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ABSTRACT

The pu.rpose of this stud.y ls to investigate

some of the effects of cllstortion in hydraulic

mod-els. Alx attempt is mad.e to present a few of the

problems inherent to these types of mod-elsu a.nd to

ald ln their partial sofution.

The }iterature vÍas searchedu a.nd a brlef

revlew mad-eu of the pape¡S whlch provid-ed- information

pertlnent to mod.el d-istorti-on" l,irnlted- tests were

mad-e on various sizes and- types of bed materials"

Two mod.eLs of the same prototype 'hiere tested-e otl'e

und.lstorted.u the other vertically d-lstortedr to

assess the effect of the d.lstortion. FinalLy a

mod-el was operated- a.t various d-ischarge ratlosu to

observe what effect d-ischarge d.lstortlon had' u.po13.

f lor¡r pattern and. water surface slopes '

The stud,y conclud.es that d-lstortlon ln moveable

bed. mod-e1s shoul-d. be mlnlmized. whenever possible'

Hconomlc consid.erations of cost and- testing timeu

usually d.lctate the cholce of bed. materlals"

Vertlcal d.istortion bend.s to nagnify seeond'ary

suruents and- veloclty d-istributlons lo a greater



d-egree than slope d.lstortion. Structures in vertieally

d_istorbed" mod-e]s may su.ffer from exaggerated. sid"e

wall effeet, Ðischarge d"istortio4 can be used- to

steepen the energy Lln.e !n a moùelu thereby fncreaslng

bed. loed. movementE oÍ prod-uctng proper water surface

slopes.
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NOTATTON

The followlng is a li.st of letter symbols lYøt

a.re not defined- when used" tn the text.
A

DÛ

Dg0

cfÕ

L

!t

m

YT

p

a

r
R

S

T

V

W

X

h,J

,pr

area (ttz¡

mean grain sl-ze

sieve size that 90 percent of the material passes

acceleratlon dtre to gravit¡' (tt/see?)

lensth (ft)

Mass (lbs/e)

subscrlpt denoting mod.el

Mannings s eoefflcíent of roughness

subscrlpt denoting prototype

d.ischarge (ft37*u" ¡

subscript d-enotlng mod.el to prototype ratj-o

hyd-raulXc rad.ius (ft)

friction slope

time (sec)

veloclty (tt/sec?)

fal-J. veloclty (f t/ sec?)

vertlcal d"istortion

helshb (rt¡

d-ensity (tns/ttz / sec?j

specif lc r,veight ( f¡s/f t3)
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CHAPTEB 1

T{YDP-{ULTE MODELS

The hydraulic mod-el ls a convenient and- rel-lable

!oo1, used in solvlng problems of floivu whtch would-

oiherwlse loe d.lfficult to eompuüe* idhen eombined. with

the experience and- sound- judgment of the englneeru the

hyd-raul1c mod.el can glve answers whlch are reliableu and-

whlch can d.etermlne wtrth a reasonable d.egree of eertalnty,

the better of two tested so1uüions to a hyd-raulle problem'

Problems of flow ln straight channelss ot ln plpes

or in any simple hyd.raulic systemu for which formulae

have been tested. ancl proved", should- never be solved in

mod.els, Howeveru r¡hen the problem becomes so compllcated.t

the bound.ary so irregular or the flotu phenomena so

d-ifficult rlnat errors in assumptions could. d-estroy

a.ny chance for accurate results, a hyd.raullc mod.el stud.y

may be consld.ered-.

Und.istorted. mq¡þ!e" Hyd.raulic mod.el theory is found-ed. on

the prlnciples of Hyd.raulic Simll-ltud-e" The id-eal nod-eI

would. possess three types of slnllarlty; namely geometrlcu

kinematic and- d.ynamic slmilarity. Geometrle sinllarlty

exists between tlvo objeets vrhen they have a certaln ratio

id.entical j.n all thelr d.lmensions" Thls type of similarity

1s common to most mod-e1sr hyd.raulic or otherlvise.

Kinematic sinilarity 1s a slmilarity of the veloeitles

of al-l homologous parts in a geometrically simllar system'
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Í1 a notion plcture of â mod.elu that was klnema.tically

slmilar t,o a prototypeu l¡Ias shonnr ¡rith lts speed- changed.

in the ratlo of the tlne scalesu motlon id.entleal- to that

of the prototype would. be vlewed""

Ðynamle slmllatty exists i-n geometrically and.

kinenatical]-y similar systems when the ratios of all-

homologous forces 1n the two systems are the sarneo

In und.istorted. hyd"raullc mod.elsu geometrlc sinilarlty

exists withln the bound.arles of the flurid motlon, Klnematlc

sinilarlty w111 exlst 1f eertain fundamental mod.el laws

are observed.. Jn soüe casesu d.lstortions of geomefrle

and" klnema.tic slnllarlty w111 be prod.uced.u ln ord.er to

obtaln speclfic cond.itions and. results.
Dynamlc slmllarity ln mod-else very seld.om exlsts"

No mod.el fl-uld. ls knoinmu vrhích has the requlred vlscoslty,

surface fenslon and. elastlc mod.ulus to satlsfy the

cond.itlons theoretically necessary@

Scale ratios ín open channel mod"els are d.erlved-

from the Froud"e Law" The Froud.e Law assumes that gravlty

is fhe predomlnatlng forçe ln a turbulent open channel

mod.elr and that the fluld. vlscoslty and. surface tenslon

are negligible* It requlres that the rablo of tnertlal
to gravltational forces i-n the model, should- be equal

to the correspond.lng ratlo in the prototype,

lner*ta force = Ma = YL'
3

x L = lL4-T= f
Sct Lst,t utt nJ P {"- ¿'/g qnJ V for L/t , then Mo T L'l/'
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G -o v rly {o-ce. = à- L- 3

Thereforeu from the above statement about the

equallty of these forcesu

r L.= Vr'
f. L.=

SLneef - Ù'/g and sLnce Jt,. for all practical purposes

equals unltyu then

v,/E = / o-

vr -- L-22 et )

Alsou since Vr = L. ,/Z-

then -7-. / '.2¿-- f (z)

All model to prototype ratios can be obtalned

from equations (f) and. (2) " The more frequently used

of these relatfonshipse are shown as followse

Length Ratio

Area Batlo

Volume Ratio

Tlme Ratlo

Veloclty Ratio

Ðischarge Ratio



f.ilF!, ::-

...ì.]:r:,

4

ln ord-er for the Froude Law to be valid in a

hyd-raulic mod.ele every effort must be mad.e to mi-nimize

the effects of surf,ace tenslonu vlseosntyr and. elastielty"

This can be done by keeplng the veloci"tles and. ùepths

as large as posslble" For financlal reasonsr the

d-imensions required. may sometimes not be feaslble ln an

und.istorted. model. It is then that a d.istorted. mod.e1

may be consid-ered-.

ÐlS-tofteS moÈels e Open channel- mod.els may be d.lstorted"

ln any of their three d-imenslons, wlth vertlcal d.lstortlon

belng used. most frequently, They may also have the

longltud-lnal horlzontal- scale at a d.lfferent ratlo than

elther the vertlcal or transverse horizontal seales"

Some mod.els use a slope d.lstortion. This ls
cornmonly known as Ëstll-tingrt, A d.lscharge d.tstortlon may

be used.u as a sLmp1e alternatlve to tlltlng. llhrlle

holding the water level at a d.eslred. point constantu

the d.ischarge ls lncreased-" This results ln a slleht

steepening of the water surface slope, which may for

many purposes be neglected-"

Flgure 1 glves an Lsometric vlew of these various

forms of d-lstortlon"

The ad.vantages of having a d.istorted modef are
'l1sted. as followsa

(f) The d.epthu wave helghtu slopes a.nd. veJoeltles

are all exaggerated., and. more easXly measured."
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(2) The effects of surfaee tenslon,.and viscoslty

become smaller tn relation to the inertia of the water"

(3) The tractive foree is lnereased., so that there ås

nore read-y movement of the bed. material ln a moveable

bed. mod-el.

Dlslorbed mod.els also have certaln d-lsadvantagese

(1) Their veloclty dlstrtbublon may be affeoteelu

changing tlae fl-o-gq patÈern l-n the nod-elu

(Z) The sld.e slopes ln a moveable bed. mod.eI may

become unstable"

(3) îhere can be an unfavorable psychol,ogleal effeeÈ

on the tesber"

These advantages and. d-lsadvan-r,âg€su holveveru are

usually outwelghed- by the maJor reason for d-lstorted

mod.elsu that lsu thelr economy. An undlstorted. mod.el ls
preferued. to a d.lstorted. mod.el if It can be bullt

sufflclently large, Howevern laboratory space or

facllltles may IinlÈ the horlzontal d.tmenslons of a

mod-el, If thls is the casee sortrê d-lstortLovl Inay become

necessarye i-n order to ensure measureable d.epths or

velocitles 
"

In a d.lstorted. mod.elr the veloelty ratio is equal

lo the square root of the vertical scaler and" all the

other scale ratios must be ad-Justed. accordingly" The

list of scale ratlos then becomes¡
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Iforizontal $cale Ratio

Vertl-eal Scale Ratlo

Verti"cal Area Ratio

Vo1ume Eatio

Veloclty Hatlo

Tlme Ratlo

Discha-rge Ratlo

(r/. )

(T-)
(Q.)

L.

Lrl

L." Y
t'/ 2-

L-Y
L.Y

-rz

7/
2)

4i+eo bed" models. l¡lhen the problem belng stud.ied. d.oes

not invol-ve a change ln shape of the channel 'bottom,

flxed- bed models may be used." These mod.els have the

advantage of beLng easily constructed. and. mal.ntafned."

They can be built to any seale d-lstortionu since sid.e

slope stabilltles are not a criteria,
tühen d-eternlnlng the requlred. d-rstortlon ratiou

for any ratio of roughnessu the t¿lanntng formula can be

usedu
¿/

slnce V = / 49 RZ S"
P--7

z-
K-'3 x

,2

z
then vr

therefore the

Y2'
f7r

d.lstortton ratio becomes

Ít
L,

fi -' 
tl-

1r

R, 4/=
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In any model, if the d-epthu hyd.raulic rad.ius, and_

roughness ratlo a.re known, then the required. distortlon

can be calculated-" 0n the other hand" if the value of

d-lstortlon is d-lctated- by other consid.erations, then the

necessary roughness can be computed.,

Since it is d.ifficult to pred.iet the exact roughness

for various types of bed-su the rîeut and_ tryùr method- is
usually requlred to obtain the final proper flow condltions,

This method. involves trial and error tests, wllh different
types and. amounts of roughnessu untl1 the correct waler

levels and slopes, in the mod.ele are obtained.

Moveablq bed. mod.el-s" The required- roughness of a moveable

bed. mod.el is usually not obtalned- from the Mannlng formula"

It ls instead. d-ictated by the type of bed. material used_

1n the stud.yo and. falls within a narrol¡t range. Distortion
must be chosen from a praclrcar stand.polntu and. ls usually
llmited. by the stabl-l-Ity of the sid-e slopes, The actual
scale of model w111 be d.ietated by the hyd-raulic facilitles
avallable" From these stand.points actual mathematlcal

solutlon of all scales and. d.lstortlon is often not

posslble u and lnstead- good_ Jud.gmeni is required..

Because of thls, experience 1s almost a prerequlslte in
the planning and. constructton of moveable bed_ mod"els"

Also, a thorough knowled.ge of the prototyp€¡ieaTl facilitate
the verification proced-ures that may be necessarye

before actual mod-el testing begins.
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ln the d.eslgn of a moveable bed mod-el, the horf*

zontal scale 1s d"letated. by lhe available laboratory

space or d.Xscharge eapacity. The d-lstortion is llmi.ted

by the discharge capaelty or by the slde slope slabillty

of the bed. materlal,. The d-istortion is always kept to

the nlnlmume conslstent with measurable depths and

vel"ocitLes,

One of the more d-lfficult problems encountered. ln a

nod.el desi-gn is the choice of bed mater1al, Some attempt

must be mad.e to find. a materlal that will move at the

correct mod.e1 velocity. It must be falrly unlformly

sized.E so tha-t there ls no sortlng of the particles

d-uring the erosion of the bed., Also, it must be read-lly

available, and. as economical as posslble.

Finallyu after the mod.el has been bullt, lts
verlflcatlon may be necessary. ïn -r,hls proced,ure, an

a,ccurate reprod.uetion of a prototype oecurrence must

take place ln the mod.el, fn ord.er to get the proper

verification, dlfferent bed. material-s may be triedu the

vertical d-lsbortion a.ltered.u or any ru¡mber of the hyd.raulic

cri-teria changed-, sueh as roughnesse slope d-istortion

or d-ischarge rati-o,

In the follollng chapters some of the problems

involved. ln the operatlon of d.istorted. moveabl-e bed.

models, w111 be presented., and- an attempt w111 be mad.e
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to find. their partial soll;.tlon" Ghapter Two wå1l glve

a brlef review of the literature and. an abstraef of

some research presently being oarried. otåt. ehapters

Threeu Fouru a"nd. Five w111 report the results of testst

which d.eal with bed. materialu vertieal ùi.stortlonu and.

d.ischarge d-lstortione respectlvely" ehapter Six w111

offer concluslons based. on the llterature and. the

tests.
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CHAPTER 11

ABSTRACTS FROM THE LÏTEBATTTRE

In the fol1ow1ng chapter, sorue of the research orr

mod.el d"lstortion wil] be reviewed* Short d"eseriptions

of the articlesr wlth d-lrect quotatlons on perttnant

pointsr w111 be given"

An extenslve report (7) was mad.e Ln L939 by K.D,

Nlchols on &The Observed. Effects of Geometrlc Ðistortlon

ln Hyd.raullc Mod.els8t. Fourteen rnod"el- stud.iess of various

scalesu d"lstortlons and. bed. types were d.escribed.. The

aùvantages and. dlsad.vantages of d.lstorted. mod.els were

d.iscussed., and some of the soales used in the different

mod.el stud.les were 11sted."

It was polnted. out that whereas scales of 1sJ0

sufflce ln mod.els of small rlvers, scales up to 1e2000

may be neoessary for rivers the si,ze of the Mlsslsslppt"

It was stated. that the larger the prototype to be studied.u

the greater the d"egree of d.i-stortlon E}:laE ls llkely to be

neeessary. In the foregolng mod.els wtth horlzontal-

seales ranglng from 1;50 to 1c2000, the vertlcal scales

ranged from 1e50 to 1¿200. The vertlcal d-istortlons

varied" from L þo 2O and. the slope d.istortlons from

1 Eo 26,
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.1i brief outl-ine oir the des j_,qn a-nci_ o¡er..¿:tion of

cl_is'borNed- t¡ooels .r.,!a-s -Lhen Eiven - íol _l_or,:eci. b¡r b"i:ief

e.bstra,cf,s ori the fourteen ¡nod.el stucl-ies a,n<J_ bh,eír..

concl Lr,sions.

One of -i;he s'bt-lclies u invol rrinq serreï.a_l d_iff e:nent

scal e rnod-els of bhe sâ.lne prof o'b¡r¡s, concl_u-ded tna.t

trTes'Ls cond,u-ctec'l ¡,ui ih equ-a-l- I'v'ouc]e :nu-ml-.ei s .ra\re

a.-;.proritna.i;ely s j,nil-a".r :r'esrr"lr;s :r.eqa:rd-l ess oll soa,-l_er'"

Thrs lÁras not ini;encj-ed- a,s a net,j conclus:roir, since it j_s

ihe basj-s u-iJon i,,rhi-cìr hJrd._r¿lul i-c node_l_ i;heort¡ is founneo'

ït is, i:oliever e â" prâ.ctic.a"l examr:_l-e of the va_--l-idi b¡r of

the .L,'rouc., e Lar';'"

Fi'oin va"ri.ous -bests 
"n the foll or^iing con-cl u-si.ons

I¡"ìe:fe d:cal¡n s

;tn inc:rea.se in slope d.istorblon will_ inci:ea-se
the scoLj.r resul-tinç,t fr.oin a- cllrjçs,

The d-eqree of drsto::tion a-ffects the
d is br-ibu-tion of vel_ocity ancÌ, iherefoïe,
rtoLr"l d- a"ffeci -che _relaiive ho_rizon.la"L
0-j.strjbu-tion oí energy a,nd 'uhe eff ecì;ir¡e
Lta.ctirre f or:ce "

There a-*cpealts io be a. g::ea_'ber d_iscreoa_ncy
be'b,¡een" 'bhe p.rototlrlte p-,n.ci the tnori_el f o:: a.
irr.¡rh d-eg:ree of georileiric distoriion thair io::
a l-oi¡ cì.egree 

"

For a- decz'ease in sJ_oi;e cjistcr"ilon i;he rnoc_el
verlf ica'bion t'¡a"s 'i iloroved,.

