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ABSTRACT

When desl.gning a water Lntake Lt is dlfficult to predict shether vortices
are likely to occur and how best to prevent them. Vortlces are undesirable
because of the adverse effect that they have on the efflclency wlth which
the intake operates.

A research proJect is bel.ng carried out to courpare the perfornance of
dLfferent types of inhlbLtor for use with intakes in reservol.rs. Initially
the threshold condttLons under whLch vortices occur at a plaln lntake, have
been measured : teata were then carried out on different types of inhibLtor
to deternine the extent to which the threshold conditions were changed by
the Lnhlbitor. 0nce the moat promlsing types have been identifled, further
tests will be carried out on them, to determine their optimum geometrles.
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INTRODUCTION
Vort ices have been the subject  of  innumerable
invest igat ions over  many years but  are st i l l
imperfect ly  understood.  The rnajor i ty  of  s tudies have
been carr ied out  in  the laboratory,  and have
concentrated e i ther  on measur ing propert ies of  the
vor tex such as the sur face prof i le  and veloc i ty
d is t r ibut ion or  on determin ing the overal l  coudi t ions
under which they form

In the c iv i l  engineer ing f ie ld most  problems wLth
vor t ices occur  e i ther  at  purnping stat ions or  at
i n takes  i n  rese rvo i r s ,  r i ve rs  o r  t he  sea .  Vo r t i ces
are normally undesirable because Ehey can cause
vibrat ions in  in t .ake st ructures and reduce the
ef f ic iency of  purnps and turb ines;  the entra inmenE of
a i r  magni f ies these problems and can produce surg ing
in p ipel ines downstream of  an in take.  One of  the
najor  problems associated wi th the design of  an in take
is that  of  predict ing whether  vor t ices wi l l  occur
under the p lanned operat ing condi t ions and,  i f  they
do,  how best  to  prevent  them. The most  sat is factory
ways of  so lv ing Ehe problem are e i ther  to bui ld  a
physical  model  or  to  use the resul ts  of  prev ious
invest igat ions,  which in  most  cases wi l l  have a lso
been carr ied out  in  the laboratory.  A sat is factory
understanding of the scaling laws which apply to
vor t i .ces is  therefore needed i f  re l iab le predict ions
are to be obta ined f rom model  s tudies.  I , Iuch research
has been done on th is  topic ,  but  so far  i t  has not  led
Lo any widely-accepted rnethod of  scal ing.

In the case of  punping stat ions progress has been made
in deal ing wi th the second quest ion about  how vor t ices
should be prevented or  inh ib l ted.  Guidance on
suitable desJ,gns (see for example [f ]) """ 

now be
given in terms of  the, 'necessary approach condi t ions,
the geometry of the dump, the position of the suction
pipe and the depth of submergence. Experience has
also been obtalned on hov designs can be improved by
using benching,  baf f le  b locks and guide vanes.  Less
progress has been unde on ident i fy ing sat is factory
features for  in takes in  reservoi rs .  Designs are
strongly in f luenced by s i te  requi rements so Ehac they
ean seldom be appl ied e lsewhere wi thout  modi f icat ion
and fur ther  test ing.  For  th is  reason i t  is  a lso
di f f icu l t  to  compare resul ts  f rom di f ferent  s tudies
and establ ish which are the best  types of  vor tex
inh ib i t o r .

The present  repor t  descr ibes the f i rs t  s tage of  a
research pro jeet  on vor tex inhib i tors which is  being
carr ied out  ar  Hydraul ics Research (HR) wi th funding
provided by the Department of the Environment. The
pr imary a in of  the study i .s  systemat ica l ly  to  compaEe
di f ferent  types of  inh ib i tor  for  use wi th inrake



st . ructures in  reservoi rs .  In format ion f roru the tests
should prov ide a bet ter  understanding of  the
mechanisms which cause vortices to occur in
reservoi rs '  I t  is  a lso p lanned to s tudy the ef fects

of  scale by repeat ing sone of  the tests wi th nodels of

d i f ferent  s ize.  In  order  to carry out  th is  research
programme, HR has bui l t  a  specia l  t ,est  fac i l l ty  which

consists  of  a large tank measur ing 6m x 6ur  x  3.6n deep

together  wi th pumps,  associated p ipework and

f low-measur ing equipment .  Af ter  consider ing previous

work on vor t ices,  Lhis  repor t  descr ibes the layout  of

the new fac i l i ty ,  i ts  ca l ibrat ion and the resul ts  of

the f i rs t  par t  of  the tesE programme-

2 VORTEX THEORY
The concepts of  c i rcu lat ion and vor t ic i ty  form an
integra l  par t  of  any d iscussion of  vor t ices.  Al though

both these terms inply  a rotat ional  mot ion,  thei r

appl icat ion is  not  conf ined sole ly  to rnot ion i -n a
c i rcu lar  path :  they can be appl ied equal ly  wel l  to
moLion that  is  essent ia l - ly  rect i l inear ,  eg laminar

f low between paral le l  p laEes.

Circulation is defined as the flow around the

per lphery of  any c losed c i rcu iE that  l ies wi th in the

f lu id.  I t  is  equal  to  the ln tegra l  of  the veloei ty
around the c i rcu i t .

|  =  pvd l  ( 1 )

f  =  c i rcu lat ion
v = velocity component along element of cireuit, of

-  length d l

I = the l ine integral around the circuit

Even though fluid particles nay noE aetually be
ci rculat ing around. ' lhe c i rcu i t ,  i t  is  sEi l1  possib le

for  there to be c i rcu lat ion.

