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EXECUTIVE SUMMARY

Plunge pools const i tute an important category of energy dissipator,  and have
often been used in conJunct ion with overf low spi l lways in arch dams.
Experlence has shown that plunging jets can cause serious dauage to the
protect ive aprons which nay be needed to prevent scour on the downstrean
s ides  o f  such dams.

A l l terature revLelr  r tas carr ied out to d.etermine what informatl-on was
avai lable about the behaviour and effects of fal1lng jets.  I t  was found
that al though several  studies had been uade of scour depths Ln unl ined
plunge pools,  there were no data whlch would enable designers to assess
impact  Pressures  on  pro tec t ive  aprons .  I t  was  there fore  dec ided tha t
experiments should be carr ied out to determine the relat ionshlps between
such inpac t  p ressures  and the  charac ter is t i cs  o f  je ts  en ter ing  p lunge poo ls
of var ious depths. The amount of air  entrai .ned in a fal l ing jet  is bel ieved
to have a major effect on the pressures whtch Lt exerts,  so the test r ig was
designed to al low alr  to be added to the jet  in a control led manner.

To assist  ln the design of the rLg, a 1:3 nodel of  the jeE nozzLe and
aerat lon device was bul l t  and tested, and provided useful  information which
was incorPorated ln the ful l -s lze r ig.  The lat ter produces a rectangular
jet  measuring 200nn by 67nn with water veloci t tes oi  up to 5rn/s.  Mean and
f luc tua t ing  pressures  are  measured by  f i f teen  t ransducers  mounted  on  a  p la te
in the f loor of the r ig.  The length of the Jet nozzLe can be var ied so that
both free-fal1lng and submerged jets can be studied. Measurements and
analysis provlde data on the turbulence in the Jet,  the energy and range of
the  pressure  f luc tua t ions ,  the i r  spa t ia l  and spec t ra l  d is t r ibu t ions ,  and the
loca l  concenEra t ions  o f  a l r  in  the  f1ow.

The repor t  con ta ins  resu l ts  o f  p re l im lnary  tes ts  on  the  fu l l -s ize  r ig .
Measurements  t re re  made a t  je t  ve loc i t les  be tween 2 .4g . /s  and 4 .5m/s  w i th
turbulence intensit ies of about 3%. The mean impacc pressure produced by
the core of a submerged jet  discharging wlthout aeratLon just belolr  the
surface of the plunge pool was found to be comparable to the velocl ty head
of the jet .  A free-fal1ing jet  subject to natural  aerat ion produced lower
mean pressures but larger f luctuat ions than an equlvalent subnerged jet .

Further tests are planned with and wlthout control led aerat ion for a range
of jet  velocl t ies and water depths. Improvements to the recording syscem
wi l l  a l low more  de ta i led  ana lys is  o f  the  resu l ts .
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TNTRODUCTION

The stated a im of  th is  research was to measure impact

p r e s s u r e s  p r o d u c e d  b y  f r e e - f a l l i n g  j e t s  o n  a  s o l i d

su r face .  The  u l t ima te  ob jec t i ve  was  to  deve lop  a

sca l i ng  re la t i onsh ip  t ha t  cou ld  be  used  to  p red i c t

p ro to t yPe  fo rces  f rom measu remen ts  made  on  sma l l  sca le

mode ls .  Ano the r  deve lopmen t ,  cou ld  be  the  es t ima t i on

o f  scou r  dep ths  i n  s i t ua t i ons  whe re  the  j e t  i s  l and ing

on  a  rock  su r face .

T h e  r e s e a r c h  h a s  f a l l e n  i n t o  t w o  d i s t i n c t  p a r c s .

I n i t i a l l y  a  l i t e ra tu re  su rvey  \das  ca r r i ed  ou t  i n  o rde r

to det ,ermine what  research had a l ready been done,  and

hence to def ine areas in  which fur ther  work was

necessa ry .  Fo l l ow ing  the  d raw ing  uP  o f  a  su i t ab le

resea rch  p rog rammer  an  expe r imen ta l  r i g  was  des igned

and  bu i l t :  a  s ta r t  has  now been  made  on  a  se r i es  o f

expe r imen ts .

The  l i t e ra tu re  su rvey  desc r i b i ng  p rev ious  resea rch  oa

the  sub jec l  i s  con ta ined  i n  Append i x  A .  The  ma in  pa r t

o f  t h i s  repo r t  se t s  ou t  t he  j us t i f i ca t i on  f o r  t he

p roposed  new s tudy ,  b r i e f l y  rev iews  the  ma in

conc lus ions  f rom p rev ious  resea rch ,  and  desc r i bes  the

work  done  so  fa r .

GENERAI BACKGROI'NI)

When  a  sp i l lway  i s  des igned  so  thaL  i t  d i scha rges

f ree l y  i n to  t he  a tmosphe re ,  t he re  a re  t h ree  counon l y

adop ted  so lu t i ons  t o  t he  p rob lem o f  how to  dea l  w i t h

the je t  when i t  h i ts  the ground on the downstream s ide

o f  t he  dam.  These  a re :

(a )  to  cons t ruc t  a  p lunge poo l ,  w i th  the  water

cushion created by a control  weir  at  the

downstream end of the Pool;



(b )  t o  a l l ow  a  scou r  ho le  t o  f o rm  i n  t he  bed

rock,  wi th some ra is ing of  the natura l

t a i lwa te r  l eve l ,  bu t  no t  t o  t he  same ex ten t

a s  i n  ( a ) ;

( c )  t o  a l l ow  e ros ion  to  occu r  i n  t he  impac t

zone '  wi thout  any at tenpt  to  increase the

ta i lwa te r  l eve l  above  tha t  c rea ted  by  t he

ex i s t i ng  na tu ra l  channe l '

Wha teve r  t he  so lu t i on  t ha t  i s  adop ted ,  t he  bas i c

problem is  the same v iz  whaE are the impact  forces

tha t  a re  gene ra ted?  These  P ressu res  can  be  h igh :  i n

sorne cases very near ly  equal  to  the overal l  head

d i f f e rence  be tween  the  rese rvo i r  wa te r  1eve1  uPs t ream

and the ta i lwater  level  downstream'  At  Morrow Dam in

the USA impact  pressures of  roughly one- th i rd of  the

ove ra l t  head  o f  110m were  measu red  i n  mode l  t es t s '

The  roode l  s tud ies 'o f  V i c to r i a  Dam in  S r i  Lanka

(des igned  by  a  B r i t i sh  f i rm  o f  consu l t i ng  eng inee rs )

revea led  peak  i r npac t  P ressu res  65  to  75  pe r  cen t  o f

t he  g ross  head  f roo  rese rvo i r  l eve l  t o  p lunge  poo l

i nve r t  l eve l :  t he  mean  impac t  P ressu res t  on  the  o the r

hand ,  we re  on l y  10  to  30  pe r  cen t  o f  t he  g ross  head '