Itlhe se sta,teiuen-ts a-l1- ino.ica.te bir¿¡ t everry efilo"rt
slroula be ma-cl-e j;o minir t.ize cÌi s bo:r:Ì;ion in movea-ble bed

models 
"

*'. l:,

ltì.S:
ir,lì.r,

ft'r'I

:::'-:il:

:i l:i-ij'

:ì:'rì:'

:::,]ì].

iJ,
::!:_l

::..ì¡ì

ììl

tiì

:tlì
i,-i:l:

:.i:.,Ì,

;i.i¡:

:i:,i
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üoiirir¿¡z'ing tests of' tr,',ío rroci el-s oí t;he, sa-ne .o::otoiy,ce

çie.\Ie 'bh e :1o 1 i oi,'in: f'e su-.1- t :

;+-l 'biiot:.-h ';h e t rt.c b i.¡e- -"-i _

tl¡o rno iie I s ii a-s eq ueil
¿'r.S a P::odUct of cieO-i,h
bed- mor¡enent occur:red.
+.lre trea.tet oe rth.

Ícrce ?....-ã..i]-abl-e in'r-he
('i:ra.cl-,i-ve f c-r'ce elii.r-r'e sserl-\'L-r :¡es s'loiJe)r ,Te¿.'icr
in the rnocl e-l- h¿l¡¡in:.r

'fhis I,ioulci rtrcLica.teu tha"t i.í' i:a_pid_ becl_ movemen-Ì-- L¡ia"s

::equired )-r'4 a. moclel, ve-r:tica,l- d j stoi:i1on lnisht be Ð,

i::ref erable a.liei'na--b j ve 'bo slope c i s'boriion.

A ¡nocle_L siucì1r of beci loa"ci novement a-1, lhe fo::k

o! e" rirre-r: resu-lled- in soì.ne i.nteres l,inq conclr,rsi ons å

1 ) 'Ìhe tes.i;s i no-j ca.te cl_ea"rl_y tha.t, f or
equal ilis.b:ribu'rion of fl-ow, -bhe tr1ra.¡,e:Ìl
eni;ering bhe side cha_nnel-" is nainJ_y
lha,l florving a.i-ong the boi"born a.nci one
s:Ld-e (nea.::er 'r;h.e sicie channel-) of the
a.oproach channel-,

2) The d-a,'ca sholred- clear.rly tha.t for a_

girren deoth of flows 3.s lhe veJ_ocity
(o:c sl-o;oe d.istortj-on) increases, the
zone of botiom clLr.rents turn.ing inbo
the side cha-nnel 'j ncrea-ses i-n wirlth.

The tesj,s 'Lhen conclud.e that tire major.ib¡i of bed rlove:nent

t¡,rould ente:: 'Lhe sid-e channel_, a,niL a-s bhe bed_ l-oa.d.

ma.terj-al beca-i"ne f1ner. a-nd- a- grea-ter percenta_.qe r^ia-s

ca-rried- j n su.s1:ension, the ,oercenì;a--ge enie::1ng tlre s j.ne

cha"nnel- r,,roul d- cl-eorease,

-From Ì;his stu_d¡r! one ca"ir conch:-o_e tha"t, exi,:eme

ea-uticn shoi-ild be used in i;he a-na-lysis of becl l-oad_

inor¡ement ar; cha.nnel_ junctions, in cj j s.borted. ilocj.e--l_s 
"
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'In 1rt,i. sj r,j i-c.ij-ssion of the l:e siu--l-isr oí' t.he f cl:"i'1;oeir

.!-ocrc t,ii ^ r,Îi chol s .!:a.ve e- fiood. e:iltl ¿:.n¿:''cion of he.l-:t coi ca-r-L=Þ v;

f"llr'i "

i]su¿"1,-l-rr i.n a.n oþen cha.t:¡el- Lhe -q11.:r:fELce
cLtrT'ei1ts a.ïe l:lovinri fast-,er' tlien i;he
bo'i;tolr cj-ll:rents " ::le:lce , IÍnen D, ohr],nge
in cj-irect-ion oc.cL1-fs i'f tei<.es -l-ess fc.rc,e
'f,o cytàn.ge the diL:ectiou of ihe botion,
ì;h.en ih-^ sr:"r',îace clì.:frents " " l-it r'.-

bencl seci j-on 'r.he ra,diu"s of cu-Tr/a. bLrre is
genera"ll-y less fo:: the bo'bto,:r bhen the ioig
cr.r--r:r'ezrts a"nd this l:henomenon is a p:r't of
helicoi..cia-l- .î-l..or,¡., @ d In movea.bl-e bed
siu-cì.1çs, ihe en3inee:r: is ¡r¡'i,icr,r-1.T'ly
irrie::e stecl l-n t.Lre di:recti-on. of the
bot-boin cL:-r.rent J:eca-use they slte tìre
lrriLnci-ple C-eternining fe"c'bor tn tire
di-i:ection a"ir.d a-noi-rnt of mor¡enen.'i; of 'bhe

bed-. ô 6 . An a"na-lysis of bhese stud-ie
inclica-te s tha-t rr-su-a-l-l-r' 3;r:e:te:r d.e¡;t.h or
distortion t'iill i.nct:ease tlte c-iver.'gence
of sLl:r'face a.nd- boiton cl-j-lrrenis, anri- that
ihe cii-ve:rg'ence is more ma.rkecl fo:r' ¿',rr

inc¡'ea-se in cl-epth rlistortion then f,or
".n 

equa,J- increase rn s1o,ce iListor'iion"

These stateiueir.bs i-ird-i ca,'l,e Nli:at- i f bhe nod-e.1. has

con:rll,ca.ted fl-ott concl-i-bionse ever)¡ e:îfort should be

ma-cle io nj-niinize ilistoi:ti-orr^ a.ncl

woul-cl se€n a p-r:ef e::a1¡-"1-e a.-l-te::nat j-r¡e

if mea.su-re.ble de,:ths a.r'e a.l.rea.rlJr

V¿;.::icl;s: lte cL ¡:Le.-be i:ia I sr Ì¡ie lîe

th¿:.'b -q1oÊe d -Lstoi:'tion

io ve .r-b i c a"l- 11 i- s'ì--,o i' b í on ,

i¡-i'esent 1n- l,]re mocle.1-"

lherr dincrtssed.. r¡:n.."i n¡'

f roi,:t

s:;.nd- u

-l c'nrri ia :'-i -lh

i^¡1ih a s-¡lec¡-fic

'che r¡o-l-lul.e cf u.: ber:ia-l- Ltiì.tLspo-rteC r ve .r' sLlS 't¿.tt,ci;ive

fo.:ce, for^ 'ihe 'rj-1Ípyçr'¡ iit¡es li t s :"j-velt, .lhr:,1 1rr.h
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soul-d. be used. as arr approxtmate guid"e in the chotce of

bed. materlalsu when d.esigning a mod-e],

A.s an ad-d.itional ald- in the seleetion of bed. materialsu

some comments on lightwelght aggregates were mad.ee

Llghtwelght naterials have the ad.vantage
over heavler materials in þlnat, for a gLven
graln sizeu movement occurs at a lower tractlve
force, and. that coarser lightweight material
may be used" instead of heavier sand. to red.uee
the riffllng a.nd. the d.egree of d.lstortion.
Howeveru the apparent speeific gravity and.
slze of coalu pumieeu and. haydlte gralns
change a.fter continued use. Amber and"
gilsonlùe are very costly and. extremely
d.ifflcult to use"
oooaoooo0009

Unless gilsonlte ls soaked. ln water, shaped.
rapid-ly to conform to the mod-el bed-, and.
flood.ed. almost immed-iatelïo tlny ai-r bubbl-es
atþach themselves to the gralns and- eause the
materlal to float, Howeveru the use of
lightwelght material is feaslbleo and- lt Is
reconneixd-ed. as a substltute for extreme
geometric d-lstortion" Experience lnd.lcates that
a comblnation of moderate d.epth d.lstortlon,
mod.erate slope d.lstortionu and. llghtwelght
bed. material is better then the use of one
extreme to the excl-usion of others"

Mr. Nlchols concl-ud.ed. that ¡¡henever geornetrlcally

d.lstorted. mod-eIs are used.e they should. be used. wlth

extreme cautlon" He stated. that any posslble method-s

of m1-nimlzLng d.istortion should. be useclu and. that great

care should. be taken Ln the verificatlon of these mod.els,

He recommend.ed- that und.lstorted. mod.els should. 'oe used-

whenever posslble" -å,i bibllography 1s glven i.n the

append.i-x of the paper.
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-i'ìr_i:ee r, i-sct..r-ssio:as fo-l Lo¡,;, '¿ile .rìã.ì¡-re_r ìr;r l.rit. lriic.hols.

,;r";,:þ¡:çi;i- ¡n.il iiL:, v'o,1lel- agreeä., itt i,ltei:: r"es)ect-i.ve

r.ì j sçi-rss j ons i:ill¡-i a-!-tlrou-eth clj s i,orticir-s shoutl"cl be lrei:;t

-t,o a. lrj-nr-raun in tryd,rau--l -Lc s;'L-.Ltr:ì -ì es, i,!tr::t c:isì-;o:r'tecL r¡toci els

t)ue lna.n;)¡ i;.t-ne I a.n eccitcttL-ic j]-eces:i-t1r" 'i'he¡,' ç,..1 so a,g:reeil

i,l,r:.t -i'f L)tl?1T ¿l.T'e handl.ed- prc,re-rl--v, 'i;hese rrorjel s c..:r.n. gi-r.'e

qiu"ì-'be goocj ansi¡Ie-r's.

ä,r. iJlhi:-loti; d i srcL¡.sser,l. f6¡lnul : s, l:¿'.sec-l otL i;ire

i'Ía.nn inp:; ilciula.iroir, f ci' f incì Ì irg tì:Le ¡)ro !e ,c ro iighne s s i n

a. nod.e1" tle inci-cated Ei:t:t:i'i.!,re¡r shou"l-d .bc. 
Lr-s;ei- onl_r¡ irr

'i;he Oesign of e. r:octel , encl- tha.i -bhe ?tcLr-t ¡'.nc'l- 'YTrr" liet.iiocl

sh6¡r-l C be u.sed. i.n 'Ljre a,c'bu.a"-'l- con-sf::l-l.ction a.irct vez,if j -
cation." .ije m.enlionecl -i;ha"t 'L.he rou,.rhiress faci-,o ¡. coulC

not -be ina,C-e sinal-l-eil i;l::en .009 no:tî -c-.'rea.i-,er tlt,err .026 i:n

a. noc.ef. r¡,,i- i,houì; acti-ia-l1Jr cons'bric'bine i,he cross-sêc-bion.

l'1::" Ta.yl-o.rl, in hi s ci'i scLr-ssion* lIa.s pesslrnistic
''i;o'¡a-rd-s ¡rocìe-l clisto:ciioir-" ile descri'beo test,s, c€-,.rîi:'i-eiì-

out cìnringr -1"9j5 tnd. L))6 n ¿l Lhe LTni i¡ç¡si.¡]r of Ca-lifornj-ei"

j',s e,, Te suli of these iests. he .recoiiljileniled lh¿..-i ,cieo-

ieeirj-cal-l-ii di-sborbecl lnocie-l-s shol¡--l-ci be arro-iC'ecì-, r',rher.levet'

su-i-ia-bl e nnC-Lstc.rteC mocel s ca-r-n lle cons'ì;l:rr-c-bec1 a.ì-, ?.).

lea.sona-ble cost,

In tirese -bests, â,]f a::ì¡j- t,a.ry prol,oty.oe w,?.s-r con-

stru.ctecl-, r¡1 hh a- one f oo'i; id;t.cle cha-n::iel- * ii L¡cdel- of' bl:rls

cn¡.nnel " si:t inches iiio.e " r¡iF.,.s a.iso bui-i,-l " ia,r-i.'l-es--. - _-__- 
- v
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'orotru-deci perpend-icu.lai:ly f ror: the ffa.l-ls of ihe respective

channels, in-bo the st:t'eam of flot,r. 'ilhese baff les ca"u.sed-

ilte stream lines to follor.r a- sin-uou.s pt,Lh a.Long the

cha.nnel " The c.egree of tur:bul ence ca-usec. by these baf í1es

d-epend.ed on holv far into the cha.nnel- bhey proiected,

Diff erent ra.tes of d-istortion cou.l-d- be testeo- in

the mocìe1 by running the test a.t CI-iff erent d-epths of f 1ol¡,

Nunerou,s tests vÍere run aL va.rious degrees of d.isio::tionu

a.nd u.nd-er d-ifferent degrees of turbu.lence. The results

of these Nests, plotted on gra"phsr r€su-ltecl in the

f oll-ou'iirg conclus ions ;

1) UnCistoz"ted. mod.el s more truly re;oresent
their prototype then d-istorted- nodels.
2) If the Frorid"e La-r¡r is used- a.s the mod-el-
crilerion, mod-els of highly turbuleni
slrstems a.re more fa.ithful l\-en mod-els of
rela"tively smooth f low-s "

lir, Ta¡r].61 Ïias pessimistic abou.t the use of clis-

torted model-s, a-nd- d"1d- not iuclge the verification of a,

mod-el- at one d.ischa-rge, es suff icient proof thai i't,

tr'oul-cl operate f aithfully al other discha"rges ' LLolvever,

i'tr, Taylor'e s opinion about distortion, a.l-though stronger,

Iüas in essence the sa,me as Lha.t held by the other three

writers" They all agreed- that d-istortion in hyd.re,ulic

mod"els should- be keot to a minimumu anci tha.t exLra,

ca.re shoul-o- be taken in their testing and analysis"
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A syrrposium on moclel- to ,orototype conformit¡r

Ti,Ta.s presented, in the L9l+4 [nS"C".i';n Tta-nsa,cLioms" fn one

of the þa-Ìlers (3) t Fred-erick 8." Brol'¡n d-iscussed confo:rmity

in g,'eometricaJ-1.y distor:ted river mod-els,

lie sta.ted- tha.t r¡hil-e exa.cL geometric simil itu.d.e

must be mainta,ined- in models of hyd.raulic stru-cNures,

LhaL in river models, it is sometimes necessary to

d.istort the ve::tical scal-e or ad,cl slope distortion in order to

cnta"in 'bhe resul-ts desired.. lle further commented.:

Complele similitu.cle is not essential- if
ca,Te is ta"ken in selecting lhe nod-el scales
for sol-ution of the ,oroblem at hand." If
the problem is one involving channel
capae:-ties or stud.y of flov¡-crest profilesu
the moCel sca"les ca.n be d.istorted- consid.era.blyt
o o " A1l- Lba.l is necessa"ry o @ ' is to
adjust the mod-el roughness in ord-er to o 6 o

permit the reproduction of the desired- stage-
d-ischarge relationsn ô ô " If the problen
involves a movement of bed- matertaT, the
distortion of mod-el- sca-Ies mu"st nol be too
large, . o o If the horizon'EaL a.nd. vertical-
scales selected. are such b]na"t the d-istortion
is loru and- the strea"m is v'iid-e v¿ith respect to
the depth, the distortion lvil.l noi a.lter the gen-
eyal sha"pe of lhe channel, and- a close
similarity of velocity d.istribuNion 'ç^ril-1 exisf 

