in the ndl\u v.cl:or of the
'lut!lco o! oquntbrlm. lt the ‘surface be an oulplold of rmlutlon, ‘
1 oo

-‘the uctton nide by a pl.cm pul!ng throu.h the cennu of the uuh

and monmuu bc ; -lupu havin; senmiaxes I(l . a:) md I.(l - a), :

v.j'

rupcc:tvclv, ) ‘shown on. ﬂs. (ha9) | r

. .
\ - C . . ’ NI 2
\ ! . ’ . v K ' - A




Por the lunar'tide, | 5
1 mass of moon g® ’
R = — x = 0, feet
2 mass of earth (moon's di.stur:ce)3 ?9 °
and for the solar tide,
Re = 1 mass of-sun x — R .‘ - 0.27 feot
. 2. mass of earth (sun'e dintance)jgﬁ' - 27 fee
The aqqntion of such an elli‘pu! is
2 y2 | .
s e rvasmy- 2l e B - (ae2h)
3 RE(1 + 20) R(1 - @) -
g ﬂov-vritingg t L . - P
t S Pcon )
| y= fsine ' . .
7 P R(1+n) o |
and Eq;.(h-ah) bncoﬁni . . 3 U
{1+ h) con® 6. . (1+h)° ain® g _ 1
- (1 )2 -, -a)
; hw 0(5 cos” 6 - 1) (h 25)
vhich _agraes with lq. (h-al), and shows that the variation n P u ” \

!
luch th.t the section made by thc plane panllng through the center of . f

- the llrth and moon 18 an clllpan : | T . T
"To lhOI that tho condl:lon o! coﬂllnulty ie !ulttllcd that
is, that no voh-t hu bean lou or ulncd by /tho dc!orlin; ection o!

“'thl uoou, it 10 only ntccllary to re--b.: t@a:'thc volunn of the
, . by ! .y .,

ellipeoid is: L R . -




T

3R (1+20) (1-0) (1 -0)
- %,,n3(1+0a-3a2+....)
-%“RB

when a ia ao';mall that all powers 5e;ond the first may be neslectea.
But this is the voluma.of a sphere whose radius {s R,

In obtaining Eq. (4-20), cos ¢ was arbitrarily put equal to
lfhfifin otdér that ?2 Pight be equal to gzero, The reason for this is
*that for soma value of ¢ v; knpw that the tide-producing po:ential must

be zero; and to the degree of approximation here assumed, this potential

is

Explanation of the Prtnclpll Tldll Phenomena., At nev and full moon the

lunar and solar htgh tides would come together, and the range o! level
,would be unuallly great, At the qunrtera the solar high tide uould coin-
cide with the lunar lov tide, and uouldﬂplrtly f}li up the dcprlllion,
‘producing a decreassd range; Thll~;lplllnl the iprlng and nesp tides,
Tho grnn:clt #nd lcnlt ranges ahould be in the ratio o! (1 + 0.455) to

£
(1- 0 h55) or 2 66 1. The oblcrvcd ratlo is unually not so great, T

t "

Tha naximum cnlculat-d spring tide would be 2 x 0.86 = 1.72 te.,

vhich corrasponds cioicly to observed height in the opsn ocean under ths.

. K L : ‘
idesl conditions, where other disturbing forces asre at their minimua,
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to Ehou{ second,- the ocean basins are vary 1rt¢;qlir'1n !an and depth,

5

Effect of Wind and Barometric Pressure. In quiet weather the predic-

tions of the tide tables are usually very accurate, but a strong wind
mAy drive in the water before it, raising the level sometimes by several
feet. A northeast wind, for example, raises the level at the western
epd'of Long Island Sound. 1In such a caﬁe the tide runa in longer than
usual, and high water comes latn.l A wind in the opposite direction
produces the reverse effect,

When the barometer is lower than usual, the level of the
vater is usually higher than it would otherwise be, at the rate of
about a foot for each fnch of 5nrometr1c height, In a hurricane, where
the barometer il'var& low and the wind drives the water onto the shore,

the tide may rise very high, 13.7 faut above normal high water at Provi-

~

‘dence on September 21, 1938,

Complexity of the Actual Problem, The aiépla equilibrium theory {worked
oﬁt by Newton) accounts for :ﬁe g;neral behavior of the tquI very well,
bu:'it breaks down in decliia. It does not explain why higﬁrtidg;~at
different points, comes at all sorts of different 1nto¥va£ﬂ after the
moon's trlnngt, or uhy.tﬁa range of the tides is many tiﬁna greater in
some places than in others, or wby.thc;e 11'1 ﬁarknd diu;pll lnlqunlit}
of the tides in some ﬁlace;’near the equator (likgzﬂnniluj and very
11tC1e at high uucud;- in-the North Atlantic.

| ‘Thers are two reasons for thﬁln‘dliérgpancios;"llt!t, :ﬁe

earth fotutit rapt&iy, so that the tidc-railins forces in & given region

of tho'ocoln change too fast for the water-level to adjust {taself tully}-

I
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The first of these facts makes it a very difficplc problem to calculate
the tides theoretically evenlin an ocean of uniform depth, bounded by
parallels of latitude and longitude; the second destroys all hopé of
general theoretical calculation,
For bodies of water as large, as irregular, and as much cut
up by l;nd barriers as the oceans are, thecretical calculation .ia hope- ‘
less, except in one very important particular, it enables exact pradic-
tion of the periods of the actual tidal oscillations.
Consider for-axnmple,'the lun'i influence at the tima when
it is on tha celastial aqultor. At any given point the tfde-rnlling
force varies in amount and direc:ion from hour .to hour but raturnl to
the same value at 1ntcrvalo of twelve hours, After -uch a force h.l
c:od long nnough tor a 'steady state' to be established, the surface
of the ocean wtll be throvn into onclllationl. The charactor of these
oscillations, whether they are simple motlona 11#0 :ﬁose in a small
lake, or cdmplicat.d ones, with several regions {n which the water
rises at the same ttunt/iepara:cd by others in which it !llll; viil
:dlpondafén'thn lilc,/éalpo, and depth of the sea and on the range of _ -\
leval, The tl-ox6; high water will differ from plicc to place, butﬁxho
period wtll bc lxlctly Chat of the iaprlaled force,
8£-£lnr1y, the lunar tid!-;atltng force, if scting alone,
toﬁld set up a ocr‘cl of30lcillptiona at intervals of 12h 256 vith s

_greater range and s somewhat dtttnront.!pattotn' of regions of high
" and' low vatlf. These tvo oscillations are called the solar and lunar
seni-diurnsl tides, Under the combined action of the moon and the sun )

tﬁly-arl luﬁirpoldq without sensibly wodifying one agd ayotyor,,and .

*




their combination produces the spring and neap tides,

TIDE FREDICTION

When a record of the actual fluctuations of the water-level
st a given port for a year or more has been obtained (vhich may readily
be done by a lalt-rqsiitering tide-gauge), the ranges and phases of the
separate periodic changes of level are not hard to find, For example,
taking readings made at noon on every day of the year, the lunar tide
will sometimas be high and sometimes low, and ite effects will practi-
cally dissppear in the averaﬁe, while the solar tide will always Sa the
same, Taking sverages of the readings st 1 p.m,, 2 p.m., etc., the
' course of the solar tides éln be found, Tides of othe; periods can be
trested similarly.

Having thus found the various component tides at Ehe given
poret, the level of the water at any time may be prcdicted by adding to-'
gether their cf!ectl. This may be doge mechanically, with the aid of ‘
an automatic :lat-gqqge.rtcordcr which, wvhen onci set with ;hurtldgl
constants for a given port, will automatically drav a curve on a long
roll of paper, showing the oscillations of the tide-level for a whole
"year., The United States Coast Survey uses lucﬁ.l machine t0<pr;p§rc the ’
Tide rnbl¢s~uhich glvq the predicted times and heights of ;ycry hlghnand
low ilt;; for asbout ;evtni; of the principal ports of the world,

The sun, moon and earth occupy almost identically the nan-

.rcl;tt;c polltlona in the heavens every, 18 yesrs and 11 days. \éééll- T

qucntly tidal phenomena are rnproducod under lintlar condttlons at thc

i
¥
:
1
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end of successive periods of this duration, which were known to the
ancient Chaldeana and were called by them a saros, 1f, therefore,
there be obtained the records of a series of tides during oﬁa complete
saros, they will serve to establish a suitable prediction for any sub-
pequent BaTOS, |
If these records are not availabie, the predictions have
generally to be made from certngn locni observations over a short
{nterval of time,gx;;nded by a system of harmonic Qnalysil,
The observations should extend ovar at least a fortnight, so
as to include a spring and a neap tide, If there is no automatic tide-
gauge recorder available for the purpose, the tidal readings should be
booked, gpnarnily at 1;t¢rvall of an hour, but every 5 or 10 minutes
about the time of high lﬁd low water, so as to obtain a fairly accurate \
rgpralantatian of a curve, vhich .hould be dravn‘through a series qt
points sat ovt on iquared"paper. The tlgel of high and low water have
Ttpen to be referrad to‘:he time of thc‘moon'lltrnnait, and a;} 1rr;3u-
llaitill in the interval botueeﬁ transit and high'water ;houlg be care-
fﬁlly?not;d, the av;rag; 1ﬁ:crva1 betwean transit and high uatnr.ﬁein;
also noted, The average interval from the qpon;l crcnai: to high water
of spring tides gives the mean or cérrectcd establishment, and the
e ‘
_average interval from full and change of ths moon to spring tides ;1#0.’
.. the_age of the tide, L | L,
1t thu'telultn !o; aight oraninntetn yiar- ars n;l‘plotﬁzgﬁ
q;oﬁ the same annual basis, the genarnlilcd_curvi will be a vtf? nnfrly:
; . corr.crt curve of mean i‘wi. showing :h. flgul'.f ';llon.; '.!fl?!:tl ’3:

t . . W
i
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barometer change, wind, and fresh water run-off of ocean ¢gurrents, For
rough purposea of.prediction half the avcrage{spﬂing or help ranges
{(which may be picked out each half-moon and averaged), ndded or subcrac-
ted from this mean 1evcl will give a fair indication of high or low
water level at springs or ncaps. o .
-Any record of the rise and fall of tides plotCed‘on a‘time
basis can be subjected to hnrmonig»anulysia, and an lrrcgular.;ﬁrve can
be always shown tc be A comtfination of a number of simple ﬁiné curves
which can be plotted on square-ruled graph paper. Hpst of thcae curves
are racognizable from ane cid&l.grnph to another and so can be i{denti-
fied by a serios of letters. Each one can be related to a pnrticulnr
tide-producing force, the sum of which producch the 1rrcgu1nr tldnl
curve oxpressing the combined effccts of all thc forces cxnrcad on tho-
Earth, ' :
In other words, 1nlorder to arrive at ; basis of preodiction for
future tides, the mnthumucicinn findl ic ;onvcnlcnt to dinlcct the tidal .

curve (or uavu) and resolve {t into a aeriea of 1ndependen: curves (or

waves) so proportioned as to produce the actual result by cumulative
effect, ' o :

e




CHAPTER V

POWER FROM THE TIDES

Tida; hydfoélectttc power, eimilar to Fiver hydro power, can
be produced by a flow of water from a ﬁigher to a lower level through
hydraulic turbines, A single pool equipped with gates may be built to
trap water at high tide and discharge through turbines Eo-the ocesn at
low tide, or the pool may be emptied at low tide to receive turbine
dllchnrge“ttom the ocean at high tide, Two separate pools Qqutpped with
emptying and £illing gataf may be uaed, one pool !111;d at high tids and
the other emptied at low tide, with th; high pool discharging through
the turbines into thec}pw pool. ‘ - | .l |

LAl

The advantages of a tidal power plant are that the tides, which

can be predicted with accuracy for many years in the future, ctn.produch :

power unaffected by droughtl,-ﬁﬁggdl, fce jams, or lllﬁing - Idﬁ,tll B '
factors which decresss the output and limit the life of river hydfoolcc;ri§
plants, An inherant disadvantage of the tides as & uéhrct,qt power. {3 that

the :1&qn, following ;tavita:ionlllpull of the moon as 1tlplllll overbead |

avary 24 hours and 50 minutes, are cut of phase with the 24-hour solar day.
This 50 minute daily lag is fundemental to the economics of tidal power

for, since power output varies with the tides, tidsl power is completely

x

out o!-oiop with the normal patterns of dgiiy use of electricity. There-

fore, uniolo the tidal plant is supplemsntsd by an asuxjiliary power ?lcpt,

5
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PLATE 1,

AVERAGE TIDE RANGE

SHOWN IN FEET AT
SPECIFIC LOcACIONS.
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such varying power would be of little value,

The height the tide will reach is affectéd by the sun, moon
and to a high degree, by the coaétline. In the Gulf of Hainel\however,
which opens tovaﬁd the deep areas of the Atlantic Ocean as the continen-
tal shelf drops off beyond Georges and Browms banks, the tides aré Rreat-
ly amplified by the size and configuration of the shore and bottom of
the ocean. As shown on plate I, the mean t{dal raﬁgea become‘Prograauiva-
ly greater as the tides move into the Gulf of Maine toward the mouth of
the Bay of Fuﬁdyi} The funnel-shaped Bay of Puhdy again amplifies the
tidal range, producing the highest tides in the world at the head of
the Bay. To devise a workable and feasible scheme to harness these tidcs
for the economical production éf uninterrupted power constitutes the
essence of tidal power eﬁglnearlng.