0 f  pa r t i cu la r  impor tance  i n  des ign ing  a  p lunge  poo l

a re  t he  peak  f l uc tua t i ng  P ressu res r  ra the r  t han  the

mean  p ressu res .  I f  t hese  h igh  dynamic  p ressu res  can

pene t ra te  c racks  i n  t he  conc re te  f l oo r  o f  a  p lunge

poo l ,  o r  f i s su res  i n  t he  bed  rock ,  t hey  can  p roduce

la rge  upward  fo rces ,  s i gn i f i can t l y  l a rge r  t han  the

downward force resul t ing f rom the weighL of  the rock

o r  conc re te  and  the  hyd ros ta t i c  P ressu re  f r om the

wa te r  i n  t he  p lunge  poo l .  The  resu l t  i s  t ha t  seve re

e ros ion  can  occu r  re la t i ve l y  qu i ck l y ,  due  to  t h i s

rap id l y  f l uc tua t i ng  upward  fo rce '



There  is  ev idence in  the  l i te raEure  o f  the  sever i ty

these fo rces .  A t  I ' ta lpaso Dam in  Mex icor  Pressure

f l u c t u a t i o n s  d i s p l a c e d  c o n c r e t e  f l o o r  s l a b s ,  L 2 m

square, 2m thick, weighiag 720 tonnes z 46 Per cent

the  f loor  a rea  had to  be  rep laced.  A t  Grandget  Dam

the USA,  b locks  o f  concre te  we igh ing  more  than 10

tonnes were  d isp laced f rom the  impact  bas in '

The  scou r i ng  e f f ec t  on  rock  can  be  equa l l y

spec tacu la r .  A t  Ka r i ba  Dam (ano the r  p ro jec l  des igned

by  B r i t i sh  consu l t an t s )  t he  bed  rock  downs t ream f roo

the  dam has  e roded  to  a  dep th  o f  75m in  t he  space  o f

20  yea rs ,  desp i t e  t he  cush ion ing  e f f ec t  o f  20m o f

water  over  the iopact  zone.  The scour depth has not

ye t  reached  equ i l i b r i um.

At  Calderwood Dam in the USA, l5m of  scour  occurred

downstream f rom the dam in 20 days dur ing Ehe

cons t ruc t i on  pe r i od ,  because  the  we i r  con t ro l l i ng  t he

t a i l w a L e r  l e v e l  w a s  s t i l l  i n  t h e  p r o c e s s  o f  b e i n g

bu i  1 t  .

The design engineer is  faced wi th one of  two problems '

I {ow deep to make the p lunge pool  in  order  to avoid

ve ry  h igh  p ressu res?  Wha t  P ressu res  w i l l  be  gene ra ted

i f  a  p lunge  poo l  o f  a  ce r ta in  dep th  i s  p rov ided?

In  o rde r  t o  p rov ide  ans$ re rs  t o  e i t he r  o f  t hese

p rob lens ,  i t  i s  necessa ry  t o  l ook  a t  t he  f undamen ta l

p rocesses  tha t  a re  i nvo l ved  i n  t he  d i ss ipa t i on  o f  j e t s

d i scha rged  i n to  a  body  o f  f l u i d .  A t  P resen t  i t  i s

c t r s t , omary  t o  ca r r y  ou t  mode l  s tud ies  o f  sp i l lways ,  and

these could be expected to g ive answers on the

conse rva t i ve  s i de ,  bea r i ng  i n  ru ind  the  ou t -o f - sca Ie

e f fec t s  o f  v i scos i t y  and  su r face  tens ion  i n  t he  mode l .

Hoseve r ,  p rob lems  a re  s t i l l  be ing  expe r i enced  and

t .he re  i s  c l ea r l y  need  fo r  more  work  on  th i s  aspec t '

I n  Deve lopmen ts  i n  l l yd rau l i c  Eng inee r i ng  (16 ) t  Loche r

o f

o f

i n



PREVIOT'S RESEARCE

and Hsu have wri t ten rrThere is a need for a systematic

s tudy  o f  the  mean and f luc tua t ing  Pressures  on  s labs

under plunging jet ,s as a funct ion of pool depth and

quant i t y  o f  en t ra ined a i r  to  he lp  quant i f y  these

e f f e c t s  f o r  d e s i g n . "

Al though  the re  i s  a  s i gn i f i can t  body  o f  r esea rch  on

je t , s ,  t h i s  has  tended  to  concen t ra te  on  the  d i f f us ion

p rocess  i n  j e t s  d i scha rged  i n to  f l u i d  o f  t he  same o r

o f  d i f f e r e n t  p h y s i c a l  c h a r a c t e r i s t i c s .  V e r y  l i t t l e

work  has  been  ca r r i ed  ou t  on  l t a te r  j e t s  t ha t  d i scha rge

in i t i a l l y  i n to  t he  a tmosphe re ,  en t ra in ing  a i r  i n  t he

p rocess ,  f o l l owed  by  en t r y  i n to  waEer .  Th i s  l a t t e r

app l i ca t i on  i s  t he  one  Lha t  mos t  c l ose l y  m i r ro rs  t he

s p i l l w a y  j e t  d i s c h a r g i n g  i n t o  a  p l u n g e  p o o l .

When  a  j e t  i s  d i scha rged  i n to  t he  a tmosphe re ,  i t s

s t r u c t u r e  i m r n e d i a t e l y  s t a r t s  E o  n o d i f y  ( s e e  F i g  1 ) .

The  su r face  o f  t he  j e t  becomes  uns tab le ,  t he  deg ree  o f

i n s t a b i l i t y  i n c r e a s i n g  w i t h  t h e  d i s t a n c e  t r a v e l l e d .

Accompanying the development  of  the instabi l i ty  is  the

gene rac ion  o f  t u rbu lence  i n  add i t i on  t o  Eha t  i n i t i a l l y

p resen t ;  t h i s  g radua l l y  a f f ec t s  an  i nc reas ing

p ropo r t i on  o f  t he  f l ow  i n  t he  j e t ,  un t i l  even tua l l y

the  who le  f l ow  s t ruc tu re  o f  t he  j e t  has  been  mod i f i ed .

C lose  to  t he  po in t  o f  a f f l ux ,  t he  cen t ra l  po r t i on  o f

t he  f l ow  w i l l  be  una f fec ted  by  t he  d i f f us ion  o f

t u rbu lence  tha t  i s  occu r r i ng  i n  t he  ou te r  l aye rs :

t h i s  una f fec ted  zone  -  t he  j e t  co re  -  compr i ses  f l u i d

whose  ve loc i t y  i s  sens ib l y  cons tan t  and  can  thus  be

rega rded  as  i r r o ta t i ona l .  One  o f  t he  consequences  o f

t he  i ns tab i l i t y  i n  t he  ou te r  l aye rs  o f  t he  j e t r  i s

t ha t  a i r  i s  en t ra ined  i n  t he  f l ow .  Th i s  i nc reases  the

latera l  spread of  the je t  and reduces t ,he mean impact

p ressu res  when  the  j e t  imp inges  on  a  so l i d  su r face .



