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reasonably stavle swirl,

alr cores nas been considered,
It . ao found that vortex benaviour wos

sensitive to the drvregulority ol ths model cometiyy.
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A gernorel clogimilarity was found bhevwoeen
Thhe swirlk produced in vihe smallest nocel omnd those in
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Cylindrical co-ordinates,

(6 positive clockwise, =z positive
downwards) .

Velocities in the direction of
increasing r, © and z respectively.
Time,

Density.

surface Tension.

Kinematic Viscosity.

Bddy Viscosity.

CHala

Stagnation depth measured above the
plan of the orifice.

Depth of flow in the models,
A chavecteristic velocity.
Diametér of the orifice,
Radius of the orifice.

Area of the orifice,
Obsgserved alir core radius.

Theoretical (ideal) air core radius.

3

Radius of the vena contracta.

Py

Distance of the vena contrecta below
the plane of the orifice,

Radius of amnular discharge jJet.

Swirl constant (= vr).
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Strength oi souxce,
. e " s . C 1
Vena contracta swirl number (= =
J2gh
- e I
Specific swirl number (= ),
VEEX T,

(Discharze) swirl coefficient based on
an inviscid fluid.

Digeharge gswirl coefficient based on g
P By . 3 .
constant ‘w at the critical section,

Alr core radius corresponding to C; .
(Discharge) coefficient of contraction.
Digcharge coefficient.

Submergence ratio
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ITNTRODUCTION

3

It is common pracﬁiée to asgune that
Aynamic cimilarity of open chammel models is adeguately
described by Froude's Law © i.e., for dynamic
similarity to exist hetwecn two mocels the ratio bebween
the inertinl and tue gravitntional Jorces saouls bo the
same 1n each., In general any deviagtion from thisc law 1s
called scale efrect. If scale efiect is present 1t is
becavse the Froude Law assumption has neglected 3ome.
signilficant iforce or forces such as the viscous and
turbulent shear forces., In this thesis ccale efiechs

on swirling <Slow in axielly asymmetrical models will) be
o v

studied,

1.1 SIMILIWUDE IN VOLTuX IT0DELS

Several criteria have been suggesved for

operating vortex models. In 1962 Young 2, in a review

of the existing work on vortex moaels, gave inctan

o
=
(@]
®
m

o

eccribe

o

vhere three different criteria were used 1o
threc dirferent aspégta of similarity. Deunny 3
invesvsigated the behéviour of vortices in model sunpz -and
founa that vortices collapsed at =zimilar subnergence
i ,

ratios vhen the intale velocities in the model ond

prototype vere the came. Heaind showvea that

-]



commencement of vortex alr entrainment, in a slowly
drained symmetrical resevoir, depended on Reynolds’
Law. Quick 5, also using symmetricdl resevoirs, lound
that, cxcept very near the air cowe, similarly shaped

vortices were produced when Froude's Law was used,
Hastersley 6 investligated vortex
similarity in pump sumps and concluded that a certein
augmentation of velocity in the model, over that
required by the Froude cyiterion, was necessary to
produce similar swirls af the intakes, This

exaggeration, he reasoned, ves required because of the

dissimilar velocity digtributions in the approach

channels.,
some exploratory tests, carried out in
connection with the hydraulic investigations For the

7

Culligran Tunnel Intake ', indicated that sinilarity
of vortex collapse could be .obtained in Froude models
if the inteke aren excececded a certain mininmum. A
minimun area of 10 sq.in., was suggested. L1t is noted
that exact geometric similarity did not exist in the
models tested,

3

Similar results to those of Denny -,

ra 8 ha - : 5
were iound by Iversen and Fraser 9. This suggests'”

e

¢

that vortex collapse may be influenced by the suriace



The TFroude Law criterion, suggested by
FATOR ,.5 T ey - 2 L e e : - ’ | e ey Aot
sudck”, for producting similarly shaped voriices witi
well-developed alr cores, 1s not in conflict with the
cther criteria, provided the models are operated in the
turbulent range,

As yet very little has been digcovered
about the influence of turbulence and eddies on
swirling flov in hydraulic modelg, Zurbulent losszes
depend on viscosity, boundary roughness, wvelocity and

k)

model size, Lddy losses depend on all of these butl

also on the model geometry., Thus in the axially

&=

=
eymmetrical models tested by Haindl4, Quick’ and
oins o 12,13 o
Rinnie the problem of eddy formaetion was largely

avoided.
In our investigations geometrically
similar axially asymmetrical models were tested to study

the effects of model scale and geometry on the behaviour

L

of a drained vortex. Discharge and ailr core gimilarities

were congidered for steady flow vwitn a stable well-
developed air core, Similarity of swirl production wvas
also investigated, It was because of the air core

stabllity requirement that the major part of this work

waz confined +to H/D < 3.



.

tengion forces in the air core, Similarity of

T

e " ’ _
collapse vould then show a dependence on the Weber

number,

v
Jo/p L
vihere V is velocity
p is density
¢ is suriface tengion

and L is a length.

71

U

Now if L vefevs to the air core diameter
just beforc collapse which,it is assumed, would be of
the same order of magnitude in the model and prototype
then the velocity would have $0 be of the same order
of magnitude in the model and prototype to satisfy the
Weber Law loa

The Reynolds Law criterion for vortex
formation in smail models is reasonsble since viscous
forces would be significant in the region of the orifice

. : N . L -
prior to the development oif the alr core L . However,

b
]

)

as the size of the model 1s dincreased turbulent forces
will start to predominate and these will teund vo be
proporbtional to the model scale 20. Algo after the air

core has developed the inrfluwence oi the viscous forcesg

should diminigh according to a thecory presented in scction

2eD.

10, p.143.



1.2 OTHER RIESHARCH ON VORTICES

Iuch of the eaxly tneoretical
investigation of vortex motion in a periect Xluid was
done by H. Helmholtz and Lord Kelvin, A resume of
NP et 1 AT I W T 14
thelr work is given by Lamb .

The use of vorticities +t0 specify

rotational flov is aue H0 Helmnoltz and Stokes., The

components of vorticity are deiined by

= Qw9 - gu_ o ;. 2V _ 2w .
Nay T 0z ! - oz T o 3 é T ox - ay (1.301).

£ all of these ave zmero, tvhe flow is irrotational.

The trenntn of a vortex is given by itg
. P Y S
circulation which is
= é (wdx + vay + wdz) (1.2.2).

Il

” (1€ + m + au £)ads
s

where 1, m, n are tne directional cosines and d ig an

oty

element oi ares on tuce intezration zaslace, for Tregions

ol irrotational flow the circulation will be zero for any

circult not enclocing a singularity. However a
circulation can exist for a circuit enclogsing a

singularity in an otherwise ilrrotational system.

n

14, Chﬂp. 3 and 7.



Binnie and Hookings and Binnie and

13

Davidson

thcoretical

N = ~ 1 N
Sala, N2 Oy

, agssuming en inviscid fluid, node s

chtudy of wwirling flow throush rounded e

cisaul v opiiices, Using wator as bae

na

ke

S

vorking fluid they compared theoretical qnd experinentsl

values of diaschar

harge and found that these differed
ly.
Tunmcroug epvroxinate solutions have beeﬁ
r tne Havier-Stokes equavions for vortex

in o viscous Lluma. SJome oi tho most recent or theq

are by Longl

_L)Ol'lulu.uo.fl a

ssumptions

|
-

DD
~—r

4)

Gistributio

5 T lb '\" S 2 2 o}
’, Lexellen , Lingtein and Llll and

17

ana ssulliiven

Tingtein and Li made the following

o
~

rlow

in owder to solve the Frvier-3tokes equations

All derivatives with respect to b, 0 and
z are negligible.

friction on planes normal o the z .