The extremely ingenicus solution to the problem of providfng
tidal power st practically all times of the dny‘invaitigated by Electri-
cite de France, and 'now to be put into pract@cnl'operation, htﬁga; on a
combin-:ioﬂ‘of tidal pouer.;eneratton snd pumped storage,

It was not possible to consider such a schiems until, the daligna_
ers of water turbines had produced a unit which could opernte‘boch 2 a
pump and a turbineaunder variable helda,'and which could generate ‘or
pump with the water flow fn either dlrecflonf This problea hal'bcen
the lubject ot rclearch and experi-ent by rrench designers for s number
of Yenr: and after tests with machines of this type 1n dtftertn: con-

ditions, it was declded thnt oufticlcnt experisnce had ‘heen ;a!ned to

wvarrant the insuguration ot the Rance tidal power lche-n.'
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turbogenerator for S5t. Malo.
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The method of operation is as follows: assume first that high-
tide level exists on both sides of the dam. If energy can be borréwed &5
from the supply aystem for pumping purposes, 1t.1s possible te raise
the level within the pool (basin) behind therdam, by turning the genera-
tors into pumps; as the tide falle away outside the dam a head becomes
available which is obviously greater at nny‘givan stata of the tide
than vould have been the case if pumping had not taken place,

Generation can start as soon as the minimum head ig avaflable;
this period in relntion to the tide occurs sconer than would havzbﬁeen
the case 1f pumping had not raised the head within the pool. Gcnerqtion
cantinues unt{l ;ufficient water has been evacuated from within-the pool
.to reduce the head to minimum generating.levels, The turbines, with
their feathering bladea; have the additional advantage that they can be
turned into valvel,

By turning all curbinal into straight-through valves and aleo

opcntng all the aluices, the water vlthln the pool can be rapidly eva-

!’

cuated at about the time of lov ctda. The units bolng totally aubmorged
it {8 possible, when all the water that can bs avacuated undcr'grgvl:y'
flow has besn temovad, to pump out further water again if enorgy for

Pumping is available, That is, 1f this period, in relation to the tide,

L]

.

is an off-peak partiod,
| By this reverse pumping operation it becomes possible to produce
an arti!tcially low water 1|vol udthtn :ﬁc'ﬁool; And as the tide rises

on the outside of the d;n agnln a gcnnratin; head {» reached carlicr, in

i

relation to the tiﬁn than uould havo becn the case 12 thl vltnr lcvtl
" had not been artificially lqutrcd. o -

"

- {‘*: 1 _a’f fT- j j5-' .
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As the tide continues tog rise generation takes place until
sufficient water has flowed into the pool to destroy the minimum genera-\

ting head. The turbines are again turned into. atraight -through valves '

and the sluice valves are opened, thus allowing rapid inflow Lf wnter.

until high tide is again reached. The cycle can then restart.

One-way operating tidal plant, Let us consider the case of a pool'

énergy-cabncity cin be utilized is limited to

scparated from the sesa by a dam, the water level in the pool following .

the rise and fall of the sea, and let us call H the tide height, and V

- the capacity of the pool (basin) at the dorrenbondlng water level, For

Ly

a pool nrnn“A(y) as a depandent varisble of water level y in the pool,

the work performed during the emptying period will be ° T N
B e o :
- By = J wA(y)ydy ' T (5-1)
“Jyeo _ _ . N
. : - @
and during the £4lling period ,
x,“ ! . . B _ ] |
[/ Bym= j wA(y)(H-y)dy - o Lo (5-2) -

emptying and filiing the pooi occurlpg'neceaunrily within a tide inter-
val during which the level of the aenirioéa.frou Q to H. Thu available

energy capacity dﬁging a vhole tidal cycl;'uould.thcnlbu
.. (. El + 82 - EB = wH l A(y) y = UHVB . (b-)) .

Actually{-hﬁgeyet;ithe"ptcct{5§14utililtble—cnarg}ﬁilr§uti¢ trgc:iop,éfz

the sbove {deslivalue, so that the theoretical extent td which the -

9

©
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Eg = CWV, where ¢ < 1 (5

With the help. of artificial means, however, it is possible to arrive

at a much higher degree of utilizarion. !

~

The above considerations a?ply egcluaively to plants operating
with gurblnes only, and utiliiation poaiibilitiea are uubutantlally
modified by the\ndQIfion of a pumping system. 1If, for instance we have
to deal with the case of a one-way plant operating with turbines and
pdmpl, then we may have, in oddition to the main pool, an auxil{ary peool
Al(y), (y 2 H), with itl_bottom lying_ ot the lavel of the tide hoight H,
While the incoming tide fills the main poocl, the pumps coupled to.thu

-

turbines lift water into the suxiliary pocl to lavel B. 1f the turbines

and pumpas are of aqual capacity, we then have
R . B
wA(H-y)dy +I wA, (y-R)dy (5-5)
y=0 ' y=H
. : J
and 1f we oxpress tho pumped volume of the water by VP, Eq. (5-5) expands
To
H B : ]
EB -J wAydy +j \Mlydy - vH(VP + vﬂ) (5-1)
y=0 y=H
the tneorctical energy produced during the ebb period by the wvater £low-
ing ou; of the two pools being thus greater by wHVp than in the casa of
Eq. (SQE; of a plant operating with turbtnes only. .\

The sicplest tidal project arrangenent is the single pool
created by a barrage enclosing an ostuary or a bay, The qo:cn:lal energy
of the water f{s utilised when the pool s ecptied and this is known ao

the single high-pool ;uptying cycle, Pig. {5-2) shows & typical example,




Fig. 5-2. Ono - vay operating tidsl plant.




Three operating phases may be distinguished: (A) A-filling‘h
phase, with the_t?rbiﬁe stopped and }he valves open; with the tide
rising, water fIowa into the pool through the vaives. (B) A waiting
phase, with the turbinea stopped and the valves cloued The sea lavel
falla but the level of the water in the pool does not chanse The
operatore theq}uait for the most favourable-poment for the commencing
of energy productiou. (c) A production phase, vith the tﬁrhinon opoera-
ting and the valves closed, The turbinea produce energy by the reason
of tha haad crncted by the diffarenca in the level bBetween the pool and
the soa. 1In this arrangement, when the turbtnes are cperating the heed
is alvays in the same direction, that io,‘from t;e pool toward the sea,

A aimilar'typu of operation is a single low-pool, in which the
\turbines operate during the filling of tho pool., As the banks of ostua-
ries arao irregular in shape, end ihc volume of water ;nvcd for the same
difference in level are considerably 3r§ntor in relation to the upper
layar of the pool than in relation to the lower layers, the tlllingé
cycle typa of oporation (mingle lov:pool) givos less cnergy than ecuptying
cycla (11;310 high-pool}. For exemple, for the Prench Rance project’tho

[

ratio 1o nppréxln.toly a8 2/}:1. \\

It would bo an advantage in both types of single pool p;ojnc;l
to use tu;Binca that aleo cperate 4 purps, This would require energy

from an outside source. In the high pool project, for exz:plo the pool
level can be raised further by puzbing for -a chort parlod eftor the fill-

tng gates or valves are closed, The energy used in P“=9‘"3 at low heed

incrcases the pool level, and increases the head during tho subsequent
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generating period, The ehergy gain in the generating cycle exceeds the o

energy used in pumping to the benefit of the project, & !

Two-way operating plant, 1In a plant operating with double-admiasfon

urbines and two-way pumping, and in the general case of a single pool '

wvithout higher auxiliary pool, the pumps drawing their power from the

network, we have the following four phases:- ' ¢

(1) The vater level in the‘pool; equal to low water level, being further
! .

lowered to -B by pum#lng, the purps will draw from the network

energy
-B N
5, = j wA()ydy , (5-7) :
P
y=0 - :
\ - -
(2) The rising tide fills the pool, and: the cnergy output of the turbine
is
0
R T (5-8)
y=-B

. = S Y SEe S
. ’

{3) Upon high water level buini reached, the pu=ps raise the water level

{n the pool to level C with an energy consucmpticn of

c | .
/ E -I _wA(y)(y-R)dy : (5-9)
pe
y=H N -
(L) The turbines utiitee the water. in the pool down to the level 0, during *

which peried thegr energy ou;ﬁut ie
€
&2 'f wA(y)(y-B)dy : {5-10)
y=0
Thie, after deduction of the rcq?lrc=nnt§ of the pu:pﬁ, leaves for en \

operating cycle an energy prpdhcifcn of

C .
- - dy =
gy Etl ¢ By - Bpl Eo UH.I A(y)dy

y=-D. : e
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= uH(VB + Vp1 + vp2) (5-17)

. Therefore, if turbines and pumps operate at both flow and ebb periods,
" the energy gain to be expected amounts to

wﬂ(vp1 + vp2) .

aa‘né;Tnst turbines exclusively in operation Eq. (5-3) and

N

wHVp2

in the case of one-way pumps delivering into a higher auxiliary pool.
‘The judicious selection of the sea-dam aite in a bay or
estuary makes it possible, by taking advantage of resonance, to 4n-
creese the tide range during a tidal cycle, afnca aach pool has a
natural frequengy'of its ouﬁ depending on ‘ita sikee nQd proportions,

In a booi of a length L meatres or feet, with a rectangular cross-section

and a depth d, the natural frequency is exproessed by to = 2L/  gd.

i
i
i
]
]
|

When the paturﬁl frequency éf the pool nﬁpronchoe the frequancy of the
tide, the tidal impuincn wvhich ;ot the v#ter in the pool into oacilla-
tion are reinforced, There {8 then the.posaiblllty, as praved by cocpu--
tation, of tide-range increases up to 10 per cent,

It follows thng enginecr;'ahould‘be anxloua‘to achiove a
double-cffect cycle, -as shown in Fig. (5-3). Egcrgy is pro&uced'both
during the filling and emptying of the pool, With a nlng{c barrage,

as shown on the left at the top of Fig. (5-3},  the head producing the
. . ) ~

energy is sometimes operating from the sea towards the pool, and some-

~

timea from the pool toward the sea, Using conventional turbinea, it

would have been necessary, in this case to pay spccial attention to the

intake and evacuation passages within the dam and arrange them 1n such
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FPi{g. 5-3. Two-way operating tidal plant.
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a way that the flow of water through the turbines.i& always in the-saﬁe

‘wirection,

Another double—effect arrangement could consist of an H-shaped
design as shown to the right of Fig. (5-3). The b&é} 18 closed by two
lines of valves between which, and parallel to the bank, would be situa-
- ted the boyer station itself, Suitable operdtion of the valves e¢nable
the water always to be paaa;d thrbugh the turbines in the same direction

i}

Both of theae solutfons would entail supplementary expenditure

on a very large acale, when compared with the one-way operating schems,
It {s therefdre pnrtlculnrly fortunate thnt ‘the modern anthering blade

‘turbine enables all these complicattonn to be avoided, and allows an

.