"

An example was given of a l\iississippi ß.iver model

l^¡ith a vertical- d"istortion of f our, a.nd i¡¡ith a. sllght

a"d_d_iti on¿.I slope C,istortion. In this moclel , a.ccuta.Le

verif ica.tion wa.s established", and- good- resulls f or

velociiy d.istribution a-nd- bed- load- movemeni, vlere olltained-'
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I''ir, i¡z'o'çvn then discusseiL the f a-ct thaf, e:ca-c'b

Nlreoret LcaL mocl-el rou-ghness need- no-t necessa-rilJr "r:e

met, since the r¡a.lue of the rou,ghness :r'a-tio, is inversel¡r

yela.Led- lo the value of the discha-rge ratlo' Froro

t¡e ita.nning Eç¡u.ation the foflor,,'ing f o-r'mu"}a is obta"illed-s

Q,. R nt'= L . "t Y-='^
l'l I

It can j:e seen from ihis form.ul-a- that for any constairl

value of hydrau-lic raciiu-s and nater surf'a.ce s1ope, Eha'L

the roughness ratio is inverselJ¡ rela-tecl- to the d.ischa,rge

ra.tio" 'lherefore, 1f the rou-ghness present in the

mod-el does not give the correct wa,Ler surfa-ce slopeu

the d-lscha.rge retio ma"y be slightly adjusted- to give fhe

proper veriflcation"

îrir" i3rornin end-ed his d.iscussion by sta.ting:

A:1-1 in a,.l--l- ihe dist.o::ierl- moclel provlcles a va"lua"b,le
tool for the solution of Cr.iff icult proìll eras. " ô ê

Erperienced- nodel technicia.ns rea.lize the t;'u-e
va"lue of distortecl ¡nodels ancl can "oe depend-ed
u-pon to intrepreN the model results correcfJ-y. o @

0f the a"mou.nt of infornaiion ava-i-la.b1es " o 6

the proiot¡'pe perfo:rioa"nce is bearing ou.t tire
preC.ictions of the d-istorted- scale models in
practically every case 

"

At the I";;"ii".l:i" meeting a-t the Hague tn 1-955u

report (6 ) T¡iå.s me.d-e on the rtCril'eria f or Sitrilitude

Scour Bel-ori,r llydra.ulic Structu.:reut by wen-,t-rsiung L1 
"

:i, ¡:ll

: ::::i::i,]

::ìl

r,.r:,:l:,

i. r.:l:ìì

:':: ìÌt:.

a,

of

Two groups of models i..vere tesled-r one grou.p being of a'
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s.o1ll-wa.yu a.nd the othez' oí a submerged opening" T\vo

models of spillways ancl three of sr-rbrnerged- openings

rr,rere u-sed, Ser/en ciifferent bed ma"tetial-s rJere u-sed in

Nhe tests" Si:t of these ma"ieria.ls i,,¡ere -sancls of specif ic
gravLty 2,6J, ranging in slze fr.om 0"35 to 1,5 rqil--l-imeters.

The seventh bed- mate::ie"l ivas an elûery of specif ic gravily

3"81 a.nd a, mean dia-rneter cf 0 "4 r¡il-l-imete::s.

ir]u.merou-s Nests were tuyt a.t various d-ischa"rges a_nd"

La.tTtça.ter clepihs, The d-epths of scour T/Íere measured a.t

freo.uent inteL:va.ls in the first trr,ro ]ror.rrs of tests, and-

'brr,iice everlr hour du.ring the rena-inder of the test"
l.tost of the tests were run for six hours r,¡ith some being

run f or twelve hou-rs " Observa"tions of the tests and. plots

of their resulbs ga,ve the fol-l_ov,ring conclusionse

¿-)Under correspond-ing conditions of f 1ol'r,
the shape of scour hole aL cor:responcling d-ep'bhs
of scour is inclepenclent of the bed- ma"teria.l
anð. size of lhe nod-el.
b) Du::ing bhe rnain poi:bion of the tlme Ïrlílen
the d-epih of scou-r is increasingu the scour
cleoth is þra"ctica1ly proportiona.l to
geonetr.ic progression of the cluration of the
scouring a,ction, IloÌnrever¡ a.s inclicated by
several- tes'bs e.L long duraticn, the clepth
of scour i^rill fina"l1¡r rea,clt a.nd rema.in a"t a,

liniting vaIue,
c) For simil itud"e of scour in sca.le mod-els
the fall vefocityof the bed maLer1al_ should.
be chosen according to the vel ocit;r scale
for the floi¡¡. The llnear size of the bed-
material is no'b, in gener.al, reduced
accord-ing bo tbe linear scal_e"
d) The ra-te of scour is not redu-ced- in
a.ccorö-ance v¡ith ihe vel-ocit¡- sca"le fo:: lhe
floi¡,¡" ft ca.n J¡e shown ra-ticnal_,1_y Nha.t the
scou.r depth is a. fu.nction of dlvt instead of W!

L¿ I,
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The iests indica,teci Lha.t becl ma-ierta.L for e" noclel

sholr.ld theoreticall-y be chosen so thai 1,he raj-io oí i-ts

f a.LL vel oci'l,y to the f a-ll vel ocit¡i of ùhe p:rototype

maTeTial, is in the same ra.'bio as the velocity sca-}e,

Thetrr also ind.icated, horn¡evelu that llroÞer sha.i:es of

scour patterns will be found v,iith a-ny size of bed rna-teria.f

It ca-n be seen from conclusion (b), tna.L the title

scale f or model 'besting need not necessarily be dlcta"tect

by the Froucie Larti" It is ,oossibleu that a leru Þrel iminar¡r

runs woul-ci shov¡ the amount of ti¡ne necessaryu to clevelop

the ma.joz' scour l¡atterns" Then, if valtiolls schemes

which a.'lf ecl scou-1' a"re being stu"died-, f a"it compa.rison

can be macle between the alte::na.livess so long as identica-l_

length of time are u-sed- in the va"rious iests" Ihe

conclusion t,ha.t the d.epih of scour r¡,ras a. fi-itrc-bion of

ùwt/¡.2, (r,;here cl equ-als gre,,in d-iameter, v.r ec¿ua.ls f a-11

velocity, i equa.l-s 'birne a-ncl L, equals a" cha.ra-cteristic

length in lhe nod-el), T,,,üa.s founcr by ra,t:-cnal consiC.erabions

in the ilaþer" A graph of the results of the testsu

shoviing d"epth of scour versus (lwt¡yZ- ) 'rrlotteci- on fa.irly
smooth lines 

"

At 'bhe same coníerence a pa.per (1) .r.r,ra-s given by

l'4r" I'i, Ah¡la.d of Pa.kieta.n" It r¡ras entitlecl the irEff ect

of Scal.e Distortion, Size of irrod-el Bed lr{a.terial and Time

Sca]e on the Geo¡retrica-l- Sirnilariblr of Loca.,Lized- Scolr.rr¡"

t:

ì1
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Severa-l- geotle-brical-l-y cr-istoried-u .inovea.bf e bed- mod-el

invesii ga,tions r'lTere a.nal¡rssfl, a-nd- ihe ío1,1 oi,vinâ{ }'Iere

so1ne of the genera"l- coirclusions mad"e:

I-r, ha.s beeL:r sholvn Eha,t in a, smal l- scal-e
d-is-,,orted model the scour is l-ess d-eep
and mo.i:e i,'rid-e than the corresponding
d-imensions in the prototype" -!..,r rnocl-ef s
viith distoriion grea.ter Lhan f our or f ive
ihe effect of d-istortion ha.s to be elimina-ted"
or gauged before the mod-el resul--bs cÐ-n sa.fel¡r
"oe applied to prototype"

I4r. Ahrna.d- stated- tha"t g:ceat care ha.d- been -r.a".Llen

in the verif ica-tion of 'bhe mod-els " !^liih rega.rd- lo bhe

ef'f ect of 'bhe size of 'oed matez'ial on l-ocalr-zeÔ- scou:lît

Ì,,ir " Ahmad- cor¡-nien-bed- :

ït has been shor¡in for scou-rs in
geonetricali-y si¡ail-a-r irrodels tha-'b ihe
re"Le of d-evelopment of scou-r is much nore
lrrisk f or a f inez' sa.nd than f or a-

coa.lrser onee though the sta"ble value of
scour is more or l-ess i;he sâftleo n o o

Thus by using 'i;l,e f iner sa-nd", better
reprocluction of scour depth c¡n be
obla.ined in a cornpara.tively sirorf er iime.
The excessive riffling of the bed., hoi."Ie\rer,
imposes a limitation on the use of verlr
f ine sa.nd 

"

This c¿u.otation agrees tvith a previous pa.,oer, ilr

sta"ting tina,t bhe ainount of scour rras not a- fu-nction

of ihe size of bed- ma,teria"l . Agreement on the rate

of scou-lî wa.s a.l-so ind-icated;

The rate of d-evelopment of scou-r is shov'rn
lo be ver}¡ brisk in the initía"l sta-ges of
d-evel o¡meni and- the scou.y' d-epth a"pproaches
asy¡ntoptica]ly the íina-l- stable va.lue. If
the model- j-s .run fo:: more iime no a.pllrecia-ble
increase in scour is obtained.
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'i:1r, Ahmacl bhen cì-escribecl t¡¡o ¡nodel- stu_iries, r,ihere

setteraL time sca-1es r.¡iere tz'ied, f or. ea"ch, bef o:r'e a.cl,u-al

testing bega-n, In both cases it r'¡as foun,d- tha"-v after

a. shoyL tine, four minu,bes in one and- si.z rninu"tes in the

ot'ners ho irnl¡rovemeni in slnilariiy oí tlre scolr-r i^j a-s

obtained, and. Llø.t tl:re sa-nd- ha-d- rea,ched its stable

scou,r O-epth. An¡' increase in time scale r¡rou-ld not be

ju.stif 'ì ed-. I'.1r" Ahnad- suggested- tha"t bef ore atly movea"l¡1e

bed- mod-el stud¡r, severa-} iests should- be run a-t va.riou.s

time scales, to d-ecide r,,¡hich i¡¡ould- be the oþtimrr-m Lime

scale to be Lr.sed-"

At tlne 1957 I.,l"lI".Lì" meeting i-n Lisbon, nine ce.pers

r¡iere presentecl on the su-b ject of sca.le eff ect" One of

ilre ,oa.pers ( 5) enLitJ'ed. IoScal e Ef f ect in Hyd.ra.u-lic

Besea.rchu' by Joglekar" Gol-e, and Chita,-1e, o ea.lt rna.inly

r¡¡ith scale ef f ect in rnoCLels of structures, llor¡ever¡

since a. sirutctu-:re is ver)¡ of ten involved iir a- movea.bl-e

bed moi.el, sone comments can be dralnrn fz'om the paper'.

If a stru-ctu.re in a distorted- ruovea"b]e bed mod-el is
buílt so Lltat its vertical scale and longi'budina,l

hori zonta1 scalee a.re bu.ilt to the sl,me vertical scal e

a.s the model, Lhert the proper depth a"nd- shape of flow

l-ines l¡il} be obtained in the d.ischarge or¡er the stru.ciureu

(assuming tha,t the mocÌel to probotype roughness ratio
is eoruect). The lcidth must be built to the horizonta.I

sca-l-e of f he mod-ej- "
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tl The nr"oper rou.ghness in the mod.el- ma.y be difficul,t

to obi,a-ins â.s very smoofh moclels are necessa"r:f . Even

if thls rolighness is obtainedu sid.e ¡^ra.ll eff ects fror¡

i:iers ancl Nra-ining l^ral-ls can ma.ke the study very d-ifficu-lt

to a"nal¡rsç. The a-u,thors ga.ve the follovring a"Aterna"bives,

r¡rhich can 'be used, to red.uce the frictiona.] I osses to

their proper proportion;

The expedient r¡rhich is therefore used- in mod-els
is Llnat of artificia-l-ly increasing the
discha-r'ge coeffic-i,ent of the nod.el lrreir by
sl-ightly steepeni ng the upstream a.nd-
dor¡rnstream gla.cis sl opes or else by
red-ucing the length of weir in l-ine of f l-oi.,,- 

",Sornetimes lov¡ering of lhe sill in ihe model- is
al so ad.oþted,

These measures woul-d" ha.ve to be ad-opted" i,'rith

ca,Te and- cou-Id- not be used- if any ntea.su-rements on the

structure itself Ïrere to be ma-d-e.

-t¡ distorted- moclels rl'ihere ihere is flow a"rou.nd

;oiers, dlssimila-rity of flov,r or excessive scot'ir cÊ.n

occur. The a-uthors off ered- the foll-oviing solutions

All fhese clef ects a"Te overcome providing
the v¡idth to d-epth ratio of the mod-el span
a"nd- ì;he pr.oto'bype spa"n is kept the sa.me b,y
su.itably reducing the number of the piers
in the mod-el. The nu¡nber of the piers in
the model is obta"ined- bJr Cividing the
nu,mber of piers in bhe Þrototype by the
vertica.l exa-ggerati on.

'Ihis ¡nethod- of constructionu r¡rhich eliminates the

d-istortion in the inclividual baysu is discussecl in

Cha-pter ïV.
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Another' ,oa.l)er (9 ) on sca_t e eff ect r.¡a.s given by

6¡2.¡les 1'homa"s of the Burea-u- of Eecla.rrra-tion in Denver.

It r¡a.s entitl-ed- lTVel oci ties, Scour.r and. Pressu_re

iteasurenents From Three irioiLels of -Lhe Sa.rue Structu::ete"

Three models of the spillnray of the Gyanù Coulee

Da:mu i¡rere built to sca.les of LzLJ, lrliOu LzL?.O, These

nod-els i,Ìeïe cons'bru-cteci a-t d-iff erent tines forLhree
d-iff erent stu.d-ies " At a" l-ater date, the resu.l--r,s t^rere

grouped" anð,- a,na)_ysedu to see if a.ny observaticns on

sca-le ef f ect cou-l-d be ma-de 
"

Velociiy neaslr.rements rn¡ere ta-ken e.i the centr.e

lines of al-l- the moclels, since it r¡a.s f el_t tha.t sid.e

'¡1a11 effects wou-l-d ru-le ou-t àny clta,nce for comrra-rison

a.L the sid-es of lhe mod-e-l-s, The f ol_l.or¡,iing comm,ents

Ì^Iere ma-d-e v¡ithrega"rds to the veloc'ìty mea"srireineniss

The results indica-te tnaj veloclties
obta"ined. fr"on the three sca-le ratio
r:oclels r,.rhen tra.nsf errecl to oz.otoLype
val-u-es shor¡ very close agreement. Tt
is not a-ppa.rent from Nhe sir-idies 'l,bLa,t

a- liniting f a"c'f,oy on lhe size of the
nodef s tÀia-s rea.ched-"

In discus-qing the scol-lr stucÌies in bed ina.teria"ls

u.sed in the modeJ-s, some conments by I'ir" Tl,ioi,ra-s bea.i:

repea.ting:

fn mod-e-l-s of s'pi-l-lr¡a.)rs a-:nd outle'L works, 
"the effeciiveness, e.s a"n energy d-issipator,

of va"rious structu-r'es tes'Led- may be compa-red
on the basis of the scoi-rr Þatter:n produ_ced.
It is not coiìrrìr-olL .oractice io attenrpt to
d-etermine in models of this type the exact
d-ei¡th and- the ertent of scou-r rr;hi e.h mì r:¡'ht
be expected- tn a 'irroto'bype 

"
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This .l-asl, sentence shoul-c1 be reiae:rr.be:r'eC' .i¡hen the

resu"lts o.fl scou-r tes'bs ìn rnod.els a,r"e being analysed-"

The types of bed ruaterial s f or the th-ree n'rodels

T$ere d-e-oendent on the la-rgest rnoclel - The materia-l- r,'¡hich

r,ras read-ily a.vatla"bÌe rr'ras used- in ihe 1t1J scale moclel ,

Tlrc maLerta,L for the o'bher two mod-el-s was chosen so tha.L

the ra"tios of the mean diamete-cs of their gra"in sizes,

conrra-recl to tha.-Y, for ihe lslJ rnod-el-e 'hiere eclua-l to the

ra,tio of the linear sca-les of the respective mod"els"

No conpa.rlsons cou-ld- be mad-e from ihe resu-lts of the

scour tests. lir, Thoma"s stated. Nha-t ¡sThe basic

a.ssirrn-otions mad-e in rega.rd- Lo sca"l-e rel a.Lionship of

the r'rean gra-in size ivas not born out'by the obserl'ationsÈd.

