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SYNOPSIS

A labora'r,ory investigation was undertaken of the factors

determining the rise in water lever encountered when wind bl-ows

towards the shore of a shalrov¡ bodrr of water. The factors r^Iere

evaluated for bodies of water of uniforrn dimensions ancl for bodies

of water of irregular surface areas and bottom configurations. on

the basis of the l-aboratory observations and a theoreticaÌ analysis

of the phenornenon, methods of predict,ing the rise in water lever for

a specific wind velocity and body of water are proposed in chapter v"
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LIST OF SN''ßOLS A¡I.I] DEFINITTONS

A lhe angle between the wincl direction and tidal axis.

B a coefficient in Boussinesqrs formula indlcating 'r.he

roughness of a boundary.

F fetch in feet, the distance from the windward shore.

K a coefficient in Boussinesqrs formula indicating the

characteristics of a fluid.

14 a coefficient clependent on flow velocity.

. N - a plan shape factor d ependent on the shape of the waLer

surface area (U.S, Corps of Engineers).

R. hydrautic rad.ius in feef "

S - wind setup va-l-ue in feet.

St wind setup due to skin friction between wind and r¡;ater

qrrnflna

q '';nri sef,rn rìre t.o the f orm resistance of waves.") - w-l-¡¡q oeuql, sqe vv UIIC J- (JI]II l'YÐl-!i [,AII(;e OJ- WAVeS

ti the wi¡rd velocity i-n f eet per second. .

U^ Keuleganrs rrcharacteristj-c formula vel-ocitr¡rr"o

V the wind velocity in f eet per second.

ã a coefficient'dependent on the ratio of fetch to rìepth

of a body of water.

d - stil-l- water depth in feet"

g accelerati-on of gravity in feel/sec.'

kr wínd setup in feet (bottom at windward shore not exposed)"

iLr wind setup in feet (uottom at wj-ndward. shore ex¡-rc;:red) o
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l]"t disfance along tt¡1tt ¿¡xis.

n distance alons rrnn åxis.

p pressure in pounds per square foot.

Z, distance from the bottom to the mean water 1evel.

Õ - unit weight of water,

€ a coefficient depending on the eddy viscosity,

/L - a coefficient depending on the turbur-ence of frow.

j^Å - a coefficient of viscosity.

e- - density of a fluid in pouncls/cubic foot.

[-¡ - shear stress on the bottom.

k _ shear stress on the waler surface.



CHAPTER I

INTRODUCTTON

A significant factor in the safe design of dams and d¡rkes

is the selecti-on of freeboard (i.e) fhe verlical- distance between the

maximum stil-} water l-evel and the top of the struct,ure. With nan;r of

Lhese structures overtopping would mean fail-ure, and failure, major

disasler. It is desirable to sel-ect the freeboard v¡ilh as much accuracy

ae possible, firstly for safety and secondly for econom)', One of the

corLpoûenLs of freeboard that must be evaluated is the rise in water

l.evel- encountered when a wind bl-ows towards a strrrcbure or shore. This

phenomenon is defined as wind setup aL the leeward shore" In acLual

cases the setup may vary from a few inches in short deep lakes to

several feet in long shallow l-akes. Values of over six feet have been

observed on Lake Erie, a fypical example of the latter casec

Investigations into predicting wind setup have been under-

f,;-:.ì<en frorn both the theoretical and empirical approach" Inveslj.gators

have included Hellstrom (fç¿f), U.So Corps of Engineers (19¿'5),

i..:rrghaar (rç:r), Keuregan (rç¡r), and sibur (r95Ð. rn nearly arJ-

irivesLigations the theoretical anal¡lsis deal-s with an idealizecì body

ol water sel-dom encountered in nature. This presents the problern of

nocÌifying the theoretical predictions to apply Lo natural bocÌies of

i,rater. The funclamental difficulties are determining allowances for

non-uni-form depths of water, irregular plan shapes of some natural



boclies of water, and increased obstruction on the bott,om of shallow

l-akes" Surges that occur after the wind has begun to blow are also

of significance in predicting the maximum water level-.

The purpose of this thesis is to i_nvestigate briefty as

man¡¡ defcrmining factors of winri setup as possibl-e. To accompl.ish

this a theoreticaÌ analysis of the wind setup phenomena has been

macle followed by a sunmary of the present methods of rel-ating the

theoretical predictjons to natural bodies of water. From this point

a l-aboratory investigali on was undertaken that encompassed iclealized

conditions as v¡el-I as some of the irregularities encountered. lrnder

nalural conditions"



CHAPTER II

THEORETICAL ]'.ITND STUP ANAT,YSIS

I¡Jhen wind blows over a r^¡ater surface a tangentiar stress

rìor¡olnno ha*r^,a^n the wind and water" The stress generates waves and-vr¡v vvr¡¡u @rlu wqUçt o lrjç ÞUMÞ ë;CJ.IyJ.-d_trgÞ Wd,V eb 
,

causes a surface current in the general direction of the wind" In

addition, a pressure head is built up at the leewarcl end of tire body

rhich generates and susfains a return current in the opposite

ciirection of the surface current ( see Figure I). The pressure ireaci

is formed by the water sjurface assuming a slight slope upwa,rds toward.s

the l-eeward shore" The amount the water surface chanqes is defined.

as the ïrind trsetuptt" The phenomenon i-s sJrnonomous with wind rrpilingt'

at the feev¡ard shore"

tt

þ'åi*d*r*tåu
Stnews

/- togeu¡eþ4,
Êþ'reve

--a\a- ¿//\\\//./\\ f¡ ot'

\./\ ¿'*Ë¡+s.'o 
c..¿r¡s.e.mÈ -/Åi

FIGURB I. 1,¡IIND SETUP PHENOI{ENON
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The devel-opnent of a wincl seLup formula involves a r-rr:mber

cÍ factors, Some of the more significan! include wind velocil¡,*, lhe

l.r'¿'nsfer of energ;r from wind to water, lenglh or fetch of watr-:r on

"';h.ì.ch 
the wind acts, deplh of water, plan shape of the bod¡'of water,

t¡o¡;tom shape and rou6¡hness, rrave height and period, currents, varia-

Lions in atmospheric pressure, ancl the rotation of the earth.

One of the most comnrehensive theoretical treatments of

t.:rc phenomenon was proposed b¡r Hellstrom in 1941r. He applied 1,he

i:,'l.sic Eul-er-Navier equalion for the three dimensional motion oI a

v j.scous incompressibl-e fluid, (i, u)

(r)

(d) the pressure distribuLion is hycirostatic,

(") the wincl veì-ocity and direction is conslantr,

(f) all motion is steady and equilibrium is establ-ished.

iïe then solved t,he equation to obtain the differenLial equation for the

u( H u 'uH**H +., H) = ex-ffi+pm+# - *")
o(ð'l çuùv +\r.fu.+*g\= 0V-þ-nhr{g +*" 

"{y=\*\ñ, fr*r- " õq " --õã/l - v., õq 
. \- \èía. 1rð$"--,-õãe 

J

a(è# r ,u þnr" @ +* Ès¿\ = 0u -sÞ r p (ð:q þ.& +&\''ö"c è:r- q ôe, / " ðÐ ' -ðEt ' ðT" ðao/

l'c simrrl-ify equation (f) Hellstrom made the following assumpti,ons

/\(a) the flow is laminar,

(¡) the depth is constant and smaÌI,

(") the water surface slope is srnaÌl,



free v¡ater surface as:

)= tuil_ _ .r'\ .+
F - '- Ue"

(z)

Equalion (Z) i" the basic equation presented b¡r most in-
vesligators regarclless of the mefhod of derivation. A derivatj_on

t,hat is mOre rearìil¡¡ rrìqrr.alizorì þ¿5sçl On the Same aSSUmptiOnS aS

llellstrom has made Ín his analysj_s is as follows:

rf equilibrium conditions prevaiÌ, a smal1 porLion of unit

v¡irìlh and rength rrdxrt of the l-ake shown berow may be isoratecl .

FÏGURE TI .!{IND 
SETUP ANALTSIS

Tile forces acting on this portion are shown in Fi6¡:re III:

@ta
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FIGURB TTT I¡JIND SETUP FORMULA

For equilibrium: e$¡g=6l

Urri{:änc, ãF:c= O

Q t"" d:t- + ?udzu- P*= o

oR G"ueo) dx- -- Vz- { [zu+-**r)'- 
,/a 

ð [ar)t
= ,/'-6 (z u*.$2" + "lãst)

tF dZs 'ss, LreÌrT s*^aat{ n ÅZ! * O

,o. (2*" ðr) .$* = {¿" c!ãs ¡ oR

åzt - t= +tc,---¡[w ì.1 -eÈ qä9
(3)

The botf om stress, tb , is a function of the w'ind stress expressed. by

[ire fo]-lowing reJ-atj_cnship:



ê^Y:b -h. I =zu.Þ
L5

r'-,,.^+ ¿ ^^ [a \ ^^* nOW be rrrritten as:.L^¡UOUf vr¡ \-././ V@¡

4(tt\ _--
v-
0 -ês

/ F\ir¡r:at,ion (5) for the free waler surface is now

d c r-i r¡ad Ìrrr Hal I <t r¡m /I'^rr .J- i n- 1 - t '\!.1u@v!v¡¡ t¿) ) "

(¿)

\))
ft+

c¡] iaS

-li v

in the same for";lr as

\rbuient Flow

Equations (2) ana (5) were derived on the assumption that

a-11 flow is laminar. Thi.s is seldom the case under natural condi-tions"

Lrvesl,i-gations by Boussir""q2'3'4 into turbul-ent florv indicate that

Lhe facto" A in equations (2) and (5) varies with the degree of

.'uu:rbulence of flow. lJhen Lhe flow is la¡rina., À has a value of 1,5

:r:'rrì r^¡hen completel¡r turbulent 1"0, (i"e.) I.O 4 * ¿- I "5

ilellst rom sives

N=s/z (r<úE +Z) (A\

u¡Vre,re

æ.n"fi

(t<,æ+E)
K: u$.5 *ufu /uu..