Q=g (r/ro) forr x, and

w =0 for r> x,

(A (4
w & v,

o

Their golution for tne tangential velociy

n is '

1
%}

¥



[a-2(1~e  2)](asxy(A=2)y o g (8-2)
XLI‘* = a — -
A(lee™A/2p jA 2)) 2(1 h/2)
AE 2
(1.2.3)
wilere r, = = ;
v
Vi = T
Qo
A = Triv (1.2.4)

and 1, is taken as the stagnation depth. They modified

L)

equation l.2.4 by introducing an eddy viscosity &, %0

Qb
hAe = = (5TEY

which they found gave a betier approximation to -

experimentally determined velocity distributions,



2.4 SO0ME MHEORETICAL CONSIDIRATIONS

In this chaepter a theoretilical model is
proposed which, although it is a great
oversimplification of the real models, provides a
basis for comparing the real models, A very simple
mnodel is considered Tirst and modifications are
introduced later to show the influences of viscosity

and bturbulence,

A

ol ' A THECRETICAL II0DEL

It is assumed in the theoretical model
that it nas a horizontal floor coinciding with the'
plane of the sharp-edged circular ovifice; its
boundaries are axially symmetrical about the orifice;
in plan its dimensions are large with respect to the
orifice diameter; the working fluid is inviscld;

o constant tangential velocity is supplied by an
axially symmetrical inilow; the flow i1s sweady;

) 3

tne discharge tends to 1ts maximum for a given head;
and surface tension is negligible. -
These assumptlons lcad to the relation
vr = coanstant, (= ¢) (1.1.1)

for the Iluid above the plane of the oriTice.



242 : THE THLCRETICATL DISCHARGE

|

for the model proposed in secvion 2.1

L3

Binnie and Davidson gave,

\/_
ae - ’I‘a | ]’ I‘c z i — I‘c
Q = S (qm ] -— - 1¢ - cosh =
Vol 1 St J at

which they found over-estimated the dicscharge., The
following developmeny difrers slightly from the above
o

in that the critical flow is assumed ©ToO occur atv vae

vena contracta VC instead of at the plane of the ovirice.

Yigure 2.2,1

Defining Diagranm

Total

i wnergy Line




— NS

It is assumed that vadisl flow is negligible at the

[

N .

vena contractn and tie alr core diameter here is
nearly egual o that at the plane of the orifice,
Applying Bernoulli's equation to point

P in the plare V - C gives,

Vz U.l \"z (
H+ Az = 5=+ + = 2.2.1
28 28 28 )
= H
I'rom vr= c, and uw< v
/ T ¢ r C = - )
W = V 2&311 bal ’\E] (d:)agoé.
b
] | 9% L.
and Q = 2%[;/ 2eH - (§) rdr - (2.2.3),

jt'.l.

For the condition of maximum Q, it can be shown that

0 , . . o
%ﬁ = 0 (b not & TFuncition of =.)
Tor a = c (2.2.4),
2ol

The integration of eguation 2.2.3 gives,

+*

b 4 Jﬁ' -
a

p 2

Q= % J2gH Lb /ﬁ - da - aln

(2.2.5a).



Putting £ = N (2.2.6)
and b = rof Ce and neglecting Az
we have
s e R ) 4 lr}: I
) - f”"‘ T o_ ¥ b
(E = o ) f.b{ (3c { ! - )\b K\E}V\ l ) (
For >\Bsmall (<5 say) tae discharge is given
proximately by
"~ i . 3 50 + r
0 = A J2zd Ce (i"?\lh‘ (2.2.7).

The ractor

ig denoted by tne swirl

whence Gy C, Cx

[

iy

13

Proude number., It is

of gcale, Ii we write,
M= 2 2
28t

it is
swirling velocity at b to
through the orifice, XE
strength of swirl and is
number,

If +two models

- . . ! .
Law then theixr }\ s will

noted that A, is

dimensionless

seen that A, represents

called

Ay

involving A in equations 2,2,5 and 2.2.7

coerfd

(2,2.8),

similar to a

and indspendent

(2.,2.9),

tue ratio of the

the maximum possible veloc
ig proportional to the
N de
tile vena contracta s

operate exactly by

be the =samne.

=

‘1?()1: 1 o w

i ] e

"“Tf
by

.,

¢

The concept of



C, will be useful in determining a local gcale eirccy

s

in the region of the orifice in the prescence of a

eneral scale effect in the reglon outside the orivice,

P
&)

HSTIVATION OF SWIRL STRETGTHS FRCIN THE

N
°
e

DIITNTSIONS OF D0l ANNULAR JET

maded LY

Heagurement of swirl by the divergence of

) a1 M - H s g Ly ' s Tt l
the discnarge jet was suggested by Kolf and Zielinsici 9°
3 ‘, )

; was decided vo develope the anmular Jet method wnen
It w decided to d lope tih nnul et method wnen

difficulties aroge in the measurenent of swirl by the

<y

b . ‘ 5
zuriace float method.

Migure 2,.3.1

Defining Diagram

(a) Jet Profile - ~—

(b) Plan Space-time
Dingram

2

(¢) Plan or Jet



those of tthe

1)

2)
3)

4)

particles arc now

-1 3-

The following assumptions are added 30
theoretical model:
tangential momentunm is conscrved in the

anoular Jjeb)

tie jet oviginates from tue vena contracta

the jet remains intact, its thicknezs
lccreaces and the horizontal velocity will

tend e become independent of the Jed

thickness o8 2z increases;

Alr frictvion is negligible,

Below the vena convracta the gwirling
constrained GO move in ciwvcular patns.

Congildering the annulsr jet in plan, we choose aqn
average velocity to represe nt the tangential movement,
Basing this on monmentum we have
b
2 vrdy
— a
v o= py
b - ok
C
= x or
5 (b 4 a)

v is +the

radiuvs of

velocity at ¥ =

-%(b + a) which the mean

the ring.



Prom figure 2.3.1lc the mean radius of the ring

5 e b4

alter o +time +, is

T, = J/(?f + ()

from which

VT o=

= Jﬁr% -7

How V +

i
=)
s
o
+
-

B o~ /) 2.3.2)

v
waere h is the average velocity head av V - C,

From equations 2.3.1 and 2,3.2,

- o 2 —
o A IRAS L

Jh + z —-.+/h

Very little error will be introduced if h is equated to

N

H and Az neglected,; this gives

.

e 2 VAT

Vi et
) JE & 2 - /H

Il

(2.3,3b).



2.4 A SENT.TIPIAICAT APRRCACH TC THZ
1 ;
C DETERCINATION OF C¢ FOR $VIRLING DISCIARGE

The diameter of the vens ucnt“néta is
increased b& the presence of swirl in uhc discharge 13,
The following digscuszsion ig intended as an aid to the
empi¥rical investigation of this elffect.

Lot us ascume that the diameter of the
discharge Jjet can be found by combining its
a1 gsplecement components due to radial and tangsavial
mdmentum;; The former will tend to give the normal
coefficieﬁ% of contraction; it is with the latter
that wé are now concerned.

. It 18 reasoned that ,

2
2 2 Z -
b < (xr) + v, t ) (2.4,1)
by virtue of the conscrvation of tangential momecntum,

Zruation 2.4.1. reduces to,

2 4
¢ = K1+ () t) (2.4,2a)
T,
where v, = %r- 3
Lo
.\
D
Cc:(“;') ; ‘

2 = bl Bed i
t o /= ‘/;1 + Az - /1'1 / being the
)

descent time from therplane of the oriiice to the vono
contracta) and K is the constant of proportionality

wiiich, 1t is assumed, will be approximately equal o



the i1deal non-~vortex coefficient of contraction

. %
LeC. % o+ 2 "

0y F * . s L}
How assuning Az zjﬂ(ﬂ/b), equation 2.4.2 can be written

2
Ce = {l + ( *C_)”_:____) F[%] (2.4,2D)
5];"'[?0

[

Ror the purposes of a. emptdrical develonment

this is written move generally as

-

= ¥ {1+ &) @MW) | (2.4.2¢c)

where S is a swirl munber,

(]
!

K = 0.,6:

3]

say,

and ¢ and F(H/D) will be found emparically,

2.5 MHE INTLULHCH OF VISCOSITY AND
PURBULSENCE ON THY DRATNHED VORI
The following is an extencsion of Iinstein
- 4 ll ] - I8 . 3 A [N PR
and Li's theory (sce gsection 1.2) to the caze ox =2

well-~developed alr core. Proceeding with tueir
assumptions, except that in the range a<r<r,

it ig assumed that, !