As was c¿uoted. earlier in the cha.pteru a better
criteria for the cholce of bed- materia.l r.¡ould- be Nhe

ratio of fa-ll velocities, rather lha-n the :ratio of ihe

mean gra.in sl.ze diameters"

The l-a.st artic-l-e consulted- (i-f ) rüâs à s1:ecial

research report issued- ìry 'bhe U.S" Corps of Engineer.s"

o71 e 0eTrie"ngu.la-r Flume Stucly of Distortion Effects'0"

Ït is pa.rt of a continuing -research program on mod-el

clis bori;ion, being ca,rri ed- oui by the Corps " A brief
a.bstz'a.ct of this report is given here" An inr¡estigation

Ï¡as cal:ri ed. out to try to eval ua.te the ef f ects of

cìistorbion in mod-el stud.ies, r,.¡ith the a"in of

establishing disi;ortion limits f or variolis ¡lod.e1s.

: .rì:r:
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The lif eratu"re t{e.s exÞlored, but al-though

clistorliol'1 T,Ias d-iscussed" frequenti-ye very -l-i bil-e d"ealb

.'¡ith its specif ic eíf ect,

Explorabory tests Ìvere mad-e on 'proiot¡rpe and.

nod-el recta.ngular flumes, lior,veveru it was found tha'b

tnaccuracies in slmulating entra.nce a.nd exlt conclitions,

a:nd- in taking measuremenlsu obscr;.red"'bhe smalI r¡a.ria.tions

which should- have resulted- from different distortiozfs.

Tests Ì\Tere then run in a" triangu.lar f lume " They

tr^rere successful in esta-blishing ihe infl-uence of cha.nnel

sha"pe on the cha-nnel resistairce fu-nction.

A six:ty-five foot flume wa"s built ¡rith tvro foot
sid-e walls of plyi''rooci, joined. at the bottom by a"

coniinuous wa.terproof ed- hinge " The f lume i¡ras supported-

by a seven inch ï-bea-m resting on nine jacks" ll'he

transition frorn the stil-l-ing basin io the varying centra"l

angls of the flumee T^Ias mad-e r¡iith special sheet meta.l.

I'later su-rfa.ce measurements were made r¡rith a point

ga"J"ge riding on parallel ra.ils, discha"rge aeasu.rements

with tr'¡o Venturl meters anrl a three inch Va"n Leer v,reir"

Velocity measurements lllere rna,de r¡¡ith a speci.a"lly

d-esigned- pltot iube attached- lo a ¡aod-ified- t¡la"hl-en gauge,

Velocities neasuremen'bs could- be Laken a"s close as 0,42

feet from the wa"l-Ìe over a ra,nge from 0"3 Lo 5,0 fps.
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'i,iith this a-irpa-z"a-tus, a.ny number. of a.ngles (and.

consequ-enbly distortlons) cou.lcL be lievestiga-ted .¡rith the

ad-d.ed- a.dvaniua.ge Lln.t sm,a--l-l depths of f'l oln¡s in the f lu¡re

T4rere in eff eci mod-els of the la"rger d-epths,

A seri es oí tests i¡¡a"s ru-n i,'¡i'bh smooth va.rnished-

i¡al-lsc using four centra.l- a.ngl ss" L37 d-egrees tr\Tas consid,ered.

prototype, a.nd- three sma-ller angles d-or¡¡n Uo 40 degrees

We d.istortions of L"75, 3"50 a-nd- /.00" Each a.ngl e r,va.,s

tested- at thz'ee slol¡es and four d"epths.

îests i/,rere also run on a rough flume, u_sing { inch

square by 9/32 inch high pleriglax parallele,oiped.s

aL 1å inch spa.cings f or roughness " The same tests e.s

in the smooth fluiae rrere rune a.nð- in ad"dition ma,ximum

d-epths a-nd- steeper slopes r^iere testecl"

Da..úa froto the smooth flwne shovred" d_iscrepa-ncies

tyhich r¡iere thought to occur in d-ischar"ge measurements"

The meters and- wei:: r^¡ere carefully cali-bra-ted-.

The rough flrrme tests r.^rere üore accuya"te, but

some d-eviations T^rere sti1l in evidence, To minimize

these d-evia.t1ons, plots of d- vs Q lvere macle v¡hich ;oroved

to be siraight lines on 1og-1og pa-per,

Bevised- data. f::om lhese plotted- points varied

very slighttr-y 1n most i.nsta-nces, but proved. to have some

significance in some of the ana,Iy'YLca"1 plots.
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A genera.] resistance equ.ation inia.s sought, to exþress

t1e cleplh of flor¡r a.s a function of discJra"rge, slope of

flumeu roughness a.nd sha-pe of channel"

The 1:lobs of d. vs Q, gave the equ-a"tions

LogQ:2.8tG log¿ +b Cr)

r-i]1-r.)rr ivlannin,s A Rt'= S L=

Since A is a funcüon of ù2, and- R is a function

of d., iN is íound- that the slope should have been 2,667 
"

ft iras d-ecid-ed. Lha-E either Q d.oes not va-ry a.s R2/3 or

Lkra"t n va:r:ies with tire d-epth of flow'

The intercept b in equation (f) 1s a function of

both the slope of the fl-ume and- centra.l angle. A plot

of b versus S for a-l-l cenlra.l angles i'vas madeu

(r) (2)
ç1

C-e,a*-a,l
Aalle =-

so

s"
s'-

e= 2.atê logd* b S+ c

and the fol-1o''¡ring equa.tion clelerroinedu

a = l'+9
Y-

b¿

b = o.sa lo3 S + a lz)

\the Í'Iume J .

t¿j

tç:

7"æ
,"É'P

pj

(r'¡here i is a function of ihe central a.ngle of
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Frorn the i,ia,nning formula it can be seen rhaL

a vart€S ,uthh (s,^ */^)t'"

i r¡as plotted- aga"i_nst

c-o s < /z_

( t, ,-., -. Z- ) V=
c.<) S õ<-/ z_

a.m1le oS -{-l-,¿ {lr^*^.6¡l-rere- d = C<øtra,(

o.8

L

o

- o.S

(s¡n o</z)s/r
C-e S < /?,

Substituting eo,uatioirs (Z) an¿ (:) in eqr:a.tion (1)

io1 Q = Z.atL bJd + o.sê )o3S+ I .o4 lo3kl"=f*c - r-(¿)

since a-11 ihese tests rÆere run r^¡i'Lh the same

spacing and- size of artif icial rougltness, no indica.tions
of lhe effee'bs of pattern, spacing, size, shape of
roughness showed" up in the formula."

However, since it is common practice to use a single
linear measure to express a.bsolute roughness, it l,i-as

a.ssumed- thaL à term involving k (treigh,t of roughness

elements ) to a por¡rer could be incorporated. in (4 ) ,
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This led- to the final equation

The d"ata was

rela-tive roughness

l,.o br{G::-d'l, * .J
ùhen pl otted- as a function

a"nd slope only,

of

a

i+
\,) - o'îe 1.1 S

The concl-usions of the stud.y are listed_ as followse
(a.) The stud.y wa-s successfu.l in establishing

cluantitatively ihe influence of channel sha-oe on the

channel resi sta-nce functionu f or the ca.ses 1n c¿uestion"

Fu-rther a.na-lysis of these and- ad.ditloraal date shou.ld-

estab'l 1sh principles to triangular shaped- charrnels,

i-3 Q = 2.8rG lo3 Glu)+o.sé l.y S+ l.o4 qß:=*l +z.r? --- (r)

The effect

angLe cha-ngeô by

of disbortion vùas

removing the shape

shown as the central

coruection term

(¿tu
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(¡) The val-ue of a-bsolute roughness (k) of à

cl:,¡--nneL is noi enou.gh to d-escv'ibe the effeeilve roLr"ghness"

Channel- sha.pe should" also be sþecif ied.
(c) The va:ria-tlons of the d-rag coefflcients of

'Lhe ind-ivid-ua"l roughness elements with their res;oeclive

Reynold-s numbers in sma1l channe1s is not dependant

only on the square law of resista.nceu buù also on

velocity grad-ienls, shape and. height of roughness

el-ementsu angula-rity of flowu ancl surface texture of the

charulel botlom.
,-\(d) Increasing the distortion greatly magnifies the

intensily of second-ary or transverse currents, thereby

affeciing the siniilarity of velocity profiles.

Continuation of stud-ies should provid.e parameters

rvhich could- esfa.blish li¡nits and- effects of oistortion,
Hoi"levere ma"ny rnore extensive tests r^lould be necessary,

Genera.l C_oncbrs_ignS f ron lh.ç litera,t_ure. Some of the

conclusions Lltab T¡rere founcl in the litera.ture, 'bhat seem

to meet v¡ith general a.greement, and_ 'bhat could. be applied"

to al-l- ¡nod-el- stud-ies will be briefly summa-rized. her.e.

(1) A d"lstorted nodel shor:.ld_ never be used in a,

movea"ble' bed- model stu.d"yu if a-n uncr-islorted. model can

be buil t a.t reasona.ble cost, If d-istortlon 1s necessa.rye

every effort should- be ma-d.e to min.imi.ze its eff ect.

a



33

Distortion is more like1y to be necessar]¡e a-s rve1l e"s

tolerable, in mod-els of large rir¡ers, rniith their low

deoth bo tr¡idth ra.tios"

(Z) The bed. ma-teria"l grain sLze shoul d not l¡e

chosen according to the linear scal-e of the mod-e1.

It has been suggested- tha.t the fal-l- velocity of the

materi.al shoul-d. be d-icta.ted- by the velocity sca.le

ratio. llowever, tests have shor'In tlnab scour is

ind-epend-ant of tlne type of materia"l, Since fine sand-s

erod.e more ra-pid-ly tha.n coarsey âs flne a- maLerie.l as

posslble shoul d be chosen, the limit being placed- when

rippling begins. Prel-iminary tests ca,n a.id- in this

choice, a.nd- ca-n d-etermine the time scal-e necessa.ry to

establish sta"ble scour patterns" The use of lieht

weight aggrega"tes is not recoÍrnend.edu but it 1s preferable

to extreme geometric distortion"
(¡) Less disturbance of floi,v- pattern is likely

to occu.r in a slope d-istorted mod-el, than i"n a

vertically d-istorted. mod-el. Increasing the distortion

of a- mod-el, rr.agnifies its secondLary currentsn thereby

a.f f ecting 1ts velocity patterns " In two mod-els t^rith

equal tractive f orce (d.epttr times slope )u greater bed"

Ioa"d. movement '¡il1 take pla.ce in ihe vertica.l-ly cì.islorted-

moclel-u tha-n in the slope distorted- mod.el-,
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Lr) Gree;.ter ca-Te ís reclui::ed- in the verlf ication
a.nð- a,narysis of distoi:ted movea.bre bed- r¡oclet se especiall¡r

1f ihey inr¡el vs bed loa-d novement near channel ju-nciions,

The theoretlca.l- modef rou,ghness ra.tio (L:r) needL not

be exac-bl¡r atta.ined-, since a- change in the d-ischa.rge

ta.tio can r.esi_r.lt 1n the reo,uired r^la_ter surfa.ce slope_

Turbulent models tend to give rßore r.el-ia.ble results
Lha"n smooth f 1oi^,ring mod-e1s 

"

5) sNructu-res in clis-r,orted- nod-els shoufd. be bu.ir t
with their longitud"Lna.l horizontaj sca-le id-entica.l ùo

the vertlcal- sca.le, lulany lmprovised- sorutions ca.n be

used- to decrease the exaggera.ted- sid-e lvall effect, a.nd_

thus improve the discharge coefficient" lloweveru most

m.ea"suremen-bs on these structu-res should, be of à

prellminary na"'Lure onl_y 
"



i..'
ìÌ

.ir
ti:
:::

a.,l¡
t:
1--ìj.

'l'ìf

'li
it
.llìL
!_rì¡

:i+:i:
ìti:
ill

È

s
.9::
,i.!l

$.
'Èi
i:l
lì

ii.
Èrì

':::

!:i,

lirì

it
tì
i::::
i.::
a':.

''h,

iì:

:::

ì.:.1

t.]

iÌ::

ìf,
iì:

i:'l

i'r

I

C¡i,,IPT'ER Ï]T
CÌ{OTCJ1 OF ,3J:ì;D i,.ATIIRÏ/ìL

P-ce1:Lrqi n¿:lv Efüglgg" líhen s- rlioorer of the r1-^d Ri¡¡eir

irlood-r;a.y i'a.s ûo be bullt a,'o the U;rr i¡s¡sit¡r 6¡ yia.ni cona,

in \962e o'-'re of Ltre most i-,'r1:or:iant lJlrrbl erls .i;o be solved.
Í¡;a,s fire tJroljer citoi,ce of ì¡ecl ma.te.r1a.t s,

A tour rra.s ina.cle oÍ bh_ree ila.jo:l tryd_:raulic la_boi:*

a.iories in the wesNez.ir ui:ritecl st¡:.i;es: ,st" Ànt.io.rl jr:r r,r_:,r¡

.i:'ìiltre¡"po-ì.: s ! f o,--¡a. fns;bi LttLe o:f i-i3.cì,r^a.,.rJ_ic .-.ì¡: ¡.; :,:,1:.,:lt, l-or_,t:

ej.i,l¡; i-tld'l-,',€r lJ.rit,ecl -!i:l-ras:ì,i.i:lc: a."L-r- of .ìec_J-¿;latíoir_,

Denve::, A't eaoli v_ì s-ì-,b, tie Lr.o !e:it ill:ocec.l.u._r:e f or the
ciroosing of l¡ecl nateria_l- r,ias reÕ_Ltester.,r" jit ¿:.1-l the
I a"iro::a"tories ther'e lias ¡:ene-ra-r a,qreellent ilra.t no sta.rrd-¡rd
p:r'ocec-Lrlre iîor nal:lj-ns this ch,o j_ce e:lisis, a_irci tirat i_,,rste e.cl

Ì;he exr:e:lience a-ird- goocì. jucrgiae:nt oir ti:re te ster r_ Fi

requi re iL,

1'he l-aborato::ies -visireiL, ,qeirerar-r y Llseci sa.nd of
f ai:rly u,nir'orin gre,i ir t:ize f or tirei:: model ì,re.1 ,nrr"r.j-a.l-s 

"

va"riolLs s-iz;es of sa.:nd -,.r€ïe u-secr¡ â.s c.llcta-tecl Ìry ih.e

ntodel- si,ucì¡,r, Ì:uì- ihey ,.,.,rere 3_l lia_;r/s cÌtose:r of su-íf _j_c j_ent

g'ra"in size io ar¡oic. ri-pi:-Ling. *i revier,,i of i,rre -r r tera,1;.ire:
shoi.¡iecl tha-'bthe ina-joritSr of irloi:i;h Aner_ican h]¡Ci:alrlíc
-l-a'l¡o¡'a-tories for l oi¡ed no ì;rreo:reticar.rr-¡r-cievelo1:ed ii:ìroced,i-r.re

for cnoosing:'bed ara_te:r.ia--l-s,
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ïf ha.ij- beetr sjLr-ç-'..el'r.ec-1.. .r.-irj-l-e on i,he i,ol-i_:: ib¿.t,