Q)

tut å )4*) for lakes and reservoirs of }ow velocj-fy and R the



h;¡draulic raclius,

Sunr.narizing lhe a'nove, it is evident that the factor

in equations (2) and (5) musl be evafuated by equations (ó) anA (Z)

cierived empirically by Boussinesq and Ilellstrom to conform the water

srr¡:face equaLion with the existi,ng turbulence of florv,

h;inci Shear Stress

The wind shear stress factor in equations (2) and (5) was

-:-,,^^+-:-^+^t t--- ''-r-Lrvçðu-Lrrdr,cL,L uJ Sibul in 1954". 0n the basis of a theoretical analysis

anci laborator"rr observafions he proposed the wincj shear stress re-

f at,i onship to be:

?--5 = 5'65 x qo-6 L¡ 
e'¡5

',vhererUr is the average wrnd velocit¡¡" Equation (8) r^¡iII be used to

eval-uate the results of this investigation.

(8)



CHAPTER TIT

APPLYING TFM TH]iORETTCAL ITiIND SETI]P ANALYSTS

Equation (5), tt'ru clifferential equat,ion for a free w¿rter

suv'face affected bv a constant wind force, rnust be integrafed lo

obl,ain numerical wind setup values, There have been several ap-

nrnr,-hoc *n fhie nnnlr'jom flr¡aa Of WhiCh Wil]_ be COnSidefed fOf a

'i,heoreLical- bod¡¡ of waLer of unit width and uniform depth,

The Ideal- Case

1" Hellsfrom infegrates equatÍon (5) to obtain:

e{= 
W 

(x-+cu) toì

lîorp-f.ion lq) ¡ndicates the waLer srrrf:ee i s narabolic in form ¿;ncl mav\// Ltt\4L u¡¡\/ vvc¡uvI rrqt!@vç ¡O yeler/\r¿Iu I¡l f Vt¡it rI¡

ber writ,ten in coordinates of m and n as:

v'\' = A&æ ( '") (ro).''...''.'._\'
0

/r ^\l-Loualjon (IO) is plotted in Figure IV illustrating l{ellsLromrs

rrOharacteristic Water Surface Parabolar'î To locate a particular

porfion of the wafer surface parabola. thaf represents a specific case,

*-r.,'o characteristics of the case are utilized. the fetch and I'sti11 I'

,,':,*on ¡ìanih Âc clrnr^r- in I'ì-"-- IV the afea beLWeen the CUfVe and X-

axis must equal the product of the fetch and stiÌl- water depth since

ihe volume of water does not incr"ease or decrease due Lo the wind

force, The distance between the m-axis and the Z - axis is reoi'esented
S'
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try Ct"

r,

m'f

F]GUR,E IV CHARACTiIRISTTC WATER SURFAC}.] PARABOLA-HELLSTROM

Figure IV represents a particular case where the bottom of

a l¡nrjr¡ of wai.er : ^ *^+ ^..-^^^^ -i --i *- n ^ *^^.i +i -'^ --^l '.^ r* -lre vo !./vu.y vr rvc¿uvr I5 ll(Jtr Yr(IJUÞ|JL,t¡ f(-Lv-Ll,t¿; ul é PUðf,uf,vç veIus. 1f,¡-)l

shown below represents lhe case where C-, equals zeto, (i."¡ the w¿rter

sirrface at the beginning of the lake has the same elevation as Lhe

l¡ot,ton" The third case that may be encortntered is il-lustrated in

É'i o,rro lIT r^,La¡a the bOLtOm of Lhe lake is expOsed giving C-' a nega-
¿

t,íve val-ue, The setup trhrr can be isofatedÌry forming equation (ff)

i^- ¡l 4q & t .n=ål eà"Ès (x+en¡ dv?,trv
lr r )

P, t'uodot pornt h

trd
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FIGURE V CH,{RACT}IRISTTC VJATER SURFACE PARABOLA-HELLSTROI,I
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FIGURE VI CHARACTIIRTSTTC I^IATBR SURFACIi PARABOLA-HELLSTROI{



L2

'l-e nodal poinL rtpil mav be obtained from equation (ff) ¡l' seÌ,i ìng

i. -- r^ì

r¡'hen the depth is large comparecJ. to the setup, Ilells'r,rom

proposes that the nodal point occurs af F/2. The setup equation for

fhe windward shore then becomes:

t'r¡t (r- Flz)

F

Õcj
(rz)

/r e\

proposed by Langhaar

\ 14,/

if t.he set.nn is small

/-a\Equation (13) coincicies u¡ith the setup formula

,tl,i the l-eeward shore v¡here x =

h*=o = 4$,t trLYd

tn 'ì- Ël¡i/;fî- !5 ". Ã," åïã**T
where he has assumecì the factor fl. equals one

r -.¡l t ho Äan*h nol -r'i '¡al rr nøs¡rr
'.[ : rLr urrç uvPUir i çfduf v gf,Y F)r cdvo

t:." Keulegan conducled a labo:atory investigation of the wincl

-^_-6
-*e'r,uÞ phenomenon in I95I-. He also derived the basic differenlial

equalion for the water su.rface in the form of equations (Z) anA (l).

Keulegan proposed the factor A. in the equation has a value of 1.5

for laminar flow a¡d l- "25 for lurbulent florv" Ïn his investigation

l-lc separated the LotaÌ seturì rrsrr into two parts:

I .S t.he set.rn due to skin fricfion between the wind+o vt t vr¡v

and water surface and.

? q {ha oa*rr¡ due tO the f Orrn resistanCe Of the wAVeSo'2'



Kerr-l porn

sììrf ace

rs set,rn rr,Sr¡ i s defined aS the

elevations al the winclr.vard ancl

Ha ^¡n^n- o,l tl-' Õ c ô+ r1ñ r,'i * hnrrttrIUl¡vuu

^ ^ '.?=l,= ue 'l-gct

difference between

l-eeward shores.

vJave action as:

the waler

/r q\

lr n)

and lhe seluÐ due to vJaves as:

Sz=Cs

rT'^o an-c*.-f c ¡rì =n¡l t/ì r^rana airrgn aS C^*""' "2 *'^* "3 ¿

Ç3 ã 2"08 x IO-4" The tot,a.l- setìrp is then

/r L\
\!v/

3.3 x 10 - and

*Ìro crrn nf S "-d S^ Of :"t '*" ¿

/ cl \t/zlF/

1r ryl

l'lie fa.ctor "U'j' is referred t,o by Keulegan as fhe rrformula characfer-
o

iri,i.c velociLy'r of the wincl. ft is approxiïnatel¡¡ 1,3 times the lov¡esl

,.,.ìn^ r,ôrn¡i*,, *^eded to start waves" The value of ilurr.h/as established

; i his experimenls as varying with depth. This is illustrated in

l:'iqure VII"

For larger bodies of water undei' actual- conditions Keulegan

rrr"nnnqad tha f¡nf a¡ Il hp i annnad. The f OfrnUla fOf ïafgef bOdieS Of-o --
r.,'ater then becomes

,Í-
S = 3.3,< tdo L, o

S = r [a'a 
x ro 6 Lr: + z.ôa * ro*(.r- P.f [g)',a]

The Zuider Zeé and treacn tlros:-on Board'formulå,e for wind

.=(+)"']tr

cotrrn rrp,.. vuqv e¡ v

gcl

similar. They ma;z be derivecl from the basic equaLion for
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1,he wafer surface profile b¡r appJ-ying severaÌ empirical ccnstants"

The Zuider Zee formul-a is
..2-þ= v F aÕsft (rç)
r-I

'r.¡Ìrere h is tire setup in feet above the still v¡ater elevation at, the

ìni.'r¡¡rrì shore IÌ is in miles ner hotrr and F'is in mil-es' In <.Ìeriving
.lu{ruval.! L{ DtlvI ç t v rJ f¡¡ rr¡r4vv },v^

':Lr:uai;ion (f9) 't¡,u following assumptions were made:

(") the botLom stress is onh' a smal-I fraction of the wíncl

, stress and ma¡¡ be ignored and,

(¡) the wind slress is proportional lo the square of the velocily

. of fhe wincl.

,i'Ìre value 6f rrQrr has been observed. to be 1400 in field investigations"
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1.)
The Beach Erosion Board--- þroÐoses

sl'i øht,lw cli flferent constant,s and factors:

a similar equatj on with

l¿v I= b^-Ps-u- tr- cos N
Pqd

\̂v

Lrllana ñV^t@

¡ril elr¡ anrrr'l

is the air density and k is a numerj-cal constanL arproxi-

to ,003.

