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Tnvestigation of Tidal Phenomens

in the Clyde‘Es%uary,

using a scale model -

Inﬁroduction:#

2

~ Estuaries Whichf@aVe‘been studied in’ﬁhe~pasﬁ'wifh ;ﬂf
thé help of modelé; @ave had relatively shallow water at
their mouths. - The 6lyde dlffers from,most larwe Brltlsh
estuarles, in that the depth of the water at the mouth 1s
con31derableﬁ;*off Greenock the low Water depth increases -
from zero $0" 38 fathoms in a dlstance of 1-3 mlles, and W;‘
near Dunoon.the depth 1s 46 fathoms. In comparlson Wlth;ﬂi -
the tldal ranges in some of the estuarles of Whlch models
have been made, the range at the mouth of Lhe Glyde is

very small,_w‘As thls range is: not 1nconven1ent to shlpplng

moored alongSLde the wharves, gates are not reguired 1nA»
_ the docks at Glasgow. Two centuries ago the estuary above:
Port Glasgow could be nav1gated only at high water by ships
Of‘very shallow draught. xAt the present day large Vesselsr
~can be docked in Glasgow at all staﬂes of the tide. Vas%

quantltles of- materlal have been dredoed from the channel

‘.breatly alterlng the- ranwe of the tide in- the upper reaches.7 Jy

In the 1nltlal stawes of Work on bhe model it was
dec1ded to use a non—moblle bed and the main. dredged

channel was kept unaltered throuvhout at a’ depth corres~v

pondlng to present day condltlons. . There are many problems S

Lo study 1n a tldal estuary, but any 1nvest1wator would
sooner or later become 1nterested in the problems brought |
about by the reclamatlon -of land on the banks,'made by the
posulble sp0111no of dredged maﬁerlal which in the Clyde
ai present 1s transported a distance of 3; mlles to sea. rff
The model was used to study these and other problems\on

Lhe Clyde, and the results are reoorded in’ the follow1ngé




§§9tiqﬁ I
l‘“Summarx? ) The model was. bullt in the James Watt
-Englneerlng Laboraﬁorles, Glasgow Unlver51ty.

The horlzonta] and vertlcal scales Were I in 5280
and 1 in- 115 respectively, 1v1ng a vertical exaggerablon:
of 46. The time scale was l in 493, Whlch oave the
perlod of a 12 hours and 25 m1nutes blde as 99 3 seoonds
in the model.- ' '

-

The model wes non-mobile, the bed being constructed

' ,of cement and - sand mortar.  -In order +to have- condltlons

‘ at the mouth of the estuary as representatlve ‘as poss¢b1e,
the deep sea. 1ochs were . 1ncluded Detalls for these Were
obtalned from the Admlralty Charts, and the Englneer of "
the Clyde Nav1gat10n Trust granted access to tlde curves
and recent ecross seotlons of the estuary. »

L Tldes,;varyln yln the correct sprlngﬂmapcycle,‘were )
- produced by a dlsplacer Whlch Was glven ihe correct |
motioen, by mechanlsm de319ned ‘on the pr1n01ple used” by :
Lord Kelv1n in hls tldewpredlotln maohlne.n Tlde curves
were taken at various p01nts on the estuary model by a
bauge u51ng refleoted llght, and.. the effects of spates and
land reclamatlon were: 1nvestlgated. . In,addlﬁlon, the’

follovvlnO~ 1tems were studled e

ff}(a)ﬂ Increase of range of . the tlde as the tldal Wave
: ;Lravels 1nland ’ : -

’?,(b)f#mhe velocity of the leal wave. e
' (c)fWThe hump on “+the front of the advanclng Wave.&‘f s

‘afd)f;Some current velec1t1@s.f“

iff(e}{fThe natural perlod of osc111at1on of the estuary.fA{ %”ﬁ

}7(f)’ Hsrmonlc analy51s‘o‘ithe tlde curves.ra”"”

~4m(g)3 Prlctlonal damplnb of the ndtural osc llatlon.'~;*ﬁ

}(hjiﬁThe Tean levél of
o f;varlous p01nts.“

;Water 1n the estuafy at

fyj(i)‘&Prof:les >f}the:
ma"< festuary' : '
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2. Choice of horizontal scale:~ = In order to have

conditions aS‘neérly:repfesentative as ?ossible in'the'fi-
shallow part ‘of the estuary, 1t Was con31dered necessary.

to 1nclude all the ses- area 1ns1de a 13ne 301n1ng Dunoon C
vto the Cloch., Thls meant that a large part of +the area
iava13able had ﬁo ‘be used for the: constructlon of Loch

G011 Loch Long, Holy Loch and. the. Gare Loch Thei'”
upper reaches of the tldal rlver were bent round in a
<>curve of radlus about 2 miles and Loch Goil and upper

»iLoch Long were bent round. as shovn in Flg 1. ‘ﬁThe>‘

”ﬁlargest scale p0551b1e in the avallable space, and: adopt- L

’flng these restrlotlons on’ the extremltle&,'was 1/5280.

2. 1 Gh01ce of vertlcal soale'~~~’The schle was taken as‘ ' 
1/115 . As- 1b depended to some extent on avallable gear

'Wheels, thls w111 be dlscussed later (Sectlon 446, )

Sectlon III

oy

;3 Construcmlon of tank = Prellmlnary work had commencedu

5on the model in 1938w39. | Relnforced concrete Work on the"'
Libank had been completed Wlth emer@ency overflow, dralnaggr'
»plugs, and teak rall‘v The . steel frame Was in p031b10n to
‘hold the tlde dlsplacer.nl The maln gear Wheels, give. |
‘the sprlng—neap varlatlon in the tlde, had” been erected

'?on Lhelr frame, and the constant speed moior and - varloub?v

'3cha1n wheels, 1engths‘ ':chaln etc.;had been stored , . ”?'é

Wf3 1. Constructlon of-sevxﬁed. :f‘A scale plan, model A

' §s¢ze, Was made.'* A wfld Wlth llnes 1 mlle aparL Was lald‘
:down on the plan and oh the Eloor an& teak rall of the %

model. ThlS vrld was ransferred io the Admlralty chartsfi }E

Qfor the aress.in quesblon, and +he wrm_ mthefH W., L. W.,

5 fathom,’“'}fathom, 20 ?30 40 and 50 iathom contours-

,u;;were enlarﬂed by panﬁooraph to mode] 31ze.‘A The charts Ji,

sed We eb




":'kaﬁg; ';;ﬁgéléj»{(
Ger 3T 391 /24 ’400 .
. .."':":?,3_"7’46',ftlﬂ/,iz”;ksob‘- 7,’
L e ajzs0
A“%‘Rlver Clyde, Gourook to Dumbarton‘;‘20061f£l/15f§bO 'k

Lower Loch Long

» fGareloch S i'~f;{.57* S

5fR1ver Clyde Dumbarton o~ Glasgow;j:200?;:?1/12;5007 5”“

1ze plan Was lald on a f]at floor - the

varlous sheets (22" x 30") beln correlated by_the ﬂrld

‘ ﬁgdel;'a aln u31ng theivrld ,fThe work was - done”ln layers;;«

i"c:h»com:ovr belng compl*ted’before the next wa Abeﬂun.

':f‘A level iloor was constructed at each wtep to e:used as. a ;

":Ebase for theﬁi

ext 1ayer“} Th ,depth of a*lO fathom 1ayer {ing

'”jwas-6 1nches.iﬁ’

'ﬁtepped formablon thus'obtalned was moulded 1n

';w1th‘mortar uslng a trowel and rubbed smooih f? In the ;7'

:area between tho L Wy an_fthe""and lO faLhom.oontours,

fihe mouldlno was done by’ takln"sPOf}dépths3f;’;-

‘The land surface was flnjxhed_offllevel_awva helght of
 :3/feet“above:H W' ' :

'ﬂ.,lnger,nge ths strlp belng arranocd 1n short lenwths :U”

J‘&_lnLalned andvdredged_by the Clyde Nav1oat10n Trust‘>

Perm1831on Was obtylned.’o makémtraclngs of eross sectlons
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. joffthé river‘as.surveyedlin 1944. These cross seqtions-?
were re-plotted to the correct horizontal and vertical
-scalés, and cardboard templates were cut and used to
moﬁld'tﬁé;ri&er%bedffb i£s4cérreot shape.f~ The templates'f
were spaoed about 3 inches apart on the model. Below |
Port Glasoow the ohari Was agaln used, cross . sections at
6 1nch 1ntervals being drawn, cuL out in cardboard, and
flxed as, before.m Sallent feabures of bhe bed between
eross sectlons were 1ocated by spot depths, u81n Lhe grid.