Sr,r:ropea-n --l-a-bora.to:ì:ies l"a.d d-eveJ-oped a :; i;¿:-;:rcia,-f d- JTD.,oii ce

fo:c c,.:-oosj-n,q bed nater:'i"al-s. P,ect u.esis for i-irfcrma"ij-cir on

ì;lris strl:r.,.ii-rr:).1-'r'r.r-:t.:) S¡ti-b j.o L2''î?-T'2.L ELI-¡'O:te¡.1 -1, 1.1:,off'[c:.'-ì.c:s;

¡.ìt¡. íj.;ttl.at _]. j,f ,---r..r',^i,i-trle.t 1,t{::.f:i _ìj,il _re ,:_ r:llt -_îr'O:': 't!-:C C,:::'i,::'e Cj.e

Becherci:Les et cl e,liss::is Ce Clri¡.'i.ou* Fï'¿:.nce - Tn -'clLe ir

ilu-l l-ei;i.:o of f c:6?-, a. i-Jâ.]Je¡ r,'jâ.s ii:re.sented "c..,, J, L,, clia-l-1.¡j.n

entltl-ecì. t¡Sj-inil-1iurcl.e ir i,icvea..Ìr-l.e i¡ec- Rive:r: i,ior.lelst'(3),

-[n his 'i]a:oe .r, I't.r, Cha-u.vin esta-bl. is]ies siÌ¡i-l-ii;uae

¡6¡¡a¡r"J-ee f'o:r nod.el-s, basecl e j- Ì;Ìrer on i;he 1o'ia::i'iht,ric

heacl -'l--oss re-l-aì-.'ì onc-' ôr' ôi1 t. ttene:ra.lizeil- tilonoil-t-a-l f'or:rrr.-¡-l a.

sinila..:: to SL::jc.Ìilerss fo::rnu.]-¿- A. nÕrror.'r¿ì.r:Lr l¡aseri, on

'i;l:rese fo::ilu"lg-e i-s sho.l¡n in Fi-":uL:e 2,

Once 'blr¡o i.i.¡,-ari.a.ll-bs f oi' t-.1: e nocel, h.ave l¡een ch o sen

(f o:: exa.iu,,rle, iiori z,on.ta,L anii i,'er"'L j ca-l sca-l-e :ra-iros ) , al-l

the ot-,her m.od-el. sca.1es, incl.uclin¡;- size e.ncj- type of bed-

naterla.l ca"n be d-ete:r"uineci f:ron the aoirro,qra.oh. 'Iiri6

obserl¡a-'bions cr.n -oe lïacl-e abou-'ì; L.he cho-Lce of beiì i¡ateri-a"-l-s

l:l-i:-¡. thO nôllô:.-rn -,h r

1. If -uhe .noOe_l- js und.istoLliecl.r Te"€::cll-ess of

sca-le, fhe r¡ìtio of 'l-he sjrecific gravii;ies of bed- na-terip,.l s

u.n-cìer i,;a-ter, eclnals; or1e. /\lso i.he L:at-io of tireir g;ra.in

sizes is the sâ-Ìoe as 'che rnocLel- scal-e r:a.'li.o,

2 " If i;he inoc]'eI j s veriicrl l)r d_istorbed , bl,re r.a-tio

of t:re bei ::¿rie::ia--i- s-Je c1f i.c 1::'e.vi-:;i cs ¡r-' r.c1' t:ate.c,

increeses in ¡i:'o¡oriion'i,o lire scru-a"ï'e of i;he ciisto::tion-
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Ta.r'i.o "

i:'¿tio of

i n.¡erse

l.t

;,s ''r.l:' e :la.tio of Specií'jc jr":Ti.ì,j-es j_ncreÍr sess bhe

.q:r'¿;'i n size d-ecrea-ses " i n rro rroi.tion -i:o the:-.- -'- -- - - -_ - - - :

sr:lr-pre oî t,he s::icc j.f 1c gr-avit:,r -r:at¡-o "

ca.n i-.e seÊ11, 'bltatT-r.siii.g ilre noilogra¡rh foL: the

i;
¡.ì

ii
,i;:,

choice of bec.l_ maie:r'ial su l_:: lrndis'boited nOcl_el Sr tior:r_l ii

result in ¡:-rohil:itir¡e1]¡ sma-L-"1- model ,3;ra.1n si zes: urn-less

'tlae prototype bed 'r¡¡as of a- g::a-vel-lJt o:' r'ocir¡r na.ture.

Al so , the nornogr:a.1rh ciio ta"te s that ligh Ì;v're ight aggrega.te s

be used, in disto::ted- model-s.

The Reci River Fl_oodr¡-a"J¡ Ou-tlet l'lodel wa.s to be built

t.c an uncl1storteC, sca"l e of ] s100, The bed- material in

the 1:ro'boi,¡i,oe'tiie-s coÌnposecl of fine sa,nd a,nd, silt. Use

of the nomogïa.oh t,,ror:.ld- har¡e cl-ictated e" bed nateria,l lvith

a, grain size i.n the fjne sj-lt or cLa,y r"nge. -['L r^ia-.s

theref ore f elt, tha.t the use of the nouogra-ph f o:c the

choie,e of becl in-aterial-su l/las not pra.cticz.L for tire

Floodv,ia"y rr:,odel 
"

Ii; t'rr¿:,s d.ec:-ded- to i.nr.re

r^Iere read-iJ-;r a.va-i1ab1"e, and

The sizes of these sa-ncl-s a-re

"Fine model s¿,,nd D¡n

T'¡ied-i-um ::ooiì-el sa-ncl- D¡.

Co¡-rse mode--l- sa.nd l;.r

stigate three sa"nd-sc '¡hich
nf -î..-: -i rlr¡ ¡nr-flOrrn t1-.1i-n S'ìZe-* 

- J-*--_--

l-j s1;ed- a_s ío_l_l or¡,rs:

= 0 " 11. rnr¡. DoO = 0..1 7 Ìry¡.

1r ..._- r E O^pll, r.-lit,*. Us-1 , .rll.lll ,j?O

: O ^ 2,8 '¡=¡ Tjnn = al lr.lt r":¡-:iU * \/ o'-r ':!r



3?

,,ìfì

:&.:

-jnì

,, !Ìi
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I'i; rr'a s a--ì-so r', eri cl.er' Llt,,r t ¿' .l-i:li tec in¡¡e s"bi1:'-o't-r:r.

l-nio the iroSSr'oj :l I t;r et' tr.si-n3 coa-l- shoul-il be carri eiL oüt,

ir o.âqe -;iC) ;r:Ci;j-Ca-l Êe-¡d. cOU-l.Cr_ he íCt"rnl:_ loz. r bear_J-:¿ tr tl ' ' L'- '

ne teri al- " ij'e:ri-ous sa.¡nn1e s of lignr i,e coa-l-. Ì/te7'e se ir¡e d.

i-n'Lc u-nifo:rra si zes,. rengi ng f :rotn 0, J 'nrl-l i.ueters u,lr to

10 rnillirnetei:s, No inr¡estiq:ation of othe.r f.i -hti":i ghi;

a,ggrega,t-,es Ìûas a"ttemirted-, since thei:: c.ha.ngea"bì e lri:opert:t-es

iended- to ru-le the¡n out of large sca-le inoo-el stu-dj-es"

Fl-u-me tests " l\ one f oot i.^iiC-e f Ii-r-rne r:a.s constrrrc'becl-.

r^¡itl-r stilooth bot'bo¡n and sld-es, /l o-e'oressi-on a.bout tr,,:o

i.nches deep, f ar e, l-ength of oi:Ìe foot and iire fu-ll r¡i-dth

of fhe f I ume 5 ria,s -cl a.ceil a"t ihe mi-cì*poi n-L of the f 1ume.

Ìhe ma.teria.l to ìre j.estecl tnias pl-a.ced i,.n tire ile¡r-.:ess'ion,

and- stnooth.ecl ofiî i,rilh its tori 1e-¡el to the flr-:-¡1ç fl oor"

E:ch iest s'ba"rted- r,,Llth a. deittn of fl-or,'i th::.ou-gh

the f--l,u-rne of four' :-nches, a.t cl.ose to z,ero vel.oci"t¡r"

Tae r/el-ocit¡r lt:s slot',t-l-y increa,sed-, lrhi.-l-e -bhe deptlr.

i"ia.s he-l-d, consÌ,an'b. VisL:-al observa-ti-ons T,{e:re inad-e a"s i;o

tchen e::osi-on bega.n, l-'t 'trl.e.s ho,oed to ob-ba"in ¿ roa.l,erie,L

that T¡iould 'oegin 'Lo erod-e a.t 0"8 f,os, a.t â. d-epth of

a"bou-f f ou-:r lnches. ll'hese c,ondi tions corresponcl-ecl to a

prorlotype veloclty of B fps, et¿ a- de,oth of thïr¡y-f ir¡e

feetu r^ihich 'i¡íere the â-ssumed ,cr-roiot;rrpe concl-iiions fo::

ero s ion.



The tt'¡o ilil-l iinete_c coa._l_ elocl_e d. a.r .l:in.e 
í: rope.r.

VelocltY, bL:t.r¡as a. rreïJ¡ cì_i::t¡r rna_terj,el r¡ith r.,ihich -bc

ro'ro:í:L{, i:t tencled 'i;o c.lot into rtrâsseç, and- much of it
r;iOU,l d íl oa-b i,¡hen ì",he flr-¡:le 'i¡.re s being :Cil.lecl , Iir a.CLcj-iiionu

it wa-s verlr expeir.sirre-bc ol¡ta.in rn th.e ,.â_]troi,,r ïa.:L1rre of
se i-ve si-z,es :r'eclu-i l:ec* coa__"ì_ r,ri¿-:_s .bhe::efore el-irnina_tecl.

fl'c¡l fu-r'Lher study.

The -bhi:ee sa-nds tesiecr 'bega.n e:cod-ing 1n ùhe r.1ght
velocity .ra"ngeu (f lne - O,? f1cs, ined-iu-n *O"g fps,
coa.rse *l-,1 fpsr)" Hor¡¡eve-l:¡ it r.nras verJ¡ c11ífie.url t io
jucì-ge ho',,'r Ì;his e:iiosi.on r,rould apoea_:r i n the '1_a.rge inoce-l_,

d-ue 'bc lhe I irnlied a::ea. of observa.tion" ft r,va.s iieci-d_ed-

tha-Y' a" I a--r'ger test section r¿or-r-ì-ci g;irie a- better a.ssess*

Ì-nen-u of th.e bed- ¡na te::ia.l s "

T::eliqllg{.[' pq.Q,q] rç_st.ç" i\ mod,el. of the cli.oL_, stïi_r-ctu::e

to be 'bested in the main sti,icl¡re rlia-s bu.il_t in a. bhree

foot fl-r-r-lre, '.ui-th fou:: hlr,ncired- r-eet of cha_nner model-recr-

d-oir¡nst:¡'earn, itìre sl;:r"u-ctr.r,re r:¡a.s bui,'1,.ì; to i;he se.r:ne sca..,le

astha.t:requì-r'ec- for th"e i-arge:locìel, t,Lra.t 1s -r-rloo.
The cÌor.',rnstrea,m, channer r¡a.s bi-ri1t u1: foz. ea.ch tesi wilkr
one of ihe va"rr_ou-s sand_s io ire tes.i;ed-,

'-['es'i ].uTr.s rr,ïere :na,d-e a-t t.he d-esign discha_:rge fo-r:

th"e structu::e " These tes-bs r.esi-il-ted i_n rire ch.oice r:f
the m.ed.iu:n sa_nd. for the 1a.rge uod_el, although çLr.e
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d.if f e::ences lretr,¡een 'Lhe s::.ncls iie re sl ish.c.

ca?:TSe sc nd a-.) )e zreì- to æi rre _Liì;t_l__^ e _¡:osì on

f 1ne sancJ- 'be¡:decl bo sl un,o r¡hen ivei;tecl-"

jj6r.,¡e 1r,3 -r. ^ l- h e

, ?.r)d t:Iû e

Ì'iod,ç-J !gs,b:1" The sa.ncìs hacL shor,,¡n sorte slight tencrenoy

[o ri;,1rl e i ir Ì;he prel_imina.:ry ¡toc],el , bu_t a..r the iime 
u

this clid- not ap:ee-i' to be an.y l:robL.en. r.,,or^iever¡ rr¡hen

the large model- had- been burl-iu the r¡ed-iurn santi. t,lorJel"_l_ed-

a.ncl tile f i rst 'best coinoJ-etecl-, i_'i. becâ.ïe a-,o;ra_rent l,het, rhe
sa"ncJ- ch.osen r,,¡¡s too fine gr:a.Íned. Extensive r.ir:rtline
had- talren pl a-ce j-n the er"oclecl â.reas "

Af ter tr"nlo tests. sorre of the rep-Lsolr.s vrh¡r i;h:is bJrpe

of erosi,on r,'as no b o_esiL:a_b_l_e eould be seen B

f- ) Ap¡rroxina.tel-¡r f ou.r hor:rs T^e:l,e :requj::eC .Lo 
1a-¡r

il-re con-bours, beca-use of intr.i.ce-,ci.es of the erosion
ca.t l;erns " '1'hi s 1en¿ç-bh of tine c::eaLed- cr-if f icuf ti.es,
slnce the sloL,.l 1ea..l,;age froin the ,noclel ha.d ì;o be contíni-,.a_l-l-y

ba,lanced by a-dding r¡i."teï'. (The contou_::s r.,rere laicl r¡iith
Ì''rool ye.J:n alongj the l..aier --t_ine, the i¡a.ter level bei-ng

d-rop.ped in re guj.¿¡ intervals ) .

2J Coin,oaring tìle re sLr--t ts of tl,ro tests beca.t¡e

ne,?.-ril y i-mpossi-bl e, si-nce the roea.nd-erin,gs of the contou.r
l.lnes coml:1etel;i confi-rse<l_ the or¡er.a._l_l pat.bern. 1:here

ulas no clea-::1;r cl-ef ined. -l-1rnit 'iro the a.TeÐ, of e::osiorr 
"

3) iJeca.u-se of the ri,opl-ing;, th.e L:oughness of cha-nne-l-

inc:rea.sed-, Th1-" :cesul'fed- in a rlossi-bl_e change in â.nrtr

{ Lr$RAFqy I\*:*,"o*#
-\**-*,é-
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oT Ð.7-1- of 'Lhe f l-o'¡ cond i'i;ions (r. er;th , sui:f ace sl-ope ,

vel-oci t-'), r ith the resu,--l J,ing: cha.nge rn flow patte::n"

The:ce ürå.s on ha.ncj. sone coarse sa.nir_ :eot intencled-

fo:: the rnod_el- sturd_ies, br_i.t fo:: u.se in the nixing of
mc¡tta.r' f or-' constru-c ti-on" llhe r¡mod_eJ. Ir sand lras reraoved.

anC replaced- -b}r tlie lilnortal:ee Sa.l:1d., The ttroo_-rta:r,er sa.ncl

had- a, rnea,n gra.in slze of 0",/ ullIlneter.s , a.nd_ a. -DgO

siz:e of 1,/ millimeters*

A iesi rva-s re;oea..bed-u resu-lting i n

erosion pa'bler:ÌJ, Hoi,revere soÌne slight
occu-rr'ed., due bo the ¡a.rtial sorting of

The tr irÌor-,-af'tB sand_ Io¡p-,_s r.e¡noved_, a.nd

a. 1" 0 mil-11meter screen" t-'hi s resulted-

mortar!0 sa-nd- lvith a, y)eÐ,n. gra.t.n. size of l.

a.nð a. Don size o_fl Z,j nl1l-i-neter"s.7\r

The *cr:evj-ous tests r¡ej:e ::epea-ied-s ï€su1tj_ng in a.

slm,clÍfiec. erosion pa.ttern" There i¡ias no.r:i.op1ing action,
a.nd- the d-eÐosi-bion fron the scoLr-r took *ola.ce a.s one

clea.rly iLefíned- d-u-ne, The contolrrs l\ieïe ouickl¡r r¿rid,

a-s they 'i,rere norr'j smootir cu-rv:ng 1ines, and_ slighÌ; I_ea.ka.ge

fron the ,nod-el rì"ur:.1ng t.iris ij.me 'beca.ine negligi_-Lrl_e, llher.e
T/',ra-s no ,o::ob_Lem in compa.::ing the length ancl hei-ght of
d-u,nee oa.Ltsed- b;r r¡a.:r.j.ous a-lNe:rna,tives of clesignu a_nd_ by

va-rioi-rs flovr condi-tions. The ptotting of the ez,oded-

and- uneroded cross-seciions l¡eca-me a, :"el_a_ti¡¡ely easy joÏ:"

a- lnuch im,or-,orre 11

:'iiri:Ìing: stil_1

th.e finei: pa.:riicl es"

si.e.¡ed_ th:rough

in a, uts i eve cl.