I'iocìr flic¿rtions of lhe Ideal Case

The previous wind setup formulae rvere based on theoref,ical-

boclies of water of uniform dimensions and characteristics. Theoretical

seiup predicLions must be mocli.fied. when applied to the irregrrl;ir con-

cli-iions encountered in most natural bodies of water, Inforrnation

presently available on fhis aspect ma¡r be briefl¡¡ summarj-zed as follows:

I. Irregul-ar Dj-rnensions

Allowances for irregular plan shapes and irregular denths

have been proposed by several investigators, nolabl../ the Beach Erosion
a

Board of the U.S" Corps of Engineers'. The sugqesled method for pre-

cìicLing wind setup values where non-uniform dimensions are encountered

could'best be described as mechanical integration. In essence, it is

recommended that the bociy of wafer be broken up into sec't Íons of

uniforn width and depth, the setup val-ues computed for each section

using the general setup forrnula, ancl the water surface elevaLj,ons ad-

justed to form a continuous water surface, Some adjustments



in elevalions may then be required Lo ensure the volune of waLer

raised above the still rvater depth is equal to the vo}r,'ne of v¡afer

depressed beloiv the sfjll v¡ater depth"

Oiher investigalors have proposed factors by which the set-

"* "^ì"^- r-^- +heoretical- formulae ma-¡ be rnultiolied to allovu foruv véruçÐ at9lI u

irregular ciimensions. Usually these factors anply to a specific body

oi r,.¡ale:: under observati-on for a period of years. From Lhe obscrva-

r,Íons, aclual setup values are compared r^riLh the theoretical predic-

iions ancì a faclor is evalualed, The success of this method hinqes on

the period of observatj.on and the specific case considered. hhere new

bodies of wat er are to be impounded, setup predictì ons must be based

cn a theoretical- anal¡¡sis on}¡¡"

2" Bottom Roughness anci Irregularities

A }aborator¡r stud¡r b¡r Sibul 1., t95410 has indicaleci Lhe

effects of boltom roughness and weeds on wind setup in shal-Iov¡ water"

lìi c cvnerimenf.q were conducted in a srnal] wind tunnel with snooth and/. ¡ r) v^vv^

rough botton condj.Lj-ons- Strips of cloth placed in the channel- were

used to simulaLe vegetat5.on" Sibul summarized his finrlings as follows:
rl '" The resulls indj cale a rapidlv increasing selup tn'hen

lhe still wafer deplh clecreases below a certain limit.
There were no indicalions lhat the bollon roughness affects
the setup for rel-ativel¡¡ cìeep vraler. In ver¡¡ shal-l-ow viaier,
however, the roirgher bottom condilions result in highcr
setups. The trend is especiaì-ly pronounced for higher v¡i nd
velocities. For the shallowest stj.ll water deplh (0"05 ft,)
used in Lhe experiment,s, lhe setrrp was approximatel¡r lo
percent higher for the rough bottom ancl approximafefv 2()
percent higher when strips of cheese cloth were used in t,he
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channel to simul-ate fhe roughness effect of vege- ìnlafion, than lhe setup observed wjt,h a smooth bolt,'''t-""o-"

The preceding sections have briefly outlined the

iheoret,ical- and enrpirical information avai.lable on the ana:i.vsl ,¡; of

'¿he wj-nd setup phenomenon. No at,bempt has been made to preseni. a

complele and det,ailed review of the fincìings and recommendalicns of

::revj-ous investigators" ït is horred that the presenf stat,e c,Î the

',r::l'i Lide phenomenon knowl-edge has been indicated. For detai.l",i

eccounts of a specific investigation the rea.der ís referrecì i,,,: the

L,.i r^l -i ^^*^*L.-!.i.Lr¡rv¿51 4Ptt.y o



Cii,r.PTElì IV

LABOF.ATORY INVESTIGATION

A series of laborafory experimenf s r,vere performed to inves-

'¿j-qa-fe Lhe wind setup phenonenon wiLh actual observafions" The t,ests,

¡¡rit¡.¡-fÍve in aIJ-, were prinarily concerned v;ith measuring the water

surface profiles of a smaÌl bódt¡ of wafer under various setrrp con-

ciibions" Thev may be roughly.riivi<ied into two calegories; investigation

of t.he rrenerâl or theoretical- case nncl invest,'i r¡ation of the n;ttural or

irregul;rr cas€, The testing apparatus v¡as construcLed and fhe tests

run over a period of seven months in L9L3, Informalion oblained from

t,Ìre iests is tabulaLed in Appendices A and B. The laboralory apparatus

arxi lesfing procedure is briefll, ouffined. in this chapter anci con-

si-dered in detail- in Appendix C.

I.,¿.boraf ory Apparatrrs z

Essentj-al-Iy the a.pparaLus consÍsted of a wind tunnel , L.6 f eeL

-l nro ? fr.r.f. wid^ ^-^ 4 t..^t raan rFha *lìhñôl ^^+"^rì.- ^ ^^--.ertedaur.¡ir r lvçu wf,\rv, drIJ <- Içvu \rvç1./. a1l9 uurlrrçr, clvuuotr.y 4 vvrrv(

h-vdraulic flume, hras rlamnied.off at eiLher enC al]owing a depth of

'1.¡¡t.er nf O-5 feci. l.n he imnnrrnrìqd" Air vras drarvn through the Lunnel-v., L

over the water surface vrith a variable cenfrifugal- fan" Ì,Íanorneters,

-"¡'ri-- *n +r''^ +housanclth of a foot, vJere spaced. along Lhe glass-1çéUIltË UV UlLs L

l'ral]ed tunnel lo record the water surface el-evations a.t various fetches,

/m adjustabJ-e passage betrveen the manometers and tunnel was used to

i ^-* ^- ^..+ + L ^ , ^ -^ *^,.-+ ^J ^*uqupv¡r vuu urrç øave rnofion of the water" A carriage mounted on rails



-ìrr,n'ì no f hê -l pnc{-l-' nf * l''a +ì'--^Ì CAf f ied A VJaVe rpc^Fd'i no nrôhÊ^ uri:rrrr¿i urru !çrr¡iurl ur utls uulll.tu.L (jc|l'I'f (j(] a v,Iavg a

ì-ifot fube, a slalic tube, and a point gauge. Àccess into the Lunnel

L'.'r).r nô-s'ihl e t.h¡olroh sn¡l I nori,s in t.he t.on nf t.he f.rrnna'l r'ìrrninoÌJv1 ue l¡r ur¡\. uvy vr vtrç uuIul9! u(lI ttl!\

+.esls, The top r.,ras removabls for adjustmenf s belween tesf s. The

following measurements Vrere mede I'rith the above equipment:

I. v¡ater surface el-evations : m.3rìometers and poinl gauge

2, rvind velocities ancl distribution : pitot tube

3 " stalic pressure : static tube and manometers

d. rvave heights and periods : \¡rave recordj_ng probe and

oscil-f iscope 
"

Ì)^:+ ^- ^--r -ì ^- qhrnaq rÀrê¡ê ñ^ìrlded r,vith fine Sand and IOW fet¿ininglrvu(/uilr olru pI4Ir ùlrd}Jgù wçI ç .¡ituuJ

r,,ral-]s" In addifion lo the above equipment an el-ecfric fiming clock r.vas

used lo record the ti¡nes of .measurenents and the cLurations of the

-t ^â+ ^UçJUù.

Tha ::n¡¡¿¡alUS allOfVed fiì¡ê ñ5F.ñô*onc f,6 be V,arierì: uindv@t Ivu,

r¡alnnilrr rìa^fh af r^.¡*a- fa*^h nlAn Shene rnd r-^++^- ^l-.'^*^ The, uvt/v¡^ vr vvsuv¡ , rvuv¡¡, l)Lat\ \-¡¡@Jrç, é¡tu vv9uvlt ÐrtélJs¡ -

plan and bottom shapes were l-inited b¡¡ the tunnel dimensj.ons ¡¡"nd the

setup measuring devices" III-ustral,ions of the equipment and brÍef

rlpen¡inl-'innq "-c included at the end of this chapter (see Figure VIII

en(l IllusLrations f to V) "

Tc:stine Procedure

Tesis were run for the verious conditions i-n the foll-ornrins

nemlers The parLicular condj-tion to be investigated was conslructed in
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ihe'r,unnel. The tiinnel was then seal-ed. the rvater ivas all-owec io

:;eNfle, ancì the mean water ]evelsl.Jere recorded" The wind was intro-

' lced arrd lhe initial- setup was recorcled in nagnitude ancl tine of

orjcurÌ'ence" Vel-ocii,]r ancÌ static pressure traverses v¡ere taken at

si:alj-ons along lhe tunnel-. After concìitions in the t,unnel had r"eached

:'. s-Lead.v stale, the i^,ater surface elevations and wave charactr:r"istics

'.rf.rr:e recorded" This was usuall_y an hour or so after the test had

bc.eun. The tests r,\Iere repeated several times and the values averaged

Lc) Sive lhe results as tabul-ated ín Appendices A ancl B, ïIlusir"ations

VI and VII at Nhe end of t,hj.s,chapter shor+ the rvater surface driring

a t,est and a noulded plan shape prior to a test"
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:i,
ILI,UsT.RATION r: Generatlvlew, of the laborator"y testiàe tunnel,
Note the flegg-crateil air straightener at the fnlãt,; tne-g1qse ..

warls and plywood top of the tunnel, and the centrifugar fan at
the outlet. ,Thg aii,,enters, the tunnel through the straightener
-gn the ]eft.sid:e:.of the p[iotograph, proceeds ão],n the tunnel
over.,ithe:water:Êtrrface, and Íe drar.¡n out of the side of :the'
tunnel.by the fan. Thå alr veloclty ie adJusted by varyi.ng the
area of tÌ¡e fan outlet"









Cil.¡tPTIìR V

nISULTS r'r.i-'[D COI{CLUSICI'ùS

l',iind seiup labo::aior;r tesis v¡ere sel-ected wifh the fr:]Ior'¡-

,ì r'r¡1 +"hree objecLives j-n rninri:

l-" The tests and test resulLs sìrould be within the range of

ir,ccì.;tacy of the availab-l-e neasuring devices anci laboratory appa'r"alus"