The length of the core is a funct ion of the Reynolds

number of the f low, but is of  the order of 5 to 7

t ines  the  in i t ia l  w id th  o f  rhe  je t ,  based on  the

resu l ts  o f  some ear ly  exper iments  (4 ) .  More  recent

work by Ervine, McKeogh and Elsawy (17) and by Ervine

& Fa lvey  ( lB) ,  suggesr  tha t  the  ra re  o f  d i f fus ion  o f

tu rbu len t  je ts  i s  much less  than the  prev ious

es t imates .  They  argue tha t  the  break-up or  core

length  is  a  func t ion  o f  the  tu rbu len t  in tens i ty  in  the

incoming f low and tha t  fo r  c i rcu la r  je ts  w i th

tu rbu len t  in tens i ty  o f  3  to  8  per  cent .  the  break-up

length  cou ld  be  more  l i ke  50  to  100 t imes the  in i t ia l

w id th  o f  the  je t .  I f  th is  i s  the  case,  then i t  has  an

important bearing on the case of many prototype

s p i l l w a y s ,  w h e n  t h e  h e i g h t  o f  f a l l  t o  t a i l w a t e r  l e v e l

i s  less  than 50  or  100 t imes the  head o f  water  on  the

s p i l l w a y  c r e s t .  I n  s u c h  c a s e s  t h e  c o r e  o f  s p i l l w a y
je t  has  no t  been comple te ly  a f fec ted  by  the  d i f fus ion

process ,  so  thaE,  w i th in  a  very  d is tu rbed and uns tab le

outer  layer ,  there  is  a  so l id  core  o f  h igh  ve loc i ty

water,  capable of producing very high dynaroic inpact.

Pres  sures  .

When a  f ree  fa l l ing  je t  p lunges  in to  a  poo l  o f  warer ,

the  d i f fus ion  ra te  i s  much grea ter ,  no t  on ly  re la t i ve

to  tha t  fo r  a  je t  d ischarg ing  to  a tmosphere ,  bu t  a lso

for  a  je t  whose in i t ia l  a f f lux  po in t  i s  be low the

\ ta te r  sur face .  The exp lanat ion  fo r  th is  l ies  in  the

i n s t a b i l i t y  o f  t h e  o u t e r  l a y e r s  o f  t h e  j e t :  l a t e r a l

var ia t ions  o f  the  po in t  o f  inpac t  w i l l  cause

i n s t a b i l i t i e s  t o  b e  s e t  u p  t h a t  w i l l  p r o p a g a t e  m o r e

widely than i f  the i rnpact point was invariant with

t ime,  A i r  w i l l  be  en t ra ined a t  the  sur face  o f  the
pond,  in  add i t ion  to  the  a i r  car r ied  w i th  che

inp ing ing  je t  i t se l f ,  and th is  w i l l  have an  e f fec t  on

t h e  d i f f u s i o n  p r o c e s s .



Much of the work on the di f fusion of submerged jets

was car r ied  ou t  by  A lber tson e t  a l  (19) .  They

i d e n t i f i e d  t w o  f l o w  r e g i o n s  ( s e e  F i g  1 ) .  I n i t i a l l y

there is a zone in which the f low structure is

changing to a oarked extenc (the f low esEabl ishment

zone) :  th is  i s  ana logous to  the  decay  o f  the

i r roEat iona l  core  in  the  case o f  the  je t  d ischarg ing

in to  the  a i r .  In  the  f low es tab l i shment  zone Ehe ra te

of core decay is such that i t  has disappeared in a

length  o f  rough ly  s ix  t imes the  je t  w id th .  Beyond the

zone o f  f low es tab l i shnent ,  the  ou ter  boundar ies  o f

the  je t  s i l l  be  expand ing  a t  a  ra te  o f  rough ly  I  in

5 .

Some measurements by Ervine (18) have suggested that

f r e e  f a l l i n g  j e t s  w i l l  d i f f u s e  m o r e  r a p i d l y  i n  w a t e r

than je ts  tha t .  a re  comple te ly  submerged.  In  the  f low

estab l i shment  zone in  the  water ,  the  ou ter  boundary  o f

the  f ree  fa l l ing  je t  w i l l  expand a t  a  ra te  o f  I  in  5

( i . e .  a t  r o u g h l y  L 2 "  t o  t h e  j e t  c e n t r e l i n e ) :  t h i s  i s

s in i la r  to  the  ra te  a t  wh ich  the  submerged je t  w i l l

expand beyond t ,he  f low es tab l i shment  zone.  The neE

ef fec t  o f  the  grea ter  expans ion  ra te  i s  tha t  the

length of the f low esEabl ishnent zose for the free

f a l l i n g  j e t  i s  o n l y  3  t o  4  t i n e s  t h e  j e t  w i d t h t

compared w i th  6  t imes fo r  the  submerged je t .

No data have yet been publ ished for the decay rate of

the  inner  core  o f  the  f ree  fa l l ing  je t r  beneath  the

nater  sur face ,  o r  fo r  the  genera l  expans ion  ra te

beyond the  f low es tab l i shment  zone:  Erv ine  suggests

that the former rnight be 1 in 7 ot L in 8.

The na in  conc lus ion  f rom Erv ine 's  s tud ies  is  tha t  the

je t  w i l l  d i f fuse  much more  s lowly  in  the  a tmosPhere

than the previous work on subuerged jets had

ind ica ted .  I lowever ,  when the  je t  subsequent ly  p lunges

in to  a  poo l  o f  water ,  i t s  d i f fus ion  ra te  l r i l l  be  much

greater than previous work had suggested.



Although there are daLa on the di f fusion of submerged

jets,  t .here are l i t t le or no data on the dynamic

pressures  tha t  they  produce.  C lear ly ,  these w i l l

depend on t ,he relat ionship between the jet  break-up

length ,  and the  depth  o f  water  in  the  p lunge poo l '  A

fu r ther  s ign i f i can t  fac to r ,  wh ich  has  no t  been

sysEemat ica l l y  s tud ied ,  i s  the  in f luence o f  en t ra ined

a i r  on  the  pressures .  Johnson (8 )  car r ied  ou t  some

experiments to determine the effect Ehat inject ing air

into a jet ,  would have on the depth of scour in a

gravel bed. Although the tests showed Ehat the air

s ign i f i can t ly  reduced the  scour  depth ,  they  were  o f

l i n i t e d  u s e f u l n e s s  a s  f a r  a s  s p i l l w a y  j e t s  a r e

concerned,  because in  every  case the  je ts  were

discharging beneath the surface of the plunge pool t

no t  in to  a tmosPhere .

The model experiments thaE were carr ied out on the

Hendrik verwoerd and P K Le Roux daos demonstrated

tha t  sp l i t t ing  and aera t ing  the  je t  as  i t  d ischarged

in to  the  a tmosphere ,  reduced the  depth  o f  e ros ion

downstream from the dam by 50 Per cent '

Erv ine  has  der ived  a  re la t ion  fo r  p red ic t ing  the

reduc t ion  in  p ressure  as  a  resu l t  o f  en t ra ined a i r ,

for plunge pools whose depth is less than the maximum

depth  to  wh ich  a i r  wou ld  Penet ra te  in to  the  poo l  '  So

far there are no experimental  data against which this

re la t ionsh ip  can be  ca l ib ra ted .  l le  has  a lso  der ived

an expression for est i rnat ing the RMS value of the

pressure  f luc tua t ions ,  bu !  aga in  there  are  no  da ta

from which the constants in the equat ion can be

d e r i v e d .