3.4 Rlverszé' ' Tive rivers enter the estuary, namely the

Clyde,’Kelvin, Blabk Cart, 'White Cart, and the Leven.
The Kelv1n eould be constructed to. scale for - -its tldal
,stretch. : As the other four rlvefs, however are tldal
for 1onn dlstances, a labyrlnth was made fox: -each" one,
the complete tldal 1envths Tor thesge rivers: belnbAV
gdetefmined from'the*Ordnanoe'sheetsy The Harbour'masterA{
“of Palsley supplled 1nformat10n aboub the nav1gable part
,of the Car © . For the other: three rlvers, the depths
rwere estlmated and the Wldths ‘of the channels in the
labyrinths made +to oorrespond as olosely as p0351b1e wmth
Lhe w1dths of “the rlvers.vv

The Clyde Welr was represented by a flxed weir at a

levelef 0D, * 5+ o.v_y“

z3 5 Run—off = The oabchment areas were estlmated to. be‘
as follows:~ - , K .
e . Clyde e 840:
CKelvin ... 127
e White Cart 3 §3
- Black-Cart = 107

| Total 2;.'148iFéq}md1és.“
The average ralnfall over the whole catchment area -
may be esblmated as 48 1nched per annum, and taklng 75p
V_of thls as run—off the tota] annual run—off is . esblmated

- at l2. o4 XA%QJO

cublc feet or‘3928ycubt£t./sec. \The‘
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proportlon Whlch.may be.- allocated to each river: 1s,"”

thefefore, as follows —‘

ZJ:Clyde' . 2,253

i“fKelv;nf L 33T
?7 whi%e.cert, : 246
’l,Blaek>Cerﬁq . 283
. Leven e ;;ﬁgg

:,Tgtal .;;«fgggg§,cub,ftﬁ/eec.x

3.6, “Diecharée“80a1e5 - The ratio of the dlscharge in the 1

full size rlver to the dlscharge 1n the - model is given by

Q_ L (u\2 . - Z‘ 1

q ‘,z (h>‘ he re. 5280 Ay the horlzontal scale, and
T e th vert l . Th 2= 6. 10 d the
Hx 115; & ica seale ) us‘q 5 % 073 EP fhe,

requlred dlscharge ims the model for each river is gs . - -

,}follows'

Clyde o C 34453 x 16;5;N o
CEelvin - 5.18x.107° :
0 Wmite Gert  379xA070 o
”_Black Cart 4+36x 1070 L
Teven s 12'44 X ioﬁs'eub.f%./sec.

3.7, Conirolﬁof rlvor 1nflow - Water at eueonetant levelih

Was led fromArt$ank 1nto the lower end of & vertlcal Giassf

'tube,\the amount enterlnm the bube being controlled by a
~screw cllp—overva rubber secblon of the dellvery plpe. f*

The water escaped through a brass orlflce at the base of -

the tube, the head of Water 1n the glass tube controlllng
,Lhe flow out of the orlflce.t The size of the orlflce for g.“j

a glven head Was flrst calculated and bhe gauge subse—‘.;ﬁ.

4quentlj callbrated”by"dlrect measurement.
- Plve such orlflcee were assembled on vertlcal board L

. flxed dn the,rell of the medel ;and the dlscharge from each,, i

~iwas led 10 th' head of“eae’*'
,3 8 Overflowr

L'In order to keep the averaoe Water 1evel )

.{1nebhe model conetent, Water had to -be removed ai the same
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measurement of water levels in the upper reaches of the

river.
Section IV

4, Tidgg:— The reproduction of the spring~neap cycle of

the tides has been done in different ways. At Delft,

Neﬁheflan&s éngiﬁéers have used electfically‘oontrolledr

pumping machinery to produce . the model tides;' AT the |

'Nafional Phyéiéal-Laboratory, tide'displacefs.aré»adtﬁatéd '

by electrically controlled hydraulic Tams. ”Profeséor‘ o

Glbso&'used eplcycllc gearlnb to move .the tlde—oeneratlnv o
3

,dlsplacer.lg»the Severn.model,.asvd;d.AllenZ gnd Elsden ;‘

respectively in the Cheshire Dee and: the Rangoon River

. models.

In & small model such as the Clyde model underr
1nvestlwatlon it Was consldered ‘mosk sultable to use the
prlnclple_employgd by’Lord Ke1v1n4 in his t;de—predlctlng
machine to.impart ‘the spring—néap,éycle of moﬁions to a
tldenprodu01ng dlsplacer. | » |

The perlods of revolution of the sun . and moon felatlve
to the earth are in bhe ratio 1 ¢ 1 0350501. \ The tlde was -
Jassumed to be Uenerated by the resultant of: two forces,
each hav1ng a’ 51mp1e harmonic - motlon of a dlfferent perlod
cand amplltudei The ' diurnal varlatlon was newlected*' Two
chain Whéélsfhad‘ﬁo be found Whlch would have the above
ratiq; 1: 1?03505i. . Su006381ve approx1mat10ns Lo thas
ratio are:- | \ ) ’

cee el ee. 1+000000

1 .
'.5%‘ ool ete s 1:035714
%% eee e eee 1-034483
“ TP '.149350877
CA3 Lo L 1:035047

s
o
©

ete. etc.'

The two’ Wheels chosen have respectlvely 118 and 114 teeth




UlVlng a ratlo of

lvﬂGearlng layout

&

?'Plgs} 3 and 4 show the layout o£:;   

Lhe uearlno of the?blde-generatlnn meohanlsm._' The constant"'

speed m_ or and gear box drlve wheel A whlch drlves Wheel C

through;B. An endle's chaln, kept tlobt by the adgustable_ QQq

pulley:P drlves therwheels E and D.Vg A chaln Q Sl N M- K

”qu's athached at K on the whee] D to a53W1ve1 pln Elxed on

on_the shaft 11£t1nn?the dlsplacer. The radll r and R off~j'

*éThe pos1t10n of, the;‘:

”'follOW1n speeds afe‘fhus obtalne

g"Sun" Wheel D b‘f;fJ*};;f'iO3584 r’?Jm;ﬁf5-f

;{;Kmodel~tiﬁé:r¥fiﬁléf
actual time ,;-:..5.;49.2 *6




10

Awheel. Wére the<Whee1*centresrfar‘aparﬁ);and no guide M
1n p051t10n, the tide would- be the comblnatlon of the. two
~perlodlc tldes with amplltudes r and R and Wlth perlods 1n
.the ratio 1 035088 The moon Wheel Wlth the larger
amplltude R determlnes the perlod and Lhe tlde would take
..equal\blmag to‘fall-apd rise. ~‘The;actual mean spr;ngvtlde
~at Greenock is‘unsymmefrical‘ménd.softhé‘duidétm had tQ;bé
'Tflxed to repfoduce hhls lack of symmetry. o |

4 3 Unsymmetrlcal tlde' Reference to the Admlralty Tlde;'.ﬁ

' Tables for 1945 (p,137) gave the. follow1nn correctlons for
the tlmes of H W. and L. leat Greenook'

E COrrectlon to H.W},tlmewusy.. ceee + ooh 2¢m*'“!

R e &E*L.WQR;Jt{T&_..;, . - 00" 10™
rThe normal time of - fall and. rlse EX ) 1.6h 120
therefore the correct (mean) tlme SRS ' h <ﬁ »
of - fall is . e cee 5T 38T

o the correct (mean) $ime of . }J_h“ -

I‘:LSG lS . ~ ;-n . o.‘t ’6‘ 4‘6 ‘--

 51nce the complete tlde of 12h 24 ds represented by one

‘grevolutlon of the moon wheel Lhe time of fall of the tlde

W k:be represented by the rotatlon of the shafb throuoh
16310 o

4, 4 P051t10n of chaln cfu:ufle~ - .The chain guide M éonsiStéﬁij}

{of two small sprockeh wheels whzch oould be moved 1n slots
, parallel to the llne 301n1ng the centres of the moon wheel

1and the sun.wheel. Referrlng to Fl Sy the c1rcle Wlth

'centre B represents the 1ocus of the. centre of the pulley Nv £ 

‘on ‘the moon Wheel.tK The radlus R. (— FNp .= PNQ)-can be

‘,\;;adausted

,Sl lS the shaf %Whloh gives the pexlodlc motlonT“

e

;vhlle Sl Ni M 15 the p051t10n when'ﬂ"f

~mum length. ; Hloh water occursrwhen;i

,éfrom.Sectl‘n 4fjf“thé;aggle NifElNQfmtsijef(jﬁOo




©in avclockWiSe direction;-n:The length T $7 is fixedi.and
-the.range>éf'tiae is fixed.l- The variables are R- the radius
of N- and the length of F M. - The position of M and the"
value,of‘R‘Were'fegnd;initially byatfial-en the drawing
board, using the fact that for the length of chain S N M
to be a maxlmum or a minimum, the radius FN must bisect

angle Sl N M. (Plg 6) . Several trials gave R = 4°7 1nches
and F M = 8+48. 1nohes, values whlch later were: proved to

be nearly correct when records of the tlde were taken.

4., 5 Dlsplacer balan01nw cam- . When the dlsplacer Was

at - the upper Yimit of 1ts-range (Tow water) the tension

on its supportlne chalns was at its mex1mum.»_ In order .
Ato reduce the ten51on 1n the dr1v1n chaln.and reduce ’ theV
motor torgue required, a balan01nv cam: (Fig.4) was de31gned.'
It was fitted to the shaft 82 whlch revolved only 276 as
oompared w1th shaft 81 which revolved 6300 for a normal
spring tide. The displacer was loaded,sufflclently,to :
make it sink to the limit allowed by. the gearing, and at.
this position the torque_ap@lied by the cam was at its>
maximum, | |

4.6. Scalés:; "~ The:value of the time scaleA% had been'.

'exactly determlned (Sectlon 4.1.) and the principle of
dynamical- 81mllar1ty was used to calculate the values of
the vertical scale, the dlschar ge soale,'and the horlzontal
,'ve1001ty scale.  The values of the model scales are glven

:1n “the' I.‘ollow1nb Lable*

Scale ~ Value
- Horizontal- 'E l>g73”5280;"
‘Time B - DY ]
";Vertleal - ) 1 '115f o
xDlsohar ng *‘-ﬂ "6:5‘i lO?v ﬂ -

'?;lHorlzontal Veloclby .lQ'7l
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4, 7‘lReynolds3number- . At high and low water in the nmodel,

the mean overall depth of Lhe maln channel dis 0432 and O 23
Affeei respectlvely. The greatest veloc1ty of the ourrent 1u
0-32 ft./sec.;.and 8t 15°.¢ the kinematic viscosity of water'
is O°00001228:ft2/seo.; O§98§quent1jyth9 Reynolds number ;
is about 8, 300~and 5,900-foﬁ(highland‘low Watervconditions e
,respecﬁlvely._v Réferehde will be made. ﬁé'the Réynoids
‘,number in Sec;lons T 2. and 14 4., Whlch dlucuss the 1n§rease

,of frlctlonal resistance in the model at low water.