,.1; accomptish this, high wind velocj-'i;ies ancl shallow water deallis were

ut,-i Lized"

,1,, There should be a nr:rnber of t,esi,s for which't,he seLul con-

r.l .:.t,ion ma;r be *,heoi'eli-caII;¡ preciicted' As has been indicated iI pre-

-¡iitils chapters, uniform or idealized conditi-ons of v¡inC selup ri,;.1.y

l.:c obtained frorn sevei-al- theoreti-cal formul-ae" The firs', 19 i;esbs

'..,'ei,e run with uniforn conditions and cornÞared lrith their calculafed

::: ,:ììnl,erparls, As a result of this comparison, nlolle confidence '11'es

:-,Ì,i;.ce:d, in the sr.rifabitity of lire testing apparatus, the limits cf ac-

{liì:r,¿ìcy of the apparatus were i-ndicated., ancl the value of resu-l.r,s o'o-

1..,,ì nt¡d lor nresent.lrr non-nre:cli ct.:hl rr sat.rn eondiliOnS was reaseUred"./i.ti I t,:rq I vf Pt vJv¡rvary ¡¡v.r r-Pr

'? There should be sufficient tesls of non-uniform setut;

ccniìilions to inCicafe f he possibilily of colìver"ing or ex.lerr<Ìing

'i.he nresent. met.horìs nf sretun nrecliction to deal rvith non-uniforrn(/r rL }Jr

concliLj ons, The lasf 20 tesl,s were select,ed to approach lhis objec-

ì 'ì r¡¡'



The cliscussion of test resul_f s has been d jvidetl i-rt't,o i,v¡o

lr,¡.i.1,s, Pari A clealing r.rjlh seiu;r tests u.ncler uniform condltìons and

l: ,:.:"t, B cìealing r^¡iih setup tesf s rrnier non-uniforni conclitions. l?art l\

lt¡1s been fur.iher subrlirriCed into ihree lopics deaì-ing v¡jtlt ll-re r3ene-ra.}

l:ir,-:.r¿icierisfi cs of l"i-nci seLulr. lhe cìeri.vaLion of au ernpi.rical, sctup

..'... ^+ -ì n¡o1¡i n o-rì t.h ê r-ômns'.i son Of fhe ObSefVed Se'Lr:p Va]UeS :ritl't. ri.l.aj.ulvl1ùi¡1,(r, @rr\{ v¡r

.i,i,i.rse calculated by i,he avairaL¡le setup formulae' Part B has been

;;ubd.ividecÌ info three secLions dealinq wj.th lhe varj.¿rLion of seLup

¡¡ì i,h lime, the effect of irregular depths of water, and the efiecf of

j,rregular plan shapes of bodies oi water.

PAPJ À : t¡jlJÐ SIITUP LINDIìIì UNIFOiIY COÌ'JDITIOI'iS

,i." The General Ch¿:racteris+-i-cs of r'"iind Sci,up"

The characteristics of wind sefup under uniform conditions

tî:a.y be eval-uated. by consicJcring the lheoretical s efup formul;:e pro-

posed. in Chapters II and III. In accordance v¡ith these relationships,

v;inC sel,up varies propo::tionall¡r witir fetch, the inverse of depth, ancl

.l..hr. snn:re ôr' nêâr sôìlâre of t,he r^rì n,'ì rrr=l ocit.-r- The fifst 19 teSf sUL!ç JqU@I ç v¡ f 1!,@¡ ÐWueI I vf v vlvv¿ v(/ c

tdere run lo eval-uate i,hese characLerisiics" In adrlition, several complebe

lvater surface profiles rdere measurecì to il-lustrafe the balance belv¡een

lhe vo]-urne of water raised above the still water l-evel and the volume

of r,vater <i.epressed below the stil-I rr'ater l-evel"

A ptof of r,¡ind velocity versus selup at 1,he l-eewarcl shore is



'i.,.ul;i-raLed in Graph I, Da.øe t+2" j', sei-ies of winrÌ velocii,iel .:.cLing

r::, Ír' pi-Lriicular dep',.h a¡cÌ febch of v¡aler Dr.oduce v¡incL setup va.l.rres

'i.;l¡.L l.ie on a piìrabolic cujlve" ,',s i ndi e:i.ed l^rrr giþs]'s wind. sli,:,ar

r;j..iess forrnul-a ( B ) given in chapter rr, lhe seLup varies r,viih l,he

r^¡incl velocil-,r to a por,rer slightl¡r greaLer fhan two"

A plot of deplh versus sefììÐ at Lhe leeward shore js illus-
i,r¡:.l,ecÌ in Graph rr" Three srraight lines have been drawn throurzh the

s'3Lr.rÐ values, each represenling a specific r¡rincl velocì-t¡¡. The values

j-ndicaLe the eetuo var¡zing rinea.cly v,rith the inverse oÍ clepth in
a.gneelleni, with ihe theoretica.I precìi cLion.

A nlot of felch versus setup at the leer,u'ard shore is illus-
'r,i'ai,ed in Graph rrr. rn Lhis case fetch re.flers to the total fei;ch of

t,ire bod¡r of r^¡aler" 0n1y three test,s r,.rere run due to the construction

:',:'jc:ìlired.'Lo shorlen the fetch in the wind tunnel bui the resul.i,s fel_}

'rrr ;: straighi line" Thj-s inCicates the Ìinear variafion of ser,iir¡ v¡ith

i'e:i.ch as derived i;heorelic;rl ly.

Graph IV iflusfrates the water surface profile anr; vol-ume

b¿lance for tv¡o typical lests of the first nj-neteen. The nro.l'i]_es

s';¿:.rt steepl¡r frorL the windward shore ancì graduall-y flatten as bhey

alpi'oach the leeward shore" This is in agreenent with the profiles
lÕ /.

¡'i:cc>rded by sibul*" ancl ì(eulegan" and Hellstromrs nCharacteristic

lia.r;er surface Profil-ert presenl,ecl in chaoLer rrr. The profiles arso

illusirate the balance be'Lv¡een the volume of water raisecl anrì fhe

vclurne oí u¡ater depressed from the stilÌ water l-evel, This is j-ndica-
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1,ci(l as equal arees bet'nreen lhe,¡,,ater surface profiies and the still

r.¡¡¡-ier level- in'che gra.þÌl since the v¡idl,h of tì'le bod¡¡ of waier j-s uni-

fori'ir"

?... ;.. *',n:.rl

The deriva.fj-on of an em¡-,irical ';¡ind selup formula for uniform

cr:ncjj-iions involves tfie cuÌ've filtine of the results of the first 19

1,,.:s;Ls. It v¿as found afler several lrials thaf lhe pl-otting of lr.vo

ilj;ne;nsionless ienns" setitp over Cepth and v¡ind velocii¡r square:d over

:í'c'l;ch limes ihe acceleration of gravit;,., a¿¡ainst one another, nrocluced

r r.r-.1rìilr¡ ¡nnlìaÄ ca*ììñ f^Fñìì'l-r. .l e(lu¿¿.7 ayPl-rUU ÐçUulJ lvI ll¡ul.d,

L)

Å,

iihen the resulLs r,rere plotted on logarilhnic ordinate and abscissa

graphs fhey formed a serj-es of strai gìrt l-incs for sirnilar valu.es of

febcir over d.epth, T'fd." The lines for specÍfic val-ues of F/d were

parallel indj cating the relalionship t,o be of fhe porver form

\j= ,../ V*\
;:>J @ !u\Fq I

å=*L#

\¿L )

Qz)
to

)

T..- ^^-.^ti ^* t'na \ ¡.¡o s'l one rÌìrr i_s sirnila:: for aII }ines alld rrarr isItÌ squciL/-Lvtr V4 ) úttç ùIujrç u I

soine function of f/a. tne plotteC values ancÌ lines are ill.ustraled in

.jr"aph V, page d6 , tr"j'hen the curves were evaluatecl the following values

oi' rralr and trbtr v¡ere obfainecl (see Table I)"
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TABI-E I

CLNITJ FITTIJIG FCR Iü"IFIRICAI,
SET'ÙP IÜLÄTIONS}JIP

F/dab

350 0 "L7 50 L.22

L?5 0"0687 r"22
tt6 "7 0,0348 r"22

Thc resuli,s indicaLe equat,ion 12. ) may be wrilten as

Since both lhe tt-tt and !-/d values clefine a pari,icul¡,ir line

:ì n Graph V, ttart l{as ptoii,ecì versus F/a on logarithrnic graoh p,r;Ðer

(}r'aph VI)" The val-ues la¡¡ on a straight line indicaling the i'elafion-

sli.lp i;o be of 'bhe f orrn

- t\.? 2
^ 

.f \t- \ ! É^

å-=€Lfl-J-\¡1 \ lFc¡ /-J

1^
, i $.rrû-= r^ft(+ü\Ê,t

i'hi:n fhe curve in Graph VI was eval-ua.ted rrmrr 1^Jas found to be

l,i::i ,K ÌO-/ and rrntr ldas found lo be 1"J. Equation (e4) can novr be

r.rL'ilten as

0u= 2.,ßx scg ( 5 )n't

(23)

Þ.t, )

\< ))



c.:il value

'f'¡l I nr"ri na

/^¡\ ' /^-\tiiith equations \23) and 125) or Graphs V and VI a theoreli-

fni. sei.rn pt. f.hc leev¡ard shore nev be oht,ained bv the

nnn¡orllr¡o

r T¡ n/'l-. Evaluaie F/d Íron'L the di¡nensions of the parlicular body

of waÙer,

2" Obtain the value of rratr from equat:"on (25)"

3. Obtain the val-ue of S/d frorn eouation (23)"

/ t:-^,.,.i¡æ ilÄrr the value 6f rrSrr i.hFl I ec,¡¡rrì qh^-^ -^+,.-¿+o ll¡¡ver¿r¡6 q , Ur:v vGIqv vI o , U¡tv ¿vvvv@r u gllvt v uvvu}JJ

ma;'be obtained.