\
-— AP
5 r - a) 2.5,
v 2RI, L, Qﬂ - a . (2 5+ 1)

the solution of the general equations of motion and

continuity follows; The Navier - Stokes equations in



cylindrical coorxdinates are

D'u vt =22 (p+vn) 4 v(Viu - o - §~ %5)
Dt T r T p or
(2.5.2)
1
D'v.;.}}.y_ ——:_]_‘..:Q_._(P + Yh) -+ V(VV'P :?1 gg“}:z)
Dt r T opr 00 )
‘ (2.5.3)
D'y =1 d oY L 2. 5 5 o4
Tt = 5"'55'( P+ Yh) + v (§7 W) (;,)..)
aund the continulty equavion is
10(ru)  Lav . dw _
T or + 95t = O (2.5.5).

Now neglecting derivatives with respect to t, 6 and z,

equation 2.5.3 yields,

%
v . uv o"wv 1 8v vy Do s
uar - r - v ( al‘z - r al-n - rl ) ('L.o )o 6)
P 11 _ Qe e A -
Putting A= = , equation 2.5.1 gives
271,V :

Alr — a)y .
w =" 2.5.1b).
n, (.- a) : (2.5 )

(] (o)

% . - al 5 J 3 3 .
Substituting for w in equation 2.5.6 and rearransing

one obtains

-



I;(I‘c - &
(g (2.5.7)
a‘\\ﬁ\(lb L.oSc .

The golution of <tiidis 1is

, rd

< — é‘.(.r:?fl .

v = Co o, e lo cr(t-a)
T ro(

Applying the boundary conditions that

1) at r = 1 v = v, , and
2) at r = a , o(v/r) =0,
oxr

the final solution is

nE V
et Nt

Tor fturbulent flow A i1s written

Qo

A= ST (2.5.10).

) o o . ; 2 o .
St v 7 A PRy 1] oy +[x(1 7). uI] v =0
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PLOOR FRICTION

The Following is not intended to be o
rirourous treoatment of the flocr rriction provlen;
b 1o meant to show the order ol magnltude of the

floor friction logses and consequently their possible

influence on zimilitude.

The system is assumed to be compesed ox

a converging ctreom channel as shown in figure 2.0.2.

6.2

13 e f
Pieure 2,

Defining Diagran

Lrop 2y

7

N

| .
'f“r?.\._

7

_ e
——-;4 Cji ]“‘-

(2) stream Channel (Flan) (b)  Stream Cinan

wlement of “.cn



The Tollowing approximations and assumpltions are made.

1) kb ois comstunt for r. £ v LTy
the hydraulic radius ma ouated o h,
2 tne ny ulic radiuvs may be equat to h,
3) for hydratnlieally smooth surfncen
1, -
-4 nV .
£f = LJ316R where R = =o—— )
4) centrifugal effects on the floor boundary
layer can be neglected;
5) "~ shear on vertical planes 1s neglected.

Now v = c¢/r and u = m/r whence for convenience

c?* 4+ m* .

=
i

The friction loss over a short length of

the stream—channel, dl, is

ot ; 2y
1Iv l ar . df - 5 4¥ 1 (;

an, = L. |4, 4 ,

¢ hog | 1 I v .

Now V = X/r,
X s
dal = = dr, and taking
nk o :
f = q (%Ei) for generality,
dhlk . . s

af = - %ﬂ (-%Ei) drs using these relotions

equation Z.6.1 can be integrated to give the friction

4

loss between

4

voand r, . The solution is



1 -
v k f . . oS
o= B R R G- w) (2.6.2)

vhere £, 1g the friction factor at the orilice,

Thuz the similarvity or iIricivion logoes

w4

will depend on the ratio of the Yriction factors in

tne moael and prototype. Using Blasius' eguation LoT
the friction factor it is noted that hy /nodin very msll
even for the smallest model considered in this

2 Te
investigation (h,/h being about 0,7%).

2.1 TRUATINIIT O 5JIRL IN AW

ARTALLY ASVITILORIC DNUSERYVOIR

It wacs noted in section 2.1 that vr is

congtant for the theoretical model, noviever ioxr the
more gineral case of irvotational [low in an axially

aeymmetric reservoir, the circulation

I ﬁs (v, d1) (2.7.1)

fl

= a constant for a circuit enclosing
thne singularity.
Taking the integration path o be
r = (a constant),

e
T / vdo (2.7.2)
, ,

i

we have, r_

Lot



Congidering n finite intervals of O,

assgociated v, ), equation 2.7.2 can
N
r }j v, A0, = 2%c
:k:i“ 1 N
LV
— L
or Cc = r "

il.e. the anzular average of vr is

Sy

Is
o P

(&0; with an,

be written,

(2.7.3). -
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TIPERIME

WHAL THVEDTIGATICH

Trour geries of

ateady

chapter. A 1ifth series of tests

formation of a vortex during wres

described in chapter 7.

3.1

[ -

TARATUS

Tlow model henaviour ore deccribed

concerned

2

in this

with the

ervolir drawdown is

The barcic apparatug 1s shown in drawing
numbers 1 and 2 and consists ol
1) an open-top welded steel tank (5 x 8" x 5’

deep) having a coating

on the inside, a per
and a rflow straigzghtener

t i
egave a b x5 test

[

and a squarc

to the 6"D owrifice) which

any of
large tank
3) a pump
2.5 c.f.3.
Flgure 3.1.1 illustrate

vere waed wo nake the medium and

of Dbitumirous

spex viewing

sharp edged orifices (2D,
orifice with

the four positions

with o maximum delivery of

Peint
window,

.I’ N

ge}

secivion,

4,

ar arca
provided in the

about

s how piywood partitions

small models within



aba

the large tank., The cccentricity of the inilow was

produced by a plywood barrier fixed across part or the

low gtraightener., All hydrsulic surfaces of the

iy

parhitions and harwlers werne planod aund varnichaed.
In the small model all the hydraulic surfaces were
~waxed and poligshed. )
Plagticene was used to seal the orifices
and make the models water tight.
Stall gauges with 1/8" and 1/10" divisions
viere used o measure the depths of Ilow in the models,
Discharges were measured by one or &

combination of +the following methods:

1) A weigh tank,

2) AV - notch welr calibrated by the weigh wani,
-3 A3 =17 90 - N » 5 -1 -

3) the venturi meter gauge on the pump

(D

delivery 1lin

A strovbogcope-stroboflood and a 3brm cancra

1l

were used in the measurement of swirl, 2ir core disnecier,

- o

and the dimensions ol the annular jew,



3¢2 SATERITEENTATL PROCIEDURE

() Series I — The purpose of this

series of teoots was to gtudy the eliect ¢f model scale
on o L=irly stable vortex, Three models (D = 2%, 4v

and 6") were 2t up os shown in yigure 3.2.1 i.e. with
2 hali-roundin; in the test scction.

Tne follo.ing test procedure was used for

o)
o
D—'
=
o
j@
o
}_l

q

A stagse/discharge curve was develoned Ivon

-

several mcwvuromeptc of depth ana discnarge in toe range

<H/MLK 5, gure 3.2.1 shows the ztaiy

pogition, In the large and medium models the stail

gause divisions were 1/8" and the readings were

)

stimated to 1/32", In the small model o

]

&8,
1/10" divisions was used and the readings were
estimated to 0,02%, I
corrections anplied to gauge readings. The stafl

datums were related to the orifice livs by a water

iy

4

level tranzfer to the centres o discs replacing tize

respec tlvo orifices butv having the same thickneoses.
The disgcharge of the omall model was
neasured by the V — notch weir and/or the weigh bani,

In the other models the V - notcn welr was used to

measure the lower discharges and the- venturi netewr,

eadinss of meniscus were toofen on



11

ne higher dlscharges. Long walting periods were

)
megqulred for gveady flow to become egtabliched in the
models., This was particularly truc of the omall

model whieh fHook up He oan hour Lo come Ho eonilibrdiwm,
Y

- ) ) . QR \ C . ‘
Since 1t was thought that Tt might iniluence tae
strength of the vortex, readlngc were only teken for
gteady or very nesrly steady conditions,

Surface ovwirl wes cgbtimated Lfrom +tine

)

exposed photogrephs (35mm, 400 and 80C ASA, f = 2

[

o Mg
. N L 1 o . . -
B = 3 scconds) of small polyzote iloats illuminsted

-

by {lasheg from 3 floods triggered by o ztroboscopc.