4 PROPOSED PROGRAUME

OF BESEARCE

EXPERIUENTAL

ABRANGEMENT

5 . 1  M o d e l  r i g

I t  is evident froo a study of the l i terature that very

l i t t le  in fo rmat ion  is  ava i lab le  on  the  impact

pressures  produced on  the  f loor  o f  a  p lunge poo l  by

je ts  conta in ing  ea t ra ined a i r .

The bulk of the work on jets has focussed on circular

je ts .  In  the  main '  the  prob lem in  c iv i l  eng ineer ing

hydrau l i c  s t ruc tu res  is  the  d iss ipa t ion  o f  the  energy

of  rec t .angu lar  je ts ,  and i t  i s  recogn ised thaL such

jets do not behave in exact ly the same way as those of

c i r c u l a r  c r o s s - s e c t i o n .

There  is  a  c lear  need fo r  da tar  more  re levant  to  the

condit ions commonly encountered by the civ i l

eng ineer ing  des igner  v i -z  the  d iss ipa t ion  process  and

impact  p ressures  produced by  rec tangu lar ,  tu rbu len t

je ts ,  con ta in ing  s ign i f i can t  concent ra t ions  o f  a i r '

Accord ing ly  a  research  progranme has  been drawn up,

w i th  the  ob jec t ive  o f  measur ing  the  f luc tua t ing

pressure  on  the  f loor  o f  a  p lunge poo l  as  a  func t ion

of  Ehe ta i lwater  depth .  The je t  w i l l  be  rec tangu lar

in  c ross-sec t ion  and o f  g rea ter  s ize  than most  o f  Ehe

je ts  h i ther to  s tud ied :  and there  w i l l  be  prov is ion

for varying the air  concentrat ion and turbulent

in tens i ty  o f  the  inPact ing  je t .

The bas ic  concePt  was fo r  a  je t  to  be  d ischarged f rom

the end o f  a  ver t i ca l ,  rec tangu lar  p ipe '  Th is  vou ld

be fabr ica ted  in  shor t  sec t ions ,  so  tha t  the  a f f lux

po in t  cou ld  be  var ied  re la t i ve  to  the  \ ta te r  sur face  in

the  p lunge poo l .



In order to produce uniform f low condit ions in the jet

i t  was important that there r f ,ere good condit ions at

the  in le t  to  the  ver t i ca l  p ipe .  Th is  was one aspec t

of the r ig where i t  was ant ic ipated that problems

could be encountered. The other aspect was the method

of  in jec t ing  a i r  in to  the  je t  in  a  cont ro l led

f a s h i o n .

The f ina l  r ig  wou ld  be  a  la rge  cons t ruc t ion  tha t  wou ld

be d i f f i cu l t  and expens ive  to  nod i fy  once i t  had been

bu i l t .  For  th is  reason i t  was  dec ided tha t  a  smal l

s c a l e  v e r s i o n  o f  t h e  f i n a l  r i g  ( o n e - t h i r d  f u l 1  s i z e )

shou ld  be  bu i l t  in  o rder  to  examine these aspec ts  more

c a r e f u l  l y .

In  v iew o f  the  la rge  d ischarge ra te  tha t  i t  was

intended to punp around Ehe r ig and i ts large overal l

he igh t ,  i t  was  dec ided tha t  the  tank  a t  the  ia le t  to

the  ver t i ca l  p ipe  shou ld  be  kept  as  smal l  as  poss ib le .

Because o f  the  r i sk  o f  a i r  en t ra in ing  vor t i ces  be ing

genera ted  i f  a  la rge  open tank  were  prov ided a t  the

in le t ,  p re fe rence r ' ras  g iven to  an  enc losed pressure

tank .  The in i t ia l  a r rangement  i s  shown in  F igure  2 .

I t  was immediately obvious when the snal l  r ig was

f i rs t  semmiss ioned tha t  th is  l ras  no t  sa t is fac t .o ry .

Much swir l ing was evident and i t  was clear that a

rad ica l l y  d i f fe ren t  a r rangenent  r ras  necessary .

The prob lems were  more  d i f f i cu l t  to  so lve  w i th  the  a i r

in jec t ion  sys tem.  The a im sras  to  aera t .e  Ehe je t

be fore  i t  d ischarged in to  the  a tmosphere .  A  s i rnp le

way of achieving this would be to perforate a short

length  o f  the  ver t i ca l  p ipe ;  i f  the  pressure  in  the

je t  a t  the  per fo ra ted  sec t ion ,  cou ld  be  made

suf f i c ien t ly  sub-a tmospher ic ,  a i r  wou ld  t .hen be  sucked

in to  the  f low by  the  pressure  d i f fe rence.  Th is

bas ica l l y ,  was  the  sys ten  tha t  was  deve loped,  us ing



the 1/3 scale nodel.  Between the head tank and the

a i r  box  the  c ross-sec t ion  was smal le r  than the

renaining length of vert ical  pipe in order to produce

a  l o c a l  a c c e l e r a t i o n  ( a n d  a  d r o p  i n  p r e s s u r e ) :

downstream from this constr icted length, the

cross-sec t ion  expanded sudden ly ,  and here ,  the  wa l ls

of the pipe were perforated with a large number of

sna l l  ho les .  Immedia te ly  downst ream f rom the

per fo ra ted  sec t ion ,  the  c ross-sec t ion  area  is  reduced

to  g ive  the  requ i red  d imens ions  o f  the  f ina l  je t .  The

general  arrangement is shown in Figure 2. The air

in jec t ion  dev ice  was des igned to  p roduce a

suf f i c ien t ly  la rge  pressure  d i f fe rence to  enab le  a i r

concentrat ions of up to 30 per cent to be achieved.

When the  a i r  in jec t ion  sys tem was f i rs t  tesEedt

cons iderab le  p rob lems rdere  exper ienced w i th  a i r

leak ing  in to  the  je t  in  an  uncont ro l led  fash ion  a t  the

jo in ts .  Th is  was in  sp i te  o f  care  be ing  taken in  the

oanufac ture  and assenb ly :  i t  h igh l igh ted  the  need fo r

accuracy  when cons t ruc t ing  the  sys tem fo r  the  fu l l

s i z e  r i g .

Once the problems with leaks had been overcomer the

main faul ts with the system e,ere found to be that Ehe

pressure  drop  in  Lhe cons t r i c ted  sec t ion  ldas  no t

su f f i c ien t  to  p roduce a  we l l -aeraEed je t  and tha t

there  was a  grea t  dea l  o f  sp lash ing  a t  the  en t rance to

the  cont rac t ion  be low the  per fo ra ted  secc ion .  A

further disadvantage l tas that when the overal l  length

o f  the  ver t , i ca l  p ipe  was reduced,  some separa t ion  f rom

the wa l l  o f  the  p ipe  s ta r ted  to  occur  c lose  to  the

e x i t .