Tc follor.'the above procedure onJ.y the dimensions of lhe boC¡r of weler

anci lhe wind velocitr¡ to be considered must be known" Hor,¡ever, projec-

ticn of ihe enpirical- rel-ationship based on the r'rincl tunnel observa-

-[lons to natural bodies of wa'Ler should be rnade with caulion" The ratio
^¡ ^^1 --- ! ^ ! ^!^l rlo¡*h nf ô ? +o 0"/.. in lhe laborator¡r tesls is out ofU.! Þç-UL,l.p tJ(J UUt dr qvlrurr \)L v o- uLl \-/e!. -Lll t,lle .LAL

'n';".rrrrrt.inn {-n l.h¡t ent'icin:f,ed rr.nder natlfra} conditions" The v¡¿."ter Sur-vrl/c rrvu trc u r4r ar vvl

r-^^. --¡fì'r^ "-^er the exâoøer¡t.ej l¡horat,ory cOndj-iiOns aSSUI;teS a de_- ú:,vv ¿vrvf rrv ur¡v v^qF,ë_ ¿avvr

jl:nit,e parabol-ic shape which does not conform fo the assunptioìls made

íor natural bodies of water.of a shallov¡ slope and relallvel;r flat tater

surface" This r'¡ould cause a si-snificanl rrnderestinate of fhe sei;up r.ralue

¡':.r, ';he enpirical relalionship as demonsfrated in the followin.: section"

iior,;e'u'er, for smal-l- scale laboraiory iests and conditions of a relative-
'l r, Ì1i sh set,lln t,o d ent,lr r,at,i o t,he ernni ri cel nrerlictions i^rill- be of

'".:.i.i:.e



3,, Co¡nparj-son. of 0bsei"veci Resul-is r,vith Present Theoretical Preiiciicns"

The wind setun values observed in the first 16 tests were corr-

rr.^:"arl r.rit.h r¡¡rrpo nr'lnrr'l¡terì Ìr¡r the nethods outlined in ChaplerslÏ andvs , /if

III" The forrrulae used in calculat,ing the theoretical rralues mav be

sunmarized. as fol-l-ows :

l" Hellstron and T ^-^l^^^-!,11 1Ë)l t4o1

$^-t8 - Ê&s
6

(x-rc,) - c! (rr)

(17)

(rç)

2. Keulegan

g = F [a.a,.sd6*d =p z,ôB,"rd+(g;S):¿*l'aJ
il 9d gA- utr/ 

-[IL

^ - "z:lR = V"tr e'es4
t"þ

/¡" IJoniographs formed b./ Sibu} in his laboratory invesli-gatron

of rrind ="tr:plo
'i': facrli'uate cornparison, s et,up at the leeward shore was plol'Led against

:'in,ì ¡rel nnìi¡r fnn rìon*hq nf ô I 
^ 

') a\ ? .-rl n ), f ecl. nrndrrnivo¿, vô), an(l uo+ - -..*,--ng

Graphs VII to X" All tests were run v¡ith a fetch of 32 feet.

The graphs il-lusirate the observed setup val-ues as be5-ng

sh¿3ht,I¡i l-ess than the theoreiicaf .;alues for the shallowest depth but

;:greej-n.g fairly l'¡e}] for"',he o'r,her deplhs. Ïn an;. case, the cbserved

'u¿l-ues are within the ranqe of variation of the different theoretical

p-:edictions" In the case of ihe shallorvest deplh, the parabol-ic form of



t,he, r.raler surface rsas e-xtremel-y pronounced. This has fhe effeci of de-

cn¿asins ihe leel.¡ar-cl shore seiuir and increasin.. the windr'¡ard shore de-

'l-,¡'¡¡¡:s'isn +to rqainrùain the vol'¿ne balance betrveen waler raised an,i. water'

'iepiessecÌ f rom lhe s til-I water level " The assumption of a plane water

r,;r:::íace r"iith a nodal- point zt F/2 ancì eqrla1 variation fron the stil}

i^;¿i'íeL' Ievel at the windrtard ancl lee.¡ard shores is not appl-icab-l e to

ihis c ase" However, lhis is one of the assumptions on which sone cf

't Ì-re lheoretical prediciions are based, J-eadinq to an over-estirnate of

rÌre leeward selup for exLrenely shallow cieplhs and high wind velocities"

In support of lhis, HeÌlsf:ornrs formulae for l-eeward setup onl¡ give

resulis ihat agree closel¡.r r,vith the observed values" In contrasi,

Kerleøanrs ío-nl:'ì p-.sives the setup as the difference in elevation be-

lween the r+indward and l-eervard shor"e water levels that ís assunred to

be twice t,he value for a particular shore" This produces resulls thal

.r.re sis'nificanllw hiøher lhan the observed values"

In sumrnary, the observed setup values are si-rnilar to the

iheoreiical predictions in both magnitucie and behavior vrith lhe excep-

t,íon of exa¡gerated setup condi'rions hlhere the water surface profiles

assume a pronounced parabolic shape"

PART B : t',.[ND SETUP LiND!-]R N0]'l-UNIF0Rl'l CC]IDIIIONS

Pari B l^¡ill deal i^¡ilh r^¡incl seiup pìrenomena for v¡hicfr little

cj: rlo iheoreiical- Cevelopmen'u is available" The test results discussed

in Part A of this chapter have indica'r,ed the laboratoiy apparatus

lanable of producing a setrrp phenornenon sìnilar in magnitude;-rd be-
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havicr fo theoretical prerlictions. \.lilh thi-s reassurance, the orocedure

rn Pari B'ç.¡iil- be reversed" 0n the basis of l-aboratory obser"vai.ions an

efíc:'i urrll be Ínâd€ 't o f orr¡lulaie a lheoretical treatr,rent of rvind setup

unCer non-uni form conclit.i ons 
"

I" The Vari-aLion of Setup l¡lith Ti-nre

As devel-oped in oreceding chapters, lhe wind setup nhenor"enon

'is ere¡t.eri'nw t.h^ r.';-r ^--^e+i-- ^ +^--^-r-;^-ì .^-Ce On the WaiC.f SUffaCe.f o uI çaueu u,Y u¡iY uí-Lllu YrLrI UrlrË ó UdIÍ, ç: t UJ(il I vI

Due +-o the act,ion of the wincìrthe water surface assumes a posilive

slope to lhe leeward shore and a rotaiional current is.qenet'aled, The

rlnerglr irnparied by the rvind is thus uiilized in creating and na,inlain-

inq the sloping water surface" and in ver)r shallow dep'ths, overcoming

.r-'esisiance to the reNurn current in the rotational flow. In deeper depths

soi:e of the energy is dissipaied by the tur'rrulence of the rotationai

Í'l-orn'" The theoretical formulae derived to describe the phenomenon are'

based. on the entire s¡rstem being in equllibriuu (i."), the slope i-s

si,able anri ihe velocit¡r of the rotational flow is constant. If the

phenomenon is considered just after the wind has begun to act cn the

b,:cÌ¡r of v¡ater ancl -iusi; before the rotational flow has begun to di-ssioe*te

solre of the imparted energ,ø, ii ma¡,' be possible that an initial setup

ina-r' be crealeC lhat is higher than the fi-nal selup rvhen the enlire s]'s-

'bein is in equilibrium"

The firs't fifteen *r,ests 'iÁIere.run i,uith both the initial and

-lonc t,errn sei,rns recorded" fn addition, qualitative observations were

lrLaCe of 'the point at which the return current r',ras generated. It was ob-



i:,r-í'\¡ed. tliat as soon as the v¡ind began to acN on the waler surÍace, an

:rrj.iial setup l.¡as created thai reached a ma:'ri-rnum value an insi¡inl before

i.ì'r':: l"efurn current l,ras generaied" The setup lhen diminished as lhe re-

:..,1.r¡.n current became established to the fínal setup value rneasui'ed over

a-n hour ]ater"

The initial- setup behaved in accordance with fhe sa-*e

'i;heo:e¿ical pararne'Lers as the lone-terli. setup bul differeC in magni-tude,

'.'lircln the initial s etup v;as plotted versus the long-term setup il formed

.,1 st,râ.i øÌrt l ine rcl ¡i.i onshì n t.h¡.t in nearlv aII cases indicate.ì fhe

l'rrhie to be exactl;r t.,¡ice the J-ong-t,e:m value. The plot is shoi'¡i-.1 in

rl:¿ch XI , page J2, t'ihere the observed points are very nearl)t spfii by

,r sLraighl line af a slope of 2 to l-" The tj¡ne cf ihe initial- peak was

i^"F^ t¡ t'^--' ì.ri+L +L^ *^-*'i'"r": of the initiar setun as shown inluultu uu vd,l ,v llJUtÌ urlv rlréÈ:_lrf,uquv l,r ullç rrlruror

Graph XII"