‘ exthmcly simple scheme to be adopted,

.

Pumgiﬁg. To -improve still further the operation of the double-effect
cycle, the newer tngincn can be made to operatc as pumﬁs at slack water

perlédﬁ_nnd the utilizablé volume of water and the oporating hcad thuas

v

tncreased, The net gain in power production, in apite of ‘the cnergy
.consumed by pumping, ie substantial and a further economic advantage

18 secured by tholdltfnrnnclal in value which exists between peak-load

and off—penﬁ energy.
{

All the utilization cycles so far mcnt}gned tefcr to the
period of a ;lngle tide, Thore {s, houﬁvcr, a wide field bp?ﬁ for
;encnrch }o investigate the econcaica of cembining gnnnrattné and’puzping
RPEfntlonP ;ithln the cycl; of one tide and a nuzber o{.ttdcn cozbined

together, This could pfoduce continuoud encrgy, sc the {tdal power ccQId
sivays be made avallable to the systen operator at ths ties it ls =pff

e
1

»
[
*
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needed - the peak peridd_
Figure (5-3) shows that a tide can be considered as including
four poasible mbvements, two generatihg movementp and two pumping move-

ments. Thia gibea rise to 16 poasible combinat}ohs, each representing
a practicable eydle.fdi the utll{:ation f;r a tide."k single tide can
thus be studied with the object of yielding enefgy of constant value,
{.e., with.the price per kwh independent of the.tlﬁe'of production and
_the date. 'In the casé of two tides, of a duration rather grehter than
24 hours, the calculations become more difficult. and consideration can .
then be.given t;}the'eaggg;§a1 case wvhera ;he value of cnergy varies
with the time" of producgion; t.'e., if this rclates to a pask hour or to
an off peak period., The value of the energy is obviously dif!orent 1n: ‘ %
. . . .

these two caves, a point which was neglected until recent times.

1t would ba donvepicnt tc conaider the case of 27 tides spreoad
over 14 dnyn,‘linca this allows for conaldnrntioﬁ being ‘given to peak
pericds and aleo to the off pesk times on Snéu;dny and Sunday when onﬁrgy
can bo conoidered as having the lowest valuo, Bui naéh tide produces
four movements, and we have seen that for o;e tide the nuzber of combi-
nations {8 16, For two tides, we have the possibility of 162 = 256 cycles,
and this large figure obviously: introduces some difficulty in the calcu-
latioAn. Por 27 tides we have 16T ditferent cyclea, which is about
300,000 nflliards of amilliards of milllards. Obviously there is no hope
of calculating all these combinations. But the studies 't°f£§§ﬁa{}_

:.‘J:""'t‘ 15
Electricite de Prancoe in regard to one tide and two tides, and tho ex-

"

trapolation of these calculstions to the case of three tides could




93

provide fundamental necessary data of the-extraordlnary operational

flexibility of the tidal power project,

A

Certain terminology has been evolved in consideration for the

above problem, and intludes uhaQ'is called the "cycle of the first order"
] .

relative to variations of value per kWh over the period of one tide, and

“then "cycles of the second order“-relat{ng to two tides,

Cycles of the First Order (One Tide). The cycles here considered have

a single tide as their basjc period, Let (a) relate to the pomping .
(2) veverse: genevating,
period, (b) the reverse pumping, (1) direct generating,¥so that with
’ dovble
this notstion double effect¥pumping (represented in Pig. 5-4) could be
described as al b2, According to the periodicity indicated, the move-
mants would follow each other:
al b2, al b2, al b2, ......

The starting point and the end of the cycle being on the sgme side,
Table I shows clearly the make-up of this series of 16 cycles,

The cycle without movement indicated by g-zerc corresponds to

the cane where hydro-electric power stations have to spill excess water,

and where the value of energy is therecfore roduced during tha whole period

of time. TABLE I
Two
No Direct Reverse pumping
pumping pumping pumping operations
No generating ] 5 a b _ ab
Generating on _ ‘
e=ptying 1 al ' 1b alb

Cenerating on . ”
filling 2 a? b2 abZ

Two generating

pertads 12 al?2 152 al b2
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Fig. 5-4. Pirst order cycle al b2 poaftive
(double generating, double pumping).
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Fig. 5-5. Cycle 1b (puzping undesirable) ~N
negativa.
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Certain c&clg?, as for example 1b in Fig. (5-5), appear to
indicate that pumping is undesirable, since it lowers the level 1ﬁ the
poof ;c the time when it is desirable to open the valves ih order to
- prepare fo} Fhe new single effect emptying operation, For this reason,
pumping would consume energy for a useless purpose,

But when atomic power is established, to avoid shutting down
a nuclear reactor and causing some degree ;f‘poinoning by xenon 135,

{t will perhapa be useful to arrange for some of its energy to be use-
fully employed, 1In fact, the preponderance of atomic gencration may

{n time be nuch-thnt shutting down at nights of all thermal and water-
power stations would atill not leave aufflcien; load for the nuclear
plants to deal with, and, in this case, it may be useful to pay a small
figure for energy consumption, {.e., inatead of the consumer paying for
energy, he would be paid to receive it 1n this instance the pumping
operations on tidal power plants, which would involve aloost nogllgisih_
cost, would undoubtedly be preferable to the installation of iiquid
resistsnces on a large scale, or setting up othcr.nrtlttclnl consuming
devices. Cycles such as Fig. (5-5) may thus have somo ccon&mlc inter-
est at a later date.

4

Returning to the present-day conditions, we may call posictive
cycles those which relate to instances wvhere the enorgy produced never

has a negative value. We find icmediately that there are olgpt positive

cycles, apart from the zero cycle. Theee. arc &8 follows: Four single-

effect cycles which include, without pu=ping, (1) c=ptying (2) filling; -

and two with one pumping operatiocn (al) emptying (b2) filling. Then

-,

4
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there are four double effect cycles which 1nc1ude one without pquLng

“

(1 2); two uith one pumping operation (al2) (1b2); _and cne with two

-

pumping operationa (al b2).
The determination of the useful cycles for the exploration

of a single tide is thus complete,

. : R i
Turbines for tidal projecta., The conditions to be met by tidal turbines

AN -
differ essentially in some respects from those obtaining for run-of-

river turbines opernting on inland waters, In conaequance,.tpe typan
of turbines genernllyiﬁnad 1n'run-off rivn;ﬂhl;ntl ufe not fully suit-
able for tidal duties, The turbines shaft can be either horizontal,
as in the tubular turbine, or vertical, .Tho tubular turh*nu hil the
advantage of Eavﬁﬁrabla flow both at entry and exit, renhltlng-ngt only -
in better discharge conditions su; aleo in lower cost, ‘Lclving aside
a survey ofl;he evolution of thie turbine typo, we will discuss haroe
the most recent designs, |

" As a result of ‘the exparimental work carried out, it was '
considered that.for the Ranca'lch;mn the bulb-type unit as shown on
Fig. 5-1 voutd'be superior, and this type of unlt/val finally choaen.
J&cu advantdgo rolted.mlinly on the monosliénaégién of clch-unif, the
elemants ol.vhich could be assechled and tel:eé on.tast beds, In spite
of a tétal waight cxcaadtnh 500 tons, the unit could be placed in posi-
tion or remo;od, practically in a single piece in & very short tima,

‘The rapfa{ty utt# which handling operations could be carried

out, and (&Q)cnuc of maintenance was a particularly important factor

vhan conaidered in relation to unite which were to oparntc {n totally




K S

g
- -
18
v
(Y
! 1 JMaRes .
- COMME $OR \
VOATER OR XACUUM
‘\ N . v - '] \\I
- it
'/
112 7247 ,
: \"\&;_‘\ w : :,:f. - ;k :'/f/ ,’J
O Ny B "
“ G A 6 2% R
. A B
‘ "
a4 & ! N 5
= B
I NDEAL T § | B

Pig. 5-6. Longitudinal section of two-way tubuler turbine.
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‘as an 1n¢nﬁenddhtlcntltx. Many problems hed to be solved: the svacua-

-
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submerged condltlénn It was thought' that each unit would have to be

removed for overhaul about every three yeara "and this uould 1mp1y, on

& scheme like the Rance project, the dinmantling and reasnembly of one

unit every month, This type of unit with horirontal shaft comprisea of

a Kaplan turbine with adjustable runner bladen‘yndhan alternator plaéed
in a bulb,
‘ o . .
The monobloc design was found to be simple and robust, snd \

to give relisble service without direct supervision. Automatic opera-

tion methods were devised so that each unit could, in effect, operate

tion of the heat- losses, the design of electrical connections, the air
ctrcufltton.uyat;m and the'protectton of the alternator against fire
risks, being typical problems which the dulsnou had to dtlcuu rd
to which solutions had to bu found,

“In rig. (5-6) we have the double-discharge type of turbifis | -
dalign and model-tested by -the Bscpnr-“ya- concern, 1n.uh1ch two qotq .
of movable guide vanas, fitted one gn eithnf side of :ho‘runncr, rciulnti
admidsion to che.iatttr; at an appropriate position of the vanes, this
turbino can aiso act as @ pﬁmp. - | - |

The type {nttoduced by the Maier Bnglnooitn;.ﬁorhs and ‘A. o @:. i
Pischer Pig. (5-7) is an adjuatcblo two-whael turblnn-pulp, also opera-

ttng tn either dlrcctlon of the flow as & turbine or a pusp, &8 raquirod
o.td

The turbtnn-punp and 1its hydrnullcally couplcd gensrator are encl

e e

in & cylindrical tuba videning at one end to & bulb-nhapad saction rﬁb?l

deolgncd in uccordanco with wind-tunnel tolta. The rolpcctiv. duties

¢




Fig. 5-7. Perspective view of tidal power house chowing

ona of the two-runner turbine-pump units.
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" the rear wheel according to the direction of the flow.
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of the guide vane and runner are fulfilled either by the front or by

These have
sdjustable and reversable vanes, and can be thrown in or out independent -
ly of each other, At a given position of the venes, it 1is avan'poalibla -
to stop the flow through the turbine altogether, Determining the correct
shape of the blades in this type of turbine-pump proved a ditficult prg-
position, since, at normal turbine operation, it is the front of the '
blade which i{s acted upon by the flow, and at pumping periods, the back,
Separation of the ;ater-lnyar from the guide vanes and cavitation at thé
runner occurred to some extent during the initial tests, but practically.
disappeared after some improvements had been mnde ln‘th§ construction of
the model turbine,

In vertical-shaft turbines, conditions are much more complex,

If we take, for instante, a Kaplan turbine with alternste flov admission

from two directions, the inlet half-scroll common to most low-head plants

Is ruled out, owing to its asymmatric form, but even a hesrt-ahaped syome-
trical inlet would not substantially improve flow conditions, ‘Iho adoption
of an inlet chamber has the advantage of leading thaAllav to the guida vanes
syrmatrically in either direction, if the ﬂlou.volocitl.o are kept adaguate-
ly small, losses do not e:céod admissible limits, ConlldarnJ froa the

aspect of engineering technique, the advantages of this pattern of turbine-

puzp should in no way ba disregarded.
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SELECTED LOCATIONS FOR THE TIDAL POWER PLANTS
There are three main requirements governing selection of ;
sultablae iocation for a tidal power plant. The first requirement is the
economical justification for such a project in a chosen area and distance
to the poassible present and future markets for the produced ;nergy. Sa-
cond and thlré requirements will be, sufficient height of th; tides and

favourable configuration of the shore line., The higher the tide range,

]

the larger the amo?nt on;pergy that could be produced., A shore line
having a number of natural bays and estuaries create an ideal location
for the tidal power scheme, as this will help engineers to build artifi-
cial pools with minimm required length of the enclosing dams ln? there-
fora makes the préjact more economical,

The study of tEe tide hﬁlshta on the Atlantic coast indicatos
that the tide range increases slong the United States coa‘tllne from
south to north, reaching the following average heights; fa Rewport 3.5 ft.,
Boston 9,5 ft., Portland 879 ft., Bar Rarbor 10.b ft., and in Cobscook
Bay between the United States and New Brunswick, Cenada, 18.0 ft.