After naking a number of rnodif icat ions to the geomet,ry

o f  t h e  a i r  i n j e c t i o n  s y s E e m ,  a  s a t i s f a c t o r y

per fo rmance was ob ta ined:  P la tes  1  and 2  show the  je t

be fore  and a f te r  the  rnod i f i ca t ions  were  made.
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5 . 2  F u l l - s i z e  r i g

The roodif ied geornetry is shown in Figure 3: i t

compr ised a  de f lec to r  in  the  sec t ion  inmed ia te ly

ups t ream f rom the  per fo ra ted  sec t ion  (s iu i la r  to  the

def lector sometimes incorporated in spi l lway channels

to  induce f low aera t ion)  and a  s low t rans i t ion  sec t ion

at the entrance downstream from the perforated

s e c t i o n .

The diagrammatic layout of the r ig is shown in Figure

4 ,  The so lu t ion  tha t  was  adopted  fo r  the  in le t

arrangement rdas to nake the discharge l ine from Ehe

punp o f  a  la rge  d iameter :  th is  was ins ta l led

hor izon ta l l y  a t  a  h igh  leve l ,  w i th  the  ver t i ca l

rectangular pipe connected to i ts invert .  The mean

ve loc i ty  in  the .hor izon ta l  p ipe  was low,  and a  tapered

t rans i t ion  p iece  be tween the  ver t i ca l  and hor izon ta l

p ipes ,  ensured good f low cond i t ions  in  the  je t .  The

original  intent ion had been to carry out the

exper iments  on  a  je t  300nm x  100mm,  w i th  ve loc i t ies  up

to 8n/s, but the cost of  this r ig would have been more

than the  budget  wou ld  a l low.  The r ig  was then

re-des igned l  the  je t  was  reduced in  s ize  to  200rnn x

57nm wi th  a  max imum ve loc i ty  o f  rough ly  5n /s .  Th is  i s

rough ly  equ iva len t  to  the  s ize  o f  sp i l lway  je ts  tha t

typ ica l l y  occur  in  mode ls  cons t ruc ted  to  sca les  o f

1 : 5 0  t o  l : 8 0 .

The ver t i ca l  rec t .angu lar  p ipe  was made as  long as

poss ib le  so  as  to  p roduce a  s tab le  je t ,  and a l low the

maximum f lexibi l i ty in the test ing arrangexnent.  The

p ipe  cons is ts  o f  a  number  o f  shor t  sec t ions  wh ich  are

eas i l y  removab le .  Th is  enab les  the  p ipe  to  be

ad jus ted  in  length  so  tha t  the  je t  d ischarges  jus t

be low the  water  sur face ,  thus  prevent ing  any

uncont ro l led  a i r  en t ra inment .  A l te rna t ive ly  the  je t

can be discharged at a var iable height above the pool

in  o rder  to  s tudy  the  resu l t ing  e f fec t  on  Ehe pressure

f luc tua t ions .
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For  the  in i t ia l  tes ts ,  the  a i r  in jec t ion  sys tem has

been omit ted in order to l in i t  Ehe costs and al low the

exper iments  to  ge t  under  way.  When la te r  ins ta l led ,

the  a i r -box  w i l l  be  des igned on  the  bas is  o f  the  ] - l3  '

mode l  tes ts  descr ibed prev ious ly ,  and w i l l  be  loca ted

near  the  top  o f  the  ver t i ca l  rec tangu lar  p ipe .

The p lunge poo l  i s  a r ranged w i th  over f low we i rs  on  a l l

four  s ides  so  tha t  t .he  e f fec ts  o f  changes in  the  ex i t

f low pattern on the inpacL Pressures can be examined.

D i r e c t l y  b e n e a E h  t h e  v e r t i c a l  p i p e r  I  s t e e l  p a n e l r  l m

square ,  has  been se t  in  to  Ehe f loor .  Pressure

transducers are mounted in this panel to measure

f luc tua t ing  pressures .  A l though there  are  45

measur ing  pos i t ions  ( r ig  5 ) ,  no  more  than f i f teen  w i l l

be occupied at any one t i rne. The aim of the

exper iments  i s  to  deEermine how the  pressures  beneath

the  je t  vary  w i th  ve loc i ty ,  tu rbu leace in tens i ty ,  a i r

concent ra t ion ,  p lunge poo l  depth  and he igh t  o f  f ree

f a I l .

A l though the  or ig ina l  des ign  o f  tes t  r ig  w i th  an  8m/s

capab i l i t y  wou ld  have been pre ferab le ,  the  smal le r

5n /s  r ig  wh ich  has  been bu i l t  i s  s t i l1  capab le  o f

p rov id ing  much usefu l  in fo rmat ion .  Whatever  s ize  o f

labora tory  r ig  were  chosen,  i t  wou ld  s t i l l  be

necessary  to  ex t rapo la te  the  resu l ts  to  p ro toLyPe

cond i t ions .  Data  on  cor re la t ions  be tween mode l  and

p r o t o t y p e  f o r  f a l l i n g  j e t s  a r e  n o t  a v a i l a b l e ,  b u t

severa l  s tud ies  on  pressure  f luc t ,ua t ions  due to

tu rbu lence in  s t i l l i ng  bas ins  have shown sa t is fac to ry

agreement  w i th  the  Froud ian  sca l ing  c r i te r ion  ( " .g .

s e e  L o p a r d o  e t  a l  ( 2 0 ) ) .
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6 UEASUREMENTS

Not all the planned equipnent has yet been insLalled

in the test rig, and as explained above the air

inject ion system renains to be added. The

measurement,s that have or will be made in the test,s

comprise:

1. f low rate of \ rater in jet  (by means of

Bs- type or i f i ce  ne ter ) ;

2.  height of  discharge leve1 of jet  above f loor

level,

3.  depth of tai lwater;

4. amount of flow turbulence in jet (root mean-

square veloci ty f luctuat ion and spectral

d ls t r lbu t ion) ;

5 .  to ta l  f low ra te  o f  a l r  added to  je t ;

6.  air  concentrat ion prof i le wtthin jet ;

7.  pressure f luctuat lons at polnts on f loor

beneat.h jet (naximum, minimum mean and root

mean-square values plus spectral

d is t r ibu t ions) ;

8. temperatures of r i later and air .

In the tests carr ied out to date, the velocicies in

the jet (itenn 4 above) have been determined using an

elect,rooagnetie current (enc) met,er connected to an

analogue tape recorder (RACAL 7-track type) and an

ultra-violet  (uv) chart  recorder.  Records are

digi t ised by means of a Farnel l  DTS 12T digi tal

storage osci l loscope, and spectral  analyses are

carr ied out using a Fast Fourier Transform (FFT)
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soft l rare package mounted on a BBC micro-computer.

This cornputer system has a l in i ted capacity since i t

i s  capab le  o f  s to r ing  on ly  L024 d ,a ta  va lues  a t  one

t ime, and does not have a smoothing faci l i ty for

o b t a i n i n g  s t a t i s t i c a l l y  r e l i a b l e  s p e c t r a l  e s t i m a t e s .

A s  a  r e s u l t ,  f o r  a  p a r t i c u l a r  t e s t  c o n d i t i o n ,  t h e

amount of energy measured at a given frequency can

vary  s ign i f i can t ly  be tween success ive  record ings .  I t

i s  p lanned to  overcorne th is  l in i ta t ion  by  ana lys ing

the  ana logue record ings  us ing  a  more  soph is t i ca ted

PDP-based sys tem ava i lab le  a t  HR.