" J iaÌ-1,lime Lers

o -r-' a.J-

vel-oc
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for the tr¡o

d-esig,n and

fypes of

flor,'i cond.i

Figu-re J shorr¡s Ð. coätpa,r:iso.l:r of

bed. na,teria"ls,

ti-ons "

erosion ¡:a:tie:rns

Lr-nde:r' the sr"me

Gene::a"l concl-usi ons " Some gener"al conclu-s ions

, 'ohac irla-y be d-:ila-l¡n

regard-ing

I r u11r

I i sie,l-
$

à
sì
!t

\\:

l¡;
'.i::'

$ì

-.

the choice of bed- na,teria.ls

lhese li-m1ted- 'bes r,¡ a,!!s bhe 'l i-l,e,l'a.tu-r:e ¡ i¡il -ì_ 
'be

F)s fol loits g

f ) Such -1-i3thli,:eight ina-.Le:ria._l-s es pumice ancl sa1ï-

d-ust shoul_d_ u-sual 1Jr be a_voi d.ed_u si:nce tL.rei:r specif ic

,4-ra.vit:Le s iend- to cha_ne;e u,nd_er Drol,onged_ exposnre to

rniate:f ,

2) Coa-f is Ð. very d-ì-r'by ina.terj-a_l when nsed_ in a.

circulating -l¿¡sra:loty sys|em, ïn a. s]¡ste¡n r,'ji.]ere bhe

vra-ter is only u_secL once and. then clischa.rged_, thls prob_"i_em

is overcotne. T'hez.e is a- tenclenc¡i for ihe pa.r'tlcles

to floa.t in clusterse p,.s the model is being filled_,

3) Cr.u-shecl ;ola,.stics a--re a very cl_ea-n m¿¡.ter.ia.l

r¡iith. lulrich to l,ro::k. Tìre¡r ha,.ve a. va.rle-by of sj)ec_if ic
gra"vi bi-es u fron l:a.kelite a.t, 1,40 bo styro-pla.stics a_t

close to 1"00, 'Ihei:r silecific graviiies iì.o not cha.nge

und.e-r'exrrlosu-re to lva-:ber, I{or,,ieveï', ilre cost of pla-s-r,ics

for bed nateria,ls is :rrela-tir¡ely high. They shoulcl be

corlsid-ered onl¡r fo-r ver"y sma.ll model su oJ: a.s a- necessary

mea.sure io a¡¡oid eX¡-reme d-islo¡tion. The.'¡ ha_ve 'r¡een gsed

srlc.cessfu-1.ì-y fo.r: susj:enrl-ed- sed_iinent sti-rd_ies.

I
:iì

"{..$

I
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4.) SancL or clîu-shed stône âirire å-r to r:e the -r.¡j-c,el-.t¡

Ð.cce)-t,eci- becl rna"-berial- i-rsed- in hyd-ra-nlic nocìel- str¿ciies in

l{orth "ir-ineri ca." itio sta-nd-ard- ,oractice i-s followec- i_n

choosin¿l the l)ro,Jer gra"in size, a.nc,- errterien,ce i.s a.

va-l-uable e-,sset when perforrni-ng ihis ia-sk"

5) tf an a.ttempl is to l¡e made io a"ciu.a)-Ly p-redici,

the quantit)' of scou"r in the p:rototype f::onr the resulis

of 'ì,he model sLi.rclyu it ha-s been sr-r.ggesteCi tha"'t fa.l.t_

¡¡e1oc1i;y of the l¡ed- m.a,rerial shoul-d- be chosen a"ccord_1ng

No the Lisl esf 'L'y sca"l e o:1 the ¡lod.e1" G:lea-i; care shou"ld
-be t¿¡-lten in 'bhe veri-f ica,bion of ihis t¡r1te of inod,el 

"

6) The ma"joriiy of ¡norreable becl- mod.el stud.ies a.re

ca.rried- oui for tl'le pu-rpose of comparin€ç ihe lleaci,-i_on of

a.lter'na-tir¡e nan*ma-cl-e hlrdra"u.l-i-c structur:es r on the regime

of a channel, For th"ese studiesu verif ica.tior of ihe

nociel- i-s not a"s imoorta"n'T,, rn the in.'l;erests of kee,oin.s

the reqr.;":r-r'ed- ies'[ing time to a. min-im1ìIs a.s filre a. ma'berial

a.s oossible shou-ld, be chosen, the linit being sei; by the

ocourïence of rip.oli-ng. The ma.terla). shoul d- be rea,-sona.bly

ftone*sized.îe, (a u-nifor:rnity moclulu.s less rrra"n tr,'ro ), to

avoicì the orema.ture inovement of the finer par.'bicles, which

woul d- L:esu"-i-t in. sorting,

?) P:reJ-imina,r;r f-L¿me iests can aiò in the choice of

the bed- ma.te::ial, bt-i.-b ma-y €!i-ve a- misleard-ing pi-cture of 1ts

ri,cPl ine qua-lit1e s.
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CHAPTE1ì TV

V.irBT IC::iL DI STO}]T IOI\J'

qÍ. gl5_!-çgt_l-9.8" In oÌten cha-nnel moC.els, unt ess

Large scale is u.sed-e soae t;rpe of clistortion is
of i;en reciu.ired. v'ertical distortion is the ¡nost coÍL,'lon

nethod used." In this type of distortionu the vertical

scale is ma"de larger tha-n the horizonLal- sca.te.

Vertical distortlon usua_lly becomes necessayy

because of lirrrited I aboraLory space e punping f acit ities,
or e¿vail-able f und.s. l¡lith the hori zonta"L sca-l-e recluced-

for any of the aborre rea.sonsu vertical d_istortion may

be used to ensure measura"bl_e depths a.nd- velocities, to

off set the rel-atively higher mod_el_ resista,nce, or to

gua-ranfee tur'ou,lent fl onr"

Other ty-r¡es of clistortion can be used instead. of ,
or i-n ad-clliion to, vertlcal d_istortion. The nod-el

may ha,ve 1ts slo¡:e distorted_ (coinmont J¡ kno!,:rn as 0e-bif tingt¡),
For this method of clistortion, 'bhe mod-el- scales rema-in

consta"nto bu.t the v¡hole moclel is tiltecl in the d.or¡nsbream

direction." The moðel ma"y also have its longibud_ina-l

horizonLa]- seal-e d.ecrea-sed.. Tl,lis r.esults in a fore-
shortening a"nd- tilting of the nod_et at 'bhe satne time,

l!n;r s6nSina-tion of the a_bove types of d.istortions
ma"¡r ¡u usecl in a- model stud_y. Iìo-r,,u'everu as the degree
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a.ncJ- nu.mber of cl-isto-rtions incr:ea-se, -uhe noilel becornes

ûore d.iff icult to a.na-l¡rs6 u z.oð- it9 :reliabil:-ty decreases

For ihi s rea.son, the na'joLritlr of ¡roo-el siu-dies ?'"'Te

ce',rri ecl ou.t u-sing on-ì y vertical o-istoriions or -bil-'Lin3"

Of these two niethodsu veytica-l cìisto¡tion is bþe more

coilllûon.

Vertica"l d-istortion. In'bhis cha.pte:: the problerns

inherent to vertica-l- cli.qtorlion will be p:resen-bec1,

a-nd- a compa.r|son of a, d-istorted- a"ncl u.ncìistorted- l,'rotlel

stud¡r l'rill be roade. In the next cha-pier, 1;il'bing wil-l

be cliscussed, âs an a-llerna,tive to d,ischa"rge d,isto¡tion.

Along r¡¡ith a.di¡anta'ges of distorted noclef s there

a.re cetNa,Ln ciisadvanta"ges r,vhich must be toleratecl.

Flo'.,,r pa.tLet:ns a.nd- velociNy d-istributions may be a"ff ected-"

Adci-itiona.l- r'or-igheni:nE ma.y becoine l'Lecessary to off set the

effect of steepened- slopes" If s-t,ructures a.re loca.tecl- in

¡¡s mode1, some a,d_ju-stment mu.sf be mad.e No lhe siructureu

a.ncl d-anger of a, cLta"nge in flor,'i conditionso and- in

interpreta'b1on of 1s5¿l ts is all,ra-ys e" possibil ity"

attenpt.i;o â-ssess bhese effects, ti,.,lo inodefs of the same

proi,otype 1lrere tesied " Cne model- wa.s "bu,i-]b to an unci"is-

tor.ted- scale of t:60 r,rhile the other nodLel used- the sane

r¡ertica._l- sce-.1e, bu-t ha.d a verbical d,is'i;orbion of tr¡o .

.lo
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;'istoyted stru.c!11re" lt moo-e'r- of the Beri- Rlrrer inlet
cont::ol- st:ructui:e r.,ras burilt a"t tle r.rnlversl'by of i':a.nitoba"

The moC.el, built to a. sca-l e of l_:120, t+iih a. vertical
d_i_sto::-bion of tl.rog Ìùe_s of ihe str.t'ctu.re, on-e mi.t e of

river d-oi,'instz'ea"m a"nd one a-nd one-ha.1f niles uostrearn,

Abou.t one-ha-lf mil e upstrea-m of ihe int et str.tr-ctu.r€s i,he

entrance to the floodu'a¡r T^râ.s mod_e]leci.

The structur.e ltself r T,ra_s bu-1lt to vertica.l, a.nci

longiiud-ina.l horizonta.T- sca.le of t:60 , a.rtd- a l_ater"al

ho::i zonLaL sc¿r.le of l-;120. This gave ,oroper iLenth

of florr¡ over the structures â.s i,rel:l a-s the propef. verlical
cu.rvatu--re of floru"

T'iris niod-el ro¡as buil-t to stu.dy a.n¡r e:roslon a.nd. fl_olv

distribution problems lvhich iriight occllr ¡rith tÌre bu_i1d.ing

of ihe stru-ctu:r"e" In a.clciition, wa,.ter surf a-ce prof il es

Ì,[ere recorded to gi-ve a.pproximate ra,i-ing curîves,

A,ltel:na.t_e ne!_þoQs qj _q!gU_q!!,,-qç 4].s Lortion. In ad_c-tition r_ii

the type of structure cllstortion clescz.irrecr a-bove, o'bher

nethod-s ca-n be u.sed in distorted nod_el_s" One olhe:r

a"l-terna.tir¡e thal ca.n be used for nrocr.ef s of ilris ty;oeu

is thab r¡rliere the number of ga.Les iri the structu-re e.re

divided- b¡r the d-egree of d-istortion. Thi s tylre of
solu.-bion is mea,nt, strictly soeakin.g, to aÞ,,..1)' to a.

sbru.cture ¡iith a. la.rge nur¿ber of ba.ys. f'o:r eta.mplç,
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if tire s'bruc'bure con.tains eíglit bar-¡rs, the requi::ed-

degree of disbor"tj_oir is L'¡iou foi-r.r ba.¡rs ?;.Te i:ni1t in
the inodel " rf a cjis'l,ortion of f or.-:-2. is reclu-ireci, -bTnrc Da.]rs

2.ve invesi;iga"tec1. rn this \¡Ta,ys Lhe same r,¡iabh of stz.rictu_re

is obtained a"s in ihe lrrevi-orr-s a]_terna.tive, a_s r.¡el1 a.s

the sallle curvatu.re of flot,l. I.Io.,,reveï.r the ínilivid_nal bays

â"Te not ciístorted_ in a-Tr! r¡¡2.yr. Instee-d- of investigating,
the oroper nu-ml¡er of bays aL ha-l-f their natuLra]- v;id-t,h

one would- lnvestiga.te one-ha-lf the number of ba_ys a.t
-bheir prooer l¡idih.

The a"bove mentioned- method. is not valicl if the

d-islor:iiono anct the o::igina.l nurnber of bays are eo.ua-r ,

a.nd if the flor¡¡ a:r.ounc1 a, cenire pier is io be investigated-"
rn this sitr-r-a"tion, the si,ru-cture wou_ld- have to be modetled
r¡ith a ha-lf pier a.t one sicle of the stru.cture, or r¡iith
the whole pier, a-ncl. þarb of ilre ad.ja_cent bay in v¡hich no

flor,v i';ould be a-llol¡ec." rn either caseu the flo¡¡r pa_ttern

a.i the nose of the pier lroulci proba_bly be d.isturbecl.

ïf , hor',¡everu it is consiclered tha.t flov,i ¡a.tterns aTe of
seconcla.i:y consid_era_tion compared_ to proper r¡¡a_ter levels
througn tìre stn;-ctu-r.e, i t is ¡ossible that ihe cleci:ea,secl

sid-e-r,val-l eff ecb of this type of moclel i^¡ou1d ruoye Llte,n

co¡nÞensa.te for the d_isturbed flor.,r na.-b-ue::n,

A third a-l-te-rna"tii¡e ca.n be used-s r¡rhicl,r a.lloi,us flor,v

a.r'ou.nd the rrie:r as well_ as an u.nclisto.r-[ed_ ba_y, e.L the

slight concession of spa-ce. rf li:re hori zonLa.r soale a_nd_
Ì:
lì.

Ì:



5o

:å
Ë

å

$
Sl
.\.

t:

I
iLi

i
r:

t
i

d ischar.ge scel. e Ð.-re inc¡.eased b¡r tr¡ientJ¡-f i¡¡e ,oerceni c

then one a.nd one cir-rarLer ¿ates câ.Ì1 be u-sed on the stru.cii_.r._re.

fn this r,iüe.y*, lhe f -l or".¡ a.t 'bhe pi er nose, ano- in -Lhe one

norma"l 3rJ.Le ¡,lid-'i;hu ca-n be obser.Ved-"

undist,o-r:teiL mqde-l-" An u-nd-isio-r:iecl ts6o sca.le ¡roc.el of Lhe

tr'ed River Flooowa.y inrei control stru,cLi;-re ira.s a,l-so bu,ilt"
This second mocl-el containecl one a.ncl one c¡u-arte:: gates

of ì;Ìre sLru.ctu-reu wiih f ou-r' l:rundred f eeb of river i;Lnstrea.m

and- fir¡e hu.ndL:recl feet of ri-ver cl_ov¡nstrea.n,

This noilel wa.s not of the type ilesc.rj_.bec1 in the

third alte::native aboveu althoi-r-gh the same lrea-sons for
bt-ti-l-d-ing it a.p.pl¡r" It iÀre-s siilpl¡r an u-n|r_istoL:ted t¡60

sca-le modelc r.'fhich, bece,use of spe,.ce a.nd lrunoing

f a"cilltiesu had- to be 'ou.i]t r^rith only f ive-eigihs of its
sf ru.ctu-re and a.cl jacent ri ver cha,nnel nod el_l_ed_, Beca.use

the struc'bu::e T¡rr-s located irernend.icuta--c to rrre d-lrection
of flor,¿, in a, st:raight a-ncl uniforro str.etch of river., it
vlas f el'L bha.t this method cou.t d l¡e usedE T,rifhout seríous_Ly

a"ff ecting the floi¡ pa,t'cern at the siruct,;Lre.