Vort ic i ty  is  def ined as the spin of  an e lemenL of
f lu id around i ts  own axis ;  i t  is  a shi f t  in  the
re lat ive or ientat ion of  the axes of  the e lement ,
dur ing the course of  i ts  mot ion.  Vor t ic i ty  is  a
vector  quant i ty  and is  equal  to  i t .s  comPonent  in  any
part icu lar  d i rect ion is  equal  to  the net  change in
velocity gradient in the other tI47o component
d i rect . ions.  Thus the vor t ic l ty  in  the z-d i rect ion '

V,

( 2 )

where

u = veloc i ty  in  x  d i rect ion
v = veloc i . ty  in  y  d i rect ion

0u
ry

bv
E-



It can be shown that

f*,  = II  e-$)a"ar
= I Ie t  dxdy

( 3 )

where l * r ,  is  the c i rcu lat ion around a c i rcu i t  in  the
x-y p lanf : .  In  other  words,  the c i rcu lat ion in  any
ci rcui t  is  equal  to  the tota l  vor t ic i ty  in  the area
bounded by the c i rcu i t .  S in i lar  equat ions can be
der ived for  the c i reulat ion and vor t ic i ty  in  other
component  d i rect ions.

When the vor t ic i ty  wi th in a region of  f lu id is  zero
(and hence the c i rcu lat ion is  a lso zero)  the f low is
def ined as i r rotat ional ,  and th is  condi t ion wi l l  on ly
apply to a non-v iscous f lu id.  However,  v iscosi ty
ef fects in  real  f lu ids are of ten concentrated c lose uo
the boundar ies so that  outs ide these regions the
f lu ids behave as though they were ef fect ive ly
non-v iscous.  In  such cases,  the f low pat terns in  real
f lu ids can be predicted f rom the theory of
i r rotat ional  f low,  assuming an inv isc id f lu id.

The theoret ica l  pat tern for  two-dimensional  not ion in
a c i rcu lar  path,  depends on the basic  assumpt ions that
are made.  I f  i t  is  assumed thaf  the angular  ve loc i ty
of  a l l  Ehe par t ic les involved in the mot ion is
constant ,  i t  fo l lows that  {  

= constant  (where v =
veloc i ty  at  radius r ) .  Such f low wi l l  have a eonstant
vor t ic i ty  and wi l l  be rotat ional  :  th is  type of  f low
is descr ibed as a forced vor tex.

If, on the other hand, it is assumed t,hat the angular
momentum of the rotating flow remains constant, ie vr
= eonstant ,  the resul t ing f low pat tern is  descr ibed as
a  f ree  vo r tex .  The :c i r cu la t i on  i n  a  f r ee  vo r tex
depends on the ehoice of  c i rcu i t .  I f  the c i rcu i t  does
not  inc lude the or ig in,  the c i rcu lat ion (and hence the
vor t ic l ty)  is  zero.  This can be demonstrated mosc
sinply by calculating the circulation around a circuit
bounded by two concentric ares and two radial l ines.
The f low outs ide the centre of  the vor tex is  thus
i r rot ,at ional .  I f  the or ig in is  inc luded wi th in the
c i r cu i t ,  t he  c i r cu la t i on  has  a  f i n i t e  va lue .  Fo r  a
complete c i rcumferent ia l  c i rcu i t

f  =  Z t t v ( 4 )

The f ree vor tex is  thus a specia l  case of  i r rotat ional
f low.  I t  has zero vor t ie i ty  everywhere,  apar t  f rom a!
the or ig in;  the c i rcu lat ion around any c i rcu lar  path
enclos ing the or ig in is  constant  and is  equal  to  the
ci reulat ion generated by the vor t ic i ty  at  the centre
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of  the vor tex.

Free vor tex theory a lso leads to an unreal is t ic
veloc i ty  d is t r ibut ion c lose to the centre,  ie  v  = -  at
r  =  0 .  I n  p rac t i ce ,  a  rea l  vo r tex  exh ib i t s
character is t ics of  both the f ree and the forced
var iety  :  the centra l  core behaves as a forced vor lex,
whi ls t  the region outs ide the core conforms to a f ree
vor tex,  wi th zero vor t , ic i ty  and wi th a c i rcu lat ion
equal  to  that  of  the cent . ra l  core.  Such a vor tex is
descr ibed as a combined or  Rankine vor tex.

There are many v iews on the cause of  vor t ices.  That
most  conmonly held,  is  that  Lhe vor tex is  produced by
vor t ic i ty  generated at  a shear layer ,  at  e i ther  an
external  so l id / l iqu id boundary or  an in ternal
l iqu id/ l iqu id boundary.  presumably rhe vor tex is  the
mechanism by which the vor t ic i ty  is  t ransported out  of
the systern in which it has been generated. I lowever no
explanation appears to have been advanced to explain
why,  i f  a  vor tex has formed,  the vor t ic i ty  has to
concentrat ,e and organise i tse l f  in  such a fashion in
order to be removed; why it cannot be transported out
of the fluid in a more random fashion in a similar way
to turbulence.

To date, the rnajor part of the fundamental research on
vor t ices has concentrated on studying the stable form
with a well-defined air core that has been generated
in equipnent  speci f ica l ly  designed to generate
vor t ices.  L i t t le  or  no work has been done on
ident i fy ing the processes whereby vor t ices are
produced in c i rcumstances that  do not ,  on the face of
i t ,  have any ineip ient  vor tex-generat ing tendency,  eg
at the outlet of a tank in which the approach
veloc i t ies are low and uni formly d is t r ibuted over  the
f l ow  c ross -sec t i on .  .