Measurements  o f  a i r  concent ra t ion  in  the  je t  a re  made

by means of an instrument developed at Nott inghan

Univers i ty  (see  Whi te  and l tay  (6 ) ) ,  and purchased

s p e c i a l l y  f o r  t h i s  r e s e a r c h  p r o j e c t .  T h e  d e v i c e

senses  the  passage o f  a i r  bubb les  by  means o f  a  very

f i n e  w i r e  ( t y p i c a l l y  0 . 2 m m  i n  d i a n e t e r ) ,  w h i c h

p r o j e c t s  s l i g h t l y  f r o m  r h e  t i p  o f  a  r h i n  i n s u l a t i n g

tube.  When the  t ip  o f  the  w i re  i s  in  water  an

e l e c t r i c a l  c i r c u i t  i s  c o m p l e t e d ,  a n d  a  c o r r e s p o n d i n g

cur renc  f lows.  When the  t ip  en ters  a  bubb le ,  the

c i rcu i t  i s  b roken and the  cur ren t  sudden ly  changes.

Ins t ruments  such as  th is  a re  sub jec t  to  e r ro rs  due to

sur face  tens ion ,  wh ich  prevents  ins tan taneous wet t ing

and unweEt ing  o f  the  t ip .  The Nor t ingharn  des ign

overcomes this problem in a novel way by sensing the

ra te  o f  change o f  the  e lec t r i ca l  cur ren t ,  and us ing

th is  to  conver t  the  s igna l  in to  a  ser ies  o f  s tep- type

waves.  The e lec t ron ics  Ehus enab le  the  ins t rument  co
behave as  a  s imp le  on-o f f  sw i tch :  on ,  when the  t ip  i s

i n  w a t e r ;  o f f ,  w h e n  i t  i s  i n  a i r .  O t h e r  a d v a n t a g e s

are that the gauge is not dependent upon the precise

conduct iv i t y  o f  the  waEer ,  and the t  i t  can  be

ca l ib ra ted  by  rneans  o f  an  in te rna l l y -genera ted

square-wave s igna l .  The a i r  concent ra t ion  is  ob ta ined

by measuring Ehe proport ionate lengths of t i rne that

the  t ip  i s  in  a i r  and water .  Th is  ca lcu la l ion  assumes
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that the air bubbles and nater are travelling at the

same veloeity, which is usually valid for snall

bubbles in t,urbulent high-veloclty flows.

The pressures on the floor are measured by means of

flush diaphragn transducers manufactured by Western

Sensors Lini ted. These have a diameter of 19mm, and

use foi l  strain gauges and integral  anpl i f iers to

measure pressures up to 7.0n head of water,  with a

maximum output prior to anplification of 4OnV. The

transducers are mount.ed on a plate measuring 1.On x.

1 .0n  (see F ig  5 ) .  The t ransducers  needed Lo  be

careful ly nacerproofed so that they could be f ixed

direct ly to the underside of the plate, but thls

arrangement avoided the requlrernent for tapplog tubes,

such tubes reduce the dynanic response of the system

and, when studying aerated f lows, can give false

readings i f  they beeoue part ly f i l led ni th air .

Prel iminary t ,ests with the pressure transducers

demonstrated that they required regular and careful

calibration. It was found that the datum readings

(for zero pressure) tended to drLft  with t ime, and

that the senslt iv i t ies were affected by snal l  changes

in temperature. Inl t ia l ly,  the cal ibrat ion was

carr ied out by placing a tube wlth a watert ight seal

over an individual t,ransducer on the plate, and then

applylng a known static head. The datun readLng was

obtained with the transducer Ln aLr.  This teehnique

proved to be f lawed, because the electr ical  current

passing through the transducer heated i t  to a higher

temperature when it was ln air than when it was under

w a E e r .

To mlninise the teuperature changes, a large box wlth

a watertight seal is now placed on the measuring

pLate, and f i l led to two di f ferent,  known levels.

This nethod allows all the transducers to be
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calibrated simultaneously, and provides a large enough

body of water to maintain a near constant temperature.

The water in the box is drawn from the sump so that

i ts tenperature wi l l  be slni lar to thaL used in the

tests "  The cal ibrat ions are carr ied out before and

after each set of  measurements.

The pressure signals are recorded and analysed in the

same way as the velocity measurements, using the

digi tal  storage osci l loscope and the FFT program- For

the spectral analysis, it was found that a maxinum

sanpling frequency of 2OOHz was sufflcient to register

al l  the signi f icant energy in the veloeity and

pressure f luctuat lons for jet  velocl t les of up to

5 n / s .

The depth of water in the plunge pool ls measured by

means of two pressure tappings, one near a corner of

the pool and the other near the cent,re. The lat ter

gives a more representat ive measurement of the water

level at  the jet ,  and can be used when the plpe ls

discharging below the surface- When the jet  is

fal l ing freely lnto the pool,  the eentral  tapping

f l l ls with air ,  and i t  is necessary to use the one

near the corner.

Desplte the care taken in sett ing up and oPerat ing the

system for measuring veloci t ies and pressures, i t  is

stil l producing some anomalies which require to be

corrected before ful l  conf idence can be placed in the

results. This should be borne in mind when

considering the prelininary findings described in the

next sect ion.

7 RESTILTS

Prelininary tests have been carried out to study the

performance of the experimental rig and the measuring

equipment over the likely range of operating
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cond i t ions .  Resu l ts  f rom these tes ts  a re  descr ibed

herein, but i t  should be remembered that any

conc lus ions  can a t  th is  s tage on ly  be  prov is iona l .

As  exp la ined in  the  prev ious  sec t ion ,  i t  i s  p lanned

tha t  a  rnore  capab le  ana lys is  p rogram wi l l  be  used in

la te r  exper iments  to  p rov ide  fu l le r  spec t ra l  and

s t a t i s t i c a l  d e s c r i o t i o n s  o f  t h e  r e s u l t s .

The f i rs t  seE o f  da ta  concerns  the  degree o f

tu rbu lence in  the  je t .  The je t  was  d ischarged f ree ly

inco  a i r  f rom a  he igh t  o f  1 .08m above the  f loor ,  and

the  long i tud ina l  ve loc i t ies  on  the  cent re l ine  were

measured with the emc meter at the point of  exi t  f ron

the  ver t i ca l  p ipe  and a t  400nn be low i t .  Three

records  were  ana lysed fo r  each o f  th ree  d ischarges  to

determine the mean veloci ty (V) ana the root

mean-square value of the f luctuat ions about the mean

( V _ _ ^ ) .  T h e  r e s u l t s  a r e  p l o t t e d  i n  F i g u r e  5  i n  t e r m s
rms

of  the  var ia t ion  o f  the  tu rbu lence in tens i t f  (v r * " / i )

w i th  mean ve loc i ty .  The va lues  o f  V  a t  the  po in t  o f

ex i t  were  compared w i th  the  average va lue  ,u" . r r ,

ca lcu la ted  f rom the  d ischarge (measured by  the  or i f i ce

meter )  and t .he  c ross-sec t iona l  a rea  o f  the  ver t i ca l

p ipe .  A t  the  two h igher  d ischarges ,  the  d i f fe rences

between f  and V were  less  than 5Z o f  V  ,  and a t  the
a v  a v -

lowest  d ischarge the  d i f fe rence was w i th in  about  102

o f V
av

The changes in mean veloci ty along the centrel ine show

that ,  fo r  a l l  th ree  d ischarges ,  the  k ine t ic  energy

head of the water increased by approxirnately

160rnn-200nm a f te r  fa l l ing  th rough a  ver t i ca l  d is tance

of 400rnru. This apparent loss ia total  energy is

in te res t ing  because i t  i s  no t  accounted  fo r  by  the
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relatively sna1l increase in energy associated with

the turbulent fluctuations. The results ln Figure 6

show that, as the discharge in the jet is increased

the absolute level of  turbulence (Vrr")_increases but

the relat ive turbulent intensl ty (Vrns/V) decreases '

In future tests, it is planned to vary the amount of

turbulence ln the jet by placlng mesh screens in the

vert lcal  pipe.