£t

Preguencies between 400 and 600 ».,p.m. were uced, It

~ b

vas assuned that curface *tension would keep the =mull
floats moving with tae flow. Thece photozraphs also
chovwed the air cores,

Photographs were taken oi the snmular jebus
in order ©TO0 measure tne veno contracts and
Tne jet thickness wes ectimated by probing it with o

scale.

]

3.2, (b) Series II - The purpose of +this serics
of tects was to study the effects of rectansulary
ceonmetry on discharge similarify.

Stage/diccharge curves were deveioped row

the model confisuration shown in figure 3.2.2 by o

Mo

(@)



methods of section 3.2.(a). The range of H/D wos
extended o sbout 10 and obcervations oY voritex

benaviour weire noted., Three models (2 = 2", 4" and

i
i
@
o
f o
©

O
6 " ) WEIe TeRed

3.2 (¢) 3eries III —~ The purpose of these tesis

. ot AN L o - A . = oo .
wos w0 shtudy thne effects of the X/D matio (model size)

n U0 PR T ST FRC Mmoo v g e s aeEt oy e e 3
All Thie fests in This sewviles woere peviormed

!

with orifices cenvrally placed in the 5 x 5 vest

geetion, Hell of tne inilow wag blociked cs onown in
figure 3.2.2 =0 thatb tﬁe nodel boundary sinne wap the
aame as in sexieg IL but the plan size was aliiderent.

Tour orifices (D = 2v, 47 (6!) and ") were besited ioxr

heads up to 48 inches.

-

s
-
ra

N

n

o L
S5u

-~
{1

To gtuQy tie cifect 04 tae orifice ~nnne

on vortex behaviour, a square sharp-ed;

ged orilice with
on area equivalent to the 6" diameter oriiice was tested
in place of +the 6" diameter orifice of serics 1T,

Sta e/discharge curves werec Geveloped and obscrvations

made ior comparison with the series II tests.

The 6" diamater oriiice was tegbted in the



T

confisuration shown in fisure 3.2.3 t0 show the

influence on the discharge of an increase in the

eccentricity of the inflow,
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4, THE BLPERIITEITAT DATA
4,1 Series I -~ Observations

The discharge obgewvations for this serics
of tests are summerized in figures 4.1,1 to 4.1,3.
No vortex collapse occurred in the range 0<n/D L4

but & slight dnstability of the vortex was nctice

Tne photo_raphs shown in figures 4,1.4
4,1,9 arc typical ol the recowxds used to delterming
surface swirl, alr core diameters, vena contracta and
annular jet dLamet rs. The negatives were projected

rawing paper wiaere pertinent distances were

O

on %o

1.

marked for meaasurenent. The scales for the measursments

O

vere obtained fiom photograrphs of objects placed either
in the plane of measurenent or at o measured disgtonce
from the comera and in the neignhbourhood oi the plane
ol measurement. ¥Yor example using tne 1 ttew, the

water suriace scale could be founa fromnm,
21 curiace disgtauce

. ©

varnce

dotum scale X v
J

' datunm di

o
Te
57

A smnll correction wag applied to the

measured values of the vena oontrﬁcta and jet disnceter:s

-

beceuse the photogsraprhs wore not ortQOgonal projcctions:.,



The correction is given by

%nemsured

s %
neaasured )
datunr distance

actual V/l ; (

Air corxe, vena contracta, and certaln

)

annular jet measurements are preselved in figures

..

4,1,10, 4.1.11 and 4.1.12 respectively.

ace

iy

ux

]

The tangential velocity of +the

floats about the air core centre was colculated by,

<
i
ng
i
}....J
A

where £ is the strobozcope frequency ond § 1o Shae
numbexr ox vloal imoges., Valueg of vy .r are plott
in figures 4.1.13 to 4.1.15 with the approximase

angular positionc ol the nmeasurcnents indicated,

4,2 (2) Series I ~ Descriphtion of Flow in

P

the Region Outside tne Orifice,
Pigures 4,2.1 to 4,.2.3 show the suriece
patterns indicated by the ¥loats and the floor boundary

-

layer flow patterns as determined by cotton tulfts an

dye traces, The locations of large eddies are alwo choun,




The velocity of swirl was obscrved to vary
inverzely vwith the distance from the alir core, The
floats followed inward spiralling paths in quadrants

A and D and in all quodrants in the roegioh neoy tho

orifice. Otherwise the surface flow in quedrants C

=
o
l..J.
[0)]
}_l
L4y

and D tended to move away from the cenvre

caused by the dilvergence of the strcanlines as tile

Tiow approaches fiie corner D and 1s in accord with

the irrotational flow npattesrn shown in fTigure 4,2,4,
Very weak counbter rotating eduies wore

asometimes obgerved 1in the corner of guadrant D; this

seemed to be a mofe prominent Feature oi the large ond

byl o N hel

medium moaels than of the small model. Sucn eddlies

J

result from the instability oy diverging ilow and are

. , - s : Do 0,2
often encountered at transitionc in opcn cnannols,l ’

1

Scparation eddies foimed at thne inside of th

inlet I in 211 models., Their Jdirection of rotat

3~
O
s
-

]

x v
Yy o

NN i |

vhe same ags the main circulation. They scemed 40

separate at a nearly constant time intervals i:

3

each

)
2]

model, Aftver geparavion they followed tne sivream
channel separation path IS and decayed beyond visual
recognition at zbout the third quadrant (C) of
revolution.

Apart from the eddies mentioned above thgre



vias a tendency for a rollexr G0 develope immediately

downstream of the inlet in the large and medium models,

This was most noticable at H/D <2 which corvesponded
with the moximum losgses through the L£low astrailghtencr.
The intluence of the roller.on the deptih/velocity
stribution was not appreciable at distances greater
than D from vhe inlet
The model swivrls were observed tTo vaeyry in

the following ways:

1)y with +time at a given point,
2) vwith » at o given 6,

3) with 6 at a given r,

4} with depth at a given point,

The latter is referred to as the floor
boundary layer efrect,
Dye traces were used to investigate +he

pehaviour of swirl with depth. Although reliable

R

magnitude comparisons could not be mede, it.was poucible

to determine the directional variation of velocity wi

depon, The results of thesc investigavions are show

Tal

by the dotted arrows in figures 4,.2.1 and 4,2.3; tuey

show the direction of the floor boundary layer Ilow,
both the lar

-
o

was confined to a layer near the tank. floor, wnich in

In

e and cnall models thle dircecticonal cilccs



the large models had o maximum value between 1/2 and
1 inch and in the small models about 0,.2". The
boundery layer efiect increascd with increasing

distonce along the streom channel untlil it reached

ito maximum in guadrant D near vhe boundary of guadrantd

4,2 (v) Series I -~ 4 Note on the Plow in
he Region of the Orifice,

I+ was observed in 2ll models that as H/D
increaced thne air core centre moved avay Ifrom tiae
centre of tne oriiice in the dovmgiream direction as
shown in figureé 4,21 %o 4,2,3. It is noted that e

relative deviation is least in tne smallest model.

Ploure 4,2.5 1llustrates vhe digtortion ol
the air corc axils which accompanied jue ellzey ol

eh

sy 3y e ] aHasre L N B . I e perte Ty
parasranl L (sbove). Agein this effect was loost in

T

the zmallest models.

Meure £,2.5

Distortion oi Hine ) : / 7'
\ ? .

Adlr Core Axis

Direction i
rer— ®
of inflow

/
|
t
ideal axis “ L GLIHOWG.L



D)
"o f. D

=

chift of the vena contracia,
air core ot e venn

whe plane of the owificot
The air core, in fact,
Atvempts to pholtogrann its
but 1t was greatv cnousn

In vhe development of the ideal dis

coeificient, it vwas
aixr core
Ve!oomty exis

core surface.