For l-aminar conditions of fl-or^r. the wind shear stress on the

w¿rter surface was presented as twice the botlorn shear stress in forrnul-a

/, \(4), Chapfer II" The Re¡¡nolds ltlumber for the conditions of florv observed

jn ',he laboratory variecl from Ì1000 fo:' the shallov¡esl depth to Jr000

for the deepest dept,h j-ndicating the fl-ow to be in the laninar range.

mL.-,^ {-l-.^ !^r^r eneror¡ imn¡rt,erì Èn f lro l-rn¡ì-¡ nf .'ALef WaS tf.¡iCe thelllUù t UlIç UVUé¿ wr¿c/r i5.Ì/ I¡lll/Gtr uvu Uv UIlr/ vv\¡.v v-L vì

energl¡ dissipated by the frictional r esistance opposing the rotational-

cr.rz.rent on the boti;om" Hov¡ever. before the flor"¡ conditions become es-

tablished, no retuïn currenf is generated and no energy is being dissi-
.^-'L^^ 1^-- +ì^^ L^+tom resistance, This would indicate that tr+ice t.he setunì]duçu u¿v ulIç uvuuvJlt f çÈIÈu4tiu9a r¡!ro wvqlu r¡¡\llvdue ur¡ou uv¡tuç ul19 Ð9uq.[J



shourcl 'oe expected initiarl¡r as l"¡ice ihe en¡ r8l' is availahre i'o create
ln

i.1..,, ii sinil-ar situaiion v¡as created brr Sibul-" in his tes-us oí i-'he

r,:'.i'ec'u of obslruction to lhe re'r,ì,l.rn currenl" I'ûren he had all'cr-:-u el-ini-

t':;:;.,ed ihe return curr-enl he observecL a significant increase in setup"

In projectin.q the l-aboratory observations lo nalural bodies

oí,"..'ater ihere ai.e tv¡o significant faciors to consider, lhe con'ii-tions

cÍ' -ilov¡ anci the relative dep-uhs of ,n¡ater" In the J-aboralory, 1a¡ninar

:'ìc¡¡ and exlre¡rely shallow depths made the boltom shear resistance an

ìr¡nn¡* ont f ¡¡* nn i n t.hp qpÌ.rrn -henonenon. Tn natUfal bodíeS oí water...: lt,U! UOIIU IAWV\)L llI U¡IU ÐuuqP PI

ne:iiher of lhese cond.itions woufd be expec',,e,C. It is proposed b¡r

ilejl-siro¡T, Langhaar, Sibul, a-nd in the Zuider Zee formula that lhe bofton

qh¡¡:rr. st.resc ¡¡¡¡r l're i onor,¡d rrnrìç¡ natu¡'al conciiiions due f o the returna::M1 JUI vL'Ð ;rraJ

crrrrent, exist,inq at some level above the botlom ancl lhe condilions cf

-turbulent fl-ow. AìIowances for increased initia] selup shoulcì lherefore

be confi-ned to cases where laninar il]ow and ex'r,remel¡r shallow clepths

exisf " In effecf . these concii-ti-ons confine ihe al-lowance to theore'r,ical-

anrl small scale laboratory investigations.

2" The Effect of l$on-Unifom T¡Iai;er Depths

The lheoretical analysi s oi wincl setuo is based on a bod¡r of

i.¿aier of unif'orn clepth throughout- Since 'uhis is seldom encounlered

unCer naiural- conclit,ions, soÍie modifications rrust be macle to al-Iow fa

-che effeci, of ir¡'egular depths" The simples-,, approximatj-on would be to

r:se the mean or aviârage depih oí a body of water in the setup íormula.

,'L more refined approximai'i o:r has been proposed b¡r the United SLates



)(

q
. ,'¡S Oí'Enqineefs'lJhefej-n ih¿ t'.r;- nf r,'cion ìq'br.Oken lln irì1.ô SeC-v¡\v¡¡ sy J-¡'.,J

1,. rijfil of averase dept,h" Since these nethocìs have been used v,rl,:i: success

-.i::ìle pesl ihis espect of ',.,'ind setuÐ anelysj-s r1.as onl-y briefl-. investi-

.r.:. I orl

The laboralory tests L'ere chosen to be exanples of t,he setuo

,.:.:rûi+-ions for non-uniform depfhs, the sef.up conditions for ¿ uniform

:t,l;,3-t^r cleÐlh ¡nrì *',ra colrrn nanni*iOnS for a SerieS Of SeCl,iOnS,:)f meAn

.:- r:"h" The confi.rTu:abions lesteC may be sutiL'narized as foll_ows:

'iesi 3Ì

':r :: .r.l- 1,)
!\!r.1 v J-

a uniform dep'uh of 0,2 feet vras tested,

a bot'com slopin¡u from 0 fee1, at ihe wincìward shore Lo 0"4

feet at the leeward shore ir'as tested,

Toqf ??Lvr¡v tJ an approlcimation of ihe bot,lo¡r slope of tesf 32 r.¡ifl: lwo

enlt:l s1-.ens nf Ô I .nÄ /^l ? f ôô+ nf rrni fnm Ianf.h '.'^ - I ^^i- ^¡çUu@I ÐUçrUÞ VI VoI dllU VÞ) !çgU vr urtrr\/f¡¡: uvr/url YJ¿5 t/CbtrYL¿

a boltorn slopin,q from 0.Å feel at the windward sho.i"e to 0'le:,i Jd

Lçau ) )

feet at the l-eeward shore was iested,
.:_^+.:^_ of the bolton Slone of Tesf, ?1, -.^ _ r ^^r ^r4tI érUUl Urf-l-llr.aUf Ull UI UIIU UULJ L/Ui.L Þrvtiw vr te¿v )4 Wd,ìr tJtjbt,tj(-l

rvi t.h t.wo en¡rp-l qr- ^*^ ^P ^ I ^-r O -3 f eet. of rJranih wasrvlUtl uvvv 9uuéa ùuçlrÐ uf voI dltu v"-) !99U VI UglL

test ed 
"

'i conparison of the r¡aier sìÌrface pï'ofiles of Tests 3L,32, e-nl 33 is
cìrr¡i^in in rl-rnlr IIfI , page 53, and of Tests 3L, 3L and 3J in G::aph XIV,gìJ]¡J¡

The resul-is indicate an error of 30 to 50 percent in ihe sei-

ì¿1, values ma¡¡ be encounlered if only one mean depth of a non-uniform

'l,r:',ll¡ of water is used as an appror.jrnaiion to the actual concl'ìlion.

Flo'i.'¿ver, divioing the bod¡z inio several- sections of uniform depth pro-
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.ilc:ecl resufts that c]-osel¡' approximated lhose of the original :onditiãn"
'ilìr.is rr'ould indicate the valiclitr¡ of the folJ_owing method of cj.., Ìing v,ith

condiiions of non-uniforrn clepth"

l-" Divide the f etch of the bod¡r of water into secti i,ns ¿¡¿

determj_ne the average depth for each section.

2. Calculate the selup and water surface profile fcr. each

seciion"

3" Adjusf the efevation of each section to make the.u,'?ter

surface continuous.

tt" Adjust the elevation of rhe enfirà profile to rna.r:,,the

vol-ume of water raised equar to the vol-ume of r^'.-, u- de-

pressed from the still lvater, l_evel .

J. Repeat the above procedure if the fina] average i pths

with the setup profi-le are substantiaÌJ-y differe:.i, from

lhe initial average depths" The average depths fr':,rn the

previous approximations shoul-d be useci in subseqr.,.nt trial-s.
A comparison of the proposed method of setup predicl-j on with

ihe l-aboratory observations is made in Table II"

,TABI,E IÏ
NON-UNIFORI{ DEPTH I'ÍODIFICATIONS

Tlant lr 0bserved Theoretical Setup
Setu Hel-Istrom

ôt

nl

o"2

"0r7

"0u
"008

"004
.008

^tÃ
nlÃ

.007

" 
005

"oo5



-:',-;ì ou¡h ',"he laborator¡¡ velues eL:e slight,l;r distorteC v¡i'uh fhe exag¡era-

-u;,d sefun con,'iiiions, lhe trend of thc' resul-ts is in agree::r.ent r.riLh the

"sï'el;rrrL;eihcd of seiuc analysis for boc;es of water of irreguJ-ar denih.

3, The Effecl of ltlon-Unifor¡n Pl-an Shapes of Bodies of Ilrater

The tests of the nreceding section indicated a rnet,hocl of nnodi-

í¡'ing ihe depih fp-cior in the wincì setup forr.iulae to allor" for ì;he

eíiecl of =r':egular depths. In the case of irregula.r v¡idihs or plan

shapes of a bod¡r of rvater, iìrere is no faclor in the existing setup

íort.lulae tha'c rra¡r be rnoclified" ïi is assunned. that the bodv of v¡ater is

cf uniform or" unil width" Hov¡ever" in naiural- bodies of v¡ater il has

bcen observed that fhe plan shape oÍ the bc.d-¡ mal¡ significanth' effec'r,

-r.Ìte t,tinrì qairrn ¡ræ'^iJ-r'l^r.. iv rtutu ovuqp ¡¡léð1lf,uuuç¡

The lesLs run in 't he laborator¡r io invesligate the effect of

níìrl-llni form sh¡neS mav be diViderl inl-n ih¡oo dr^r,ñê. -^^+^*^"-ì -- tri-u frt uv uru eç ór uupo.! a çu ué11ë;u1c1_ , - _ _

;,i.n:"c.Ìal', ancl "steppedrr rec'r,an.gular shapes. In the series of tes',s with

l;:ie-ngul-p-r plan shapes, the leeward setup exceeded the theore'-: cal pre-

l:ic'íions b:¡ 30 to i,0 per cent" The tests r,rere run wilh gradualfy varied

'l-j-an dirnensions to discover if some factor d epending on fhe sìra.pe of

l',]-.c, lrìangle b¡r i"lnich the lheo:"etical setrrp could be multipliei existed.