Section V.

5;ﬁ The Choiééiéf rebrééénﬁétiée‘fidesiaﬁ*éourdck:; The
‘range of tlde to *ﬁéefinuféprésentativéQﬁodelfex@eriménﬁs
,had to .be determlned. "The foilowing four methods were
‘avallable- | - | A

»(a) tCalculatlon of a: theoreblcal tide from bhev,
: ‘ Admlralty Tlde Tables 1945 N

(b)‘ Estlmatlon from ‘data in Admlralty Tlde Tables 1945A5
(e) Estimation from. data in" Admlralty Tlde Tables 1916 L

(d) Eetimation from data collected from the auge
o records of Lhe Clyde VaV10at10n Trust.

Por experlmenbal work on the model the blde renge at.:;
Gourock was taken to be the same a5 ai Greenock Gourock
fwas the_mOSt,sultable pOS;tlpn on thesmodel gt“whlch:to,
“take feadings.and‘had‘the additidnal édvaﬁtaég"fhst\in’the;*‘”
agtuélieStuéry a tide gauoe was 1nstalled at this p01nt |
Mbthod (a) - The moon coefflolent M- is. ﬂlven as. 4 4
and the sun coefflclent as l O. The mean sprln ranoe 15‘

'thus 2 (M S) 10+ 8 feet and'the mean neap range 2 (M - S)

= 6 8 feet ‘é There 1s a sha ibW Water correotlon of —O 3

.feet to H. W._and +O 3 feet to I. W. and therefore, the mean s
"sprlng and neap ranges are. respectlvely lO 2 feet and 6 2 '
‘,feet. o - "\" R ,' o ' ,>
\ Mbthod (b) “The 1945 Admlralty Tlde Tebles give the

-follow1nd O D‘*levels for tldes at Greenock — '




”Varlablon o£ the tldes wWere.. ne leoted

5&Meéh'L-W.53pfiﬁgé~
-i;Mean L W Neaps

<,'1 e. neW moon and full moon Tor sprln

:quarters for neaps. Prlmlng, lagglng, and dlurnal

The Lwo means of the results from.(a), (b), (c) and (d)

namely lO 19 feet ( prlngs) and’ 6 <20 feeu (neaps) Were taken e
 1as the represenuatlve tldes.' The moon and sun ooefflclentsi
‘(Méthod (a)) are thus M= 4 .1 feet and S S O feet, and
‘ bhese values were adopted for uldance in the flrst ﬁflals

fdurlng adgustment of the tlde machlne..

ey l Adaustment of the model tlde° - The symbol n Wlll “be -

'used,to represenb the ratlo of the time of mhe fall of the :  

tLde to the” tlme of the rise. Prom Sectlon 4, 3 the value

; Qf;h for the mean tlde ig OP 380 = 0-831. f Trlal curves

6h~46m

iﬂwére‘now taken on Lhe model. at Gourock and these adreed
with a. theoretlcal curve drawn by comblnlnﬂ two curves of

- ‘Lhe correcb perlod and amplltude anu alterln the resultant

proflle to make n- O 831 These«$r1al curves corresponded

with the curves of ‘the tides in the estuary,  but it. was .

'ev1dent th&t 1mprovemenbs could be made by ﬂlterlng the ;w;

‘shape of the dlsplacer. g;ﬁ
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~ in i:c"recruléri'by o’ 1-c$w nump e;iiérbs- on ‘the rising tide
at Gourock, end ﬁhle is, eV1dently ‘the beginning of the N
deolded humﬁ on the tlde at Glasgow. In order to reproduce;?
thls part of the Gourock tlde correcbly in the model a.
second dlsplacer Would be requlred and it WA, declded to.- v.
compromlee by al%eanb the shape of the dleplaoer, which 'had
:been 80 construeted that alteratlons could easlly be made.»
The total‘volume of the dlsplacer remained.. the came, the box
being "walsted",‘as shown in- F15.4, and’ Lhe alteratlon'
'obV1ouely produced a 51m11ar 1rre@ularlty on bhe falllng
:tlde. . rlal curvee of sprlng tides taken on Lhe model at

Gourook were - found to. be very 31m11ar to estuary tldes s

Gourock (Flé‘B) a]low1ng for- the varyln propert;esaof any‘ ;n,r

chosen natural tides
Trial'curves of neap tides were taken on the model at
Gourook, and it was. evident that the "walsting" of- the '

dlsplacer had: dlmlnlshed the range- the travel of the;

dlsplacer was the same as formerly, but the amount. of Water';‘j:

dlsplaced was dlmlnlshedl,- Acoordlnbly, the travel of the ,Q ol

: dleplaoer was 1ncreased by alterlnﬁ the radlus of p01nt N
'on the moon wheel B vand the reeultant sprlng and neap
ranges at Gourock were 1085 feet and 6e 0 feet: respectlvely.f

_The shape of the. dleplacer remalned unaltered for the'r

experlments carried out, and the travel of the dlsplacer waséﬁi’

kept the same:. except for the experlmente performed 1n v ‘
connectlon with- the reclamatlon of large areas of sandbank

descrlbed in- Secblon 7 2.:};]

Secﬁlon.VI

6. ‘Tidefrecdrdingkmf' Readlngs of water ]evele by the

«reflected beam gauee were ma at 1ntervals correepondlnw P

.‘to one hour on- the fullﬁfeéié?andi o:ensuwe'that the tim ?‘
of each readlng Was correct the sun- wheel was flited Wth'
) 12 brasa ecrews spaced equally round a 01r01e concentrlc

,leth 1ts centre. These screws made one contact per "model N




" 1nterval whlch had elapsed between the wave loav1n the'

_ : 5 .
éé" in a. Bell circuit, the bell ®hus givlngva signal each
'%idel hour" l 'ThéiWa%er levels were taken at each’Signall
Jﬁe of the brass contacts belng made double to enable every ‘
12th nour to,beenpted,‘

6.l Veloci%y“OT Wavelcrest-—  The velocity of the tidal

.wave in the model wa s measured w1th the help of a drum

recorder whlch gave a curve reoord of the motlon of - the=e

,dlsplacer generatlnm the Wave (Plg 7). An 1deal meLhod of

measurln@ the v91001ty would be to Lake tide curves

81multaneoualy at Ilve or six poxntsaon 1he.modelbbut,4with¥f

“one reflected beam gauoe, thls was 1mp0381ble.;

A Wooden cyllnder (Plabe 3), Wlth 1ts ax1s vertlcal

’ Was flxed near the dlsplacer. A pen01l sultably gulded

was leed to Lhe dlsplacer, to trace a line on a sheet of
paper plnned to the- cyllnder. The eyllnder was geared to

turn at half the speed. of the uun wheel, and was of . such a

Adlameter that the clrcumference of Lhe paper was exactly 12 '

1nches. U31ng a- horlzonbal scale of %" = 1 hour - +he
seale—used-to plot all the. tide curves - +the circumferenoe
of the cyliﬁ@efefhqurepresenfed to'soalé,,éd medel hours.
The curventraced OnftheJPépérlona%he drum gave the motion

of the dlsplacer produ01nb the wave. The crests and troughs
of Lhe curve 001n01ded w1th the troughs and orests of the
aciual wave produeed. The 81onal given by’ the double bell -

was used- to mark a vertical zero line on the cyllnder and

“the horlzontal dlstance from thls Zero to the crest then .

“oave the: tlme 1nterval to Low Water at uhe dleplacer.‘ifThein

lee curve ﬁaken at any p01nt upstream had the zero-time

‘ marked on"it by us:Lnb the -signal from the double bell, and -
‘ thus the time - 1nterval to Low Water aL that p01nt could be

.  measured The dlfference of the two tlmes oave the tlme 'f

. dlsplacer and 1ts nrrlval aL the upstroam p01nt.

'<’6 2. Conulnuous recordlng of dlsplacer mot10n- The dxum

vmwas allowed to run for 45 mlnutes and a series of Waves ‘was
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traced as shown in-Fig.T; Any &ertical line shows the
‘position of the displacer:at. each succeedlng 24 hour
interval, model time.  The drum revolved 15 times in 45
mihutes, an& as one revolutlon of the drum is equlvalent
to- 24 hours on ‘the full scale, the Gime ‘scale is 480. = A
81m11ar run.on a dlfferenb day gave the time scale as 492.
The Qorrect~scale ig 493 - the»dlscrepancy belng accountea
for by variation in the voltage ofifhe mains. . Fifjeén
, ddﬁ%le tides are repfe énted by the lines 0, 1, 2, é, S
‘14 and 15 where Lhey 1ntersect the mean level 11ne.'1 Tﬁe »
elapsed tlme, model scale, is 35 53 days, ard - the average
tlme of. one double tide 1s 24 hours 51 ninutes, the correct:‘
value. o o

: The cyllnderrwas used to determlne the mean p051tlon
of the dlsplacer.and, before any series of readings was
takén;‘the'diéplaééf-Was‘brought to.iﬁS“ﬁeanfpoéition and .
the still Water level was adJusted to the’ requlred mean sea

1eve1.3"

Sectibn.VII

‘ 7§” Investl atlon of pide ranges in the model under normal 7
ggégﬁylons' . fln order to compare the shaperf the tide
wave as the'Wave”advanced*upstream,'recbfdsiwere taken in -
the model 91 three statlons, Gourock, Bowllnb, and Prlnce S
:Dock. Spvlng and neap tldes were recorded at each place.;
On startlnw the blde—generatlno mechanlsm, the tlde
level at Glasgow was at first 1rregu1ar, ShOWlng a serles
of short perlod 0501llat10ns, which howevexr rapldly dled
away and had dlsappeared by the end of the flrst tldal
_perlod —Before records were takon, therefore, the. model'
was run for at 1east three tldes to ensure-that oondltlons
twere as nearly represenuatlve as p0551ble.Av h
-The tide curves taken at the three. stétlons on Lhe
model and tlde curves taken from.the actua] estuary are

'shown in - Plg.8 '>The‘spr1n and Lhe neap tldes on the
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estuary were ‘taken on lSth January and 20th May 194J, dates.‘
when sprlng and neap tldee were to be expeoted aooordlng to :
Table ‘1. The,ranges“of these actual river tides are shown-
in Table'2; whlle those observed on the model are given in
Table 3lin the oolumnéheadedﬁﬁNorualﬁ.‘ The range of. the
spring tide in'theAmodéluinereeees es the’wave advanoes‘u
upetream, and the total ampljtude is plotted as a ratlo,
a using the amplltude aﬁ Gourock as unlty (Table 3, Flg 10).
The ratio for the model at Prince's Dock is 1-22; for the:,rtl
estuary it 1s l 30 as measured by tide gauge and 126 as
r‘recorded in. the Admlralty Tlde Tables. These Values are
_shown in lable 5 and - Plg 11',“’-, ’ | i .