4.3

—————

The
T

!

and IV are

respectively, It vas obse

general stable in

ly less

and this is the reason for

discharsge resdings,

5 also indicates tiae

sontracta

$0 bo

“red
suriace,

ted over 'i;:le

Series 1L, I1II, IV -

stage/discharge curves iox
shovn 1n figures
rved
|

llese

4", o~
TILE

(,O\\J:l‘_; PEATCROR B
I+t vias assumed that tae

would be ture same oo ot

howaver thic

expanded below the oxilice,

gxpansion were unsuccenaiul
noticable.

ohe s oe
ﬁha% w = 0 at the veno

real nodcels &

In the

witole of the aix

Obzervasions

cerieg

4.3.1, 4,

that the vortices “erc

P . .

teste than in series 1

more scatvered stage/

— J l.‘..—.



ANALYSIS O THE BAPERIMENTAL DATA

W71
°

|

oL THE DISCHARGE COERPFTICIENTS

1

The normal. discharge coefficient C,
provides a convenient dimensionless means of comparing
obgerved discharges in scale models, Defining the

discharge coefficient as

s e

./c—“’

where H = depth at r = 4D and A, = area of the orifice,
values of Cp have been calculated from the mean
discharge curves for the firgl series of tezsts these
are shown in figure 5.1.,1l. For the second, third and
fourth scries of tests the upper and lower limits of

Ce were found and these are given in figures 5.1.2,

5.1.3 and 5.1.4 respectively.

5.2 SURFACE 3VWIRL

A rr—

. The surface swirl étrength as given by ,
C = wv.r was obsgerved to vary with y, H, r, 6 and t for
a given model, With H and y fixed (i.e. the suriace
y = 0) and considering the mean of the temporal
variations, use was made of the theory of section 2.7,

namely



_h
r> (v)i
; _—
VI, F n

to obtain an indication of the variation of the
swirl strength with r. TFigures 4.1.13 to 4,1.15 show
the curves of V?D ve 1 Obtained from the above
equation with n = 8, Values of r(¥); were obtained by
interpolation from topographical plots of vr., A plot
of vr va 6 (taken along the centreline of the stream
channel) as shown in figure 5.2.1 was sometimes used
to aid in the interpolation.

For comparison purposes the (Vr)y curves
have been made dimensionless by dividing them by the

scale dependant datum,

o —————

2ar, T,

The Cvf%' - curves for the
[2gr x
series 1 models are compared in figure 5.2,2.

Reliable estimates of surface (¥r), could
not be obtained for r <.08D because of the lack of
accurate observations. The observatlions obtained were
quite random but generally indicated a sharp decrease
the surface circulation for r £<D. It was not clear
viiether this marked decrease was real - perhaps

resulting from an air core surface boundary layer such

in



as equation 2,5.9 would seem to suggest - or not,
beinge the result of a dlifference between the float
velocity and tne flow velocity.  Certainly the floats
move rotvationally near the alr core i.e. they do not
maintain their orientation. The floats moving in
towards the alr core would thus have to be accelcrated
by the surrounding flow and if a slip occurred in the

tangential dirccetion a tangential velocity lag would

recsult.

L3TIVATION OF THE AVERAGE SVIRL

\J1
»
|

AT THE VENA CONTRACTA

For +the purpose of Tfinding relative swirl
strengthe at the vena contracta sections the

approximate formula 2.3.3.b

V?Fi = was used,

where 2 is the digtance below the orifice at which r. ig
neasured,
H is the depth of flow at » = 4D,
a + b .

1" - et e

?
Tz
I'-. = I'x _—— "'"2"‘

and t, is the jet thickness at z,
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Values of 5?5@, were calculated from the data of
fisures 4,1,10, 4,1,11 and 4.1.12, and plotted in
figures 4.,1,12 (a) to (e¢), TFor the comparison of
Glachorge swirle, dimensionless valuwes of VI ju VIQ e
obtained as in section 5,2 b&,'Vijt /( V2gr, r, ) and
these were plotted in figure 5.3.1 with H/D for the
models of gseries I, To confirm that the estimation of
relative swirl strength by equation 2.3.3(b) is
reasonable, its maximum value was compared with the
average surface swirl at r = D fbr corresponding H/MD's,
The differcnces were found to be small (about 3%, 0.2%
and 2.1% for the small, mediuwm and large models
respectively) with the surface swirl being largef in
gach case,

Factors tending +t0 cause such a differencc @re;
1) The neglect of the depth-wise distribution

of swirl at r = D3
2) The decrease in the discharge swirl by

rotational flow near the alr core,
In view of the rather large standard deviations for
both estimates of swirl, even larger differences could
have resulted from chance alone., The reason for choosing

r/D = 1 in the above comparison ig implied in section 5.2,
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5.4 THE CORIIICIENT OI' CONTRACTION

An attempt %o correlate {he contraction
coefficient witn the swirl number using the thcoxy
presented in section 2,4 was not very successiul nostly
because of incufficient information about the vena
contracta and the swirl, Nevertheless the following

anslysis indicobtes that equation 2.4.2(b) is a valid

J

R
NP

description or the inrluence of swirl on the wvena
contracta,

From ecuation 2.4,2(C) we have,

C, = 0.62(1 +(8)P(H/D)).

Now comnsidering two coefficients of contraction C, and
Cz  wilith swirl numbers S, and S, regpectively, at a

given H/D, eguation 2,.4.2(c) gives

lOg(Cc, o 0.62) — 108(Ccz . 0.62)

o
it

log(sl) - log(sl) (504-1)0

Marther 1f scale effects are neglected we can use the
information of figures 4,1,11 and 4.,1.12 to ectimote an
average o foxr the three models. The average value of ¢«

was found 4o be 1.93. The Function IF(H/D) was found %o

be approximately constant value of 0,50 in the range



1L<H/D< 3, Therefore the approximate formula for
Ca is

C. = 0.,62(1 + 0.50(s)">* ) (5.4.2)

. . X 4- :
which has a possible erroxr of about -~ 2Z.

-l

1
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e 5 SHIRL ARND VELOCITY COEFPICIENTS

Serieg 1
It was found in section 2.2 that the ideal

discharge coefficient wvasg,

CQ - OC C)._ (2.208).
However in the case of a real fluld it is necessary Lo

include a coefficient C, to account for head logses

and a non-ideal velocity distribution; the dicchaige
coefficicnt is then written
C, = C.,C.C, . (5.5.1).

The velocity coefficient

Co G. C

is used to compare the model

i

A

flows in the region of the orifice, It is reasoned
if the values of C, are equal in two models then Ior
practical puiposes thne models exhiblit local digcha:i ge

similarity.



it ]

. o - ' C
The dimensionless parameder Ny= ————-
V2gh b
calculated from the data of figures 4.1.11 and 4.1.12
and values of A are plotted in figure 5.5.1.

b =V b= AT
A

)

C,\ :(,l—-)\l_?\zh‘

™

was found from figuwre 2.2.2.
Pinally C, is plotted with H/D in figure

.5.2 for the three models of series I.

\J1

5.6 COMPARISON OF ATIR CORL RADIT

If exact I'roude similarity exists throughous
the models then the ratio of the air core radiug +Ho0 vhe
orifice radius should be the same for all the models.
Accordingly, a. /r. was plotted in figure 5.6.1., &
general dissimilﬁfity was noted and attributed to the
difrerence in the relative swirl levels of the models.

The ratio a. /Tr. alone does not give much
information about a local scale effect in the resion of
the oxifice. To 1nvestvigate this effect we nosvc that
local Froude similarity would exist if the ratios, of
thevaotual alr core radius to the theoretical air core
radius based on the existing swirl levels, are equal in

the models,

The theoretical air core radil were estinnted

\



from
Cde-t
By = TR
whare C u represents the average swirl in the digcharge
a2c siven by eguation 2.3.3(b).
The ratios of a, /a. are plotted in Ligzure

5.6.1 for the models of series I.

RIYNOLDS NUMBER

"1
.
-~

An inlet Reynolds number, defined by,

Rl = \'rQ . . (5u7ol)

was chogsen as a convenlent parametelr for model
comparisong, It ig difficult to say what value of
Reynolds nuwmber should be used in the region of the
alr core; the Reynolds number there would involve the
three components of velocity, tne alr core size and the
depth of flow., .
It is noted that R; .for the small model at
H/D = 0.8 is 1450 and it is considered o be just in tie
. : o 23
turbulent range,
The water temperature was 15 = 1° C for all

the experiments.