In the Bay of Fundy along the New ﬁrunluick cosst, the tide
range ataudllyjlncrnnlon towards the hasd.o( ths bay reaching st 8t, John
20.6 ft and at ;hu inlet of Chignecto Bay to Cumberland pailn?'55 te.
Along the Nova Scotia shore the process is repeated and tyc average tide
holght at Burntcoat Head {Minas Basin) ts equal to 81.6 fe. At Pore

George near Middleton, 26.7 ft., Digdby 21 ft., Yarmouth 17.5 !tf,
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Cape Sable 7 ft., and at Halifax h.hi fr. only.
From the above discussion it secems also, that the Bay of Fundy
offgrn the best poua}bllltlen for development of tidal energy than any

other pla;e on the Atlantic coast,

The most suitable places for erecting the tidal power ;lant

could be located in the following places along the shore of the Bay of . %
Pundy: ) h
(1) On the bordar‘ba:uneh United States and Canada, ths configuration
of the shore-line creates two large bays, they are COb;cook Bay and
P;l.tmaquoddy Ba§ with the St. Croix River estusry, A number of
islands located close to th; shore at the lnletlhto the above mentioned
bays creata an ideal location for a tidal power plant, BEven the aver-
age tide range in thie area is only 18,0 ft., the place itself offars
large possibiiities a&nd flexibilities to the d;ligner to pfoducc [
cont inuous lupply.ot power, using more than one pool systen,
(2) At the hesd of cyignacto Bay whers the lvafcgo tide renge is 35 gt.,
two bays, Shepody Bay with the Petitcodiac River estuary and Cucbar-
land Basin crestes also a very intaresting prospect for producing . N
enargy from the sea, in respect t§ the econonical aspacts of this
projact, the above two basins could bcﬂdtl@gnad as two aingle tvo-Lay
operating plants, or {f outside pumping energy is available to.conhlno
generating and pu;plng_opgratioal in such a mmner that two separate
tide cyclea, 8o called cycles of the second order, cen be developed,

This could be done in such a way that tha ttqf of tha peak-enargy

production froa the two basins bo steggered end supply sore continuoue
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power output, .

The otﬁer and*prqbably better layout uould-be to combine
operation oé the two bays into a two-pool scheme by using cne bay
as a high pocl and.the other as a low., The power-house in this case
could be constructed on the land peninsula between two basins and
water could be-diachnrged through turbines érom the high to the lower
pool through an artlficaliy excavated éupnl.

-

{%) The next possible place would be Minas Badin where the height of thae
tides iu-Fha highest in the ubfld, the average height {s Lver'EO fc,
The barrage could be built in the narrowest part of the Minas Channel
at the entrance to the basin, somewhere to the weat of Parrsboro,
Such a dam would cut off a large volume of the water at the high'tide
and a large amount of energy c;uld be produced, This project would
be & typical one-pool scheme {one or two-way opaerating plant) and
could not produce alone a continuous supply of power until supported
by auxiliary power sources, such as pumﬁ storage plant, civer hydro-
electric, or steam electric plcﬁt.

: (D

(4) Another two possible places vherg energy from tides could be produced

are located along the shores of Nova Scotias, They are S5t, ﬂnrylnay

and Annapolis Basin, where sverage tide height reaches about 21 ft,

These two bays could also be doyeloped into two separate sinjlc high-.

pool schemes, but such smaller in ar:E.thnn those previcusly mentioned,

In line with more attractive and available previcusly mentioned loca-

—

tions, these two places are certainly worth considering as future ro-

sorven of tidal power,
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CHAPTER VI

INTERNATIONAL TIDAL POWER PLANT

In the pteéeding chapter, a few suitablré places for location
of the tidal power plant were described, | -

First, let ue conslder the St. Croix River estuary with Passa-
maquoddy Bay end Cobscook Baj, as, f;r this area investigations includ-
ing area mapping, deep and shallow water drilling, under water mapping
and tide 3:3163 vere completad, This ?opld be easily understood as
Cobsgook Bay which is the area where in 1935 the U,58, Army Corps of
Engihaers atartca cohitruetion‘of the ill-fated tidal project.

This also looks attractive as cowmpared :1:h the other areaa
because at the presant time tﬁa Department of Mines and Technical Surveys
does not have coast charts prepared for such a promising area as Minas N
Bay at the head of the Bay of Pundy.

The project arrangmant thus leloctﬁd for désign includes 100
square miles of Passsmaquoddy Bay and 40 square miles of Cobscook Biy. o
This would involve both New Brunswich (Canada) and Main (U.5.A.) foterests
and tho;u!ore would be an lngern;tlonnl project. The renge 9! tides in
the above mentioned aroas near thf/,ﬂﬁ!h of the Bay of Fundy at the site
of the proposed tidsl project, varies from a minimm of 11.3 fe, at neap
tida to ; waximm of 25,7 ft. at apringrtido, avoiiglng 16.0 te, Duriq;
each tidal cycle, an average Qoluun_o! aﬁproxinntcly 70 billion cubic
feot of water vagularly onfcro and leaves both bays, ' N

Conlldarlnj destgn possidbilities including both bayo as & part

'+ of one project, :hl-‘uould be far auparior‘tbnn saparate dovalopzent of

104
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s .
either bay by each nation, Independent nep"arn;e projects also would a
involve {nternational complications concerning navigation, fish and

wild life and other aspects, A : .
. : 5
A power project using tidal pools is essantially the same as

a river hydroelectric project, The amount of power generated by both
wmathods is proportional to the smount of water flowing and the lu..d
through which it drops, Because the head at a tidal power proju.;t is
considarably less than at most conventional hydroelectric projects,
large quantities of water must be used to generate the szma emount of
power. Dams, channels, gates and a powerhouse ars nesdad for a ttfiul
project as for a power project on s river, Other factors such as a
rapidly varying head and problems o-f. salt water corrosion must also be
considered, Por use in a tidal project, however, these structuras
wust be built to extract power from a smaller head and grester flow,
The components of a tidal project may be arranged in many different ways
to genarate powasr, These mathods are described in the following pera-

graphs,

PRELIMIRARY INVESTIGATION OP THE TIDAL POWER OUTPUT
Before the best layout of the tidal project arrangement ca&n
be chosen, lat us consider & fev possible layouts which can be applied
to ~l’uutz.'naquc’\dt!y and Cobscook Ba;. |
For this preliminary inveulanr.toﬁ purpose soms n\umpuon
will have to be made nuélt!ﬂns the actual complicated prodlea so that

the powor gensrated for oach difterent layout could be cc::parotj.\
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. The assumptipna are:

(1) The average height of the tide for the investgg::;; area is 18 ft,
(2) The tide wave profile is a cosine curve having equation
y’- g cos %1 t o : o .
where amplitude g » 9 ft,
‘period T = 12" 25° = 12,416 bra.
variable t = time

(3) Bach connid.fid pool has ;ertlcal sidas and the constant cross
sactional area,

(4) Water lavel in the pool changes (drops) following ltrnight line
-ralationship between drop and time (dyI/dt = tonstant), ;ﬁtn the
turbines are in operation. This will indicate also that the flow
through the turbines (discharge) Q is constant in time t, ‘(dQ/dt -
constant), s'uch thaoretical sssumption is. justified bacausa the

samount of the water-flow through the turbine can be regulated to

bs constant under variabls head, e
!

(S) Minimum operational head for the turbines is sssumed to be 6 ft.

Single Pool Arrangemants, (1) The sisplest tidel project arrsngemant '
is the ‘ungh-pool plan, | Yo oparata the single high-pool plan, as
1l1lustrated on rlg.(&ll),:hn pool is f£1lled during high tide up to

8 fr, above m,s,1., after which the !tiltn; gntiu are closed., As soon
&8 tha head !rcﬁ the pool to the ocesn is large enough, power is genera-
ted du!tn# each tide cyt;lo, ov-r‘ a tioe period in which the water lovel

in the pool drops 6 ft. HNo power is gti:outed_ during the pool filling

LY
on the high tide. L. c




LEGEND

——— Operation without
pumping.

---- Operation with
pumping.

A , Powver units as
turbines,

B , Power units as
puzps. , '

D , Power units
inoperative, .

E , PFilling gates open.

'SLEVATION is FLET m3.L.

"0 1L ¢ & 8 10 11 14

TIME IN HOURDS

POWER OUTPUT

e 13 ta

I

N

> /
hm‘( )
u

e

\

N
oct
\

Y

\r

TIME N MOURS

POOL ELEVATIONS

SINGLE-HIGH-POCL PLAM
‘ '18. 6.10

2 & & 8§ 0N W I8 B W

X




fﬁ

(\/ | ' : 108

rig.(6-1)indicates tha; applying equation of the tide wave
oscillation y = 9 cos T%%ETE t, niniuu? required 6 ft. head for turbine
operation will ocecur 2.66 hours after high uaterﬂi?d thg power genera-
ting period would Sc carried out ovaf 5.7T4 hours when again the water
head will drop to 6 ft, at time t = 8.k hours. The maximum oPerntion;l
. head 13.53% ft. occurs at t = 5.75 hours., or 0.46 hours before low water,
Since, during the period 5.T4 hours water level in the pool

drops 6 ft., the average flow through the turbines will be

v 6A
[3

"t~ 575" %.075 billion cu ft/hr. = 1,130,000 cu ftfsec.
vhere: V = volume of ths wataer generating power
t = tine

A = area of the pool = 140 sq, miles = 3,9 billion eq.ft,
If steady discharge of Q ¢ ,J’}?‘n!'t./uc. is available wvith a
net head of h feet, the power P that cnn be developed from this quant ity
of water passing through s power gensrsting installation, cxpruud in

kilowatt, will be:
Q hwe

P(¥) = -7-57— (6-1)

whera: w = the unit waight of watar (in this cess nixed fresh and sea

water) = 63.25 1bfeu ft.
e = avarage efficiency of s power plant,
757 is ths n@or of foot-pounds per sscond in cne kilowett,
with an sssumed sverags efficiency of a power plant st 88 per

cent, the Bq, (6-1) becomas:

Qb
P (W) - 32

|2

(6-2)

ENIVERSITY OF WIKDSOR
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Table 11 shows'a relationship between time, operational, head .

and generated power, for one-way Opetat-_inj plant,

TABLE 11
4 : , )

Time Water Level Operational ‘Generated

t in pool head h power,. P
(hre) (£x) (£e) (\9)

2.66 + 8.00 . 6,00 514,000
L. 00 + 6,59 10.51 - 904,000
5.75 + 4,78 13.53 1,160,000
7.50 + 2.92 10.10 865,000
8.40 + 2,00 6.00 514,000

Nol:e': ‘Iln.gr leval in respect to t:a, 1.