The structu.T.e l,,ra.s l¡u.i_l t of plexiglass, (¡ns conpa.red

to rvood in the first mocel), to a"ll-o¡r,'eesy ins'ba-tr-ation

of r¡iezoneters on -r,he ga.Le su":cf a-ces 
"

The pr,r.::pose cf -l,he second mod-el- y¡a.s bo obta.in a"n

acci-lrate oirei:ating curve for -bhe st::r_:_ciu:r"e, to recorcl
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pt:essLr-:ce oiff el'eniia-_-l_s on'bhe u-ps-r,ream a_nd, d_or¡ns-tree_n

slrrn :?l a.tes of the ga"tes, a.nd to stl,-cl_y :r.ip*r,e.n re.1u,i:re*

:",enis in ihe inmed-i-a-ie d-ol;nsi:rean aree- ol ihe sir.uciu.r'e,

!_ç_g! pqec_ggUgeq. Dr,rr.ing ttre testi:og of boih uoitel-su

accu-ra.te r¡a-'Le:: su-rf ace t::cof i1€s rrrreï€ ta_lcen in the stz,uctu_re

".TeÐ. " v'el ocity rrreasu-r.e¡rents 'r¡rere taken in 'both mod_el_s, ancj

a.lthou.gh -bhe locatíon of these meas1-1re1rents we:re cLiffer.ent

in the tr'ro stucries, solre comparison of the jet vet oci.bies

Ì'\iere obta.ined,

Conoarison of fl_ow pa.tterns r¡a_s not possible,

since the second- llodel ha,ð- su-cl.l limited d-inensions u a.nd-

since the floir pa"tiern coulcl be d-i-ctatecL by ihe ilani-
pula.tion of the tail ga_tes. Tior¡,'ever, bhe flor,¡ pa.tter¡rå,

obtalned. in bhe f ir.st nod.el, served_ a.s a gu.ide to the

proper settings for th-e ba"1l- ga"tes in ihe second. inodel,

itiu-nerous tests r¡reïê ,oerforrned- on both rood_els in
ord-er ilsat an a.ccu-vaLe a-nalys1s of all f l_or¡¡ conrj-itions

could be obta-ined-. ,Ço:r this pa.L^íicula.z. s buclyu eight
floiv cond-itions r/.,rere tested- 1n i:olh uod-elsu under

identica-l- f1or,¡ criNe,r'ia of d-ischa::ge, hea.cìr.nra.te-rs ip,.il
I'ria,ier, and- f'l or,r pa,tte:r"n" 'rhese f lotr cond itions covered, a.

fa"irly la::ge range of d.ischa.rge a.ncì 5-a.te settings,

i'ia"te:l suilfa.ce prof iles rr,r'ere ta-]<en in seven of ihe
tes1,s (tests t to ?), giving an e.ccu.ya"Le conoa,rison of
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ihe tt,¡o rrrod-els ¡ anc- ¡¡ef ocíty 111ee.Su.:r.enents a.Te co¡n11areC_

in for,;r-r' of ihe tests (tests Au2,'f a-nd_ E)"

'iia.iç_:r ågliggg aåol.r_l.e_F_. The l_oca.tion of bhe headwa.ter

rea.d-ing in the f i:rst iloctel- was seven hu-ncl_red_ f eet uj¡strea.m

of the strLr-ciu.re " since this posilion f el-l_ out of the

l-iilits of the seconcÌ rnodef e a- netr^I one T^ras toca,ted_ ir¡o

hundred f eet uirstrea,m of the structu.re. rt ¡ra-,s a.ssu_rned

Lna.t the difference in lva.ter level beir¡een these two

points i^¡ou.f d -be negllgibl_e 
"

Fron a comcarison of ilre plotted_ profiles (figures

7 to 13 u arrpend.ir. A) and_ the a_cLtta,I measurements (f igure4
aplrendix A)e ib ca.n be seen tha,t there ¡¡a.s a.ctu.al1¡r

a. cita"nge in viater level l¡etiueen those tr"nro ,ooints, ranging

f:rom zero to one-half fooN, d-epencling on 'Lhe flow"
ïn the calculatlon of dl sc]ra::ge coef f icients, the

effect of this slight d.ifference of a.p.proa_ch d_epth is
overcome, if one essumes tha"t the clta,nge in discha.rge

coeff icient f or e. rninor" che-,nge 1n ga"te hei,gh.b, is
negl igible f o:: a-ny on.e flor,,¡, This being Lhe cese, tÌle

tru.e difference betr^reen the two models can be gauged-

by compa-ring the d-ep bh oí f lovr over the ga--r.e u i nstea_cì

of the a.ctna"l ga-te height.

In general , 'bhe r,iaier su_rfa.ce pr.of i_l_e in ilre

unciistori;ect ole;liglass moclel- entered_ the structu:re
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hlgherLhan the d-isiorted model_ " Then, in the zorre of

ta.pid- d-ra"r¡-cÌor{n over the gate , LL dz'opped bel olv lhe

p::of i1e of bhe ilistorted- rnodel-" In the Ð.TeÐ. j:elorni tire

hyd-raill-ic ju-np bhe r.va-tez'su.rface r.res u-nstea-d¡rc so Lha.t

a coaflerison wculd not be jr-rstif íed-.

-tsy compa-ring .bhe a.ctua,l cLepth of r,¡a"te:: over -bhe

two ga"tes, it is seen that the dischage coefficient for

the undistoz'ted- rnod"el r¡¿"s alr,¡a"ys higher tha"n for the

d"istoz'iedL model. This mea.nsu tha"t ]nad f,he ti¡¡o gates been

a.L lhe saJne heightu 'bhe r,,ra.-ber level entering the stL:uctu::e

in the und-istorted rnod-el r^rould ha,ve been l_ower'.

The higJrer discharge coeff icient of the u.ndistorted-

plexiglass moclelp âs i¡e11 a-s the more ra"pid- d_ra.r¡r-d_or¡n

cou-lcÌ be caused by tivo fa.ctors. The wood_en distortecl

mod-el in¡ould- ha.ve a higher friction factor tha.n the smooth

pleïigla.gs, a"nd its narroliler d-imensions r.,,roulcl g:-ve it
rûore sid-e-nrall eff ect " The .roughness ef f ect woulcl

oroi:a.bly be the minoz" onee es-necially for the f i::st f er,¡

testss Ï,Ihen the va.z'nished- f inish on the r,,roocl r^ra-s çi-uite

smooth" fn La,ter iests c â,s the f inish d-eteriora_ted.u

it mlght ha.ve ha"cl slighil-y mo:re effect" Hor^ier.rere 'Lhe

rnajor ca.use for the cha-nge in -r,rat-^r su::fa_ce profile lüa.s

probably ihe sicle wa.l-l- effect"
As fhe r¡a-ter entered the stru_ctu.::eu -Lhere i^las Ð.

pronou.nceil drar¡r-doinin at 'r.he g0 degree junction of ihe



ti:a"rning r{al I a.nd- iving r¡;al l_, a.s r,.rell a.s a lesser d-ra_r¡¡*

dovn a"t; the pier rrose" The amou_nt of 'Lhe d_rar¡¡-d-or¡Tl¡

esÞeci-a,l]*y a"t the vring r,,ra"l]u a.pÞearecl io be rrhysica"l-ly

lhe sa"me in both models, This mea_ns , t)ta,L in relation
to the l',lho1e ga-te rr'id-lh, the d,rar¿-dor¡m ha.d- effeci oveï"

a- greater co:rtion of the ga"te sicå,n" in the d.istorted
(narror,rer) rnod-el" This ca.used the lor,¡er d-isctearge

coeff icients 1n the distorted noclele âs l,i€l1 a.s the

less rapid d-ra-r¡-down aL the gaf,e"

The resu.lting operating cu_rves (f igure 5, append.1>l: A)

from the two mod_els, along r^r1th the ad_justed. curve for
the second- model (adjusted" for the proper allrlroach clepth)

shor¡¡ a f air a"greement. .i{oruever u gate d-irnensions designed_

from moclel resu]ts on the distorted mod-el i^¡ou_Id have

been slightly 1,a,rgeru Linan those d.ictated- frö¡r'the tests
of the uncllstorbed model.

ït can be seen from the results of these tests,
tnaL aea-surements cannot be ta.ken ol'L a. st:ructu::e in a

distorted- mocïel, vribhou.t su.ff ering from exaggerated-

side-lvall ef iec'b s oï clistu-rbed f l_or,rr T:a,tte::ns. In one

pa-rticul-a-r cp-se of a- siructu.re in a clistorbed- mocle-l ,

bhis is not brue, If the original structu-re has a,

number of id-entical- bays a.E lea.st trii:le th.a.L of the

required. d.egree of distortion then the effecis of d_is*

to::tion a"re overcome. In tnis ca-seu vrheir the number of
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bays buil-t in the ¡lod-el a"re red-u-cedu by divichng by

ihe ciisioirtion ratiou there a.Te aL l-ea-st th:ree und-istorted

bays in the structu.re; tt^ro enc ba.ys a.nd a" centre bay.

llot¡everu the ma.joriiy of ciistortecl model-s oo not coirtain

a. st::u.ctu.re with the above requ-iremen|s. If tn a' pP,,rL-

icula.r' stuciy, lhe exa.ggeratecì- sicìe-r¿a.l--ì eff ects a.re

considered. tolerable, then one or the olher of the

previou-sly clì scu.ssed method-s of construcbion fo:r the

stru-cture can be used-" Of colr.rse, br-ri1d-ing the mod-e1

to an unclistorted- sca.l-e is the most desirable solution,

anci this al-terna-tive shoul-d- al-ways .be lnvestigatecì. f i::s-r,'

In d-istorted- model s contai:nLa& a structure,

u.sually only prelinainary measunements a"te ma"d-e on the

d-istorted. or red-uced l-ength of strlicture. l¡inal

measurements are often made orr a la"rger undistorted-

mod-el of the structure alone.

IglggL!¿ gA,Agf¿IeJig-4!.å. Velocity measurements in the

d-istorted- mod-el tvere mea.sured- at cross-seclions ll0t

33Ou BOO, 2500, artd 4500 feet from 'bhe structure, to

girre an iclea ho',v cluickly the strong centralized- iet

f rom the structure d-ispersed-" Since the second moclel

rfa.s scarcely 500 feet long down strea,m of ihe structureu

and- 2OO feet v¡ere neglecteo. because of the approach

conclitions to the Lal-L ga-le, it r,ras at' 'î irsi f elt tha.t

no comþa_rison could_ be rna.d_e beüin¡een velocity measu.remenls
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taken. in both models " Holrevere a. closer a.nalysis

shoruecl that soïte compa-rison rras posslble,

If the distance measurecl in the f irst model,

(scale 1c120) tra¿ been mea,su,red in 1;óO scale f eet, Lhe

loca"tions of bhe mep-sr-rring cross*secti ons r.rrould- ha_r¡e

been at 65, 165, and. 4OO f eet ins'bea.d of 1jO, ]],} a.nd.

Bo0 feet.

Since both moCrels T^Ìeiie bu-il-t to ihe sâm.e vertlca_l

sca-l-eu they both c1i-schargeil r,va.ter fror¡ the .stru.cture

a,f, the sârüe rate per inch of vrl"d'bh, into the sâ-ne clepth

of taillnrater, for. the sa-me prototype discha"rge, Also,

ivlth the structures sii;u-ated_ in the centre of a fairly
iui.d,eu fla.t bottomed- river, i_t Ìnias decided- a, compai:ison

could be ma.de for a.n apprecia-ble dista"nce d-oi.ninstream.

This r¡Ia"s possible beca-use the ma.in jet remained. fairl¡r
i¡¡ell concentratecl in the centre of the river., r,.rith

retLr.rn ed-di es occupying both banks 
"

1¡lhen point velocities of ihe fa"stest pa"rt of ihe

je'b, i¡rere p1-otted aga"inst distance from th.e st::u,cture,

(in ¡ottr cases to a, sca-le of t;60)u there r¡,ra-s close

a-greement betr.oreen the ct;rves" ( f igu-re 6u a.pnendix A)

If the resrilts from the d-istorted model- had- been pl-otted"

to their proper scale of 1a120, the high velociti.es

v¡ou-1d be sho-ç'm tr.¡iice a.s fa-r dor.,vrrstrea-n"
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Thls eomparf"son lndlcates that dtstorted_ riod.eLs

night tend fo glve exaggera.ted. velocity meå-sltrements

and. eroslon patteriis d.ownstream of the struetureu

especially if the naln jet from the structure remaj.ned.

confined.,

Generql conglusions og ve{Ulcal d.islorti_on" Ðistortton
in hyd.raulic mod.els should- be avold.ed lf possible, and.

nlnlmlzed- lf found. necessary. If a structure 1s lncor*
porated in the mod-ele several nethod_s can be used. to
keep the shape of flow 11nes, and. the d.epth of flow
approxlmately coruectn Ho!ùevero because of the usual

lncreased. srd-e*i¡¡alI effecto measurements orrc and. in the

near viclnlty of the structureu should- be of a prellninary
nature only. Final measurements v¡ould. then be mad-e oyr

a larger und-lstorted. mod.el of the structure alone"

The results of the tests showed.n that the lncreased.

sld-e-wall effect of a di-storted. structuree tend. to give

Lt a l-ower d.ischarge coefflcient than vrould" be tnd-leated.

by an und.lstorted. mod.eI" .Also, a d.istorted_ structure
may lnd.lcate hLgher veloc1ti.es, and. coÌ?sequently increased-

scoure further d-ownstream of the structure than would_

be shown in an und.l storted" mod.el"
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DT,SC}TITRGE DISTORTIOl\i

As uas rnen-bi-onec1 in Chalter f , one of the melhod-s

of CListorti:ng a" urodel, is Lha,t of giving il û- sl ooe

d-istorblon, more comrnonl y kn-oi¡¡n a.s ittj-l-tin,gtt. Hor¡evetf s

if fhe mod-e-L is built, bef ore íi is deterrnined, -bhal

there is a need- for d-istortlon, tilling could- be

c-L1f f ieult proced,uf:e" A siarple no*cost af ternativ.e is

to give the noclel a d.ischa-rge distorii.on, assuming

extra- pump capa-city is ava.ila.bl-e"

This d.ischa"rge d-istoriion is a.ccomplished. 'oy

increasing the d-ischarge in the nodel, lrhile holcling

the r,ria-ter level- at tkre d-esired. cross-section (possibl¡r

ihe mid.-point) a,-t a constan'b level-, This r,¡il-l- result
in the increased- velocities rec{uired. in the mocl,el- 

"

AcLvant.ag_es" It ma.y be clesirable lo u.se a. d.ischa"rge

distortionu f or any of the follolving reasonsB

t ) To a.tta"in minimum reclr:iremenis of tu.rbu.lence .