23. D, 24,
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5.8 STATISTICAL TRUATIIENT O THR
LAXPERITTSHNTAL DATA
(a) Treatment of Observations.

The general approach uged on Fitting a

curve 0 the observed data wass

1) The data (xi, y.) was plotted either
arithmetically or logarithmically in order %o
obtain the best linear fitg,

2) '~ Thne points were grouped into ranges which
could be reproesentved by straight lines;

3) These lines were fitbed by a trial and errowr
least squares method,

4) The ranges were taen joinéd by smoowh curves
to give a continuous curve,

The stondard deviation of the mean curve fox

nin - 2)
where O; 1s the deviation of an observation irom the meun
curve, and n is the number of oObservations considered 1o
be in the range.

The aboﬁe procedure was usced bto it and find
o 2 L& b/%! ?

the standard deviations of +the curves: a

and Q@ (H/D as the ordinate).



bandis e idaed

The randonm errors in I and z were found %o

be relatively smell and representaiive standard

D

aeviations were assigned to them.

| Por the purpose of finding the standsrd
deviations oi derived funcitions 1t was assumed that the
deviations oi the experimental observationg could be
treated as normally distributed, The standard

deviations for derived functions were found by

3 . \* ; 1 e 2

Cr(x, 7, B, eoo) = \/(ﬁ G’) (3‘5‘: G") +(%§ O‘)' o

Typical values of standard deviavions for the
observed and derived functions are given in table 5.8.1,
The statistical treatment of the discharge observations
for series II, II1 and IV was abandoned vhen the
deviationg ol the observations were found to be !
considerably greater than the standard deviation inferred
by the discharge oalibratiohlourves. Algo these
discharges were extremely sengitive and seemed o talie
on preferred upper or lower values. The upper and
lower limits rather than stahdard devistions are

considerceca for these tests.



(b} The Significance of the Scale Effects.

The main purpose of the following
sbatistical analysis is to provide a basis for
Judging the signifilcance ol an observed scale @fre@ﬂg .
Since the scale effects were expected ﬁo be relatively
small it was important to know something about the
probability ol an indicated csoale effectq being due
only to chance deviations of the mean cﬁrves.

The problem is: +to determine the
probability of the difference between two curves m, and

m, , with respective stvandard deviations o, and o,

being due Lo chance alone.

3] T 3 3 [ Bre
the deryived data = assunc

L

The deviations of

[Re

to be normally distributed, and so the standard

deviation in (m, - m, ) is

2
o = J q: 4+ O .

M-y gy

Now from probability “téa-JJZL\e.c.sg-2 we can find the

probability of

m, — I, ’
Kk = — i.e. the probability

Eo T my
of (m, = m, ) being due to chance alone,
A convention is introduced here to deiine a

positive scale effect as one that exists when a
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relative swirl reduction can be attributed to the
smaller model, Accordingly the p figures in table
5.8,1 refer %o the probability of a positive scale
affect heins dwue to chance., The aignificance lovel of
p il taken to be 5% 50 that for p<0.05 a positive
acale effect is nald to be probable, On the otherw
hand p)>0;95 cugcests & negative scale eifect.

The above procedufe vas applied to the
dimensionless air core curves (a, /a, see figure 5.6.1)
and to the velocity coefficients (C,). The results

are summarized in table 5.8.1.
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P DISCUS3ION 0 THL BXPERINMIANTAL RUSULDS

The exporimentél results of this
investigation indicate the existence ol & general
and a local scale efiect between the gmall and large
models and betucen the small and medium models. The
term kgenel*a scale effect’ is used to denote overall
icsimilarities in the behaviour of the models. The
local gscale eifect refers to a n1~ﬁ1n1lar1Ly which

predominates in a certain region of:the models (e.g.

the air core region).

6.1 THE OVIRALL DIS3INTIIALRITY OR

GuanlAL SCALE LIFEC

Series L
The general scale effect between the cnall.

large and the small and mediuvm models was Found o

f‘J

be negative aocoféing to the'convention 0L secwvion
5.8(b) d.e. the swirl levels in dthe small model were
relatively greater than in the larger models,
The indications of this effect are:
1) For H/D < 3 the discharge coefiicients Ca
of the small model (series I) were consistently
less than those of the larger models, . (sce

figure 5.1.1). Figure 5.1.2 shows that this



was generally brue of the second scries

Q

or modecls as well,

2) The averase surface swirl number at =~ D
| o oreater in the emuadd medel than in *bé
larger models this is shown in figure
5.2.2.
3) The averagze swirl in bthe discharge as

calculeted by equation 2.3.3(b) is relatively

sreater in the small model than in the

C«
o

larger modely, as figure 5.3.1 chows,.
4) The a. /. of the small model is greater
than the a. /v, of the larger models for
/D < 2.50 as shown in ficure 5.6.1,
A possible explenation for this eiffect is, that the
relative diflerences in the overall swirl levels
resulted from differences in the inlet conditions,

a

An attempt was made to check tnis experimentally by
observing vhe effeots‘of certain inlet adterations.

It was thought that the inlet surface
veloclty in the small model may have been exaggerated by

the strip at the base of the flow straightener;

however no change was noticed in the model periformance

M

vhen this strip was plened to 1/3 of its originsl

thickness., Also the surface velocity of the largesw



model was artificially exaggerated by an obstruction

placed across the inlet; this produced very little
change in the vortex (a slightly stronger swirl was

found in some cases).

Dye traces showed that certaln cross-
currents were peculiar To the inlét of the small model
and when these were eliminated by plasticene packing
(as shown in figure 6.1.1) the swirl level was reduced

congiderably.

fMegure 6,1.1 | )

(Plan)

(b) Dliminzation oif
Crogsg—=currents
Flow Stralgshtener

~ -

(a) Cross—currents
i

Curves in A and B in figure 4,1.12 represent the swirl
strength before and after the elimination ol the cross

currenss, Curve B was used thereafter for all model

comparicsons ovut the negative scale effect was still nowt

s



comnplebtely explained,

Since the same flow stralghtener was
common to all models and the scales of the ‘burbulence’
eddies wouwld be influenced by the propertiecs of the
Screons,lo a negative scale effect on the Hurbulent
losses might result in the neighbourhood of the inlet,
These lorm were azsumed to be of the same.order Ox
-agnitude as the Iriction losses discussed in section
2.6 and werce neglected. TLack of tlme prevented us Iron
fully investigating the influencesof the flow
straishtener.

It 13 now thought that lgrée eddies had a
greater influsnce on the swirl in The larger modcels

than in the small model. This was sugsested by rigures

H5.2.1 and 5,2.2 wvhich chow that the entrance valiuwcs of
— for the large qnu small models dififerea vy
J‘zé—?‘q‘n L ES a4l e < )

much less than the values in the region ol the corner D
and in the region of and ingide the stroe: 1 channol
separation line, Since both these are reglons ol large
eddy activity it is concluded that gome of the main
circulstion was lost in the ﬁgtionai flow of thesge edoi

This loss wes greater in the larger models becouse whey

(’1

viere more prone 1o eddy formatvion,

10. Pp. 91-92.

[CRRIN



6,2 LOCAL S5CALE BRFECTS

Serieg 1

1

The statistical analysis of section 5.3(Db)

indicated that a-positive local scale ei'fect exilsted
ES

rar

in the region of wtie alr core between the small an
ither larger models, Uging a significance level of
57 and comparing. the a, /a, curves (figure 5.6.1) this

erfect ic probable for H/D>1, A possible excepiion

t0 this is in the immediate neighbourhood of /D = 2

where there is some doubt (p = 8.8Y%) about the
iyniticance of the scale effect between the small aund

large model. Ko certalnty could be attached to the

o _ ‘ : : -
apparent scale effects that are shown in figure 5.6.1

5

vetween the medium and large models for II/D <3,

The only significant scale eiiect (p < 55

on the discharge gimilarity between the small and cither

ol the larger models was in the neighbourhood orf H/D =
whnere tiac Co of the small model was conslderal
than the Cv for the others (see figure 5.5.2 and Hable
5.8.1). Thic would seem to suggest that the excention
t0 the air cove scale erfect noted in The previous
naragraph, can be disregarded.