It would be an _udvnnugc- in a single pool project to use turbines
that aleo oparate as p:umpl. This would nquiro snergy from an outside’
source, In the high-pool project, for example, the pool level can be
raised further by pumping for a short pcrtod.a!tor the filling ;nﬁu
are closed, The energy used in p;nlplns at a low head 1nc:n|u the pool
level, and increases t!m head during the subsequent generating pariod, -

(2) Using turbines which can gi_nautc power from flow in either
direction, a single mesn pool csn be operated as & high-pool during low
tidas, and as & low pool during high tides as shown cn Fig. (6-2), where
the nasn pool is filled and drained raspectively to 2ot |

This srrangement results in two separaste generating psriods in

cach tide cycle. Sincs, ths sversge pool level is adout the seme as ©24n

ses lavel, tho generating head is cixsiderably less then for bigh-pool
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fl

arrangezent, Because of th.a mllef head, total power generstion for
the mean-pool plan is less than for the previous layout,

The required minimum operational head of 6 ft.. will occur in
the pdol L4, 02 'hn. -aftér high water gnd \thu pover ganoutiﬁa ?criod will _V
last for 3,53 hrs. until the operational head will drop to 6 ‘-!Qt. at
t e 7:55 brs. and duri;ns this time the water level in the pool will drop
5 ft. Then the water from the pool will drain through the turbines which
are changed to orifices and at the time t « 8,87 hrs, after high water,
"level in the pool will drop to 2 ft, beslow m,e.l. R

The reversa process will stert agsin at t = 10.?5 hrs, when
the required oparational 6 ft, hu; will be avi!.lnbh, 'bur: this time
water from the ﬁcun will £low to the pool‘through the turbines, which
will sgain generate powsr for 3,53 hre, until ocean level in respect to
the pool will drop balow 6 ft, Then turbines agein will be changed to
orifices and the cycle will be repeated, |

The waximm cperational head 9,31 ft. will occur twice during
one ti;io period, 0,37 hra. bafore the time of the high snd low water res-
pactively, ‘ |
'\,/ Since, during both 3,53 hre, generating p,rib&q, water level
in the pool rises and falls 3 ft. each tims, the averags fiow through

the turbines will be:

q § - ﬁ! - 5.32 billten ci ft/br, = 922,000 cu ft/sec,

vhare ths pool ares A as Defore = 3.9 billton sq. ft,
Davelopsd power can ba expressed for asch of tvo generating

e

poriods ao:
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~ Table III shows a relationship between time, operational head
and gmeut'ad_pbnr , for two-way operating plant, <
| | TABLE 111 SR
W )
Time : Water Laval Operationsl ;  Ganerated
t . 4n pool ' ““head h power P
(brs) (£e) | (ee). - )
. e - '
| b2 42,00 // 6.00 " h18,000
_ | P .
.84 N R 9.38 . 650,000
T.55 a0 6,00 418,000
8.87 - 200 000 o
10.23 l. - e‘m "/‘ Gow B hw'mo
12.05 . - 0.46 9.31 650,000
1376 -+ 1,00 _, 6.00 | 418,000
15.08 L+ 2,00 ’ 0.00 .0

An 1nr.crul:tng up.ct of the -hn-pool u-un;-mt ie ths possi-
butty of wasting nur lron the pool to ;nn energy. This apparsat con-
tradiction is diagrammed by thc dotted lines on l:h. unglc-un-pool lllu-
tration, 1It %o nccowluhod by use of suxiliary .ntn. The gates ars

openad near the end of a generating period to oupp_l-n: the flow through
the tqrblhur, thi; .bulzqul:u the change in the pool level, The change
in péol lml- lﬁcrﬁ;u the h‘ud and écn!oqumtly the energy during the
!ouwtng genarating pnﬁod. E o . \ '
N furthar aodutc-:ton of the ungh-un-pool plin, oay
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mclqde both auxiliary gates Amd ad;!itionnl pumping at selected periods.
Yor this arrangement , the power units are oﬁeratad as turbines or pumps
with flow in both directions through the powerhouse, Even with thau’

auxiliary features, however, power generation vil:h-t'h‘il arrangement re-

,gl,‘linu intermittent,

Two-Pool Arrangements, The disadvantage of intermittent generation ie

ovarcome by the simple two-pool plan as illustrated on Pig.(6-3). The
high pool, having the ares of 100 square siles is filled during high tide
through ons set of gates, and the low pt;ol, having area of KO square miles
emptied during low tide through & ssparate sat of gates, B8ince ons pool
1s operated at & high level and the o:huf -i a low level, conventional
turbines which permit flow in ons direction can be used, The two-pool

plaa ptioducu varying but continuous power,

2

To compare this opsration with the previcusly described cne-pool
arrangemant, lat us assume that maximm water level in the high pool will
reach 8 f£t.. Then, during the pefiod of 9,54 hours, tha watsr lml in
the high.pool will drop 3 ft. and the f1lling gates for the high pool will
bo open at time t = 10.47 hours, as ths high water 1s approaching. PFilling
process will take 2,83 hours and the water level agein will resch 8 fe. at
the time t = 15.55 hourl, ofter the first high water, '

The low pool having 2.5 timss smaller aru, will drain its water
volume at low tide to the lowest level 8.5 te. bllou w.s.l,, and theo the
exptying gates will bo closad, As thare ﬁ a continuous flow of the cone

stent volu:n of the water from thp/ bigh to low pool, ths water lsvel in

the low pool will tncruu 2.5 times faster than it m““" in tbe h“h

J
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pool, This will last for 8;95 hours and at t = 15,85 hours, the water
level in the low pool will reach its peak, 1.5 ft, below m, a1,

Since the high poolr level is always above m.8.1, and the low
pool 1s_ahnyo below and the difference between these two levels is creat-
ing operational head for the turbines which never drops below the minimum
required height of 6 ft., a continuous supply of power is produced,

The average discharge from the high pool to low is given as:

q - ..:. - 5%5 = 850 million cu ft/hr, = Ehh,m-‘m ft/sac,

vhere: A= irea of the high pool = 100 sq. miles = 27878 billicn
aq. ft. '
Dovelopad power can be axpresssd Yor this eonul’uoua genarating
pariod by Eq. (6-2).
Table 1V shows s relationship batwesn time, operational head

and generating pmlr for the two-pool arrangedsnt,

TABLE 1V
Timo High Pool \ Low Pool Operatiqnal Genarated
t level lavel head b power P
(bre) (fe) ~(ge) (£e) . (xw)
0.93 + 8.00 - 3.h2 11,42 211,000
3.43 + 1.21 - 1,50 8.11' 161,000
6.89 ‘612 -850 . W6 270,000
10.b7 + 5,00 - 5.68 : 10.68 . B 196,000
13.35 + 8,00 - 3.h2 11.42 211,000
" 15.85 + T.21 - L50 | 8. . 161,000
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Conclusion. A single high pool has the aeriocus disadvantage of pro-
ducing discontinuous power, because no power can be g::na'uted_ without

a sufficient difference between the level of the pool and the level of
the ocean, Thus no generation is possible until the ocesn has receded
sufficiently to obtain the difference in water levels, or power head;

nor is generation possible on the rising tide aﬂ:u'. the level of th;
ocesn bacomss too high to provide this minimm nacessary l;ud. Yor simi-

lar reascns, a single low pool will produce interrupted power, Also, a

L

single mean pool, even when with suxiliary featurss such as gates and
puzps, is not abie by itnl! to deliver an uninterrupted supply of power,
This dieadvantage is avoidad in the two-pool plan, which gensrates vary-
ing but continuous emounts of power, ,m-. .continuocus power is achieved
in the two-pool plan by emptying and filling gates so that the level of |
‘%ns pool 1e slways lu!!tcicntly higher than the other,

As the l‘:oady supply of power is the most important factor,
the two-pool arrangement is the most attractive ons and will ba discussed
in ths following,

‘ THE SELECTED rmn. PONIR PROJECY

From comparative mlnu o! a cumber of single-pool and double-
pool echemss, it becams evidant thet condltlonl at humm“!-toucoot
were particularly well suited to a m-pool tidsl power project. ‘

The project arrangement thus sslected for deaign tocludes 100
square miles of Passsmaquoddy Bay as the high pool 'ﬂ‘ the 4O squars siles

of Cobscock Bay as tho low pool, with a ponrbouu located oo Moose Ieland,

northwest from Bastport, m narrowest part of the llltnd will be excs-

voted to provide the headrace for th_o powsrbouse, The locstion of tbﬂ.
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tidal power project and the general arrangement of the selected layout
_is shown on Plate 2, where tim arrows indicate the direction of the flow.
With 34 generating units rated at 10,000 kW each, operated at 15 per cent’
above rating capacity for short periods during spring tides, the outpu:‘
of the tidal power plant would ranke from 72,000 to 59'1,600 kW, A;.rerage
energy generation would be 2,025 million kilowatt-houras a year,

' About 33,000 linear faet of tidal dams will be required, which
will be composed of clay core supported by flanking dumped-trock fills,

The salected plan calls for 100 filling gates, 50 in Letite
Passage and 50 at Deer lsland Point, North essst from lndian Island,

&5 cnptyﬁ\g gates, and ‘5 more &t Quoddy Roads sipilar to the ﬂll.\lng gates
but ul\: at lower .nlcvatijn would be needed to empty the lower pool., A’
“vurttcal 1ift gate, 30 ft x 30 ft sat in the venturi throat would be re-
commanded for this project, as the venturi throst permits maximm dis-
charge for a given gate area, \

Tour nlvtpt.io:{ locks would be ;oquiuﬁ for this project. . Two
locks, approximate diwsnsions, 100 ft x 25 ft qd 12 ft, one in the passage
batwsen McHaster end Pandleton lalands and the second at Quoddy Roads to
pass fishing vessels, Another two locks, spproximate dimansions 500 ft x
60 ft x 25 ft, one at Head Harbour Passage and the second at u-mm'm-- -
age north of Bastport, would pa:u the largs sesagoing vessels,

The topcgr;phy ‘;! the sslected ares permits many different
irrcﬁstalnt.‘of the coaponents é;'a large scale two-pool project. Cobe-

cook Bay has much llatfor shores in iht tide rangse than Passamaquoddy Bay

for t)hu rosson the ares of the tidal pools would be lar;cr_u Cobscook
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Bay would be used as the high pool and Passamaquoddy as the low pool,
contrary to the selected layout, An impértant advant#ge of the selected
plan over the Cobscook Bay hlgh' pool plan ia that all Passamaquoddy Bay
and He-tefn Pansage uould-be iﬁ the upper pool where the water aurfadq
would vary b?tuuen el. + 2,21 ft and+11,85 ft, inatead of the preasent
maxieum varistion between el, & 12.85 ft in respect to m.s.l, This
uoul& improve navigation and harbour depth for ports in Canada nnd
United. States, The controlllﬁg depth for nlylgaélon in St, Croix Rivar
to Calais, Maine, and §t, Stephan, Rew ﬁruhluick, would be about 22 ft
st msan low stage of the upper pool, instead of the nitlttng T £t at
wesn low tids, For this reason, the Passsamaquoddy Bay high plan was
adopted,

Pls.(?-h)illustrntca the typical cycle of the :lﬂgl/pléﬁq
operation, where the power output of the pcltctcd two-pool plant would

vary with the ebb ‘and f£lood of the tides,

" FILLING AND DPTYING GATES |
For the abova projact, a 30 ft x 30 ft vertical-1ift steel
gate sat in & reinforced concrete venturi throat would be selected, The
venturi throat was sslected because, smong other important advantages,
it permits maximum discharge for a given gate artss, ‘81ncg the filling

gnd cmptying gates are submerged, the flow through them can be expressed

by formula: )
q=ca Vah | (6-3)
vhere: Q = discharge through one gats, cu fefeoc

A= cross-sectional ares of the venturi throat in eq ft

'hl « watoer head on the gate in ft. e
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C = coefficient of discharge (representing the product
of the experimental coefficient Cv due to friction-
al effect and coefficient of contraction cc)

Assuming that C = 0.9 and Ag = 900 8sq ft
Q = 810 23!11 = 6,500 " hl "

The head on the gates h,, which is the difference between

1!
vater lavel in the pqol'and the ocean, changes with time., Since the
water level in the pool is not only a function of discharge @, but also
of the pool areca A, Mhich varies with configuration of the pool, the
variability in ticme of hl can be nccﬁrltely obtained only by psrforaing
model ntﬁay.

However, in thia case, the initial and final elevation of the
pool leovel is known when the gates ares open ;nd vhen they are closed,

aleo the time in which thla\dfi;ercnco will occur, so by using the sverage

values of h, and Q, this problem cen be solved,

Filling Gates. Plg.(6-5)lhava saven ordinates representing different

values of h,, using the average tide hefght 18 fr. The solid line AB
indicates the average change of the water lavel in the high pool, and

the dotted line A C D B shows more agcuutaly.thu change of the water

level, ‘ , .




t=13.35

9312 , : w"sa "t Hre,

Pig. 6-5. Head on the Filling Gatcs.