'i.,,: rrsteppedt'rectangular plan shapes rt'ere cìerived b¡¡ breakin¡, i:he ti.i-

il":irr:ular shapes into sections of rrniforr¡ r¿idth as suggested by pre¡rious

':r'.' *.,siigalors" T¡rnical- water surface nr.ofjl-es for the various shapes

:r',.: pJ-oiied in Graphs XV to XVIII pp".î.s 5t+ ¡,.)d 55.

'lh,¡ sr-i-.r.n n-nrìr:errd b¡r t.he r.er'J-.enor:ì:n qhrnc qhnr^m j r t}rrnh ]r\r



40

r:-tiscl;' appro-\ina"tes'thai predicied b]'ihe selup fcrir,ulae" T]-'-. -qeiup

-::.::.,ì:iions p:'cduceC bv lhe, verl-ous t:ian.qular shanes l.rere ve:,,,- :rearl.¡r

.: : ,,:.-L aneì nc îactor depenrlenf on t,he shape of tr=angle v.'as oh's. rved.

.1.-i: :tsieppeCrr lectangtrlar sha.nes Ðro(ìuceC l¡inci seiup of a sinil:r.i' mag-

:r:-i,'.rde io the triangular shapes but since no plan shape factor exists

j;-i'uhe theoretical setup ¿¡¿fr¡sis the approxi¡ralion is of Ìii-t.Ie; valìte.

Iic'in'ever, rvhen al-I the rvater surface profiJ-es are comparecì., j_l is seen

1.,ìia.i; they are ver'"r-¡ nearl¡r ident,ica] in sloÐe and shape if elevations

:-'r) di sÌ-eqarried" To iflusfrale ',his, the profiles v¡ere nlottei rn

Glir.ph XIX as passing th:"ough a corûnon elevation at the mio-poinL of

i;|ic fel,ch" Graph XIX. dencnsirates ihat ihe profiles are iden-uical re-

¡¡a:'dless of the plan shape, iÍ all olh¿r conditions are sinilar.. In

adcì-'Liion, -r,he :'esul-ts of Graph XV j-ndicale the profiles ma.r ìte predic-

te:C theoretically in slope anC sha-pe" Ilowever', to predict the nagnituCe

of -rhe seiuÞ at a specific shore 'r,he elevation of the sloping ivater sur-

face irLust be determined" To accornplish this, lhe volume balance principle

deinonstra'r,ed in the firsl seciion cf lhis chapter v,rill be utilized. If

+)-5 ôh+i*ô hF^fiIe is l<nol¡n in slone rnd sh¡ne i+ *^-- r..^ ^rÌ..^+:d inuil e L¡lu¿! e ¡UI vIaIç IÐ i\¡lvyi¡l 11¡ ùlvyv G¡¡!( u¡roruv rU illd,v Uç 4qrJUù Ul

elevati on unf il- the volu:re of wat,er raised eqrrals lhe volume of water

rì¡¡-acooÄ f¡nq ihe s.i;if} r,tater ferre-l Tn Grenhs XX and XXI ,"he
u vJa¿ iv v v¿

i.'.Lt,er surface profiles for a rectanguJ-ar and a triangular shape rvere

1>Ioiled anci ihe displaced volumes compuled" In both cases the volumes

-¡:r i sed en¡p'lI erì 'eþg volumes denressecÌ to r,¡ithin ¡ fer+ nercent.
-IJv]vvllUó

Based on ihe above observations, lhe follo'"'ing nrocedrire is
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¡rr"oposed lo modify the setun analysis for bodi-es of urater wilh irregul-ar

11.r: shapes.

1" Conrpute the sl-ope and shape of the water surface ¡r'ofil_e

for the J-ongesf continuous fetch in the direction of the

wind with the theoretical setup fornulae.

2. Superimpose the slopine r+ater surface on the mean water

level- and ad.'iusN the entire profile up or down rintil- the

vol-ume depressed equals the vol-ume raised frorn the still

water level" The volumes ma)r be determined by a mechani-ca1

iniegration for the varvin,c widths"

J" Repeat the above procedure if the average depths of the

body of water vary substantially from the initiaf values.

The average depths from the previous approximations should

be used in subsequent trial-s"

ïn the sections of this chapter the resul_ts of the setup

in'¡estigation have been reviewed and design methods for wind setup under

VariOUs cOnd.itiOns have þss¡ ¡¡¡-^-^À ¡nÌ"^ .l^^-i.y¡v¡,vÐeu. rrrv uvor¿ln methods will not be

furbher extracted and su¡nmarized as they should be applied with a ful-l

knowledge of their derivation and conditions of occurrenceo
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Tne consf r'ucti on anc. a,cer.ation of ihe laboraiory apf,s.rarus

¡,rii-ì'l be described in this sec-bion io assist fu-r'i;her investisaiions oí

-.iie r:ind se-bup phenonenon and T/e\re generaiion in Nhe san:e laborâ-t,or;r.

;i'^ ^^'-:'^'^-*r-'-^ed iS nei'i;hef ¡ç','inarì n6r r1p71¡p¡o-* l.ìì+ j+ iô ÌeÊrlilv:lIg g\-ìt--]-ul-çllU UÐç(¿ -f ù llgILrlIUI I'C:rfleq ¡:vMIl:tGrIEIJ.L,J UUU IU -!J l eGqfIJ

¿.¡ailab-l e "

'l Tunnej 
"

(a) Co:rst,:uciio:l: Tire rr'ind tunrel rras cons-uruc-ueC 'c¡r ins-Lal-ling

a i:'eino\¡eabl e cove:: on a 50 fooi hvd.raulic flume, The fl-urne consisied oÍ

Eìass a.r,.] sieel panels bolteci io verLical- steel channels a-u four foot

i::';ervs-l-s" The ;oanel s r.'.'ere ar'r:a:rgei io ::ìeke one side of ihe ilrne cor't-

1:leuel;r Sl¿ss alloi.'ing-i;he entire Íe-.cirLo be observed driring'i,he ies'¿s-

T:re Ílune and panels are sho-.¡n in T.llustraiions IX and X, page 73 "

i'he 't,op ins'r,a-Ileci on the fl urne h¡as rilade of -? inch p-Ll,-v;ooci

;i;r-.rc''tjons four feei, in }ength Ìringed to one i,rall- of the ÍIume" Seci;ions

ti, cr ihe enirre t,op, coufd be s,¡".¿ng open íor acÌjusinen'r,s in ihe wind

¿ä,lnei beii'¡een'ues'us" Access inio'¿he tunnel duri-ng a ì,esi rras possibie

i;i:l'ough sniall Oorts cu'¿ into ihe top oÍ the pl¡'r,iood sec'iions" Tl:e fl-u¡re

'ri.;h tluo 't,op sec'r,ions insiall-ed is sllo-,^¡:l in I.'llusiration XI"

Sna1l da:ns i,ha'L coul d be adjusted in heighi '.+ere irrsl,aÌÌed 't,o

::.,:L¡rc'.:nd r¡,rat,er j-.r Ì;he boi-ron oíthe iunneJ-, one ai-lhe inlei ¿:--^ cne

..-ì :leei along Ì;he flu¡ne" The da¡:s lvere rnade of lanina,ted boe.::cis ani.

r:¿l:ilcing com,ooi:nd bolteC io the floor of the íIu:ne. -ridjusimeni,s in heigh'ì,



'.:i:'e I-^:de b)" :-cre lsi n: o¡ d ec:easi :-ß Lf-e ;-u¡.lbel oÍ

-,::rü eii oi i-re feicir, a l.;ave i¿:-ocr naie cÍ plaslic

-.¡ .:'.

c.a:rL into ihe Í'an-

UUóI UÐ c iau U1lç !ss-

!--L.: .- ^_ r -.chgduuurrrÈ< r!c-Ð ¿u!é

¿¡r-nyi ¡.' over i,he

iir" '.';as d.r'at'.n -Lhr"ougl-i iì:e 'r,unnel b¡' a 36 ínch cer-Nri;'uga}

.:.::.n i¡"'iven by a l0 horsepo-...'ei'r-otor-, The íIur-re hras permanenlÌ;'covered

ov€r' ai ihe ouil ei enci to íorn a cha;nber 3 îeer, by I f eet b¿r 12 f eei

r:'oirL r,l'hich'Lhe ¡:.i::'1.¡as d::al¡r. The i-n1ei; of -bhe fan *as aiiachei io one

irra-r I of i;he cha:¡ber b;r rerrovi ng a panel íl'orn 'uhe flune ancì ::e¡l aci-ng i-L

i'¡i'i,n a fiiied al;n,'oocl ada'cier"" Tiie adapieris sho,..'':-r'jn -Lllustrai'ion;(II

i::-'i o.rl ì;o a'ctachin,o, ihe top oí the cha¡nbe::" The farL and rúoior irer'e bolied

-¡c ¡;::ai-seci. cind.er-bioclc base at ihe side oÍ the flu¡re" ,å¡r air" str'aiEht-

ilJrL)r-' ri!¡es p-r aced over' ';he inleì, end of f he tunne-l io obtain a il-ow oÍ

a,i.i'¡arall-el ioj:he rrrater surface a.rrd sides of ihe Ì,u¡rrel"