2) to obtain meâ.su,rea-ble vel-ocities 
"

3 ) to ensi-r.re suf f icienN tractirre f orce 
"

The f irst two reasons are self expJ-a-na.tory. The

I a-st purpose may rec¿u-ire a brief ciiscu-ssion here"

Slrppose a. mod-el has been bu-i-l t, a.nd. for rea"sons of economye

or to eliminate ripoling, a coarse norta.r sa.nd is used
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for the bed- matellial. The sand- d-oes not ri.Love et the

velocitie s e.t inrhich erosion is an.iici¡a-ted in the

orototype, o:r. scou.r's so fittle iha.t cornpa.,:ison betr,veen

tests is diff icult. one easy sot i;tion is a,t ha-nd-. j.rrlri,r.

more dlscharge throi-rgh the mod_el, keeping il:ie r.^ra_te.r:

level ab the a"rea. o'f investíga.tion consta.nt, until the

desirecl a-mou,n'b of scollr is obta-ined" check to matrre

su"re the floiu ,oa.ttern has not cha-nged_, If it ha_sn'.b,

erosion tests can be ru.n ai this nernr d-ischarge ratio,
a.ncl velocities ea-n be founcl by d-ivid_ing the rnea.sured

velociby by th.e discha,rge disto::tion" If other
meesurementsu snch as r¡ra.ter su.r'face þrof iles alfe reql-r.ired,

the test lvor-r"l d ha_ve to l:e i:epea_ted_ at the p:coper

(Froud-e La,r.,i ) discharge 
"

An a"d.ded_ ad_r¡a.ntage of d-ischa_rge clis.bortion, is that
the moclel remains undistorted-" Thez'efore, there is le ss

dange:r of nre juclice in 'bhe testergs judLgment. ,qlso

demonstrabions to peor¡Ìe u.nfamil,iar i,yith the stu.d-y,

can be d-one i¡ith nnd-istorted- fl-or¡¡s in e,-;a"ct re,olica-

of the prototype,

Disa,.ova,nta-gçF., There a"Te cluite na-tural1_¡r clra_r^iba_cks to
u-sing discharge disto:"tion¡ î.,nrhich r,rrif _l- be listed- a_s

f o11or,,ls s
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f ) The increased- d-ischarge resuLts ln alr inerea-sed-

slope on the water surface. This w111 give sllghtly
greafer d-epths upstream of the control eross*seetionu

and d.ecreased- d.epths d-ownstream, These d.epth changes

w111 be rgliglbl-eu howeveru compared. to the aecuracy

wlth whlch most veloclty neasurements are takenu unless

an extremely long length of channel ls being Ínvestlgated""

To compute an example, assltme that the followlng

cond.itions prevall f.n a mod-el

Dlscharge (q) = 1"49 cfs
Length (1,) = 4l feet
Ðepth (D) = 0 "4 feetI/üid.th (lf) = 6 feet
Mannlng ton88 = 0,016
Hyd-raulic Rad.lus (B) = Q"35 feet
Energy Slope (S) = head- loss/Z0

From Mannlngs s Equationu ( a : !-49 A R"z S'u )

t'+9=l'+9 x 2'4*(o'3s)='=- S7'
o.otL

Therefore S t
At r

) ç+ÕoCo.=s-)?: x , s-o

Therefore the head. l-oss 4Z / s+oo o. oo I 1..*

From Manninge s Equatlonu j.t ean be seen that the

slope lncrea.ses ln proportion to the square of the

d-lscharge" Thereforeu lf a dlscharge d-istortlon of 1"50

was used., the slope would- be lncreased by 2"25.

Therefore the new head- loss would. be

2.Zl x o.o<>8 : o.ol8 tr.u*
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If, the water level was held. constant

polnt of the mod-elr then the naxlmum change

due to d.lstortlon would. be

at the mid.-

3"n water level

o.ot8 0.oo8
2

o. oo s 4<e-?

Thls d-lfference l"n water leve1 would. change the water

velocity by 0 "00s/oull0 = 1"25 percent"

fhls amount of error ls l-ess than that usually

experienced i-n most velocity measurements' A degree

of aceuracy of flve pereent trs normally consld.ered.

sufflclent for most velocity meters" If the change

ln water levels approached. five percent: 1t would. not

be ad-vlsable to lnsrease the d.lscharge dlstortion"

Should. the accurate surface proflle be d-esiredr the

d-ischarge d.istortlon need- only be red.uced. to one for

those measurements.

2) Discharge distortlon eannot be used- upstrea:n

of a control structureu slnce the discharge coefflclent

controls the d-epth over the structure" Howeveru lf all

the requlred. measurements can be taken below the structureu

then this method. of d-lstortion eould. be used." All
measurenents on the structure, upstream of the st'ructureu

and- ln the lmmeôiate area d.ownstreamu would. have to be

clone wi"th the true d"ischarge"
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3) The najor d-rawback in d"istorting the d.ischarges,

is that 1t may result in a changed- flow pattern ln fhe

mod.e}, This would. destroy the very purpose of the

d.lstortlonu namely to obtain a more accuraYe velocity

d.istribution and- scour pattern.

Ðischarge d-istortion tests. In an effort to lnvestigate

what effectu 1f arr¡r¡ d.lscharge d"istortion had. on floiv

pattern and. velocity d-istribution ln a river mod.el,

four tests were run on the outlet mod.el of the Red.

River Flooôway. A test was perfornedr- t¡¡lth an undlstorted.

flowu e.nd. then repeated. at lncreases ln discharge of 25'

50 anð,75 percent.

The moclel, built to an und-Istorted. scale of Il100u

rlas of the confluence of the flood-way outlet and. the

riveru about 2000 feet of river upstream and. d-ownstream

from thls pointu a.nd aboui 2000 feet of flood.way'

Seven hund.red- feet upstream of the confluenceu in the

flood-waye was a low 1evel ogee drop structure" Ït was

felt Linat lf dlscharge d.lstortion could. be tolerated"

ln a mod-el of thls type, 1t would probably be accept-

able in a mod-el of an ord-inar¡' channel'

Figube 3 gives e genera1 vlew of the moclel.



63

Test No" l was run with 6O'0OO cfs 1n the flood_way

anð- lJ 1000 cfs in the river." These were the d.lscharge

cond.ltlons for whlch the floodway was designed-,

A d-etailed- flow pattern sketch was drawn with the

ald of potasslum permanganate dye tracers" A close

check on the size of ed_d_ies and d_lrectlon of currents

was mad-e possible with the use of premarked_ cross-

sectlons in the moclel. These cross-sections (shown

on the flow pattern sketehes, f igures 14 to I7r) a.l_so

give the locatlon of the cross-sections where velocity
meâ.surements were mad-e.

Velocity measurements were mad-e at 100 foot

interval-s across tire bottom of the river and" floodway

ehannels, anð, JO foot intervals up the banks" þteasure-

ments Ï'iere taken using a Prlce Pygmy Cument l{eteru

and. thirty second read.i-ngs, (Previous research with

the neter in this mod.elu proved that no increase in
accuracy uras obtalned., by ta"king a. read-ing over a longer

i"nterval than thlrty second.s). Cross-sections sholving

the actual veloclty read-lngs are shorvn in figures 18

to 2I, append"ix B" Prof11es, shorving the coapareritive

velocities at the various cross-sectiors for d-lfferent

d-ischarge distortionse are shown in figures 22 to 28u

append-lx B"

l,Jater surfaee profiles were taken along the

centerline of the floodway, 1n ord-er to see how far
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d.olvnstrea.m of the ogee spillway the water surface r¡ras

affected- by the d.istortlon, These proflles a-re shown

in figures Zg anA 30, append-ix B"

Tests Nos" 2, ), and. 4 were repeats of test No, 1,

r^rlth the d-ischarge being lncreased in the proportions

of I"25t 1,50 and" 1,fJ respectlvely" No further lncrease

ln the d-istortlon could. be lnvestlgatea, The required-

water 1eve1 at the mid.-polnt of the mod-el, could- not

be nalntalned" when the d-ischarge was increased-"

Throughout these testsr the water Ievel at the

confluence of the rlver and" the flood.way was maintalned.

at the sarne level"

As can be seen by the floui pattern sketchest

(flgures 14 to 17)u there ls good. slrLilarlty in the

flovr pa.tterns for all testsr wlth only a slieht

elongation of the maln flood.way ed.dy at the higher

discharge d.lsþortloxlso It is realizeð- tlnat a sketch

of thls nature Is only a vlsual observatlon transferred.

to paper, Iloweveru care uias taken to refer points of

current..C.lvislon to the aforementioned, cross-sectionu

so that later comparisons could be made.

It can be seen that the maln ed-d.y was growing

sIlghtly in size wlth the d,lstortion, causing the main

cument from the floodway to veer sliehtly more out into
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the rlver, This can al-so be seen in the velocity
proflles at cross-sectlon Y-3, where the hlgher d.ist"ortlon

tests are plotted sllghtly more to the left" At cross-

section \i-2 and V-1, this effect seens to have dis-

appeared-"

In an effort to jud-ge how much of the scatter of

the plotted. proflles was due to d-lstortionu and- how

much to measurement errors, test No" 1 was repeated.,

Veloclty measurements were agai-'n taken at cross-sections

V-l, \tr-Zu and. V-3, The scatter of the d-lstorted. veloclty
proflles appears to be in the same ord.er of magnitud.e

as the measurement errors.

Centerllne velociti-es TÂIere taken up to the base of

the ogee spillway. (Figure 22). A plot of these vel-

ocltles shovrs faLr correlation to wlthln fifty feet

of the spll-lway,

Water surface profiles through the spllIway

(flgures 29 and, 30) were also taken d.uring the tests,

for acad.emlc lnterest onlye since the d-epth over the

structure varled. wlth the d-ischarge" They show that

all the flows approach approximately the same super-

erltical depthu at about elevatlon 72Q before the hyd.raulic

junp" Slnce the d-epth of this flowu and" that of the

tall-water r¡rere equal for all rates of dischargeu lt Is

evid.ent that the velocities would- lncrease in direct
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proportlon to the d-lscharge d-istortlon ratio. Thls

explalns the falr correlatlon of the velocitles at

distances greater fhan flfty feet from the ogee base"

However, àt the higher distortlonsu the d.epth increases

with the d.ischarge, closer to the ogee, explainlng

the compariLively lovrer velocities (figure 22) "

In ord-er to check the theoryu that the slope of

the energy line increases wlth the square of the

d.lschargeo the followlng computations were mad-ea

The value of Manninge s n f or the mod.el was

calculated. uslng Mannlngt s Equatlonr and- the flovi

cond-itlons of the und-istorted. test,

h= t .49
a

A R"4 S7.

z.oq * (-o.33)"=* Co.ooo=z)"
l. 3-7

ö.ole

Using this value of n in Manninges Equatlon, the

theoretlcal energy li-ne slopes were calculateè for the

other discha-rges" These slopes, along with the aetual

slopes measurede are shown in the followi-ng table

Dl-scharge Distortion TheoretlcaL Actual
Batlo SloPe SloPe#'

1"00 0 '00022 0"00022
7"25 0"00034 0.00035
1.50 0"00049 0.000501"75 0"0006? o"ooo?o

årAccuracy of measurement 0"001/40 = 0,00003
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It can be seen from the table tlna-t the slopes actually

neasured. ln the tests were v¡lthln the accuracy of

neasuremento of the slopes calculated. by Manning0 s

Equation.

The maxlmum change in depthE at the d.ischarge

d.istortion ratio of 1"/J wa.s 0,018 feet, This vras

equal to five percent of the orlginal d-epth of 0"36 feet.

Thereforeu a further lncrease of d-lscharge d-lstortion

would not be recommended."

General conclusåons on d-ischarge d.:Låtortion" Ì'lithln

the range tested-u the d.ischarge d-lstortlon d-id- not

appreclably change the flow paternu or change the

veloclty d.lstributlon, beyond- the accuracy of measure-

ment. Since the mod.el contained. a d-rop structure and.

the confluence of two channels, lt can be assumed. that

the saüe result would. have been obtatned. in a mod-el

wlth simpler flow cond.ltions,

The Mannlngss Equatlon relationshlp, that the

slope of the energy 1lne varies with the square of the

d-ischarge, checked. within the d-egree of accura.cy of the

rneasurenents. It Is therefore possible to make a

sllght change ln the d-lscharge ratlou ln ord"er to

obtain verlflcatlon of the i¡¡ater slopes, if the exact

mod-el roughness is not avalJ-able,



CI{APTEB VT

CONCLUSTONS

General concl_usions on the various subjects
d-iscussed.o have been glven a.t the end. of their respectlve
chapters. A brief summary of those eoncrusloslse obtained_

from the results of the testso and. from the literatureo
w111 be presented. here"

Mod-er d.istortion. Di-stortion should not be used. in a

moveable bed. mod.elu unless an economlc stud"y has shown

thaf an undistorted. mod-eI cannot be constructed. at
reasonable cost, If d.lstortlon 1s required., every

effort should- be mad.e to ml_nlnize its effect, and.

specf.al sare should. be taken in the veriflcation and.

analysls of the mod.el-' Prototype performances to d.ateo

have proven the value of results obta.Lned- from d_istorted_

nod.el- stud.les "

Bed. naterlals. The cholce of a mod.el- bed- nateriat
ls usualLy an economlc one" Light welght aggregates

are in general consld.ered_ only for sma1l mod.els,

because of ühei.r relatively hlgh cost, They are also
more d-lfficult to hand.re, and. may tend. to change thelr
speclflc gravlty und.er water,

The maj ority of moveable mod.el_ stud.j.es are
und-ertaken tt: compa-re erosLon patterns eaused" by
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al.ternatlve hyd.rauli-e structures or arrangements" Tests

he¡re shoum lh t the flnal stable d.epth and. shape of

scour is not a functlon of graln slze" Thereforeu the

flnest sand- avail-ab]es that v,illI not rlpple i-n the mod_eJ-u

wl1l be the cheapest bed. materla.lu and. urill require
the shortest eroslon tlne. Prelinlnary tests rvlll
indlcate the necessary tlme scale for the stud.y.

It ls not normal praetlee to make quantltative
estinates of scour from the resul-ts of mod.er studles"
Hor¡everu lf thls type of stud_y ls to be attempted.u

it has been suggested. that the ratlo of the fall
velocltles of the bed" matertals shour d- be chosen equal

to the veloclty seale ratio of the mod-eI" verifleatlon
of the model would. be a prereo,ulsite for a quantitatj-ve
stud.y 

"

Vertical d.iS!_qrtlo&. More care and. experlence l_s

required- ln the construction and. operatj-on of d.lstorted.
mod-els, Sl"nce the d-lstortj.on magnS-fies second.ary

currentsu the analysis of veloclty and. erosion patterns
becomes rnore d-lfficultu especially 1f the mod.el contalns
compllcated fl"ow cond.ttlonsu and- ehannel junctxons.

Greater bed load. movement and. more d.tsturbance of flow
pattern is llkely to occur in a vertice.lly d.istorted.

rnod-el than ln a slope d.Lstorted. mod.el, lf they contaln
the same tractive force.

(
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Structures i-n vertLcally d.lstorted_ rnod"els shouLd.

be constructed rvlth their longltud.iiaal horlzontal

seale id,entieal to the vertlcal scale" If the ¡lethod.

used. to malntal-n the proper wld"thr of flovr over the

structt¿re d-lctates d-lstorted. bays between píers,

exaggerated slde vrall effeet r¡rXl1 result" Accurate

measurements of d.lscharge coefflcients and- flow proflles
v¡ould. then have to be taken on a larger und-lstorted. mod.el

of the structu-re, Alsou lf the flow from the strueture

remalns conflned.u the hlgh veloclty jet wi_II appear to

travel further d.ownstrean ln a d_lstorted nod_el tha.n tn
an und.lstorted. model wi"th the same vertlcal scale.

Dischargg d.lstogllog. If a Jaboratory has sufflclent
punp capacity, dlscharge dlstortion can be the most

economlc a.nd. versatile mebhod- of d_lstortion available.
Tests ean be run at the nornal d-lscharge to obtatn flow
patterns and. water surface profllesu and. for d_emon-

strative purposes, The d-ischarge ean then be Xncreased.

untll sufflclent tractlve force i,s avallable for erosion

sbud.les, Tests have shovrn that the d.lscharge ratlo
ca-n be lncreased- i-n mod.els wlth eompllcated. flovr coii-

d-ltions, without measurably affeeting the veloelty
d.i. stributl"on"

A sllght change ln d.lscharge d.lstortlon can also

be convenlently used. to obtaln the proper water surfaee

slopes i-n verLflcatlon testso lf the exact mod.el roughness

ls not avallable"
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GATE HEIGHT VS DISCHARGE
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