SURVEY OF
PREVIOUS RESEARCH

Useful sunmaries of earlier work on vortices are given
by Chang _who deals with drain vortices in cylindrical
tanks 12 J and vorrices in rectangular pump sump" [3 ].
The purpose of  the present  sect ion is  to  consider
those studies that  are par t icu lar ly  re levant  to
vor t ices at  reservoi r  in takes,  and uses references
conta ined in a l i tera lure survey carr ied out  by
Wooldr idg"  [4 ] .

Resul ts  of  vor tex studies are of ten presented in
non-dimensional  form, but  prev ious invest igators have
grouped the parameters in  a var iety  of  rdays.  The
following is a brief summary of some of these
groupings.

(1)  Geometr ic  parameters The d imensions of  the tank



( 2 )

and the position of the intake rnay be related to
the s ize of  the in take (d ianeter  D i f  c i rcu lar) ,
the depth of  water  H in the tank,  or  the
subrnergence S of Ehe centre of area of the
i .ntake.

Reynolds Number ( rat io  of  iner t i .a l  to  v iscous
fo rees  )

_ n V LKe=fuorv (s)

where Q is  the f low enter ing the in take,  V the
average veloc i ty  aE the in take and L a d imension
of  the in take (eg the d ianeter  D) .  Al ternat ives
are

R r =

which Anwar
numbers.

ast or ts (6)

[S ] rems as radlal Reynolds

( 7 )

( 8 )

inEake.

surface

(e)

t he

ine r t i a l

( 3 ) Froude Number ( rat io  of  iner t ia l  Eo
gravi tat ional  forces)

f==-+, -orV"
(gL t ) "  (eL)-"

An alternative type of Froude number is given by
what is sometimes termed the coeff ic ient of
discharge

f , = Q *
A ( 2 g S ) 2

where A is the effective area of the

(4)  Weber Number ( rar io  of  iner t ia l  to
tens ion  fo rces )

w = v (Sla or u(S)u
where o is the surface tension, and p
density of the l iquid.

(5) Kolf  Nurabel (rar io of cenrr i fugal ro
t - -O t " "S  i

"  ,  P or =^L= (ro)K = v f ,
Y  L (2es )2

where I  is  the c i rcu lat ion def ined by Equat ion
( 1 ) .

Some's igni f icant  r -eatures of  dra in vor t ices which have
been observed exper i rnenta l ly  (see Dagget t  and Keulegan



[o ]) "'u 
t

(1)  the c i rcu lat . ion I  around a vor tex does not  vary
wi th radia l  d is tance exeept  wi t ,h in a centra l
core whose d iameter  is  approximately  that  of  the
ou t l e t

( 2 ) the radia l  ve loc i ty  near  the core is  very sroal l
except  c lose to the f loor  of  the Eank where the
f low is  concentrated

( 3 )

(4 )

the tangent ia l  ve loc i ty  is  a lmost  independent  of
rhe deprh

both upward and downward ver t ica l  ve loc i t ies
occur  wi th in the core

These f ind i .ngs show that  v iscous ef fects are eonf ined
to a core of relatively small diameter and that
outs ide th is  region Ehe f low is  ef fecr ive ly
i r rotat ional ;  the core therefore represents a type of
boundary layer ,  outs ide which v iscosi ty  is  not
s igni f icant .  The resul ts  a lso show that  the f low in a
vort,ex is three-dimensional and cannot be described
sat is factor i ly  by s inple two-dimensional  models.

Many studies are coneerned with identifying the
cr i t ica l  f low condi t ions (subrnergence S" or  d ischarge
Qg) at  which a vor tex produees an a i r  core that  is
just  able to reach the in take.  As descr ibed in
Sect ion 6,  other  s tages in  the development  of  a vor tex
nay be used to def ine l i ru i t ing f low condi t ions.  A
quantity sueh as S./l- is normally assumed to be a
dependent  parameter ,  but  i t  is  less easy to categor ise
some of the dimensionless numbers deseribed above. If
the c i rcu lat ion f  is  forced by je ts  or  vanes,  the Kol f
number is an independent parameter; in a reservoir f
is determined by the geometry and the fluid properties
so that K is a dependent parameter. The quanti.ty C in
equat ion (8)  only  becomes a t rue d ischarge coef f ic ient
when appl ied to an or i f ice that  d ischarges d i rect ly  to
atnosphere;  C is  then a dependent  var iable s ince Q and
S are d i rect ly  re lated.  However i f  there is  a
pipeline or pump downstream of the intake, Q and S can
usual ly  be var ied independent ly  :  C then 1 oses i t ,s
s igni f icance as a d ischarge coef f ic ient  and only
represents an a l ternat ive and arb i t rary type of  Froude
number.

Studies on vor t iees at  hor izonta l  and
vert ica l ly- inver ted in takes r l rere carr ied out  by
Arnphlett [7 ] ana Anwar lg ]. The experinenrs were
performed in a f lume 0.92m wide us ing p ipes wi th
diameters of  D = 5O.Bmrn,  76.2nn and l01.6mrn.  The
horizonEal pipes r^rere mounted with their axes normal
to the d i rect ion of  the approaching f low,  and vanes



were used in order to strengthen and stabi l ise the
vort ices. Arnphlett  [Z ]  presents results for the
76.2mm diameter horizonEal pipe in the forrn

tR = r" (+, c, $, Pl ( i 1 )

The last  factor  on the r ight-hand s ide refers to the
height  of  the in take above the f loor  of  the f lume, but
was found not  to  be s igni f icant .  The
exper imenta l ly-determined curves of  ID/  (2 rQ) versus
Q/ vS" and S. /D for  the condi t ion of  cr i . r i .ca l
submergence are shown in Fig 1; the curves separate
the upper region in  which a i r -enter ing vor t lces occur
from the lower region in which they do not. Anwar [S ]
inc ludes addi t ional  data for  a 50.8 mm hor izonta l  p ipe
and p lots the resul ts  in  the form