. Plg.8 shows that the model sprlnb 11de develops a humpr -
on the rlslno tlde at the same level as that on the estuary .
blde, beoomlnp more pronounced as the wave. advances up-
”‘strea@.? Many curves from the Crauges on the eSbuary were
'examiued-' 1n;some the hump was very pronounced. Weather
condlblone, wind, barometrlc pressure, ralnfall seasons etc.
have, however, a very ‘marked effeot and the tides detalled
:~in Table 2 and Tig.8 were chosen beoeuse they occurred at .
isprlnbe and neaps, in a. smooth serles, showing 5ettled
Weather oondltlons. -/It is eon51dered that the model sprlng
tide at Gourock, Bowllng and Prince's Dock 1e'gurf101ently
similar . to the spring tide in the estuary to conclude that .
the model produces representatlve leal condltlone at
sprlnes. » » ‘ ' .

Under normal oondifions in the model, the variation
in range of the neap bldeo,wlth dletance from the- esLuary
'mouLh is- muoh lese than bhat whloh occurs at sprlnps. f

It 15 of” 1nterest to note here that Allen and

14

Matheson glve a table oi Lhe theoretlcal ratlos of the

'rlees in parallel and oonvergent model channels, for

fvarlous values of" £g~, where @ = E%L, Tl tidal perlod

'2 = length~of 1nlet, h = depth of water, and o = /gh.
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'Tor the Clyde model the value of ~1L is O 52 and

1nterpolat10n in the Lable gives the thearetlcal ratlcs,f,
forcparallel and convefoent channels ag 1416 and 1- 08»
respectlve]y.» At sprlnw and neap tldes, in the model,

the fatlos are 122 and 1 13 fespectlvely (Table 4), and

i P appears Lhat these ratlos in:the model, Whlch has'l

parallel 51des for about 14 mlles of the 23.miles of the‘
estuary, correspond well with the theoretical ratios for

parallel sided channels.

L Investigéficn~ofwthe éffect of increased river flow{

on the tide ranges:—~'  Tide records were taken with no

river water flowing into the mcdel.. Rcccrdvaere‘also
taken with a - -spate in the401ydé only of 'Ob237acusecs,
corresponding to‘iB,BQO cusecs full size, or 6+8 times the
ﬁormal flow. < The results afé‘diven in Table 3, Fig,Q, éq&
the tide curves shown in Figs. 12 and 13 "The'rati03'0f4i
the ranges at _spring tides when no rlver -water is flow1ng,

ccrr95pond:closely-Wlth.those¢recordedrln.the Admlralty.

. Tide Tables;' The ratios deerease Wlbh the 1ncrease of

flow of rlver water- for both gprings and neaps.

7 2. Investlgatlon of the effect of reclalmlng the cstuarlneg

flats:- - At T.W. sprlngs, 1arwe areas of sandbanks are ]
exposed -on both s;desvof the-dredged-channel,rmalnly.between

Bowling and Greenock. Areas of shallow water were

‘"reclaimed"'in the model in -four stages, I, IT, III andrIV,'

as detalled in Flg.l » The flrsb stawe was baken 1noldevf
Lhe Lono Dyke, a low artlflclal barrler constructed in the
early 19th century, Wthh conflnes the river channel for a
1ength of about 2 mlles As these areas were ralsed

above H W level, a corfespondlng decrease took place 1n -

'the,area of" Waier4;nwthe“mode1 atHH,W;f ,The:travel of ﬁhe

displacer Waéﬂkept'constant rdﬁrin trialva to IV, and'f
the range of the Spflng tide at Gourock 1ncreased from ‘
lO 85 to- ll 90 feet (Table 4) - The travel of- the dlsplacer 1L

was reduced to glve e tide ranoe of 11 05 feet at Gourock -

.
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a raﬁge ﬁearefﬂto the ﬁofmai faﬁéé‘atféprin’s7; and trial
IVR was run.. The tlde curves for these flve trlals are
shown in Tlms. 14 to 18 1ncluslve.‘ _ '

The ratios of ranges, Table 4 and FiW.lO, were compared,
and it was seen thab as the land- was reclalmed the range of
spring and neap - bldes at Tirst decreased with distance’ from
the estuary mouLh for condlilon I, and thereafter increased.
up o conditien IV. The conclu81on reached was that Lhe
reclamation of land IV would increase the sprln and the
neap range at Prlnce =] Dock by 17 and 3? respectlvely.

In the estuary the increase of rang e:of-tlde with
distance from the mouth~1s 1'28'at~Govan fef'neeps and 1+30
‘_for springs (Fig,ll),;‘ In'the;mo&el,tests, detailed in
_ Tigs. 9 and 10, the increase of range is greater at eprings
thah at neaps, the.range of the tide at Gourock having a -
direct effect*Op the ratie of‘ranges upetreem. The model
reproduces spriﬁg.conditions better than neap conditions.

The explane%ioh,may be that the&depths:at H.W.fﬁeaps are

less than at H;W;‘springs - the‘ﬁeynelds number;(Seotien 4.7.)
is 1ess; and the-model/channel“presentS‘a greater frictional

. reeletance to Lhe advanczng wave. Beeaﬁse‘fhe larger:

range’ at sprlnps more readlly overcomes the model friction
the 1ncrease ef range upstream is greater.

7 3. Tlde range at the heads of the sea lochs,  Tide

_ranges were taken on the model at bhe heads.ofw@he see‘lechs

and the results are tabulated below. -

Range, feet Range/Gourock Range

'~3Locatienr S A 7B A - B
Gourock - - 1049 . 10-2 1400: 1+00
Ioch Long Head  11-1  10:5 1-02  1-03
Gavelochhésd - I1-1 “10-8  a- 102 71106

Toch eoii?ﬂgaa%<j*11¥ojj"-- ©o1eon ==

.These results may be compared Wlth the value 1 05 dlven ror B

each place, 1n the Admlralty Tlde Tables._ >
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ectlon VIII

-

8. Tlme lag. of H W. and L W. after Gourock:- Table 6 and

the 1nbLants of H. W Lor L W. at Gourook and those at.

Bowllng and Pflncc siDock. _*In constructlnv thettable,i ;'”'

and the dlawrams~ ‘1nformat

,,nhfufnlshed in Tlgs. 8 and

12 to 18 (1nolu51ve) w't'utlllsed

Con51dcra ”on of the,sprlno tldes, for normal condltlons, o

sh@ws that the tlmes of L.W.‘COffesnond with Lhose of the

actual stuary but those

“ate some dlscfepan01eﬂ

1he lack of?agreement occurs chlefly above

 at Glﬂsgow.  ¥

BOWllnD.' The éffect of land reclamatlon is 1953 notlceable;ff
on L.W. than on HfN,4whlch at Bowllng seems.to be made
,eafller,fof'allfstaééé"cf?reéiaméﬁion; In all cases, Fig.;_”-:
19, the H‘W;,aﬁd‘ﬁ W, lines di&ér ge, showing.that the crest

of the Wave advances more qulckly “+than the trouOh B

-Refefrlng to the fact that high- water in the model at

Prince's Dock oceurs - sllghtly before,H.W.»at.Gourpck,‘é
similar phenoméndn has dccaéionalljgbéen dbSerVedgén the
aotuél river, when H.W. occurred atjéiasgowcbef§ré it
ocourred at Govan. . >3 o

— Ab neap tldes, Flg 20 for normal condlblons, the blmes

‘H W. 1n the model and Lhe estuary agree, but the tlmes of

T W.:dlffer.L The spabe makes both H. W, and L W. earller at
Glasvow, and this lS also oenerally the case with the schemes
of reolamatlon examlned . ‘ ‘

Tn 1768 before a’ nav1gab1e channel wess dredged in- Lhe

stuary, the tlme interval elap31ng between H W Gourock and
H. W.‘Glasoow Was 2" hours, as’ observed by GolbourneG.; The
\deepenlnb of bhe channel has advanoed the lee of H W.,ajag;

_Glas OW about l hours, by allow1ng the Wave to travelfupéf-‘

eream m@re quloli A comparlson of the shape of the tlde

curve, condltlon IVR, Wlih the normal tide. curve shows’ that

the. lee of H. W. is not brouWht forward in the- same way in Q'""

wthe model The deepenlng of the estuary channel has a greate

,effeot than the restrlotlon of the model channel A the

lower reeches.~
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Sectiqn,IX 7‘ ' ‘ L 1;A

9.;Comparison of times of fall andyrisézm The tide curves

- as plobted show the level of %che'“wa.-ber at. any instant after
ééro tiﬁé;'and fhus.give,ﬁhe shape of ﬁhelaﬁvancing Wéves,
cqnsidefediasfﬁqving from righﬁ tb.leftuv Ihe correct time
;@f,o@e fide should be about 1ég43 hourss, but-in the recordé
tékeﬁ} bdﬁh model'ahd'es%uary,;the sum of the times of-falii‘
and Tise differ from this time, and in order to get & basis'
for thevcomparison'bf the data'éoileo%ed; thé‘ratio of the
tlme of fall to the time: of rise (n) was oaicﬁlated fori
'each curve.,' The crests and Lr oughs were marked on thé 

tide curves and the horizontal dlstances apart gave the
times of fall and rlge. Theso tlmes are gilven for‘spriﬁgé:_
and neaps in Table 7, - nd values of n.-are plotted in Fl .21,
Each of the fall and rise lees is the mean of 3 or 4 |
?eadLngs taken from observations at eaoh_statlon, one tide
fgnly‘is shown en the tide curve diagrams.