The rate of expansion of the jet when dlscharging

freely into air  was determined by analysing a ser ies

of high-speed photographs of the jet  at  veloci t ies of

V  =  2 .45 ,  3 .15  and 4 .26n/s ;  exanp les  are  shown in
av

PlaEes 3 to 6. In each photograph, the edges of the

jet were estimated by eye (taking the mean of the

spatial variations' not the envelope of the maximum

departures from the nean),  and measured to obtain

values of the average rate of expansion'

E = ran- t  {1n-no) /z }

where z is the vert ical  distance below the point of

exi t ,  B is the total  width of the jet  at  level z,  ar.d

B is the value at the point of exit ' Eight
o

photographs of each veloci ty were analysed, and used

to determine separate values of E for the long sides

(n = 200nn) and the short sides (B^ = 67rnn) ' The. o o

results are presented in Table 1 '

Two competing factors inf luence the rate of expansion

of the jet .  Flrst ly,  the sides of the jet  diverge due

to the effects of turbulence and air entraLnment (see

f ig 1).  Secondly,  the veloctty of the water in the

jet increases as l t  fal ls,  and thls tends to reduce
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i t s  c r o s s - s e c t i o n a l  a r e a .  T h e  g r e a t e r  t h e  i n i t i a l

ve loc i ty  o f  the  je t ,  che  more  s ign i f i can t  the  f i rs t
fac to r  becomes.  Th is  exp la ins  the  resu l ts  in  Tab le  1

wh ich ,  fo r  example ,  show tha t  .a  V" . ,  =  4 .26n/s  the

shor t  s ide  o f  the  je t  expanded a t  an  overa l l  ang le  o f
E  =  2 . 4 " t  b u t  c o n t r a c t e d  a t  E  =  - 0 . 2 "  a t

V" r ,  =  2 .45n1s.  From p la te  5  ( fo r  V" . ,  =  4 .26n/s )  and

the corresponding values of E at z = l04um and

z = 564mm, i t  can be seen that the jet  diverged

re la t i ve ly  rap id ly  over  the  f i rs t  100nm,  and then a t  a
s lower ,  near ly  cons tanL ra te  fo r  the  remainder  o f  i t s

f a l l .  T h e  j e t s  t e n d e d  t o  o s c i l l a t e  s o m e w h a t  i n

pos i t ion ,  bu t  the i r  mean w id ths  remained fa i r l y

cons tan t ,  as  shown by  the  re la t i ve ly  smal l  s tandard

dev ia t ions  in  the  va lues  o f  E .

The nex t .  se t  o f  daEa concerns  the  pressures  produced

on the  f loor  o f  the  poo l  by  a  submerged je t

discharging approximately 150rnrn below the water

sur face .  Tes ts  were  car r ied  ou t  a t  two d ischarges
(cor respond ing  to  average ve loc i t ies  in  the  p ipe  o f

V . . ,  =  3 .17n/s  and 4 .48n/s ) ,  and an  average poo l  depth

of fr  = 6l7mm. Figure 7 shows the mean pressures (p)

recorded by  the  t ransducers  fo r  records  o f  50s  per iod

sarnpled at a frequency of 20H2. The pressures have

been ca lcu la ted  re la t i ve  to  hydrosE,a t ic ,  so  Ehat  the

t ime-averaged s ta t i c  p ressure  ac t ing  a t  a  po in t  on  the

f l o o r  i s  ( i  *  p g f r ) .

The resu l ts  appear  to  be  cons is ten t ,  w i th  p ressures

decreas ing  fa i r l y  symmet r ica l l y  a round Ehe s ides  o f

the  je t ,  bo th  in  the  long i tud ina l  and t ransverse

d i rec t ions l  the  peak  pressures  in  the  cent re  o f  the
je t  inc rease rough ly  in  p ropor t ion  to  the  square  o f

the  average ve loc i ty .  A lso  shown in  F igure  7  a re

1 9



po in ts  ind ica t ing  the  range o f  p ressures  tha t

occur red .  In  these f i rs t  tes ts ,  on ly  the  d i f fe rence

between the maximum and minimum pressures in each 50s

record  was measured,  In  o rder  to  p lo t  the  resu l ts  in

Figure 7, i t  was assumed that the maximum f luctuat ions

were  d is t r ibu ted  symnet r ica l l y  about  the  mean va lues

(bu t  see  la te r ) .  Measurements  were  a lso  made o f  the

roo t  mean-square  pressure  f luc tua t ions l  va lues  o f

prr"  t" t ied from about 90rnn head of water in the

reg ion  ver t i ca l l y  be low the  je t  to  about  28mm far  away

f r o m  t h e  j e t  a t  g a u g e  9 8  ( s e e  F i g  5 ) .

S in i la r  tes ts  were  made w i th  the  je t  fa l l ing  th rough

a i r  in to  the  p lunge poo l .  The ver t i ca l  p ipe  was

shor tened so  tha t  i t  d ischarged a t ,  a  leve l  o f  2 .30m

above the f loor of the basin, and the depth of waLer

in the pool was approximately the same as in the

prev ious  tes ts  w i th  the  submerged je ts  ( f r  =  585nn) ;

the  he igh t  o f  fa l l  o f  the  je t  th rough a i r  was

there fore  1 .715m.  MeasuremenEs were  car r ied  ou t  a t

th ree  d ischarges  cor respond ing  to  p ipe  ve loc i t ies  o f

V - _ _  =  2 . 4 4 ,  3 . 1 5  a n d  4 . 2 4 m l s ;  d u e  t o  i t s  f a l l ,  t h e
a v

ve loc i ty  a t  wh ich  a  je t  en tered  the  poo l  \ ras  g rea ter

than i t s  in i t ia l  va lue  o f  V
av

Air was entrained by the plunging jet  both during i ts

fa l l  and  a t  the  po in t  where  i t  en tered  the  poo l  (see

Pla tes  7  and 8  fo r  ve loc i t ie "  o f  V . . ,  =  2 .44a ls  and

4.29a ls  respec t ive ly ) .  The pressures  exer ted  by  the

je t  on  the  f loor  o f  the  bas in  a re  p loEted  in  F igure  8 .