I r ^0s
rfl"= ft (s:, c, D, w) (L2)

Here the Kolf nurnber is defined in terms of the radius
of the shadow which the vortex casts, by means of an
opt ica l  system, on the f loor  of  the f lume. This
radius was found to be related to the strength of the
circulation by the formula

|  = 0.86 (f t)U ,oz ( 13 )

Fig 2 shows the experimental curve of It o/ Q re) versus
Q/ vS" for  the condi t ion of  cr i t ica l  subnergence;  th is
nefhod of present,ation appears to remove the
dependence on S. /D.  Both Figs I  arrd 2 suggest  that
for  a g iven f low the c i rcu lat ion st rength needed to
produce an air-entraining vortex tends towards a
constant value as the radial Reynolds numb_er R.,.
becoues large. Arnphlert 17 J and Anwar 18 I also give
plots which show how the Kolf number varies with the
Froude number C and the Weber number W. However the
tests were not carri 'ed out ln such a lray as to isolate
the indiv idual  ef fects of  the parameters Ra,  C and W.
I t  therefore seems probable that  the curves in  F igs 1
and 2 inpl ic i ty  inc lude ef fects due to var iat ions in  C
and W.

Dagget t  & Keulegan 16 ]  s tuaied dra in vorr ices in
c i rcu lar  tanks us ing e ight  d i f ferent  s izes of  or i f ice
and s ix  f lu ids wi th var ious values of  v iscosi ty  and
surface tension.  F lows were suppl ied
circumferentially to the tanks and given swirl by
means of  adjustable vanes.  Over the range of
condi t ions tested,  sur faee tension was not  found to
have a s igni f icant  ef fect .  S ince the or i f ices
discharged f reely  to atmosphere,  the d ischarge
coef f ic ient  C in equat ion (8)  is  a dependent
paraueter ;  propert ies of  the f low are therefore



determined by the non-dimensional
numbers.  Analys is  of  data for  the
crit ical submergence gave

Kolf and Reynolds
condi t ion of

F = : .r .5 x ro-t  r f l l  c#1, ror (a$; < z.s x ro41ra;
c

F = :z.s CPl,  ror  1p$;  > z.s x to4 (1s)

Here S" is  measured f rom t ,he p lane of  the or i f ice and
so is  s l ight ly  greater  than rhe deprh of  f lu id H in
the tank.  I  is  terrned the in i t ia l  c i rcu lat ion of  the
incoming f low and is  ca lculated d i rect ly  f rorn the
depth H and the angle of  the vanes.  Equat ion (14)
shows that  the cr i t ica l  submergenee depends on both
the Kolf number ID/Q and the Reynolds number QD/ v when
the  l a t t e r  i s  l ess  t han  2 .5  x  lOa .  Above  th i s  f i gu re ,
S" is  only  af fected by the Kol f  number and is
independent  of  the k inemat ic  v iscosi ty  of  the f lu id.
The appl icat ion of  these resul ts  to other  types of
intake nay be l imited by the fact that the orif ices
imposed a par t icu lar  re lat ionship between d ischarge
and head;  in  other  s i . tuat i .ons where d ischarge can be
var ied independent ly  of  head i t  is  necessary to take
the ef fect  of  the Froude number in to account .  Also i t
is  not  c lear  f rom the descr ipt ion of  the exper iments
whether  the st rength of  the vor tex ins ide the tank,
was equal  to  the in i t ia l  c i rcu lat ion calculated f rom
the angle of  the vanes.

Jain,  Raju & Garde [9 ]  usea a s imi lar  rype of
experimental arrangement to that of Daggett & Keulegan
Lb J,  but  replaced the or i f ice by a ver t ica l  in take
connected to a pump so that diseharge could be varied
independent ly  of  head.  Tests were carr ied out  in  two
ci rcular  tanks us ing in take p ipes of  s ix  d i f ferent
d iameters;  the v iscosi ty  and sur face tension of  the
water were vari,ba Uy adding eepol and iso-amyl
a lcohol .  The independent  var iables were grouped in
such a way that tests could be carried out by varying
only one non-dimensional parameter at a time. Thus
the v iscosi ty  was grouped wi th the p ipe d ianeter  and
the gravi tat ional  accelerat ion to g ive the parameter

( 1 6 )

This quantity is equal ro the Reynolds nurnber VD/ v
divided by the Froude nunber V / /(eD) and rhus
represent.s the rat io of v iseous and gravi ty forces.
The Kolf number was defined as

( 1 7  )

from the ini t ia l

N  =  g ?  q 3 / 2

K=F
where the value of I was calculated



ci rculat ion produced by angled vanes around the
per lphery of  the tank.  This def in i t ion was used so
that K would not vary with changes in water level or
discharge but would only deperld upon the geometry of
the vanes.  Analys is  by Jain f fOl  of  dara for  rhe
cr i t ica l  submergence gave

s .  5 .6  f s^  o .+z  , ,2  0 .25
I r=q.( t )  (Eo-)

where A'  is  a factor  which t .akes in to accounE the
e f fec t  o f  v i scos i t v :

( 1 8 )

( 1 9 a )

( 1 e b )

A =
"n

a n -

l f o r N > 5 . 5 x 1 0 +

2 9 . 5  N - 0 ' 3 1  f o r  N  <  5 . 5  x  1 0 4

Surface tension was not
of  S"  prov ided

^  r r 2  np#>Lzo

found to influence the value

( 2 0  )