. The nbrmalﬂvalue of n in the model for spring tides

af GoufoCk is 0+-86. The tlde oeneratlng mechanlsm ‘had been
orig 1nally adgusbed to make n equal to .0+83 (see Sectlon 5).
As seen 1n Section 6.2. and Fig.7, the meohanlsm oorrects
any‘discreﬁancy aft ex 29 high lees, and any dlffereﬂce 15
small compared with- the alteratlon in n as each wave advances
upsbream. - The two sprlno tlde curves- twken in Lhe estuary
at.Gour00k~onJ15Lh dJanuary and 11th June,Ahave values Qf,n "
differiné-by'O'OG (see Table 7); and the period of thé:' |
vformer tlde at Gourock, Bowllnw énd Glaggow is 12 34, 12;18
Cand 12 54 hours respeoleely. The period should be constaht "
for the same wave as it-advances. The discrepanoy.may be .
aftributed to ﬁéaﬁher:éondifions;:, .

9.1, Comparlson of times of fall and rlse,,spfinﬁs oﬁly';

A p081t1ve brqdlent of the @raph shown- 1n Fig. 21 1nd10ate0f
that. n is 1ncr9151ng wi th dlstance from the estuary mouth,
.1 e.,the front. of the advan01ng wave 1s. becomlnn steep, and

Mthe crest of . the Wave 1s mov1n@ fasber than the trough.v"

od ',




22

The tide ouTveSxfrom the model, under normal conditions,

‘zshow by - eomparlson a ]aroe vradlent in the n"raph indicating

¢

an increase 1n the time of fall and a decrease in the tlme-
of rise. The;grest of the wave ‘is advan01ngefaster than«~
on'ﬁhe full SCale, and the shallow water effect iev
1nben31f10d beoause of the greater retardatlon of the
trough. The effect of friction is ev1denLly greater in. R
the model at L.W.: or 1ese at H.W. This abrees with the -
conclusion in T7.2. 7 o , | o

If‘has been observed (Sectiéﬁ»8)»thaﬁ;eince l768~ﬁﬁe
duration of the rieeMat‘Glaegewdhas‘increasegﬂby“l%'hourSQ-
while the level of H. W.-has>remained the samé. Aseuminv
thaﬁ the tldo at Gourock has not’ ehenged in character since
1768, the value. of n at Glasgow in that year would be 1.62.
The high value of n may be acoounted»for by the much greater
~ friction in the undredged chaﬁnel. ‘The graph of n for the .
'Jmedel under. normal eonditidns (rig.21), is steep, like the
graph for the esfua%y in the year 1768, and a oomparisoh
Would 1nd1cate thab bhere is oo much friction in the model.
at L.W. ’ |

The addition of river Water in the model shortene the‘
time of fall of the tide, the crest of the wave being
retarded more than the tfeugh. o |

Progressive'reclamation.of lahd in the model decfeaseef
the values of n aL Glasnow until with condltlon IV R the .
shape oi the wave 1s practloally 1denhlcal Wlth the shape'
of thelwave in the eetuary.~ 4-At H W the cre t is retarded
and the value of n is reduced because the 1ong narrow o
channel presents more frletlon to the crest of the advan01ng
wave. The blme of Tall decreases as the sha]lows are
reclalmed the ve1001ty of the .ebb current therefore, -
1ncreases and more 51lt Wlll be meved on-the- ebb ‘than on
the flood .an 1nd10at10n that less dred01ng Would be -

necessary to malntaln the channel.'
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9.2. Comparlson of tlmes of fall and rlse, neaps only:~

The values of n for normal neap tides in the model unllke
 those‘fothhe‘sprlnghj;desggdecrease with distance from the
mouth of the.estuary (Fig.2l);_ The samévtrend exists in
‘ theAépaté and'15nd<reclamation‘tests, anarincreasing'thé7
river Tlow dbes not appreciably alter the shépe of thé>"
pérmailéurVei‘: A comparison of the graphs of'the values of
, ﬁyfbrﬂtﬁéQnéap‘and spring tides in the estuary shows thot
the value of n fér neaps at Gourock is much greater than
i‘forigprings,,bqt,that the gradienfé fﬁr ﬁbfh'graphs ére =
'simiiar.fﬂ;Thevlong narrow channel in the model (condition,
I7 Rj has pbésibly‘the shape reguifed to reproduce the .
neap wave continually, the wave travélling forward with no

_change .of profile8.
Section X

10. Current velocities:— The velooify of the current was

taken at Duibarton and Clydebank on the model, by timing

the passége Of'a drop of ink over a measured length.. |
Obserdelons were taken 3 or 4 times and the mean velocities
are ‘given in Taole 8. The time of maximum veloclty, which
'usually occurred abowl half tide, was estimated by eye.

The following conclusgions may be drawn from these
obsefvatioﬁs'— _.

(a) The upstream and downstream velocities at sprlng
tide dlMlnlSh at Dumbarbon and Clydebank as land is
“reclaimed.” .At neap tides, however, while the upward -
' ve1oc1Ty diminishes. at both places, the downward ve1001ty
at OlydebanL increases sllohtly.

’ () The V81001t1es for condltlon IV R are generally
('less than for condltlon IV’ due- Lo ‘the smallexr range at
'Gourock. - | -
~(e) Obserthlons were made with no tide running.

(Eable 9)¢ Because of the narrower channel at Clydebank

- the\yeldcity ofnthe-curreni therevlsAgreatcr_than the
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ve1001LJ observed at Dumbarton.

| (d) When the increase or decrease 1n the ourrent
velocities due o spate is found,by subtraotlng‘the Tirst
from the second line of Table 8, figures afe obtainea
which giVe a fTalr agreement With»the’spate veloci%ies
given in'Table 9} . The samertrend is evident for gverage
river- Water flow,. exoept at Dumbarton for downstream
ve1001t1es at eprings.

. (e) Tear Dumbarton, in the model, the maximum

observed velooltles of the ebb and flood streams are (on
the ful] soale) respeotlvely -2 3) and 241 mlles/hour valuee
~Wh1oh correspond well with the velooltles of 2+5 and 3 0
miles/hour in the estuary. At¢01ydebank, in the model,
maximum.obeerved velocities, of both the ebb and the flood,
are 2+26 miles/hour, the velues in ‘the estuary being
respectively 1+73 and 2-15 miles/hour. It is apparent
that the model tide ebbs more guickly than Fhe.tide in the

upber reaches of the estuary. .

Section XI

11, Comparison of profiles of the estuary and the model:—
Surfeoe'profiles of +the river'wefe plotted at hourly
1ntervals before and after hloh water springs at Goufock,

by placing oquared paper on the Gouroo? tide curve with an
even hour at the crest of the curve, and mark:v_nrT the water
level at each hour, along Wlth the O D. level and the zero
time mark on the model curves (Seotlon 6.1.), or the mid- day
dine on the- esbuary ourves. The Bowling and Prince's Dock
*ourves ‘were now taken in turn, and use was .made of the zero
tlme mark to- add two other p01nts vertlcally above or below |
-each flrst merk. ”APromieaoh;of these three marks, a
fprof11e~of‘the surface 6f4thé estuaryrahd;model was draWn o
a5 shown in Tigs. 22 to 26. These profiles indicate the
nature of thefosciliation’of the water level in the estuary}:

;A‘oomperisoniofjtheLprofiles‘of the estuary (Fig.22)
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Wifhzthe>mbdel,‘uﬁder normal conditions (Fig.24), indicates
that they are similar to the extent that at 6 hours before
and at the instant of H.W. Gourock, the level of the water
at Gléswow is‘reépectively-lower and higher than at~GourocP
In the model, by comparlgon, the 1evel of the Waior ‘does’ not
fall‘qulckly<enoubh in thevupperyreaches. Increa51ng the
fiow;of'riverlwéﬁer in the model raises the level very
cohéiderably éf i.W.,ih-the u?per reaches, as shown in
Tigs. 23, 24 and 25. The profiles of the swrface when
land 1s reclalmed are not dlSSlmllaf to the- profljes for ~

the model under normal condltlons.\ff v

~.

Section XIT

12. Natural period of the model eslbuary:— During early -

observations of the tide at Prince's Dock it was noted thatb
the water level continued to rise and fall for several
minutés after stopping the mOfion of the -displacer. The
range;of the Osqillations Was; to scale, about 2 feet, a
éonéiderableipropbrtion of the range of the tide.  The
range of the bide. @revioué to stopping the motioa of the
displacer had a dlrect effeot on the range of the tran31ent
oscillations. . The curve of. these 050111ahlons in the

model normal condltlons, was plotted as. shown in Plg.27?
for- elpht 9081t10ns. " In order;to haveieondltlons similar .
,for each p081119n, all the_réadings were. taken at spring
ttides and th¢ dis§1aoérvWas‘stoppéd eacﬁ'time alt ifs meén
bésiﬁion,‘ﬁﬁe(Water"finally*éettling to;its mean 1évgl.

An éstimate was made of tﬁé périod at eaéh station:and the
results werefplotted, as shown. in Iig.28, on a:basé.of .