TABLE V
t o .y Yy h,
(hrs) (hrs) (£r) (fe) (£e)
10.47 o - 5.00 0 0
10,83 0.36 6.1 0. 575 0,765
11.19 0.72 | 7.29 0.75 1,54
11.55 1,08 8.10 1,125 1.975
- 11,91 1.k 8.74 1.50 2.2
12.27 1.80 ° 8.99 o L.87 g.12
12, 65 2.16 8.95 2. 25 1.70
12.99 p.52 8.65 a.'éa 1.03
13.35 2.88 8.00 3,00 0
| IE = 1037

From Table V

h, (average) = .1.1-711 = 1.65 tt and VB_ = 1.275 fc.

When the gates are opsn the water levkl in the high p&:l-vill riso
3 fr from minimum to meximm level in £.88 hours, so that tha average

flow through the gatco will be:

Q" Eﬁm - 80),@0 cu ft/sec

vherc<:vlraso high pool area A = 2. 7878 billion sq ft.

The required number of n 3;:.. can ba obtalncd from;

"= 5zwyE, - 0

Boceuse of tha constant and rugged uso of the gates, 8c=3 will have to

~ bo repaired petiodically and therafore threo edditionsl getes will 'be
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> added, bringing the total amount to 100 filling gates.

Emptying Gatea. The same procedure will be followed for finding the

required number of emptying gates. The solid line A B, Fig. 6-6, regf

resents the average change of the water level in the low pool, and the

dotted line A C D B shows more accurately the actual change of the water

level,

{hra)
3.430

3.862
4,295
b1t
5.160
5.592
6.025
6.457
6.890

Prom Table V1
h (nvorlgﬁ) -

When the gates aro dpan, the water level in the low pool will
chanéo from maximum to minimm level in 3,46 hours,

flow through tho gates will be:

e

Iae

(hrs)

0.
0.4325
0.863
1.297
730

2162

2.595
3,027

'5.h§o.

14,08

T

TABLE V1

y

(£e)

1-50

3.15
5.16

6.60

7.75
8.56
8.95

8.90

8.50

41

(fe)

0

0.88
1,75
2,62

'3.50

ho)?

5,94
6.10

1.00

= 2,00 £t and yfb_ = 1,418 &,

c; that the avorage
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Pig. 6-6. Head on the Emptying Gates.
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A
a’ }.hG x 3,600

- Q "=, 624,000 cu ft/sec,

where the aiefage low pool area Ai = 1.11 billion &q ftl

TE required number of emptying gates will be:

Q
n-,___n.__.—..677

, 6,500 #ha - . 9
For the reasons previously ment ioned, tdtnl amount of filling
- "\ . -

gates will be increased to TO.

POWER OUTPUT OF THE SELECTED TIDAL POVER PLANT
Ptg.(G h)introduced betore, indicated that p&uer output of
the tidal plant varies and chlngeo uith the height of the tide, The
‘maximun pauar output uill be during the spring tide, when the tide height
is maxlmum, and minimum output during the neap tide, as the genernstng;
-hnnd on the cﬂrﬁfne. will bc minimum,

- Because of the small {n height, but continuous varintton o}
the gnndrdiihg head, it would bt advantageous | for the tidal power plnnt
'to have automatic control ol the water volume tloulng through the turbines,
This uonld make it polltblu to _have a donltnnt rete of discherga, in tiso
and volume, paltlns chrough the povurhoula nnd 5on9rnt1n3 powver, -

The average dl.chnrgc cllculatnd previocusly for an 18 £t tide,
= 244,000 cu !t/l.c: can be llnunnd a. :hn average !ot all tides and

nutounttcally coatrollad .to remain constant undar variablo water hoads,

Furtheruorc duttng the generating pnriod vhan tha gates aro

closed, changes of the wvater level in the poolu are rather apall, 8o the e

2

| arca of the poblu will remsin sleost unchnnacd. Basad on the above, it

r
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can be assumed with a certain degree of approximation that the water
level in the high and 1;u pool will follow a straight linéﬂrelatidﬁheif
{in respect to the time, This 1a‘p;rticu1ar1y true_in the care of éhe
high pool, %;Bsamaquoddy Bay. |
Since the object of thie thesis is to determine the possible
r;nge of the power outpup only, exact analysis of one or more tidal cycles,

each 29.6 days, will not be necessary. Only the'maximum nnd ainimue tide

will be conaidered as the average tide was already 1nvest13ntud

Spring Tide. The height of the npring tfﬁi}il 25,7 £t, the preceding l;d
following tide have an approximate heisht_of o, 7 fr. Equation
y = 8 cos (znlla.hIG)t tepre|enta the tide wave profile of each tide
vave separately. The amplitude = 18 equal to half of the tide height
and varies 6 in. with each successive tide. |
The high pool water lovel will reach its maximum height 11.85 ft
“.at the time t = 0.81 hrs (assuming that hlgh water of the spring tide
occurs at t - 0), and then the filling gates will bo cloncd and tho wataer
lovel will begin to drop dovn.. The maximum 3unorat1ng head b = 21,24 ft
will occur at t = T.03 hre, The water level in the lowv pool will reach
{ty minimum level 11,35 ft balov m.s,1. in O, g2 hre after lov water.
_ The maxicum power output using the nvoraae diecharge . Q = 24k ,000

cu ft/aec will be

Q.hm
Poax = Tii2 - P20

Reap Tide, H‘tght of tﬁo neap tide 18 11,3 £t and 1o preceded and followed

by a tide having thn halsht of 12,5 fr, To obtain the absolute minioua

value of the gcnaratlus head which cen occur ¢uring the nesp tids, it will
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be assumed that the léw‘uater of this tide occurs at the time £ » 0 hrs,,
and is followed by the high water of the same tide :E ; = 6,208 hrs,

The low pool will reach its min@mum level 5,16 ft below-m.a.ld
at t = 0,83 hra, and then the emptying gates will be cloaed; The low
pool will rise 6.35 £t in B.O7 hrs, reaching its maximum level 1.2 ft
above m.8.1. at t = 8,89 hra, The ab;olﬁte minimum generating head
hmin = 39 ft uili occur at the aame time, because the high pool on the
other hand, reached its maximum level 5.15 ft above m, 8.1, at t =« 7,03 hrs
and since that time was dropping down,

The minimum possible power output uilng the avérage previously

wentioned diacharge will be:
r ’ o
Pn ™ QPatn = 72,000 k¥
3.2

Table VI1 shows comparison botween maximum avarage and minioun

tidal power output. oo

TABLE VI1
| / | Max,head Min, head P max, P min,
( (tc) (tt) ) (k¥)
Maximum tide 21.2k 15.65 393,000 290»000
Average tide 14,62 8.71 270,000 161,000
Minimum tide 8.41 3.9 . 155,500 72,000

Solecitng 3l generating units rated at 10,000 k¥ each, operated

at’15 per cent above rated capacity

the output of tha tidal pover. plent would renge from 72,000 to 391,000 w,

Average encrgy B generated during oneo year would be?

for short periods during spring tides,
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E = 231,500 x 365 x 2k = 2,025 million kilowatt-hours aryear.

TURBINES

<

Deaign of an economical 34 unit power house of miniwum length

to fit the available site and capable of handling a tremendous volume of

.discharge, indicated the use of turbines as large as possible, The tur-

bines selected for this project are the European lhplan, and due to low

and variable operating head, the large turbines would be connected to

+

generators with a relatively low rating of 10,000 kW,

.

In this case the selection of the following dlmcn;iona of the
cuzbines and powsr house will be investigated under average conditions
only. .

§
The operating hoad will vary from 3,9 ft to 21.24 fr, but the
average power generating head is 11 £t, This value represents an aver-
ngh of ten ordinates taken during the t}de height of 18 ft, For the
same tide height, the average flow through one turbins from high to low
pool will be: | '
’ Q - EE%:QQQ e 7,180 cu fr/sec

and the power gensrsted by one turbine under an 11 ft baad will be:

\

P 5,980 M= B,0000p |

' \_
Normal Speead, For design head h = 11 ft, Ksplan turbine viﬁh N, - 180

o : A E

will be ioloctcd.

4
“'hs, . 1B0x 20 40
s LA

onal speed of o turbine runner,
/

e

whero: N = normal or operstt
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N = specific speed which is defined as the speed of a ﬂ

v

homologous runner when it has been so reduced in size
that it develops 1 hp ‘'under; 1l ft head,

P = ge&erated power = 8,040 hp,
&
Synchronous Speed In a imodern hydroelectric plant the tuxbine is

directly connected to an alternating—cutrent generator of a given fre—
quency. Every alternating-curtent generator must have an even number
of poles, and preferably a number of poles divisable by 4, FPor the
sake of synchromization, the turbine speed must confora to the speed
of the generator., In other words, the following relation will hold:

_ 120 £ _ 7,200
P - P

N rpa

vhere: f = electrical frequency = 60 cycles/sec.

p = number of gencrator field poles

=

- 7,200 - 7,200 _
' To - 180
200.
Using 180 poles, N = Itaﬁ— = LO rpm

' : nyP
Corrected specific speed N = —3‘}; - 179.5 ¥ 180
h T

Unit Discharge, A turbinec may be considered as & kind of orifice to

which the lsws of discharge through orttlccn under variable head can

be applied, The £ollowing formula for dtacharge through &n ort!lcc can

therefore be applied as well to o turbine:

q = 2202 {ash B - (6-5)




1)1

where: C = coefficient of discharge

Do = diameter of the orif}qp or of the turbine runner

\"-f
-

Specific Diameter and Model Ratio. BEliminating Q from the following

relations
P c Qh see Eq. (6-1) )
qQ & D° 'K see Bq, (6-L) - o

(=]

solving for D;,

& € |
DO(I WOTDOHDB-hj :

Where D to be called spacific diameter which 1?Jthe dismeter of homo-

i

logoua runner developlﬁh 1 hp under 1 ft head,

. gﬁ | (6-5)

{n which m is the model ratio, then

Let

D = oD (6-6)
. 4] ]

This means that the specific diameter multiplied by the model ratio

should give the nominal dllmn;er'of_the runner,
~

Determination of the Runnar Discharge Dismeter, The outlet or diecharge

diemeter of the Xaplan turbine is messured at the throat or the taop of

the draft tube, and ie only slightly larger than the nominal runner

diameter, It will be {ndicated by'DS, (to distinguish it froa the

general E;uc), and it will provide a very useful bage figure which can be



132

used to determine pfeliminafy key diménaions of the scroll cnaé.and
draft tube and also the over;all dimensions of the substructure of a.
powerhouse,

The model ratio m, of the given turbine to a homologous tur-

bine which will deliver 1 hp under 1 ft head may be calculated from

eq (6’5)- .
-. P - 89' - ' /

The specific diameter Dn {n inches may be calculated by the following
experience formula:

113 113
0 3 1800.5&

D, = 19.3 in,
A

The required runner discharge diameter

Ds - oD, = 287 in. ¥ 24 ft,

8olving Eq.(6-L)for C, using orifice diemeter 24 fr, and
average diacharge Q - 7,180 cu !t/aoc, the coofficient of dlnchurse c
will be equal to 0,6, This value appears to be in the range provad by

{
-exper iments,

The Scroll Cass, Having a rated turbine at 8,040 hp and variable head
from 3,9 ft to al.aﬁ:t:, a concrato fypu :piral scroll case should be
selected, Fig. (6~7)¢hovl‘tho main acroll case dimensions for the pro-
peller-type runner, rccaunundad by the U, 8. Bureau of foclamation,
Intake width c = 0,85 D5 - 204 ft; assumad 20 £ and b in.

Intake entrance total = 3¢ ¢ 12 £t = 73 fe.