(21 )

Equat ions (16)  and (19)  suggesr  thar  a rnodel  of  a
ver t - ica l  in take us ing rdater  at  l5"C (v - -  1 .14 x
10-5 n2s)  wi l l  on ly  be subject  to  v iscous scale
ef fects i f  the d iameter  of  the in take is  less than
74rnrn.  At  f i rs t  s ight  th is  cr i ter ion seems suspect
because i t  does not  appear to take f low rate in to
account .  However,  inopl ic i t ly ,  th is  factor  is  a l lowed
for ,  because the l in i t  on ly  appl ies to tests at  the
erit ical submergence. Thus it can be shown from
Equa t i ons  (16 ) ,  ( 18 )  and  (19a )  Eha t  v i scos i t y  ceases
to have an effect if the radial Reynolds number

,oL, > 1380 ,S,-o's4 (+)0'16

A var iety  of  vor tex inhib i tors has been used for
reservoi r  in takes,  but  they can be c lass i f ied by the
posi t ions in  which they are p laced:

(1 )  a t  t he  su r face

(2)  between the sur face and the in take

(3 )  a r  rhe  i n rake

Float ing raf rs  (eg at  rhe Kar iba dam l i t  ] l  can be used
to prevent  a i r  entra inment ,  but  the tendency of
vort.ices to migrate around intakes may render Ehem
inef , fect ive.  Inhib i tors posiEioned between the
sur face and the in take usual ly  consist  of  wal ls  or
screens which reduce the st rength of  the vor tex by
viscous d iss ipat ion.  In  rhe Bear Swamp [12 ]  type ot



EXPERIMENTA].
FACILITY

in take the ver t ica l  shaf t  is  surrounded on three s ides
by ver t ica l  wal ls  wi th the four th s ide open to f low
approaching a long a narrow tapered channl l .
Alternatively the vortex motion may be damped by means
of  bars or  per forated screens p laced above or  in  f ront
of  the in takesl  examples inc lude the baf f les used for

l lc to5ia- lan I r : ]  ""a 
rhe orange River projecr i ia l l -The th i rd category consists  of  f low st ra ig i teners,

which are posi t ioned at  an in take in  order  to
eliminate swirl; an example is provided by tlre vanes
and vor tex cap which were tested for  th"  

-pr" t tsv i r le

pumped srorage scheme [ tS ] .  A four th nerhod of
prevent ing vor t ices is  to  a l ter  the shape of  the
scrueture so that  the region in  which the vor t ices
tend to form is  no longer occupied by water ;  th is  can
be effective but may b- .*p"r,"i.r".

A compar i .son by Hecker [ tO ]  oe the model  and prorotype
behaviour of various iniakes 1ed to the following
conclus ions and recommendat ions:

( r )  models operated according to the FroudLan scar ing
law appear to predict  accurate ly  the onset  of
swirl at an intake

(2)  v iscous scale ef fects may become s igni f icant  when
nodel l ing a i r -entra in ing vor t ices

(3)  a l i ra i t  for  the sat is factory operat ion of  an
intake can be defined as the point at which a dye
core forms between the surface and the inlet

(4)  models of  vor tex inhibr tors may overest imate the
viscous danping that they would produce in the
Pro to t ype

A large tank,  6m square in  p lan and 3.6rn deep has been
construeted;  i t  has been kept  f ree of  a l l  in ternal
brac ing,  in  order  to avoid generat ing any d is turbances
in the f low.  The tank is  supported on concrete p iers,
approximately  0.8m high and the space beneath the tank
has been enclosed in order  to form a sump.

'v'Iater 
is supplied to the tank by two pumps with

nomina l  capae i t i es  o f  0 .14  and  0 .07n37s : -  r hey  can  be
operated singly or in tandem. Eaeh pump feedl into a
.orT9n,225 ntn p ipe,  which is  connected wi th the in let
manifold (again 225nm diameter with 50run dia holes, ar
150mrn centres,  in  the crown) running ins ide the tank,
a long the length of  one of  the wal ls .  Hair lok screens
have been insta l led in  the tank,  downstream f rom the
in let  mani fo ld,  to  s t i l1  the incoming f low and
dist r ibute i t  un i formly over  the cross-sect ion.
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4.L  Purnp ing  sysEem

4.2  Access  to  the
tank

4.3  Water  leve l
measurement.s

4 .4  D i scha rge
measurements

The discharges from the punps are measured by means of
Br l t ish standard or i f ices insta l led in  the d ischarge
l ines.  The general  layout  of  che test  fac i l i ty  is
deta i led in  F ig 3 and in p lares I  and 2.

The outlet from the tank is by means of a 225mn pipe,
located low down in the tank wal l  immediate ly  opposi te
to the in let  mani fo ld.

The water  supply system has been designed so that  the
flow can be generated either by gravity or by puinping.
When the f low is  grav i ty-produced,  the tank out le t
d ischarges d i recc ly  to the sump, f rom which i t  is  then
drawn by the pumps and re-circulated through the tank.
When the flow is being pumped, Ehe outlet to the sump
is c losed of f  and the system operates as a c losed
loop.  A shor t  length of  perspex p ipe has been
insta l led in  the out le t  p ipe,  just  downstream f rom the
t,ank, to permit observations of the outflow and
determine whether air was being d.rawn into the syscen,

A working platform has been provided along two sides
of  the tank,  at  the top of  the wal ls .  In  order  to
gain access to the in ter ior  of  the tank,  par t icu lar ly
r i rhen tests are being carr ied out  at  low water  levels ,
a movable work ing p lat form has been constructed:  th is
is  mounted on ra i ls ,  which a l low the p lat form to be
uoved to any part of the tank. The height of the
platform above the floor of the tank can also be
readi ly  adjusted,  thus a l lowing iL  Lo be posi t ioned
close to the wat .er  sur face,  i r respect ive of  the depth
of  water  in  the tank.