] dlstance downstfeam from Glasgow. The mean value of fﬁé
perlod wag 29+2 seconds or.. 4 +0: houfs full scale, a value
which is app oxlmately é of the perlod of The .lunar semi-

diurnal tide. -

12.1. Amplltude of natural oscillations i The curves of~the,

transient osc1llatfons Wwere used to debermine the range of
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the os01llatlons at Zero blme, where zZero -time was
determlned by the p01nt where the curve 1n1b1a11y inter-
sected the mean level l1line or @he time axis, and the magnl—
’tude of +the rangé”(A)”Was taken as -the length of thé.Veffical*
1ine'intercepted;by the énvel@ping cﬁrves.(FigJQT);r The |
values of the ran@ésvWeré'plétted-fbr”éach stétion on the.
model estuary on a. base of distance from Glaswow, and as
shown in F1 29, the p01nts lle on’'a 11ne intersecting the:
axis at a point which is about 22 feet from the weir at
Glasdow.ﬂ iThe frée oséiiiatiOﬁ::of Water in the model
esbuary are thus analowous to- the V1bratlons in & olosed
organ plpe, and- the Wavelen th will - be four times the 1ength
of that. part of the rlverlaboﬁe the-node, the point where
there ceaséS'fo‘be aﬁy éppreciable oscillation. , Tbe wave-
length of the natural 0801llat10n in the model -is therefor
88_feet.f .
AThe'fheoreﬁicai“périod of oscillation in a long channel
of uniform section;-gioSed‘at both ends, 1engthf2 Z and
depth h is 7 7 \ K
2 (20)

ST = “ geconds con B G ) DA
- ot ; , :

In order tb caiculatez . Valueﬁ are requlred for T the perlod
in seconds and h-the depth in- feeb - The VQ1ue of 29 2
‘seconds (Sectlon 12) Was used for T and g depth wa.s adopted
equlvalenb to 3] feet full scale (26 feet 1ow water depth,
plus 5 feet).. fSubstltutlon in (1) gives
ﬂZ‘; 21e5 feet v aeeeen e (2)

a value which aorees very closely Wlth the value of 22 feet
determined. from Plg. 29 ThJs calculahlon establishes the
validity of the equailon ‘ g : o - '
Whlch ‘can be dedueed fvom (1}, where V ft/éec. is the" o
ve1001ty of a wave advancing in shallow water of .depth h.

When the areas-of land weré‘reolaimed‘as~in;oondifiqn

Iv R,‘the;mouth,§f,thefrgét3i¢tedﬁéhannel‘Was 20?7 feet
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from Glas ?f a dis%anoe_which neafly.goincided with the : -
lenwth +0 the node (Fig.29). Tt ié'of interest to note
that the natufal period of osqiilatibn for the restricted
channel, taken.ét Prince's Dbck, was 30°5 seconds (4:12
hqurs;full:SCale), and thaf:the‘shape of the spring tide
oﬁrve had‘a:closér resemblance\to-ﬁhe estuary cufvé thanv
the- normal model curve. In the estuary, the alteratlon

é\

the pa&t two centurles by Wthe dredging of Lhe channel

in oharacter of the o at Glasgow has been caused in.

Whe conclu51on 1s that the r\plamatlon of the shallow areas
 ¢n “the, model dld not have a ;\ab effect on'iheigharagter “
Jof the}tlde beoause, both before‘and after‘the reolahétion,"
the déeply drédged channel carried forward the tidal wave.

12.2. Velocity of tidal wave:— ' Assuming that the mean

depth of the channel carrying the tidal wave in thelQStuaTy'
is 31 feet, the Veloéity of the’ﬁain-wave, from equation (3),
is | | T )
| = 3i-6»ft/sec. =32l?52 mileé/hour oo . ..: ‘ (4).
This is also the velocity;of the third harmonic component

of the main wave, since a crest of the third harmdnié‘Will ‘
travel at the same velocity as a2 crest of the main wave.

The velocity of The ane of natufal oscillation 4in the model,

4Z _88
A

using model‘unlts‘transposed to full size, is Vl,—
'=f224miles/hour;‘a*vaiue.Which correéponds5with“(4)
The wavelenwth of the main wave at the. mouLh of the /
estuary is," from equatlon (4), ,
91-52 x 12-4 = 267 miles .o. e eed (5) e

12.3. Increase of tldal range s Doodson and Warburw7 have

suggested that the tendenoy towards fesonance and the changes
1n the area of cross sectlon of the channelg cause thc |
‘1norease 1n the ranme of tideq 1n estuarles. : The proflle
‘of the surfaoe of the water in a gulf dependé on the 1ength

ﬁd crosgs seetlon of ‘the ﬂuLf and the effect of resonance

i% a.
|

T

gulf of length less than % of Lhe Wavejenﬂth 18




28
indicated in-Fig.30, where it is seen that the tidal range
is inbreased at'the upétream‘éﬁd.of the'oulf Maintenance

of this. 1noreased tlde depends on the equallty of the -

perlods of the oceanlc tide and the free 0301llat10n proper

to-the gulf. . The free perlod of: the Clyde estuary ig %‘

of the period of the oceanlo tlde, and exaggeratlon of the .

'thlrd harmonic component of the applied tlde Would conse~‘
quently ‘be- expecbed..  V

' | Trou the Admlralty Tlde Tables, the crest of the
1ncom1ng bldal Wave travels the dlstanoe of 34 miles from‘
Lamlaqh to Gouroek in 20 mlnutes. The velocity of the
wave 1 thus 102 miles pe:;hour and‘ité wavelength 1,270
mileé,.a Llength which.eicéedSyfour'times the lengﬁh of
the Glyde estuary. An-increase of range at Glasgow would
 ‘thuS be expected aﬁd is confirmed by observation.

12.4. Wavelengbh of the tidal wave:-  Trom Table 6, the

crest of the'sprlng tide in the estuary'on 15th Januvary
trévelled the diStaneé‘of_Z;?5 miles from Gourock to
Glasgowvin 0456 of an houf. - The velocity of the crest

is thus 31+6 miles/hour and the wavelehgfh, crest to
crest, would be 392 mlles 17  cee ean .o (6).
Slmllarly, the Ve1001ty of the trough 1s 19 mlles/hour and
the Wavelenwth urou gh to trou h Would-be 236 miles '(7).
The forward veloclty of the wave is a functlon of the
depth of water (Equatlon (3)),‘and the wave alters 115
shape becauselihe crest travels faster than,phe trough.

Prbfiles of the wave may be examined in Iig.8. The values

(6) and (7) ave bf the same order as (5),»the theoreticai‘““

waveléngth.

Examlnatlon of Lhe data in Table 6 for +the neap blde‘

on. 20th May 1nd10ates that the ve1001ty of the trough and e

the crest is 41+4- mlles/hour°‘-the Wavelength Wpuld then

be 513 miles. The neap btide curves (TFig.8) are .very

‘rounded' at'H'W”-aﬁde'W.‘thé'leVel reméiné"hearly*eoﬁstént

for a long perlod and H. W at Glas ow tends Lo ‘occur

slmul aneously;W1tth;W. at Gourock. ,The theoretlcal,‘”

1
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éffect-of résonance, indicated in Fig.30, makes H.W; in
the gulf occur at the same time as in-the ocean, and it would
‘appear that this effect tends to occur .in thé'éstuary nore

at neap than at spring tides.

12.5 Standing oscillation:— - A étapding ogcillation exists
in a gulf Whgn-siack1Water occurs at both H.W. and L.W.;
and the greatesf raté.bf flow takes place across the nodai
~section aﬁ”half:tide9,\whén the surface of the watérgis>
'levelitﬁrougﬁéut. Conditions in the Clyde estuary are noﬁ
_entiiély suitable for this to happen, as the times’ of slggk'
e Wétefyibecause_of the downstream rivef current, do not occur
Vat>hiéh and low water. The greatest known velocity,
however,»ocou;s in the channel at mile 15% which is about
6 milés'uystreém from the nodal:secﬁion‘indicated:by the
model. _The:profileé of the water surface‘shown.in Fig.22
indicate that'éhldéoillatioﬁ'Siﬁilar to a sﬁanding
oSqiliation exists in thé‘Glyde estuary. |

‘12 6. Initial waves:- The - dlsplacer was started from 1ts

meen pos 1t10n, and the 1n1t1a1 disturbance advancing
upstream was timed-as it passed various points on the
mddél’estuary;:\ The lees were plotted on a base of

dlstance upstream as shown in Pl .31 am the mean - Crradlen'b
~of the graph gave bhe ve1001ty of the disturbance as 2 ft/sec.

, in the quel or 14+6 mlles/hour full scale ... e (8).
Assuming that v = _ gh where v is %he velocity of the z

. disturbance and h is the mean dépth of the channel, the

' value of h would be 0-125 feet, a value which does not agree
With50-27 feet, the actual mean depth of the modei channel. -

A sketch of the shape of the actual disturbance when it |
. :reached Prlnce = Dock is given in TlG.BZ, Whlch shows that
1;the initial dlsturbanoe excites Lhe 050111a110ns natural

 :to the model but that these‘are rapldly overcome by the- ~'
méjor forced oscillation;- The velocity (8) is much less

than the Ve1001ty of the tidal wave calculated in equatlon (4),;

and the oonclus1on roached is that Lhe 1n111a] wave may e
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Lhe bore on the model as its proflle has & peak sharper
than that of the normal - Wave.'

;2¢7‘ Bores— ,3Therboreoveloo;tyfislo

V‘b .,. ) [/ 2h+~ 1? - R VC 9 ) "t@/ 'oo (9)

_vwhere h is the depth of the channel, k is the rise of the.