/r \(b) Cper¿.iron; Frior'uo eåch lesi, -,,he iop of ihe rulìit:lel- iras

':.t-í;'1ed. anC ihe particular situation i,o be i,esi,eo uas rnou'l cted in fine

^"''1 r¡L^ +^- "-,s -bhen closeci ana r,¡a'"er lras adCed- 'uo t,he desired depth";)¿¡:q e rrrv uvP rloÐ ullç:1 utuùçu dlu L1c!uçf 7i 4¡ duugu- uu utlE L¿vù_!t gL

ireestir'el:Lenis of eleva-Lion r^¡ere rnade r'.tt]'r a loint gauge aiiaclied to a

riorr¡-:a.trl e e.ari iâcâ ^h +^h ^f -ihÂ +u¿nnel-" The fan l;aS iUfned On anCÌ thev:r uvy vr

":.-in¡. vel-ociiy,.¡¿s adjus'red io 
"he 

oesired value b-¡ openÍng or closì-ng

-¿lie Ían cutlei" Tne fan r'ras ihen iurned oíf ancl i;he wa-ì.er 1q¿s ¿]]sr¡,rsd

lo sta¡d uniil a^J-l surges r'iere dalped oui " The nean r"¡ater leveì r,.ras re-

coicled on e--tl ilanoneieis a-rri the siiuaiion i¿as read¡¿ i;o be tested,

iroilo".'Angthe iesis ihe r,ra'r,e:: r¡;,es cirâineC i'r'orä i;he tu¡nel and'¿he nexL

s-ì lu¿lti-cn ¡.¡as consiructed"
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(a) Qons¡l'üc-Lroi : iie-r,one'iers r'¡er-e a!'üacÌred io lhe sides

o,| i,he 'Lu-nnel a'ü va::ious í-'e't ches -Lo record. the r¡a-ber levels 'oef.or:e and

i'-'-:-'i:rg iì:e ies-1,s" The äLancneiers wer:e nacie of r,,:ooden i'ec'"an3''Iai'cåses

iiiiÌi lls,vjgiass sides" The cases i'¡ere ¡naCe air',cigh'; ¡,, Lh caulking con-

cc,.rrd" The boi'Lom of the lnanorleiez's -!,Iere connec-ced io a valved iube

feadi:ri=a 'bo the r.çai;e:' in i;he i-¿nnel " The air space above 1,he i'¡aier was

coi:neciecÌ 'uo a static tube in i,ìre air flor,.' in the tunnel " This ilaCe the

s'Là"j c ]ii"essui'e in l;he irinnel equal io i,he s'ba'Lj-c pressure above ihe

i!:åLei' i-n -Uhe nanoneter: case ¿:rd hence ihe water sur'Íace el-ev¿.j:ioi-is equal .

TÌt,.l x¿teÌ'lerrels in the nanoneiei's i¡ere deiei'¡n-ined with a poin-'. geuge

c:.:,er'i'ing'Lh.rou3Ì: -UÌ:e iop of the nanorle'Ler case" The s'uen of the point

!Jr'--.¿e passeû ';ìiiougìr a lub:'lcaieo rubcer gaskc-,, to }:eeo the cas¿ air-
r-;.-L,.F f ^^^; -,.-1 I ì^^ ;-+ ^-^.-.:*^-r +^ :L-. - ^^--^^J- ^-^ +ì^^-,^^.-ì.',uiðrruo rLçaqlrröo could be deie:'¡dneC to the nearesf one thousanC'l,h oí a

j'oo'¿ rriih -t,he ,poinN gauge veri.iier scaie"

('o) Operai,ion: Beíore the fa¡ ,;¡as turrred on, the sri}l rvaier

l.el'els'r.reie recorded on ¿Il na¡ornel,e:"s" During a ì,est the coru:ecting

-i,riì-'.e between ihe rnano¡;re-uer and wa-Le:: in ine tu.n¡rel r.,ras qråduai-L¡,'valved

cr¡ivn urrtil -rhe wave fluctuaiion uas Campecl out and a siead;r ine¿.n w¿tei'

l*e¡ei- r¿as obiaineC" For= inii,ial- setup readi:rss ihe rnanoileier vaives ,/¡ei'e

(;:;rtì:'cd uo obiain the tine and iteal; of each sllrge"

] " I,.rave P'eco::ce¡'

In princ-i pl e ihe ì^Ialre recorC.er consis't ed of two fiire i,,/ires

r:;iiencìing be-ror,r'¿he -;¡aier su¡'iace in an electi'ical circuit" As i,he rrrâvês
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îii'-r-rsed -r.he Oïo¡es ¿nC ihe waiei= ¡r'iovei u.o ancl dor.n the r,tl:'e¡ s ',.,':'Le lenglh

':,.i. :,¡. ::e tìrrough r¡¡i':.i ch *r,he cuÌ.teni c:-.sscd cha,tged, changing ihc, "r,oia-l

-:'¡'¡'! s-rence of i,be el ect;"-ì caì ci icuii " This var.ied -r,he vo'l'¿a?e Lci'oss

a cons'La¡f resisiance in the ci¡cuit" The change in vol'bage ues ihen

cil-:bi:¿ieC lii lll t,he chair¡e in i.-ate: I evel againsi ihe wii.e pi.oì:,es ani

¡ire¿:su-red- -;,zth an osci r'l -ì sco]¡e " The ci rcui'L is sho-v,n scirenatic¿Lì ly ì n

Fig';-r'e fli be--l or.+:

iitliirI

i-ltl
1l I

I h \ $,i;rs-ssr¡{s.ee
\-¡V'-.-,.;fr'4]:,.\-/

i y :/'¿
-¡,¡¡.i-. ¡'q

osctltiscope crrd
CC"!"1elrê-

FIGUPE IX : ldA\rE RECORDER CIRCUIT

(a) Const¡:'u-c'bion : The rrire probes i,,rere moun'r,ed abour 4

itlches ape-r'f between'uwo ple:i3lass arírrso The anns u'ere atiached to ihe

s-i;afí of a po'ìni: r3auge aì-J-or'iing their to be exbended info ihe'bunnei anC

r^¡ili.er'" Ti:e p::'obes l¡Íere col'll:tecieci to ihe circuit on a Ìûoveabl e bench

ber¡ide -¡l:.e ,nd-nd tunnel . The íIuciuabi ons in vol tase ecross a consr,anù

::'e:sisiance in ihe circui'r. ¡riâs recordeci r,,.ì.ih a caxierâ ancl osci--i iiscoi:e"

(b) O¡er'a-ujLon : BeÍo¡-e eacÌr ies'r,, i;he voltage fluciuat,ion

lf¡r.sl calibra-Led'y¡iih the í'luctuaiion in lda'rer }evel . This was ,Cone bv

.t-cl¡ei'ins'une nrobe a kto.¡.t'l anoi:nb r.¡þlile the l,¡a+rer surface ¡,vas cal.n and



1)

:.l . :-'\:-:nü -;i-c cì¿::qe i ¡r 't-; j il'.;- " The setrs: li v-ì :¡r o: ':he :sc: - '.tcoi)--

. ,,*jus;:l lo ;i''re a s-¿-:i Íi:i::-', i¡.ri-i c:ii on ci ihe -...31.,ê rLå -' -;ude

,:':t iÌ.e scr'een. l;íi'¿n '¿he 'Les'¿ ìn

...:1.¡ ¡.-¡.:1 cc l-r^a .a-.ace oí ih¿ l.:a-.re

il t-rc':uai-l or ';L'ås pnoiog:'aphed i';ìih

¿L Pcl-a:'oid Lano cålirel'a (see

Í, -l -Lusirat,ion \¡III) " In -t lie pho bo-

..i-,...¡ìr, ihe nur,rbeï of 'r¡ealcs fo¡. a:.''" ''- t

. . :-.-..-, .¡,-l rn,: :r,p1r he CO-,;_:f.LeC. ;O

-r.: :- .r--..ñi .- - -,'r. - --^¡i gd Of the ï,j'eveS.u! ú v: i:r¿riv

r;- , : p\rè-r.:- 1.i n. .i'.i -LLjie OÍ ii: g

ITLI.TSTRATIO]{ VI]]
OSCILLISCOF,I Tr!'Al,Ili TP,ACE I¡Ciì TEST i{0,10

\r¡ivgs rtâJZ be rieàs'rjt€d dir.ectl¡r on tile oho-Lograph encl converie(i .uo

-t,o'i: b¡,r t,he calíbrâr-'roi1 consiani.

i.,, ¡';a,-i-¿::C Eqr:i-c:e:l'u

rn acìCitron ro -;he s¡eci¿l l.¡ corrsi,r'ucted ap-Ðal:atus .-escr1'oeC,

i:r,r'ì'ei:âl s'La-ndard rleasuri ng devi ces liere used in the i nvesi;iga--'ì on" These

j--;clude :ack anl, p'i.iion :r.ouri-l;ed. Ðoini Sauges, siaiic iubes, jr.iot, ir.ibes,

ir:-ici dr"aff gauges" TÌre poi-nt galÌges rvere iised t,o oetern-ine de,-:'';irs of

'ir¡eier a¡d ihe di-rnerisi ons cf oj a¡ ar:ti. boiioär conÍigu:"a'r,r ons colrsiruc-Lea

-: rt lhe 'Lunnel " the 'oìì,ot iubes i',)'ere useci for t^únd \-elocltv' ne¿rsurenenNs

iì.:ral. ihe s'¡aiic -Lubes r.,¡e¡'e useC for pi'ess-Llfe ri'l-easur€l;.,ell'r,s insid.e the

il.i¡¡:el ,