For  depths of  water  of  1.2m or  less,  the level  can be
measured by means of a mierometer polnt gauge mounted
over a st i l l ing wel l ,  outs ide the tank.  In  water
depths greater  than 1.2m, the leve1 is  measured by
means of  a gauge board,  graduated in mi l l imetres
mounted on the tank wal l  opposi te to the in let
nan i f o l d .

Or i f ice meters were insta l led in  each of  the pump
del ivery l ines.  The or i f ice p lates were manufactured
according to BS LO42 :  par t  1 and had d ianeters of
165rnm in the 203uun pipe and l25rnn in the l78ura pipe:
pressure tappings were of  the D and D/2 type in the
178uuu pipe and of the flange type in the 203nm pipe.
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VELOCIIY
DISTRIBUTION IN
TA}IK

EXPERIMENTAL
PROCEDURE

In i t ia l ly ,  f low condi t ions in  the tank were not
complete ly  sat is factory,  wi th s low moving vor t ices
forming on the both s ides.  The veloc i ty  d is t r ibut ion
across the tank was measured using an e lect ro-magnet ic
flow meter and thls showed that although the general
pat t .ern was sat is factory,  

' there 
\arere some local  areas

of  h igh veloc i ty  and of  reverse f low.  At  th is  s tage,
only one hai r lok screen had been insta l led,
immediate ly  downstream f rom the in let  rnani fo ld p ipe.
Clear ly  th is  was insuf f ic ient  and an addi t ional
screen,  s imi lar  to  that  a l ready insta l led,  rdas f i t ted,
300rnrn dordnstream f rom the f i rs t .  This  produced an
immediate improveroent and flow conditions were
accep tab le .

The priroary aim of the scudy is to compare the
ef fect iveness of  var ious types of  vor tex inhib i tor .
The procedure adopted was to carry out  tests on each
inhib i tor  at  a ser ies of  f ixed water  levels ,
determin ing the l i rn i t ing d ischarges at  which selected
categor ies of  vor tex act ion became apparent .  This
approach was less time-consuming than the alternative
of  keeping the d ischarge constant  and systenat ica l ly
vary ing the water  level .

Al though a st rong vor lex wi th an a i r  core is  readi ly
ident i f iab le,  there are var ious in termediate stages of
vor tex forrnat ion that  are a lso important .  For  ease of
c lass i fy lng the d i f ferent  vor t ices that  were produced,
a scale of  I  to  6 was used in the assessment ,  where 1
rep resen ts  t he  onse t .o f  a  s l i gh t  su r face  dep ress ion
and 6 represents a stable vor tex wi th a wel l -def ined
air  core.  Deta i ls  of  the c lass i f icat ion are g iven in
F i g  4 .

The vortex categorles t,hat were used as bench-marks in
the tests on the inhib i tors were:

(1)  a smal l  d inple forming on the water  sur face

(2)  f loat ing mater ia l  (srnal l  po lysryrene pel lers)
drawn down into the outlet

(3)  wel l -def ined a i r  core extending f rom the r^rater
sur face to the out le t

I n  p rae t i ce ,  i t  i s  no t  poss ib le  t o  de f i ne  p rec i se l y
when these d i f ferent  s tages f i rs t  nake an appearance.
The vor t ices are s low to bui ld  up,  they tend to be
intermi t tent  and can vary in  s t rength f rom day to day,
for  no apparent  reason.  Repeatabi l i ty  is  not  a lways
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BASE TESTS

easy to achieve.

In order  to have a base condi t ion against  which the
performance of  an inhib i tor  could be judged,  tests
were carr ied out  in i t ia l ly  wi th a vor tex-prone intake.
Subsequent  tests nave been carr ied out  on the same
bas i c ,  bu t  mod i f i ed  i n take .

(a)  F lush in take

In much of  the previous research vor t ices have been
produced by introducing the flow into the experiroental
fac i l i ty  wi th both radia l  and tangent ia l  ve loei ty
components.  For  the test .s  on the vor lex inhib i tors,
the a in r , ras to a l low the in take conf igurat i .on i tse l f  ,
to  generate any vor tex act ion.

For  th is  reason the basic  geometry was kept  as s imple
as possib le,  ie  the in take was loeated on the tank
cent.reline, the flor^7 was introduced into the tank as
uni foru ly  as possib le and paral le l  wi th the in take
centre l ine.

In i t ia l ly  the in take was insta l led wi th i ts  entrance
face flush with the wall of the tank, and with ics
invert 75rnn off rhe tank floor.

The first tests were carried out with the maximum
discharge that  could be produced v iz  0.205n3/s,  and
despi te repeat ing the exper iments at  levels  ranging
frorn 0.8 to 2.9n0,  i t  was inpossib le to produce any
signi f icant  vor tex act ion:  the most  ser ious
disturbanee in the f low was a s l ight  sur face
depression, which made an appearance only
interrl i l i t t,ently.

In  an at tempt : i r t i f ic ia l ly  to  eneourage some vor tex
action, asymrnggly of the flow approaching the outlet
was produced by blocking off half rhe width of the
screens,  over  the fu l l  depth of  the Eank.  Al though
this did produce a more frequent appearance of the
sl ight  sur face depressions,  severe vor tex acEion was
s t i l l  a b s e n r .