Wafér leVéi‘rénd'vé'is fhe oﬁffent velooity;i For a,déﬁth?
:=sze, ahd- ve1001ty in the. estuary of 31 feet, 6 féefland
O 2 ft /sec. respectlvely, - ‘ ‘

Vb.m 35 8 ft/sec. or. 24« 4 mlles/hour ced e “(10),

a valuo wh;oh:exceedg'the ve1001ty;of the tidal wave
calculated in:eqoation (4).. In the normal modei, the
velocity of advance, between Gourock and Bowling, of the
crest of the spring bide wave debailed in Teble 6, is

E .21'6_miles/h0uf“ . T oo een .. (11),
The times:givén in the table for.Prince's Dock cannot be.
used hefe, since in‘the1model,‘H.W; occurs ‘there before
H.W. Goufock;~f~mhe velocity of advéhco:of,the_initial wave - .
(8) is leos ﬁhan the velocityrof the forced Wave'(il) and
the bore (10), and the~oonoiﬁsion'dréwn is'thaffthe'if |
frlotlonal re51stanoe :n the model is proportlonally greater
than it is in the estuary 1tself

12, 8 Alberablon of the perlod of the tlde- . The perlod

of the forced tidal wave was altered to 29 2 seconds, . ot
equlvalent to 4 hours full scale,>and the-time'when the' "
dlsplacer wa.s aL the lower llmlt of 1ts travel wa.g noted
w1th the tlme when the . WaVe reached Prlnce ' Dook, 23 feet
dlutant L Slx trlals Were run, and the mean time gave the
mean forward ve1001ty of the crest of the wave to be 2-8
ft/gec. o’ 20 7 mlles/hour full scale, a value whlch
corresponds W1th (4), the theoretlcal veloolty of advance:
of o/wave in shallow water.

' ‘The amplltude of the forced wave Wth a perlod near to.
the natural perlod of the model increased about 2—L tlmes as
the - wave advanoed upsbream. Thls faot will be disoussed 1n' ’

the next sectlon.rf"




SecLlon XIII

13. ﬂrlcilonal damplng of" lees 1n the model- ” The 1onb

i channel of water Whloh has a natural perlod of T
subgected aL 1ts open end to an 0501llablon of perlod Tl.:’
Perlodlc frlctlonal forces Wlll act avalnst the. motlon of f
the Water, and. 1t w111 be assumed that these res&sLlng
forces are pfoportlonal to the flrst power of the ve1001hy. :.

”The follow1nb symbolo w111 be used°

' jp.éiangular ve1001ty “of 0301llatlons natural to Lhe model

s;-’_
il

A ka ”,ﬁ' ﬁﬂ foroed 0501119t10ns,
ir;z coefflclent of damplng, " | 7'
'f = nabural perlod of ihe sysLem, 1n hours,vfujl scale,'
"¥Tih§ perlod of the dlsfurblng force,'ln hours, full scale,
 §§ =:§;£ s quantlty dependlng on bhe maonltude of Lhe ‘
T .p;f damplnn forces, T S .
¢ = ampjltude of Corced"0501llablous at Prlnce's Dock,
and‘_d'i amplltude of forced 0301llatlons ab Gourock.

The mapnlflcatlon factor 1s 11 SN

—QJng

”The perlods Tl and T are equal for resonant oondltlons, and

‘the- maﬂnlflcatlon facLor becomes N

CEEUR D el i D e (13)

‘The mechanlsm Was mcved by hand bO produce”a«blde‘havwng

a range equlvalent to 6 1 feet at Gourock andf‘

;perlod

;equal to the naLural perlod of the model (Secﬁloﬁ 12) @ﬁNlne J
i5consecut1ve tldes Were observed and the mean ranwe at | N
A:Prlnce Yy Dock maJ be taken as equlvqlent to 33 7) feet.fv.

The "statlc" ranwe at Prlnce's Dock was. 6 feet 1hereiore,

in equatlon (13),: .1ﬁn

<14>

‘~espectlvely, 1n equ}_:jn (12), glves
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._P—w]Of

a value approx1matoly equal to the flgure A 13 given in
Table-4 for~Lhe ratlo between Lhe neap ran é-at Prlnce s;"

Dock and Gourock 1n the model undor normal condltlons.

1 107 e e e e (15_)’"'

,13 l Curve of. damped 080111a110ns. R The factor q may be  ”'

'T:found uelno the ourve of the'- damped 0301llatlons observed

¥on the model at bhe Rlver Gart Plg 27 ~Assum1n thab the'ﬁﬂ”

: m- .
’*.amplltude d1 1nlshes after each cycle in the ratlo e If;

~iand taklng the mean of four rahlos oL sucoe831ve amplltudee

‘from'thewourve<L0«be»O 59 then O 59 —?e"lT, and for T =

-z5£29 2 seconds, equlvalent t0.4 hours iull scale,l

N LU

e by defll’ll‘hlong | ‘ | : | . . |
o 2z S e SR
q— = = o 167 P : ‘: ca . AR . L (17> .

RS S TR | ,
"Substltutlon of thls value for q’ 1n (12) makes O l 105,»
"xwhlch 1e ‘ag aln near bhe obeerved value.‘~ Trlctlonal or
‘damplng forces beoome 1mporﬁent only When T%L-approaohes -
unlty. 7 N ‘ | ) ‘ .,, o " | ﬂi
| ,: The ratlo of succe551ve amplltudes may be caleulated4
fffor Lhe curve of damped 050111ablons, uelnrT the value for
’q obLalned by measurement of the resonant amplltude.

,Eqvailon (14) 1s‘ Q 442 and by deflnltlon;w””'“

’“xf‘r = 331”5 0- 347 radlans/hour o Ry

,wgtherefore X l'l.T _”__. 0. 25.

. The. value of e"nT from the actual curve is O 59,;.;ﬁeﬁl

";Mdlfference is. due Lo the lOW value of the mawnlflcatlon

C
, 0 &
'-pThe lardest obeerved v%lue of d Was 2 65 The theoretloal

3ifactor at Prlnoe's Dock Where 1n equatlon (14), = 2 25

magnlflcatlon factor at resonance may be oalculeted uslng

O 131 radlqn /hour obtalned’from the damped oeclllatlonvji

7ff_The conclu31on 1s~that the rate of dlSSlpatlon of

':energy nrbhe ohannel 15 much wreater w1th the,fefced

L ae
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oscillation.at the resonant period than with the simple
damped oscillation,'ﬁhe inference beinb:that the frictioni
losses ere proportional not to the first power ~but to the

second power of - the velocity of advance of Lhe Wave.v

Section XIV

14. lHarmohic'Analysis:*‘ From SeCtioﬁ 12 and;FiWs; 27 and

28, it was dlscovered thab tho natural perlod of the estuary<

was 4 hours, about L oi Lhe perlod of . the sem1~d1urnal tlde;

3

Wth thls 1n mlnd, a harmonlc analy51s of the tide in Lhe_
esbuary wae commenced to search for an explanation of - the
hump deve]oped abouL halfmtlde level o1 ihe rising tlde in -
the upper reachee ~of the rlver. It mldht ‘be anbchpated

that the 1arwe aréas of shqllow sand bcnks, ‘covered by the v
rising. watef about half—tlde level, rebard Lhe ratc of rise,. -
but as thefe is no equlvalent vaflatlon in the rate of fall,
.anocther explanaulon must be souwht ' Doodson and warburo7
have discussed the phenomenon of double hlwh water on the

tide at Southampton and both Lamblz and MbCowanB draw

@

attentlon to the dcuble high Water in. some estuarles.
MoCowan p01nts out Lhat the expianntlon given- bj Alry;%ae
1ncorrect. Adry had made an approximation*which led to
the result that:the wave Wocld7sﬁbdiVide*aeoi%?adVanced up el
the river,'so that at stations fef enoumh;uﬁffhere would
- be two- tlmes of H. W..ln each perlod or even three or more a
vat suiflclently dlsbant statlons.', It was con81defed that

The’ resonant pfoperules of ihe Clyde esbuary mlbht be

oau51n5 the hump by maonlfyln the third harmonlo componentfif~‘
of the Waveg .an d a. harmonlc analy51s of the tide was

commenced

14. l A 24~Ord1nate Ana1y31s of tldes 1n the Clyde- A'strip

of traoln pdper about 17 feet lon Was marked off in 1engths
of 12 1nches, each lenfth representln Lo soale, one mean_sz

solar day. i Tldes for 16 consecutlvc days were traced from

.the gau e reoords at" Gourock and Govan Wharf a p01nt
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”Sltuated 2+3 miles from.Glas«ow. - The strip was then

-partltloned 1nto 15 lenoths,‘each representing one 1unax )

day, and each lunar day wa.s lelded into 24 lunar nours

by ordinates marked Oy 1, 2, 35 vesne 23. A table was

‘made -of the iéngths of these ordinates above: “the datum

liné,and the mean values éf all the 15 sets of rordinates
marked respecfively Q9 1, QTAB,‘;,.1.>23, weré’thehaplotted,
giving finally’ two mean curves,.one for Gourook and the .
other for Govan Wharf (Tig. 33) A harmonlc analysis of
the two mean curves«thus obtalned was carried out, using

the' 24 ordlnates, and. the ampllhudes of the harmonic com-.

>ponean are. ﬁlven 1n Table 10.- ripﬂthe:serles- ~

U = a0,+ﬁa1zb1n B +.ap sin 2B +.a3:sin'3B"+' eves

+ by oos B + by coS"QBr+“b3 cos 3B+ s....

'represents the: shape of the wave proflle, where +the constantsl

ao, a], ag, otc.;’and bl? bg, b3, etc., are ‘determined by

.the analy31s;~ihen;the resultapt amplltudeS'of the harmonlc

components are e1, ¢y ¢3, ebc., where.

Cf — alz + -blg ,,"v‘. . .
- 2
Cp Tapy by

etec.