It was therefore concluded that in the rongce

1<H/D<3 there is a positive scale effect in the region

vly Jowvoew



of the eir core but this isg notvt so great as o nave
much 1nfluence on the discharge similarity. The aiv
core scale efrect starts to be significant in modcls
of *the zame order of size as the small model (2nD),
The reduction in all the alr core radiil wi
increasing H/D, as indicated by the a, /a, curves in
figure 5.,6.1, 1s attributed to rotational flow in ihe

region of the vortex alr core suriace and because oI

tihhe relative importance of viscous forces in the small

mocel its rotation Llow was the most ext sive,

The following is an attempt 0 explain the
local scale effect by the theory of section 2.5,
Although numerical values arc used, the ariwnent ig

only gqualitavive. IFrom section 2.5 we have

<
éi}“&
v T av2h w . Alren)
1+ﬂ~{ - ) R o el Ry = e
Vr — L.[‘-_ .l._—'Dv ﬁ‘( \/—‘ic t . )
V.5, ;-(:q.-a

Aa = gl
Tsn(aay —° vrC oLJ s eey)

for a Lr o, . (2.5.9)
Qo .
1d = P -
and A (2.5,10).

ernllv + E)

- 52m
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Let uwe consgider the limit of equation 2.5.9 as 1 — g,

for 2 larze A (say A>1000)

~
<

VI, 1 ;
L -_— ...__‘ e e 92« - &
v, . /r - a) °r, (n - a) ( 1)
1+ Jom avfﬁ * a* A
T
T )

..L)e't ),D = aj} g

v, .
then - - . (6.2.1a)

V, T, 1+ Ry 4 w?

It ig seen from equation 6,2.1 that vr
decreases as 'a decreases and becomes zero at a = O,
this explains the reduction in the a. /o, values with
increasing H/D.

Bouation 2.5,10 and 6,2.1 will now be used

to give an explonation for thc oObserved local scale

elfect. Mor iilustrative purposes wve assume thavt

E~0(v) at H/D = 3 in ‘he small model, and go<hlmjfo lO

. w0 1
I\TOHI, !L— 27,‘:1\) :,_3-1 (Uo-_.o 2)
1+ FR
M8

witere the subscripts p and m refer o the prototype
and model, and B denotes a base Reynolds number (say tinc

Ruur 2% H/D = 3 in the small model),

10, p: 91.



A TINCAOTICAT BATTANATICN CF

TIODEL BEHAVICUR AT T ATR CORE

SHATLL MEDIUM TARGE 00
:D 2:1 4;: 6:1

V= 1.oxl0"5 ert/aec,

H/D a./a. . 567 o TL4 JTTL

a, /T, .136 143 <143

A 1040 1600 1970

va,

e 0.493 C.565 0.590

Yr; ot A = 2080
e }0,403 0.464 0.490 0.503

The comparison of a, / a. and §X%~ in
N o

table 6.2.1 shows that these guantities very in a sinilar
way Sor the models comsidered. It is noted that lTor o
given a. /r, the swirl reduction is greatest in the

small model? as a result of this the air core diameter



in the small model isg reduced more than in the
larger models; this is the local scale effect.

Since the small model was operated at a
ceeater swizd aumber then the larger models, its
Froude velocitles in the reglon of the owrifice would
alzo be greater, which woula gilive rise to a wclatively
greater beddy viscosity3 effect in the small model,

Further reference is made o the behaviour

of the air core in section 6.3,

6.3 PRCULTARITINS T THTW AR CORE BEHAVIOUR

Series 1

The author hasz not Iound satisractory
explanations for some aspects of the air core
behaviour, IFor example we have 1ok been able To
explain complevely the obscrved ingtability in-tho ait
core which started a2t /D= 1,6, It was not clear
vinether thiz was a local effect or the result of an
overall change in the model behaviour.

The more rapld decrease in the air core at
H/D > 1.6 can be partly atbtributed vo the decreoase in
the inlet veloecity as the discharge begins to vary oo

the =zquare woot rather than directly as tue depih.

Also it was seen in section 6,2 that the local (air core)



awirl reduction becomes grester as the alr core
decreascs l.e. as the depth increases, Lt ig thought
that the instability m2y have been due 1o presence of
large eddies in ‘the models. This was suggested by tho
intermittent ‘gulpinﬁ phenomenon noticed in the
region of the air core,

The egistenoe of an ailr core larger than the
ideal as shoun in fi ure 5.6.1 atb H/D < 1.6 can be
accounted Zor by vhe existence of a sigmificany
downward velocity ‘w’ on the air core surface ot the
critical scction, thus the alr core nuat expand in

- e ey . — .
order to0 satisfy Bernoulli g equation, In the 1linit

if "w  is constant throughout +the critical section
then a theory due to Dinnie ;2 Hives
/ Yo\
ag/l + V1 + 8 -
. Cl
a‘m:.x = (6¢301>
2
where a = ﬂﬁgr“
LA L_.O‘.i .
In equation 6.3.1, since r, /a, <_1, ,

Bnax > By

However as the air core decreases the 1 deal velo

( J
1_1
Cl
A

4

distribution is more closely approached.

P L L
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THZS VELOCITY CCTLIPICTLNT

‘0\
£

The coefiicient of veloclty increases
rapidly as H/D decreases below O.4. This is due to the
yredominence of sill control at low heads., For

5 < 2/D<3, Gy has meximum values of 0.950, 0.955,
and 0,991 at H/D's of 1.5, 1.4, and 1.8 for the large,
medium and small models resnectively.

Some reés ns Tor C, being < L ares
1) The head loss between the positvion ﬁhere i

was measured and the orifice;

1

2) The expancion of the air core due %0 a

-4

non-ideal 7 velocity distribution; and

.?3) Ixpansion of the air core at the vena
convracta.

Pactors vhich would tend to increase Cy are:

1) The vena contracta occurring at
gnificant digtance below the plane or tihc
orifices
2) | The decrecase in thelair core radius duc %o

viscous and turbulent shear.

W
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0 D THI HEPZITTTNATTON O SVIRD

Bguation 2,3.3(b) vas used Ho obtain an
estimase of e¢wirl for comparison purposes and although
it is not claimed to be a precise expression, it
shoulad gi%e an approximation to the abgsolute average
swirl in the dizciaarge. Resort was mede t0 this
indirect method of determining swirl when the surface
float method proved unrelisble in the wreglon of the
orilice. One would exmnect equation 2.3.3(b)
become less reliable at hizher H/D s (>2.5 say)

because of the increasing asymmetry of the vortex with

respect to the orifice,

6.6 RLGINTG SIMILARITY O I0DEL BIHAVIOUR

ety

Series 1L
By regime similarity we mean cimilerity of

events with respect to stage (H/D),

Air core inctability commenced at H/D values

of 1.6, 1.6, and 1.8 for the large medium and small
models respectively., In all models sill effects

A e ! R i T s .
existed for H/DL 0.4, Other regime similarities and
dissimilarities are mentioned in sections 6.4, 4.2(2)
and 4.2(b).

In general for the zmeries I tesgts sinmilar



events occurred in all three models but complewe
regime cimilarity only existed between the two lavge

t

models.,

6.7 IETLUSRCES OF 1I0DnL GuOLlLIRY

[N

(2) The Boundary Shape - Series II

It wags found that vortex Llow in tne models
of series II (i.e. of rectansgular shane) was less stoble
and weuker than in series I models (i.e, models of
more symnctrizcal shape). This difvereunce in
benaviour wag attributed to the cexistence ou stron;er
eddies in the réctangular shaped models. Comparing
the discharge coefficients from Iigures 5,1.1 ond
5.1.2, it is geen <hav the Cp for gserice IT iz larger
and morce wrandom., he randon behaviour of the serica IL

models made similarity aifficult to indewr; novever

the order ol maznitude of the shepe effects was

relatively the came ioxr the thrce nodelssy this 1s
Cox . . -

sho.m by the = curves in figure 6,.7.1, The
“ Dz

~

regime behaviour vas quite randon and generally
elosimilar,  The lorce model vortex Lecame uastable ot
a much lower H/D (2.1) than &id the vortex in the meciuwa

2.5) or small model (2.7).
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. (b) NModel Exaggeration - Series LII