Previous exper ience suggested that  an in take that
permi t ted f low to approach i t  f rom al l  d i rect ions,
instead of  so le ly  f rom upstream, rn ight  be more l ike ly
to encourage vor tex format ion.  Accordingly ,  the
intake was pro ject .ed in to the tank proper:  Ehis was
achieved by inserting a 200rnm diameter pipe into the
exist ing in take,  so that  the entrance was now located
1.63rn out  f rom the wal l  o f  the tank.  The par t ia l ly
b locked-of f  screens were reta ined.

Tests,  s imi lar  to  those on the f lush in take,  r^rere then
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carr ied out .  This  t ine there was no d i f f icu l ty  in
producing vor t ices,  which in  some cases had stable.and
wel l -def ined a i r  cores extending f rom the water
sur face to the in take.

(b )  P ro jec t i ng  i n take

The per formance of  the pro jeet ing in take was studied
in deta i l .  The out f low discharge was mainta ined at
0.19n3/s throughout  the tests and the water  level  was
progressively  lowered in s teps of  130nrn,  for  water
dep rhs  rang ing  f ro rn  3 .45  to  0 .45m.  Each  tes t  l as ted
several  hours,  in  order  to a l low any inc ip ient  f low
character is t ics to make themselves ev ident .  At  each
r^rater  level ,  the degree of  vor tex act iv i ty  \das judged

on the scale of  1 to 6,  and the resul ts  are shown in
Fig 5:  th is  shows qui te c lear ly  that  there was scrong
vorEex act iv i ty  for  wat ,er  depths less than 2.5n.
Plate 3 shows a vor t .ex ls i th  a wel l -def ined a i r  core.

In addi t ion t .o  the assessment  of  vor tex act iv i ty ,
measurements of  the veloc i ty  d is t r ibut , ions upstream
fron the in take,  were made for  a d ischarge of  0.19n3/s
and  a  wa te r  dep th  o f  1 .8n .

Several  in terest ing features,  which are re levant  to
the theories on vort,ex formation, emerged from these
in i t i a l  t es t s .

Vortex generat ion is  commonly at t r ibuted to vor t ic i t .y
produeed by shear aE a solid boundary. The
experiments with the flush intake showed that
wel l -def ined vor t ices could not  be produced,  whereas
they were readi ly  produced wi th a pro ject ing in take.
For  a g iven d ischarge,  the shear at  the tank
boundaries would have been the same for the two
intakes. Hence boundary shear alone is not sufficient,
to  generate the vor tex:  the vor t ic i ty  must  be
produced by the int,ake itself or by the shear at an
internal  f lu id/ f lu id boundary thaE resul ts  f rom the
flow patt.ern creaEed by the intake. In order to thrord
some addi t ional  l ight  on th is  aspect ,  the data f rorn
one of  the tests in  whieh an a i r  core formed,  used Lo
assess the vor t ic i ty  generated at  the tank boundary
and that  conta ined $r i th in the core of  the vor tex.
This showed that  the vor t ic i ty  f lux in  the core was 2
or  3 orders of  magni tude greater  than the vor t ic i ty
f lux generated at  the boundary.  Al though th is  in
i tse l f  is  not  conclus ive -  i t .  may be necessary Lo have
a large vor t ic i ty  f lux in  the vor tex core in  order  to
t ransport  a mueh smal ler  vor t ic i ty  f lux out  of  the
system -  never theless i t  suggests that  boundary shear
alone n ight  not .  be suf f ic ient .

Another  in terest ing feaEure was the var iat ion in  the
vor tex act iv i ty  as the depth of  water  in  the tank was
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var ied.  I t  is  commonly held that  vor tex act iv i ty  is
most pronounced when the lrater depth is small, and
that  lE tends to decrease as the water  depth
inc reases .

The observat , ions made dur ing the pro jeet ing in take
test .s  d id not  support  th is  v iew.  Admit tedly  there was
inEense vor tex agt iv i ty  (scale 6)  at  low water  depths,

.  wh l ch  dec reased  ( sca le  4 )  f o r  g rea te r  wa te r  dep ths .
However as the depth of  water  in  the tank was fur ther
increased,  the vor tex act iv i ty  d id not  ta i l  o f f  but
increased again to scale 6 at  qui te large water
depths.  This pat tern of  behaviour  was consisLent  wi th
that r^rhich had been observed at HR during_ a model
study of  a submerged ver t ica l  inEake I  15 l .

8 TEST PROCEDURE
The basic procedure when test ing the var ious in take
raodi f icat ions,  l ' ras as fo l lows.  The character is t ics of
each intake were Lnvest igated at  three d i f ferent  water
levels v i -z  L.2,  1.8,  and 2.48rn,  the d ischarge being
progressively  increased unt i l  the selected f low
features made thei r  appearance in turn.  T ime- lapse
photographs of  sur face f loats were taken f rom above,
f rom which sur face veloc i t ies and hence the
ci rculat ions (= 27nV) eould be calculated.

The ef fect iveness of  a par t icu lar  in take rnodi f icaCion
was judged on the d ischarge at  which the selected f low
feature became evident ,  wi th the greatest  weight
at tached Lo the onset  of  the vorEex wi th an a i r  core.

9 TYPES OF INHIBITOR
Reference has a l ready been made to the concentrat ion
of  research ef for t  on the wel l -establ ished vorrex
rather than on the mechanism whereby the vortex is
generated.  This has meant  that  the geometr ies of  the
var ious typeS'of  inh ib i tor  that  have been tested in
th is  present  ser ies of  exper iuents,  have been based on
a vari.ety of hypotheses about the vortex-producing
mechanism.