Nep]ectlng the presence of the dlurnal tlde, eon51deratlon
need only be. vlven to the even harmonlcs ot the tlde .
analysed by The 24~0fd1nate method , These harmonlcs are‘

d951@nahed in Table lO by 02, Chs-Chy 08, etc.; and have
been called dl, d2: d3, d4, etc., for Jater comparlson Wlth

the amplltudes of the harmonlcs of curves of perlod 12 1unar
hours, analjsed by the 12—01d1nate syst@m.j o

The values of the amplltudes of" the flrst seobnd

_thlrd and fourth harmonLCS are ploited on a. base of dlstance
upstream, 1n Plb.34 It 1s ev1dent thab the slope of Lhe

'oraph of Lhe thlrd harmonlc 1 greater th@n thoae oi the>;

second and fourth harmonlcs, and Lhe reason suﬂgested 1s -




that the period‘of the thiid harmonic coincides with the
naturgl period of the estuary.

On'further exaﬁination of the mean curves plotted in
fig. 33, it was noted that the hﬁm@ wa.s notb in great
evidencefon Lhe flSlnb tlde at Govan. A decided;hump was :
observed on the spring tide of the 15th Janvary, and an
analysis of‘thie*tide Was“forthwith oommenced;

‘14 2. An analy51s of one tlde from the estuary:- Runge's .

l2—ord1nate method was used. to analyse Lhe ‘spring tide on
January lBth ab Gourook,,Bowllng,mand'Glasgow. " The results
are{plotﬁed in Fié 35 where, in comparison With'the“results
for the mean curve shown 1n Fl .34, it 1s seen’ 1hat the
presence oI the hump has made a deflnlte 1ncrease ln the ;;
gradlent of the curve representlng the thlrd harmonlc.

14 3. Analyses of" model blde curves' The" curves of sprlno

otldes in the model under normal condltlons, ‘with land
reclalmed as 1n oondltlon IVR (Sectlon 7.2 ), and with no'
river water flow1nb, were analysed as above and the resulus

plotted in Figs. 36 37. and 38.

14.. 4. Harmonic ana]V81s, eonolus1on8'» 'Qﬁ the estuary

"curves ‘the amplxxudes‘of~all the‘harmoni03<increaséjwith'

distance from'theoﬁouthge In comparison with the first

harmoﬁio;fthe increaée of the third harmonic is more

evident in the uﬁper reaches. - An examlnatlon of™ ﬂlgs. 34

and 35. shows that the ampllbudc of the thlrd harmonlc of tbe

tlde on: lBth January at Gourock was already. large (O 3 feet)
compared Wlth thaL of “the - average curve (O 1 feet) It

vlwould appear thab the large amplitude at! Gourock leads

to a greater 1n0rease 1n amplltude Wlth dlsbance upstream.f
As Lhe tldal wave advances from Lhe ocean, 1b 1s foroed

by the shallow WaLer to change shape (Sectlon 9) The‘fﬁf
ranoes of the hlgher harmon:cs Lherefore alter, and the‘

‘development of the pronounced hump on the' Glasvow tlde

can be traoed to the mawnlfloatjon of the thlrd harmonlc-t

i




ffcompeneni in the lee ‘at Gourock faifributable to- the iaet‘ﬁ

B that the natural perlod ofithe esLuary 1s ne ly one= thlrd?fﬁ'

V>“Onbihe‘model curves analysed the‘amplltudee of alli

”the hafmonles,.exeepi the second 1noreased '1th dletance

upetream..; The 1ncrease of amplltude of the flrstrharmonlc o

“&swae 51m11ar to the 1nerease on the estuary, and the.. most

’ pronounced 1nerease>of the thlrd harmonlo was ev1dent on,

‘l the tlde curve taken when the area of land IVR was reclalmed

1'*5famplltude tha‘

a*”ln llg 39 fOr'

: gand When the e'd of the narrow ohannel 001n01ded Wlth the

mfnodal seotlon undor normal‘eondltlons (Sectlon 12 1. )

The normal channel 1n Uhe model allows the flrst 3

"jharmonro to 1ncrease;exaotly as 1n nabure' the 1ncreaee of
,;Lhe bthd and fourth haTﬂOﬂlCS ig 1nsuif101ent for 31m11ar1ty,
rfand the second harmonlo is foroed to deerease.‘ It thue ’

‘:}seems ev1dent that due to the low Reynolde number the model -

presents more frlctlon to Lhe hlwher harmonles of small

kio the - flrst harmonlf;of laroe amplltudes.

14, 5 The mean level of the surfaoe at p01nts on the estuafy'—

in the harmon'c analy51s of‘

Evaluatlon of,the constant a0,5

Aeach tldal eurve 1n Lhe estuary, supplled the meen level of‘;f'

,ithe surfaee at‘each p01nt and these levels are shown plotted'3

~1t10ne 1n Lho estuary, 4n oongunctlon
w1th levels wlven on.Lhe Admlralty charts, -and valuee E

obbalned at sprlng and neap_tldee (T&bles ll end 12) by

‘dlrect meosurement of the helghts of high. and low Water.

%f‘The mean level ev1dently rlses Wlth dlstance upetream._

A comperlson was atbempted Wltn no tlde 1n the mode

‘,]_by meaeurlno the rlses 1n level of “the stlll waber level et

53 Prlnoe 8 Doek cqused by Lhe normal rlver flow and by the'ﬂég
:1kspate- the etlll water level rose by O 05 feet end 0-32 | A
feet respeetlvely (on the'full soale) Aecordlnb to ralnfall;f
1nfermai10n supplled by the Meteorolowleal Offlce, (a) Lhe |

frun—off 1o be expected durlnw the lS—day perlod in Méy and

;:June,would i ‘approx1mate to the avera@e flow and (b) bhe




rain:‘t’al:l;‘en fb’he..:uth- ana*léﬂy Januarjr was negligible. ’
,Examihafibn<offfi@ 39iiﬁdicate“*that‘the meah ﬁater levei
xa% Glae %OW Was higher: (O 85 feet wbove the Gourock 1eve1)
7 he 15uh January than durlng the perlod An May and June,
~(O .37 feet), the opp031te to what Would be" expected 1f ihe

river, fJow hae any effect on the level. Befo re a deflnltei“

“lconclu81on could be reached ‘a much more exhaustlve ana]y81s

of the estuary and model tldes Would be requlred
*SeetionAXV'V

‘7e15.’Cenciusions;+ Quantltatlve reproductlon of tldal

phenomena in a model bulli to suoh a small scale is _
difficult Lo achleve,~and‘the~p0851ble experlments on'the-“ 
- model are of’neeessity[restrietedhto qualitative'invesﬁim
gations. The bed of thé channel Was moulded in: cement-—
‘sand mortaf and no ahtempt wa.s made elther to alter Lhe:
roughnese of‘the surface, or to’ 1nsert wires, bafiles,'
plates; etc. iﬁ ordereto change the shape of the - -tidal
Wave, because it was cons:dored ihat ‘the results obtalned'a:
were sufflclently exacﬁ | ' ‘ B :

' Conclu51ons arrlved at from experiment ﬂi,WQrk»Oﬁ ﬁhe‘*
rmodel may be summarlsed as follows° | o

‘(a) Spring tldes reproduced in the model corresponded

in the upper reaches of Lhe rlver, Wlth sprlng t1des Ln the;“

estuary. Mavnlflcatlon of Lhe ranoe of ‘neap lees was -
1neuff101ent in the model ‘

» (b) Increase of- flow of river water deoreaeed the
mawnlflcatlon of range.of tlde Wlth dlsbance upetream._av
(¢) Veloecities of currents in the estuary were

reproduced to scale in +the ‘model. '

-(d) Reclamation of shallows in the estuary altefed
the shape of the wave but had 1ittie;effeoﬁ'on the range/
of tide at Glasﬁow; The veloeity.of the ebb current WasA
inoreaeed 1ndlcat1n that more ellt would: be. tfansported

downstream, and LhaL leas dred01ng Would be necessary.




33 o

(e) The mean 1evel of the surface of the water flSeo‘;

'w1th dlstance upstreamofromothe mouth COL Lhe estvary

umber causes Lhe frlchonal

(f)‘The lOW”Reynoldsf

“re31stanoe in- the model to’ be re]atlvely greater than %hef?
.re31stance 1n the estuary, Lhe effeot 1s more ev1dent atxffﬁi¥
L. W. than at WL . o |
‘ (g) Frlctlonal losses are'not proportlonal to. the
“flrst power of the ve1001ty oi advanoe of 1he tldal Waveml

(h) Dredwlng of the estuary in the. pasi ‘hasg altered

g the character oL the lee at Gla%oow by - allow1nD the tldal

Wave to advanoe freely. Re8urlcb10n of the broader parts
of Lhe waberway by any fu ure reolamaflonzof therQha]lows
lell havc a mlnor effect on- the tide at Glasgow, because
the deep narrow channel Wlll sh11l allow the tldal wave to
advance as beﬂore. L ‘yf S _ R

(1) A standlng osolllatlon occurs in the model ’
' /31m11ar to that 1n the estuary, and this leads bo the 1553’
oone1u81on that 1f the model THag. a natural perlod of |
080111at10n of 4 hours to soale, the natural peflod of the s
,_estuary Wlll also be 4 hours.o This peflod corresponds ;;&
with E of the perlod of: the tldal Wave, resultlng 1n theio*;
magnlfloablon, beoause OL resonance of the thlrd harmonlc

.component of the wave, Whloh vlves an explanation of the

hump on- the flslnb tlde 1n the upper reaches of the estuafy.
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Plate 1

Model, normal conditions, high water

0
0

Plate 2

Model, normal conditions, low water



Plate 3

Tide Generating Mechanism.

Plate 4

Model, land reclaimed, condition TV. Low water



Plate 5

Model, land reclaimed, condition TV. Low water

Plate 6

Model, 1land reclaimed, condition TV. Part full of water,
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