Pigure H.l.3 suggests thot floor friction

influences on model swirl are predominant foxr
H/D < 0.8 and thercafter the vortex formation is
increasingly determined by other factors such as vwall

effects, large eddice, and turbulent shear, The 8V,
6™ and 4" diameter models had unstable vortices av
H/D 5reatér than (1.3 to 2.0), (1.4 to 1.8), and ( =.0)
‘respectively whereas the 2" diameter model had a siable
vortex for H/D < 4,2, The 8", 6" and 4" models zhowed
reasonably similar behaviour but the 2" diameter model

showed dissimiler behaviour for H/D> 0,8,
(¢) Orifice Shape - Series IV

The square orifice gave dischargse coeificicunbe
(figure 5.1.4a) which were zslightly less than those of
the equivalent circular orifice, This, it is thousnt,
was becaugce the vene contracta of the square owriiice

was less eflected by swirl,

() ZDecentricity of Inflow - Sexies IV
Increasing the eccentricity of the inilow
(as shown in figure 3.2.3) caused an increase in s.irl

for H/D < 2 (see figures 4.3.3 and 5.1.4b)., However,

—



vortex instability storted at about H/D of 1.4 and a
considerable reductvion in swirl resulted in the
range 1.4 <H/D<4. The swirl recovered and o violent
vortex foxmed fow H/D 2> 4.5, Rinal collapse was

not observed for H/MD < 7.5,
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7o DY DCIVATICN O A VORTEY DURILG DRATIAGH

O AW ANIALTY ASYITINTRICAT RWSLRVOLR

Several observations were made 0L vorvex

1

behaviour during free drainage from an axially
asymmetrical reservoir in order o demongtiate The
formation oi a swirl greater than that vhich would

arige I'rom +the earth’'s rotation alone,

7.1 , PROCEOURE

e

.

The 4 inch diameter orifice was nlaced ih
tie central position of the tanik and all the parvitions
and roundings were removed, In each vest vhe orifice
was plugged and the tend filled to a dejﬁh of aboud
1 foot. Periods of 2 hours to 6 days were alloved for
random currente Lo accay,

™o methods were used to block the oriiice.
A rubber diayhram glued o0 the wnuersidace ol the orifice
vas punctured to initiate flow., A flat hard rubber
atopper, placed over the orifice, was carefully zlice ol
to start the flow, Both methods gave cimilar drainsgoc
behaviour and zince the second method was the nore
convenient itV was used in most of tiae tosts.
Small ‘polyzote’ floats (approximately 1/4¢

cubes) were scattered on the water surface wo indicabe

ol



velocities anda flow patterns; accurately timed

einosures wore baken with a 35mm camera to dete

ne

l_‘.

-

ol
the velocities of the floats. Cotton tufts and dye
Lbraces woere usoed to dotermino the flow patiterns

-

tharougnout tioe tani,

13

1.2 . QB30 VafRICHs AT CCIITHITS

Yisual obrocovations oi tne cotvton tuflfss
cnowed tihat btiie ilow near vhe floor was notb
ariectad by avwirl, ovwever tace surracce ilow vags ulte

nannarards sometimes a strong general oswirl develoned

-

i_.l.

and at other timez only a wealr swirl in the resion of
tne ovifice wog noviced. Dye traces Showé@ TALT UoiT
viclent rwiwl actlvisy started atv tie water surince,

A record c. one ol vae nosy vioclent voouice.

wothe seguence of photo raphs in figure T.2.1.

Neasurements axrce given in table 7.1, Fi:ure 7.2.2 choug

Ponrad

~urface velocities aotermined from this record, e

~ - el oy T et h T N ] = - a = 1= 3 5 ") crm A - -
ctrongoth of the surface vortex reached a nmaxlimum o

1

ra . . . . . ' . '
1Pt sec in the anticlociivise direction ot o

@)
O
£
<
O¢

dlepth of abont 1.1/2 inches. The swirl due to the enrd
- o,

rotation alonc would be about 3.8 x 1C it/scc. It was

noted that an anticlociwize vortex appearad over tiae

orifice at a denth of about 4 inches,



The wobter surface hecame covered Wittt o

-

fidm of Jdust during bthe aviliing periods boeilcre some

the tests., In these tests the surface layerx

=
(9]

0
remained almoct stagnent wnilce a vexry wveal anticlockwige
vorvex developed over the orifice vihen the denth fell

to about 2 incheg, Taic eflfect was atiributed o

P

surrace tension and whasn liguid soap was sprimiled on

the surlface, o more general suriace swirl developed.

In all tests anticlockwige rotavion was

Observed, The forcsoing obgervations indicate wiat,

in the arrangement tested,
1) the formation of violent vortices was

primarily a suriface phenomenons

2) the suriace swirl can greatly exceed Tt
duc bo the earth's rotations
3) the earth’s vrobtation seems Lo initiate the

vortex motion in the anticlockwise direction.
18

()

Bicael hzs explained the growta ol o

drained vortex in an axially asymmesltrical reccervoir oag

{5

folliovigy In a perfect fiuid the vortex Llow is

Iy - -,

mainteined by a preszure dilfcrence between A and

(fi-uvre 7.2.3) Dbut in a real fluid $the {low ncar the

-

floor, as iv moves more slowly, will be suonject 10

) ~ I

ter deviation than suriface flow. This 1

o

& grea



claimed vwould cause the vortex to incrcase in strein oo,

TS - 3
Piure 7,2.3

Vorsex Jormavion in an

Leservoir. /ﬁ\\
A m

This exvplanation, novever is nNo

; entirely
in agreement witn our observetions; in particular
the strong vorticoes appeared to originste 2t the
curiace and not in vhe region ol the floor. Lt is

-

. that the preccsure differcnce betbwcen A and

T

reate

W

SU=

[T

B nasg its grecetesys iuiluence on tae suri:

o
@
ot
(@]

1te reazighance movement would be lenstv. Thisc wouwld

cause the suriace layer to have a _reater circulavion

127

than the original circulation due to the earith’'s

LR s N

rotation.



CONCLUDING RINTARES

o
°

The effects of model scale and jeomeivny
on vortvex flow in axially asymietrical Ieservoirg
vere stvudied vor low submergence ratios (1i/D <4).
Is was found that the vortex tehoviour was culte

consitive to tne abruptness of the modcl geometyy.
The ihorﬁmﬂoe suaped models (i.e. those with thc
hzlf-rounding) nrcoduced stroiger and more stable
vortices than did the rectansulasr models. It vwas
concluded thatv tone instovility and Lloss ol swirldl in
tiie rectan ,ular models was largely due $oO the
formation oL eddies in the repidly diverging ilow

opproaching tae Coricrs,

L

milarity oi model veaaviour was cLominca

. N Pl \
cioscly in the horgeghoe shanced models., Geoneral oad

1

locnl discimilaritics cxiated betveen the smallest

B

nodel (2" diameter orifice) and either of the lar er

3
t—

(4" dianciter end 6" diamelser orifice). The Hwo

-

larser models showed Tes *onaoly similar benaviour s

regards swirl production and local (air core) scale

-~ e

eLLeCTY.,

The ~en cffecs

('D
M

ol scal

C1

relatively svronger cwivls produced in the smallesy



model, It is thought that loerge eddies had o greaverw

inilucnce on the vorbtex formation in the larger modcls,
The local scale effect rerers to the suirl

roeduehion in the neichbourheod of thr ailr cove waich

vas greatest in the amnllest‘model. Thié scale eiiect

ccome more sisnificant as H/D increased above 2

i.e. as the air core becane smaller., At H/D = 3 the

2. /a. of the smallest model was 0.73 of the a. /o,

e LY

of the largest model,
The acale effects mention bove viere
coniirmed by the cizcharge and veloelty coeivicd ,

(6]

(Co and C, ), The local scale eifect on the velocity
coeflicient C, was lesc significant than the eliect on
the air cors diamcther,

[ woula apnear thal the scale efifect on
tne air core ulameter depends on both a. /r. ond
Reynolds number. It is sussested thav models of
abaolute size not smaller than the cnellest model uned
in this investigation (2% diameter orifice) would
exaibit small local scale effects (il.e. less than 157

relative reduction in a., /a. ) ix S, Ve > C.25 and

R, > 1500,
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