The net entrence croes-ssctionsl ares of the rectangular -croll case -

U
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Pig. 6-7. Setting dimennions for preliminary estimates, propeller-

! type concrete scroll.
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Reaction turbincrdraft tube.
(Bureau of Reclamation).

FPig. 6-8.
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will be A = 51 x by = 2,860 eq £t.

Water velocity:

Q .
V- K% o %fé%% = 2.5 ft/nec

which is less than the permissible water velocity for the concrate

scroll,

 The Draft Tube. Pig. (6—8) ahows the praliminary recomzended basic out-

lines of the draft tube oultnbla ‘for the Kaplan turhina. The approxi-
mate vertical dhuncc from t.hc center line of the distxibutor l:o the
center line o!l the propeller mﬁnu \_.4.11 be a = 0.kl I:D5 - ,9‘85 !t;
assumed 10 £t, The minimum draft tube haight from the center llna.o!.
the runner to the bottom of the tube = 2,5 D) e 60 ft. The ainimm
length of the draft tube from the center line of the turbine = 3.8 D, -
91.h_?t; sssumed 100 ft, The éverall width of the draft tube will be .
altered to 3.1 03715 ft, and the height at the outlet of the dfnft‘tubo
will be 1,415 D, = 3 ft, The cross-sectional arca of tye draft tube
at the distance 1.35 Dy from the center line of the turbine .wul be

Ay = 2.68 05 x 0.87 05 w 1,340 sq £E.

Water outflow velocity:

qQ ‘

. 180

v e = . ft/aec,

LT - 5.35 l

The rocommended cutflow velocity uay vary from b to 8 ft/eec,

houss : . ‘
Pmns Arzangement, The powerhouse would be the outdoor type, with 3h

pain unit bays, havtni vidth 175 ft, as shown on rig. (6-9). The pover-

house arrsngement vlli ba bascd on size of the water intake sections,

-
s

~

- e ——eE
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each having three water passages 20 ft and & in,, with two interior T

and two end plers, each & ft wide, making a total bay width of 85 ft,

thgy.yould bring a‘total length of powerhouse to 2,9Q0 fr,

§

cavitation, The ‘absolute pressure at a point of minimum pressure in a

turbine may be expressed in feet of water, as follows:

Rt ~ hotm = e~ %E “ Pt ~ hn"éh (577)
where: hntm - ;tmnspheric pressure
h; = draft head, or distance “from £nilwdter to the
point of minimum pressure, vhich point 1e usually
taken as the conter of the propeller runners.
e h6 = velocity head proportional to the total head h,

{n which 6 1s a cavitation coefficient.

Cavitation will occur when the absolute pressure is equal to

-
the vapour pressura hv' or .

h -h -€heh (6-8)

atm o v -

substituting hb - ha;m - hv

h,-hb-&h : (6-9)

/—"‘\ o
For the sverage year round water tcmporhture of 50 F and plant location

on the ses level hb - 33,5 ftr, and for \‘ - 180, 6= 0.85; Eherc!org

- 55,5 -85 x 11 = 26,15 £t

-

This indicates that cavltatlon will occur when tha tucbine runned tn

set at 24,15 tt or more above tho low pool wvater level., Thero ll no

danger of cavitation in thic case es the turbine runner will be pet below

]

e |
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the low pool water level, and-the absolute pressure in the turbine will

never be low enough Lo reach the vapour pressuxe value,

Runaway Speed, The runaway speed of turbines is the maximumfspeed that

the runner ‘could rotate under a glven hend and gate opening uith no ex-
ternal lohd (i.,e., no t;rque on the turbogenerator shaft), Fox Kaplan
turbines, it is generally 2.5 to 3 times the noanl speed.

1t would belrecouumnded that the runaway speed NR would be:

Ny = 2.T5 Ny = 10 TR ad

GCovernor, A hydraulic turbogenerntor installation must operate as close-
ly as possible to a constant speed to maintain control over the frequen-
cy of the elcc:ric currcnt produced, for convnnttonnl Lypo governore
it is required to control the speed mechnnically- withiﬁ a maximum in-
crease or decrecase of 30 per cent of normal speed,

/ The speed change qu to variation {n head can be couputcd froa:

/2
Speed in per cent of Normal Specd - (1 - Eﬂ) / 100

-
where h = nprmal head, and Ah = rise.oT drop in head. 3
hoax " 21,24 ft
hdeaign = 11,00 ft
h - 3,90 ft

min . ”
(1) The head increase ph = 21,25 - 11.0 = 10,25 ft, Speed ln_i of

10,24 / - .
Normal Speed = (y + _—TT_’ 16b « 1%9%. Speed t{ncroased 4

(2) The hend decrease Ah = 11,0 - 3.9 = 7.} ft. Speed tn $ of Hornnl

speed = {1 - 2—-—-) 12 100 = 59. 5%. Sﬁeed decreased = 40, 5%.

—
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A specially designed governor for the tidal power plant must

be used, as decrease and increase of the speed exceeds 30k,

Dismeter of the Generator Stator. Approximate diameter of tne genera-

tor stator can be determined from the formula:
b, = L 68 p0.h66 kVA0.253

where: p = number of generator field poles
kVA = capacity of generatbr

e

D = diameter of stator in inches

5
Capacity of the generator = lgﬁggg = 52,500 kVA

where value 0.8 is the 80 cnlfza_powcr factor (ratio of the effective
to the impressed voltage).
For p = 180 and capacity of generator = 12,500 kVA,

p, = 476 in - 39.7 ft.

Weight of the Turbogeneratorl. Heighc of the turbogeneratol can be cal-

culated from the. following relationship:

vl - 700,000 (kggll'zs
(rpm)°

where: W & the weight of the revolving turbogenerator in pounds

R = the raaiun of gyratldn_of the revolying =massch in feet.

Rndluo.ot gyration for a circular turbogenerator, having dl!ﬂﬂtef Dl,

v

: . D’
R- K-r.'9.9h fc
ity of generator

For ;hc noréalfnpeed of the curbidt = 4O rpa,snd capac

will be:

- 12,500 kVA,
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Cranes, Two 300 ton double-trolley gantry cranes haviﬂg“an'BO“ft span
will be required to operate along the full 1ength of the powerhouse
and erection baye, The largeaé aingle load lifted by the crané will

be the turbogenerator, having the weight of 575,000 1b,

Corroslon. Preventioﬁ of corroston of metala nxpoued to sea water 12
a considerablé problem in any marine installation, Corrosion would be
particularly sericus in a tidal power plant because the turbines, for
example, would be immersed in sea water at all timns Corfoslon can
be controlled to some extent by using metals with @ hlgh degreoa of
natural roslstance, or by using protective coatings, Stainless steel
‘having a content of nickel and chromtum is knoun tb be very rasistant
to corrosion, As this mntal is costly, it cannot bo used in overy
place where corronion resistance io needed excapt for the moat essch<
£inl parts, such as turblne_blndoo, discharge rings, wicket top and
bottom plates, and topmost b to 6 ft of the "draft tubo liner, The lesd

importnnt olementn auch an tranhrncks, guides, and gates could be fab-

Ticated from structural 3rldo cnrbon stoel and can be costed with &

coal tar or ensmol primer coat,

AUXILIARY POMER PROJECTS R
( ?I power from the ttdnﬂ project 18

or load carrying purponal,

1ln1teé“to the capacity it can furnish under ©ost -dvarle conditicn®

(ih this case 12,000 kﬂ).‘ All output im cxcess of this capacity tl
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not dependable for serving loads and would have value ounly as a non-
firm energy. This excess generation is considerable and to make it
dependable for serving. loads, it must be Efirmed up by the usc of an

auxiliary source of power.

Comparison of Tidal Pouer Qutput with Normal Load Patterm. Eoch tide

wvill“fi1l the upper pool of the tidal project tegnrdless of the amount
of water used to generaté energy in the previous cycle, Water left un-
used would be wasted, Somewhat similar in thie respect‘to al“run-of-
the-river” hydro-electri; plant where nﬁ storage 1s avallable, energy
generated by a tuo-pool tidal plant must take full advantage of the ebb
#nd flood of the tides. Power must be gencrated from each tide before
the ngxt tide occurs or it 1s forever lost.

‘The tides follow closely the cxclcs of the moon as it circles
the nnr;h at vafying distances, There are two high tides in a lunar day
of ot hours and 50 minutes, Therefore, “high nnd low water tides occul
50 minutes later each day, 1lf o tuo-pool tidal plunt {s operated to -
extract 03 much ensrgy as possible from the ttdcl maximum powel pro-\
duction would occut ahortly nft;r low tide. Minimum powor produc{%&
would occur 2 to ) hours before lov tida. - | A

ﬁan of elnctttcl;y follows the pattern of the 2L-hour solar
day, Maximum and ninlnum demands for cncrgyﬁoccur at about the same
time cach day, ainimun deulnd occurs on ucekendl and holidays, and the
pattern of use durins each wook 18 lpptOllnltcly the sans. Thereforo,
the oaxioun demand cen occur st timed of ainiou tical bavcr roduction

with the two continu.lly,ahi!tins with rqppccc to each other 82 that the
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pinitum demand would also occur at times of maximum tidal generation,
In addition to the day-to-day variation in the tidea, they also vary
through a 1k, B—day cycle from spring tide (high i::;@h)to neap tides
(lm.r d‘\,hngea) and back to apring tides,
Pig.(6—10)nhows the-output of the tidal plant for one week
compnr;d with a typical load curve, In this particular case, the
spring tide and maximum power output occurred Sunday after wmidnight,
The load curve shown has a total ann?nl energy of 8,450 million kw-hr
ond a load factor of 60 per cent. it ls repreaentntive of the combtned
utility loads in Maine and New Brunswick expected in about the year 1975.
The load fnctgr is defined as the ratio of the average lpad
over a designated period (one year in this case) to the peak load occurr- |
ing with the same period, Pig.(ﬁ—ll)nhous duration curves of syacem
load and tidal plant output, and Fis.(b-la)nhoua duration curve of systen

load minus tidal plant output,

Tidal Power in a Large System. 1f the tidal power were & suall portion

of the total ppwer required by the market, the fluctuations in ocutput

due to the varying tides would not be a serious problem, The other
generating plants in the power system could adjust thelr output to -upply
the ditterencn between the tidsl plant output and the demand, The pro-
posed tidal power project would, however, furnish a sizeable asount of
power to the parket of tha region. Thus, the other plants in the system
would bolrequlred to generats pover at varying vates according to tha
difterence between the tidal plant output and the demand. 0o 8 long

term basis, and using the typical load {llu!fratad on Fig. 6-10, ths
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other plants would haQa to operate on & L7.6 per cent load factor,

The continually changing tidal output would cause the load on the
repmaining plants to change continually. The generating pattern would
also change, and the pattern for Two consecutive days would not be the
pame. These variations would be greater than are normally experienced
;y a generating plant, Since these variations would be less acceptable
than regulating for the load alone, the addition of an auxiliary source

of power to the tidal plant would be essential.

Tidal Power Supplemcntad by Auxiliary Fower. The primary purpose of an
auxiliary to the tidal plant in-to supplement the tidal plant output
during periods of low generation, The combined output would lu}ply a
portion of the system load so that the p.ﬁtarn of the remaining load
would be accept;bla to the other generating ﬁ}untl of the system,

Tho design of an aﬁxiltary power source must take into consi~-
deration both capacity and energy. The capacity problem can be solved
simply by designing the auxiliary plant for a given dependable cupnci:y;
the combined dependable capacity {s then the sum of the {ndividual capa-
cities, The energy poses & grcn:er problen, einca the auxiliary pover
generation requirements® would be high during noap tides and considerably

less during spring tides, °

One method of firming che tidal plant output would ba to stors

a portion of the tidsl plant energy bY punping water €0 8 storsge reservolr

during times of high :16.1 plant cutput. The stored water would then be

tidal plent output is low. BY sltsrnate-

used to generate power when the
uqﬁ;gtltor-go suxilisry uould rcgulat-

ly pucping and gencrating, the p
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r
the tidal plant output to meet Cthe %arying load demaﬁd. The pumped-
storage operaﬁion-uould actually result in a decrease in total energy
becavbe of pumping and rege;erntion losses,

. another method .of firming the tidal plgnt output would be to
add energy to the tidal plant output.from an auxiliary power source
such as hydroelectric or ageaﬁ-electric plant, The auxiliary energy
would be added so that thﬁicombined tidal plant and guxiliary energy
would form a pattern similar to the system load, As the energy provided

by the auxiliary is increased, the more closely could the combined tidal

plant and auxiliary output form a conatant proportion of the system load,




CHAPTER VI1
INTERPROVINCIAL TIDAL PGWER PLANT

A very promising and purely Canadian ridal powerl project could
be created by combined use of Shepody Bay and Cumberland Basin, located
at the head of the Bay of Fundy between New Brunswick and Nova Scotia.