A complete l is t  o f  the in take modi f icat lons tested so
fa r  i s

1 .  Headwa l l ,  0 .6hn  h igh

2 .  Headwa l l ,  1 .22n  h igh

3 .  Headwa l l ,  1 .83n  h igh

4 .  Headwa l l ,  2 .44n  h igh

5.  Longi tudinal  f in  a long the fu l l  length of  the
intake;  height  = p ipe d ianeter  D.
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6.  Longi tudinal  f in  a long the fu1l  length of  the
i n t a k e ;  h e i g h t = 2 x D

7.  Longl tudinal  f in  extending upstream f rom intake by
2  x  D ;  he igh t  =  D

8.  Longi tudinal  f in  extending upstream f rom intake by
2 x D;  height  = 2D

9.  Roughening on f loor  of  tank

10 .  Ve rc i ca l  c ruc i f o rm ,  i ns ide  i n take ,  f i n i sh ing  f l ush
wi th face of  out le t

l l .  Ver t ica l  cruc i form, extending upstream f rom
intake

12.  Diagonal  cruc i form, extending upstream f rom
intake

The inhib i tors are deta i led in  F ig 6.

The reasoning behind the choice of shape for the
var ious inhib i tors is  summarised below.

IIeadwall

The ain was to simulate the conditions upstream from
the face of  the f lush in take.  The height  was var ied
(width uainta ined constant)  in  order  to determine how
large i t  needed to be in  order  to produce a
significant improvement in perfornance.

Longi tudinal  f in

The f in  would prevent  f low across the in take ax is ,
innediately behind frorn the intake face. By shift ing
the ef fect ive. 'boundary of  the cross- f low away f rom the
intake p ipe,  the rate of  vor t ic i ty  generat ion would be
decreased (because the general  ve loei t ies decrease
wi th d is tance f rom the immediate local i ty  of  the
intake)  and hence the sever i ty  of  the vor tex act ion.
Extending the fin forward of the intake face would
fur ther  reduce the rate at  which vor t ic i ty  was being
c rea ted .

Roughening of tank floor

In some of his experiments, Anwar roughened the floor
of  h is  cy l indr ica l  tank and found that  the resul t ing
vor t ices were much reduced in s t rength.  In  th is
ser ies of  exper iuents,  the tank f loor  over  an area
around the intake, was roughened by adding 50mm cubes
at  200ura cenEres.

1 6



Cruciform

An al ternat ive to the hypothesis  that  the vor t ic i ty  is
generated by boundary shear, is that the vort,ex is
formed by spi ra l  f low in the in take i tse l f  and th is
feeds back in to the main body of  the approach f low,
thus producing a vor tex.  The purpose of  the cruc i form
was to st.raighten the flow in the intake and hence

.  reduce any rotat ional  in f luence and upstream.
Cruciforns bot.h within the intake and extending
upstream f rorn i t ,  were tested.

10 EXPERII{ENTAL
REST'LTS

The pre l iminary resul ts  that  have been obta ined f rom
these exper iments are set  out  in  Table 1.  At  th is
st .age,  the compar ison of  the ef fect iveness of  the
different types of inhlbitor has been raade on the
basis of  the d ischarge at  which the d i f ferent
d is t inguishing features make thei r  f i rs t  appearance.

The main conclusion to be drawn from these results is
that the rnodificati.ons have all had a beneficial
ef fect :  the threshold d ischarges at  which the var ious
character is t ic  features appear,  are greater  wl th the
nodi f ied in take than they are wi th i t  in  i ts
unmodi f ied state.  However some rnodi f icat ions are nore
ef fect ive than others.  The large headwal ls  requi re a
s igni f icant  increase in the threshold d ischarge in
order  fo generate the var ious character is t ic  features:
the najor  d isadvantage of  th is  type of  inh ib i tor  is
that  i t  is  a massive st ructure in  i ts  own r ight  and on
these grounds alone is probably not a very practicable
forn of  so lut ion.

The inhib i tor  that  is  the best  combinat ion of
ef fect iveness. .wi th pract icabi l i ty  ls  the extended f in
wl th height  eQual  to  2 x in take d iameter .  Fur ther
study of this type of inhibitor i.s required in order
to determine the optimum geometry.

1]. FUTURE
EXPERIMENTAL
PROGRAM}TE

Var ious other  types of  inh ib i tor  remain to be tested,
These inc lude:

(a)  a square in take having the same cross-seet ional
area as the present  c i rcu lar  one

(b)  an enlarged entrance to the present  c i rcu lar
intake

(c )  a  ve r t i ca l  sha f t  l oca ted  a  sho r t  d i . s tanee
downstream f rom the face of  the present  c i rcu lar
in take
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(d)  an inc l ined wal l  between the face of  the presenE
intake and the rear wall of the tank

( e )  a  f l o a t i n g  r a f t .

One of  the major  fact .ors in  determin ing the rate at
which the experiments can be done, is the time
required for  f low condi t ions to be establ ished in the
exper imenta l  tank;  a l though the volumetr ic  rates of
f low are appreciable in  laboratory terms,  there is  a
large volume of water in the tank, so that f low
veloc i t ies are st i l l  qu i te low.  In order  to speed up
the exper iments,  a smal l  tank,  whlch is  a scaled down
version of the main experinnental tank, is being
nodi f ied for  use in  the test ing of  the remain ing
inh ib i t o r s .

!trhen the most promising inhibitors have been selected
on the basis  of  the in i t ia l  tests,  carr ied out  in
either the main or the small experimental tanks,
further experiments to determine the optimum geouetry
will be carried out in che small tank. Final
experiments to confirm the performance wil l then be
carried out in the main t,ank.
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Experimental Tank : External View
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Experimental Tank : Internal View



Air-core Vortex