Shepody Bay; with an area of 75 ®q. miles could be used as
the htgh pool, which also would {improve navigation on the Petitcodiac e
River, Cumberland Basin with an area equal to 50 sq. oiles (after soxe
improvementas, could be uped as the low pool.

Plate 3 shows proposed Interprovincial T{dal Power Project
layout. A aumber of filling gates and a navigation lock to pass sea-
going vesaels, could be located at the entrance to Shepody Bay. The
emptying gates, also a small navigation lock to pass fishing vessels, N
could be located at tho entrance to Cumber1and Basin. The f11ling
gates and the nlvtiatton jocks, should have the shape and size as prove
{ously described for the Pallnmnquoddy T{dal Power Project.

The best locstion for the power house could be at the narrovw-
est point of the puntnlulut, separating two pools at Pcck'l Cove, with
excavated area for the head and tallrace. With ST“ﬁenerattng units
rated at 10,000 | L] ;ach opcratcd at 15 per cent above rated capscity
for short periods during spring tides, the outpu: of the tidal powert
plant would range from 318,000 ¥ to 1 000,500 W, Average energy

;anerntgon-vould be 5,180 million xWh & year.

Reight of Tides. The tides at the head of the B{g of Fundy eré propa;a:cd

up the petitcodisac and othel rivers. The lower pavt of the tidal oscill-

s by the upward

atfon is gfndunlly cut oft with progress up the tiver

L7 : | \\
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slope of the river beds. The upper part of the oscillation is, houéver,
graduslly 1ncieaaed, partly by friction and partly by the decreaaing cro8s-
gection of the river. This rise in the high-water heights 1cvels-off as |
the ﬁbper Ffﬁlt of tidal watexs ie approached. At Cape Hopewell in the
jower reaches of Petitcodiac River, the largest tides rise to about 24 fe
above the level plane of mean aeajlevel, on the other hand, the low water
of this tide falls to ab§u£ 23 ft below mean gea level.

Maximum tide height for the above project will be assumed as
47 fr, average tide height 35 ft, and minimum tide height 23.£t.

~

Two Pool Arrangement. To produce & continuous supply of power, a two

pool plaent mast be gelected. The {nvestigation of the possible power
output.wtll atart (Ga in Chapter V1) on the average Fide hctéht. By '
using di!ferent volumes of flov through the turbines (dinchurgc), differ-
ent Tatios between maximum end minimum power output could be obtained,
Figure {7-1) shows typicaol operation and power output of the

Interprovtncial Power Plant, using the average tide haight of 35 ft. In

this case, assumed eleovation gero io jocatod 6 1nfabovc o.8.1..

The £illing gates will be closcd when vater level in tho high
pool will riach lfl max fmun lavel + 16.5 ft at time T = 0.67 hours, after
high water. The water level {n the high pool will drop 6 ft tn 10.47
hours, and at t = 11.14 hours the fiiling gates will be G;cn again.

The low pool having gmallor ared will drain its uaffr volums
at low tide, tO the lovest leval -~ 17.0 f¢, and then the e:ptyI?B gates
will be closed. As there i 8 continuous flow of the constant volume of

tho water froa high to low pool, vater level {n the lou_pool will increase
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1.5 times faster than it decreases in the high pool. ‘This will last for
9.85 hours and at t = 16.52 hours, the water level in the low pool will

rench {ts highest. 1eve1 and then the emptying gates will be open.

The average discharge from high pool‘ to low pool is given

v i )
Q "7 " Tg%ﬁ7 . 1.06 .billion cu frfhr. = 350,000 cu ft/sec.
where:. A = average area of the high pool = T5 eq. niles = 2.1

billion dq. ft.
With an assumed average efficiency of & power plant at 88 per
cent, developed power can be exprassed by pravicusly used Bq.(6-2).

Qb
?(k\l).m

Table VIII shows compariscn batween maximum, average and

pinimunm power output.

TABLE VIIL
Max.hesd Min head ? max. P nin.
(ge) (te) (xv) (x¥)
Maximm tide k0.50 we-- 1,075,000 aees
Average tide 2991l 25.09 763,000 610,000
Minimum tide S 12.01 e 518,000

Comparison Between Interprovincial (Shepody Bay) and faternationsl

(?anomquoddy Bay) Tidal Power Plaat. From the comparison of Plates

2 and 9, also Tables VI1 and vxn the superiority of the Interprovincial
T4dal Power Plant over the !ntomluonnl can be muu&d as followst
(1) Dependsble power aupply would be §.h2 times highsT.

(2) Avsrage anergy 3cnouud per ysor would be 2.86 times mote,

B cs

R

S
(7307 =4
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{3) The ratip of the high pool area taatha low pool .erea 18 closer to
unity, which cre;tea a more economical.opernttng plant.

(4) Aversge design head for gelection of the turbines {s 26 fr, as com-
pared to 11 ft in th; case of the International Tidal Pover Plant,
this will result in selécting nﬁnllor sized turbines toO produce the
pame amouﬁ: of energy.

(5) Only two navigation locks are required .to pass the sca-going and

| fishing vensels, ‘

Powerhouse, To save on the amount of excavation for the powarhouss,

and for the head and tailrace, the‘tldal powerhouse, equlpped with 87

tubular turbines da;tgned to permit flov {n one direction only, would be

selected., The perspective view of a similar powerhouse, but with turbines

operating tﬁ both directions was shown in Chapter v, rig.(5-7) on page 99-

Turbines. The turbines selected for the brojegt are one-vway operating

tubular turbines, having the following properttisx I

Design head h = 26 ft.

Average discharge through one turbine Q= ;2%#999 » 1,025 cu ft/sec.

Specific speed N = 156. L

Hormnl (operating) speed H = 89.9 ¥ 90 TPm. \

Runner discharge dl:mater D5 - 1795 in. « 1k.6 ft.

Conclusion, From the above, fr is evident that & purely Cansdien tidsl

power developmen: at Shcpody Bay and Cuubcrllnd Basin i» -orn attractive

in every talpcct than the Plsllnnquoddy tidal pover ptojnct‘ Both the
.divolopncntn would have nearly thn sama average length &nd dcpth of sarth

dems. A-largnr eount of turbogenerators will be rcgultld for the Shepody
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CHAPTER VI1I .
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MINAS BASIN TIDAL POWER PLANT
. The tide in algo prnpagated from the Bay of Fundy into Minas
Basin. It {s off Burntcoat Head, in the upper part of Hinas Basin that
the largeat tider in the world have been recorded, On July 16th, 1916,
tidal ranges of over 53 £r ue;; mcasured. - However, for the uholé area of
the basin, moximum tide heights of 49 ft, average tide height of U0 ft, and
minimum tide height of 31 ft could be assumed.

As previouslv mentioned, there are no coast charts for this

very promising area available at the present time.
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The Hinas Basin Tidal Power Plant could be a tyéicél oég pool)
scheﬁe, with two-way operating plant. The 3.5 mile long barrage c°u1d
be buiit in the narfpwest part of the passage, between Minas Channel and .
Minas Basin, at Cape Sharp. The powerhouse would be part oé the barrage
and could be similar to that used for the French St. Malo project, equip-

ped with bulb type turbines as ghown in Fig. (8-1).

1t is beyond the scope of this thesis, to arrivé at sonme definite

conclusions of the possible vnfben of the tidal pover generation‘for this
large water area of 325 8sq. miles approximately This would require
eleboréie comparison study between available volume of the wvater discharge,
and the economical aumber of turbines which could be 1qstnlled to generate
power . It ia no doubt that the cost of {nstallation and available length
of barrage to accomodate navigation lecks, tursogener;torn, and probably
sluice gates, would limit the number of turbines yhich‘could be used.

The other aspects, such aa the use of turbines which operate
“as pumps also, and the use of sluice gates could also {nfluence the gmount
of power output from-finas nalln\ This is a wide fifld,_open for research
" to investigate the acoﬁoc'n!.ca of combtntng-s_cnernuis and purping operation
within the cycle of one tide. .

In this chapter however, to point out the tremendous potential

energy reserves accumulated in the water of Hinas Basin, we will inves- !
/

tigate the onergy vhich can be produced b} average tide height only. /
’ Comparison betveen u,pslc-uem-pool energy output for Passa-
maquoddy and Cobscook Bays {described in chapter V1) with Minss Basin,

can be obtnine& by comparing rig.(6-2) and rig.(8-2).

.
|
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Using turbines which can generate power from flow in either
direction, a-single mean pool can be operated as a high-pool during
low tides, and as a low-pool during high tides as shown on Fig.(8-2),

where the mean pool is filled and drained respectively to Z L ft above

"or below m.s.1.

This arrangement results in two separate generating periods
{n each tide cycle. The selected required minimum operational head of
6 ft will occure in the pool 3.3 hra. after high water and the power

generating period will last for 5.08 hrs. until the operational head

will drop to 6 ft at t = 8.38 hrs., and during this time the water level

{n the pool will drop 7 ft. The water from the pool will drain through
the turbines which are changed to orifices,and at time t = 8.9 hrs,after
high water, level in the pool will drop to L fe belsv m.s.l.

The reverse process will start again at 9.5 hre., when thae
required operational 6 ft head will b§ avaifable, but this time water
from the oc;an will flow to the pool through the turbines, and the whole
generating period will be repeated, s

The maximum operational head_20.16 fr will occur twice during
one tide period, 0.27T2 hra, before the time of the low and high water
respectively. |

Since, during both 5.08 hre. generating pgrlo@g,_qg;ar level

{n the pool rises and falls 7 ft each time the average flow through the

turbines will be:

Q = ET%B - 12,4 billton co fe/hr. = 3,460,000 cu ft/sec.
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where the pool average area A = 9.025 billion 8q ft.
Developed power can be expressed for each of two generating
periods by Eq.(6-2).
Table 1X shows a relationship between time, operational head
and generated power for two-way operating plant. Pool'area A {s assumed

to remain constant during the genefatlng period.

TABLE IX
Time Water Level Operaticnal - Generated
t : in pool _head h - power P
(hre) (£e) (£x) (xW)
3.30 + 4,00 6.00 1,576,000
5.94 +0.36 | 20.16\ 5,270,000
8.38 | - 3.00 6.00 \ 1,576,000
8.90 - 400 0.00 | o
9.50 - 4.00 6.00 1,576,000
e 0% 20.16 5,270,000
. 14,58 + 3,00 6.00 1,576,000
15.10 +4.00 0.00 0 |

Conclusion. Minas Basin could produce large quantities of intermittent

energy, using the average tide height for a cooparison basis, the Minas

Basin for the same pool arrsngenent, could produce about eight times more

‘ B
power than the International Tidal Power Plant during each generating

cycle.
The moast economical uie of energy supplied, could be decided

upon after thorough exemination of the future decade load pattern for
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! b
the Conadian maritime provinces which is not available at the present
time. I ,#”

However , some part of the energy output of Minas Basin could
be stored by pumping water to the elevaégd ator#ge reservoir. The
stored water could be utilized to generate power where there is no power
supply from Minas Basin, and to meet varying load demands. It could also
supplement }he Interproviqcial Tidal Power Project, increasing its depen-

dable capacity, and make its power production more acceptable to the

other generating plants of the network system,
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