The e f fec ts  o f  the  aera t ion  and the  inc reased d is tance

travel led by Ehe jet  through rrater (585mm eompared

with 47lmm for the submerged jet)  can be seen by

comparing the pressures shown in Figure 8 with the

resu l ts  in  F igure  7  foc  the  submerged je t .  The mean
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pressures  due to  the  p lung ing  je ts  were  cons iderab ly

Iower than those produced by roughly equivalent

submerged je ts .  Thus ,  fo r  a  p ipe  ve loc i ty  o f  about

V^- -  =  3 .2n /s ,  the  submerged je t  gave i  =  580un head o fav
water  aE the  pos i t ion  o f  the  cent ra l  gauge and the

plunging j" t  i  = 154mm, despite the fact t ,hat the

ve loc i ty  o f  the  p lung ing  je t  wou ld  have increased to

more  than v  dur ing  i t s  fa l l .  Tb is  ind ica tes  the
av

s ign i f i can t  benef ic ia l  e f fec t  wh ich  a i r  en t ra innen l

can have on  impact  p ressures  in  p lunge poo ls .

Also shown in Figure 8 are the maximurn and minimuo

pressures  tha t  occur red  in  each 50s  record .  Un l ike

the case of the submerged jets,  the peaks were

measured as  abso lu te  p ressures  and no t  jus t  as

dif ferences between the maximum and mininum values.

There fore ,  the  po in ts  in  F igure  8  show how the

pressures  var ied  re la t i ve  to  the  means.  As  can be

seen,  the  max imurn  pos i t i ve  f luc tua t ions  w i th in  the  je t

were  la rger  than the  negat ive  ones  by  a  fac to r  o f

about  3 -4 .  Th is  suggests  s t rong ly  tha t  the  pressure

var ia t ions  do  no t  fo l low a  symmet r ica l  Gauss ian  type

of  p robab i l i t y  d is t r ibu t ion .  Compar ison o f  F igures  7

and 8  shows tha t ,  a l though the  p lung ing , je ts  gave

lower  mean pressures  t .han the  submerged je ts ,  they  d id

produce s ign i f i can t ly  la rger  p ressure  f luc tua t ions .

Thus ,  fo r  a  p ipe  ve loc i ty  o f  V" r ,  =  3 .2n ls ,  the  max imum

range o f  pqessures  a t  the  pos i t ion  o f  the  cent ra l

gauge were & = 459nm for the subnerged jet  and & =

1327nn fo r  the  p lung ing  je t .  These var ious

prel iminary f indings Eay have important inpl icat ions

for  Ehe des ign  o f  aprons  in  p lunge poo1s,  bu t  requ i re

checking by further measurements.
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The f ina l  se t  o f  da ta  concerns  the  d is t r ibu t ion  w i th

frequency of the energy in the veloci ty and pressure

f luc tua t ions .  F igure  9  shows typ ica l  p lo ts  o f  eaergy

dens i ty  fo r  the  tu rbu len t  ve loc i ty  f luc tua t ions  in  the

cent re  o f  the  je t  when d ischarg ing  f ree ly  in to  a i r

w i th  a  p ipe  ve loc i ty  o f  about  Vr . ,  =  3 .2s ls .  A t  the

point of  exi t ,  Lhe energy is nainly contained in the

frequency bands below 10l lz.  However,  af ter the jet

has fal len through a distance of 400rnnr the energy has

become more  even ly  d is t r ibuEed and has  s ign i f i can t

frequency components up to 25H2.

Typ ica l  spec t , ra  o f  the  pressure  f luc tua t ions  produced

on the f loor of the plunge pool by the submerged jets

are  shown in  F igure  10 .  The resu l ts  a re  fo r  a  p ipe

v e l o c i t y  o f  V  _  =  3 . 1 7 m / s  a n d  a  m e a n  p o o l  d e p t h  o f- a v

fr  = 617rnrn. The plots show t,hatr  near the centre of

the  je t  ( t ransducer  38 ,  see  F ig  5 )e  there  are  s t rong

components  w i th  f requenc ies  <  0 .5 l l z  bu t  a lso

signif icant energy in the bands up to about 15H2.

C l o s e  t o  t h e  e d g e  o f  t h e  j e t  ( t r a n s d u c e r  5 8 ) ,  n e a r l y

a l l  the  energy  is  conta ined in  the  bands be low 0 .8112.

Far  away f ron  Ehe je t  ( t ransducer  98) ,  the

f luc tua t ions  are  very  much smal le r r  bu t  cover  a  range

of frequencies up to 25ltz with a peak value at about

l L z .

Cor respond ing  resu l ts  recorded by  the  same t ransducers

fo r  the  case o f  the  p lung ing  je t  w i th  Vr r ,  =  3 .15n/s

and a mean pool depth of f r  = 585rnm are Presented in

F igure  11 .  Compar ison w i th  F igure  10  shows

cons iderab le  d i f fe rences .  Near  Lhe cent re  o f  the  je t  t

t .here is signi f icant energy uP to 10I{z but there are

no s t rong components  be low 0 .5 l l z .  The f luc tua t ions  a t

the edge of the jet  are larger than in the centre, but

cover the same range of f requencies with peaks at
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about 2-4Hz; this contrasts markedly with condit ions

at the edge of the submerged jet where the energy llas

concentrated below 0.8l lz.  Far away from Ehe plunging

je t ,  the  f luc tua t ions  are  smal l  and have a  s in i la r

f requency  d is t r ibu t ion  to  those produced by  the

submerged je t .

As  ment ioned in  Sec t ion  6 ,  the  va lues  o f  energy

density given by the current analysis Prograo can be

expected  to  vary  s ign i f i can t ly  f rom one record  to

another ;  the  resu l ts  shown in  F igures  9  to  11  are

therefore only representat ive of the sPectra that nay

occur.  In later work i !  is planned to use a tnore

c a p a b l e  a n a l y s i s  s y s c e m  w h i c h  w i l l  g i v e  s t a t i s t i c a l l y

s tab le  es t imates  o f  the  energy  sPect ra .

8 COtrCLUSION

The l i terature review has shown that adequate

in fo rmat ion  is  no t  ye t  ava i lab le  to  enab le  des igners

t o  a s s e s s  i m p a c t  P r e s s u r e s  i n  f a l l i n g - j e t  e n e r g y

d iss ipaEors .  Quest ions  concern ing  the  t ra jec to ry  and

amount  o f  a i r  en t ra ined in  fa l l ing  je ts  a re ,  f rom an

exper inenta l  po in t -o f -v iew,  bes t  cons idered separa te ly

f rom the  behav iour  o f  je ts  en ter ing  a  p lunge poo l .  I t

was decided that the present experimental  work should

concentrate on measuring condit ions in the plunge

poo l ,  par t i cu la r ly  the  impact  Pressures  on  the  f loor t

as this was the asPect about which least was known.

The tes t  r ig  has  there fore  been bu i l t  so  as  to

inves t iga te  the  re la t ionsh ip  be tween the

charac ter is t i cs  o f  the  je t  en ter ing  the  poo l  and the

p r e s s u r e s  c h a t  i t  e x e r t s .

T h e  r i g  i s  d e s i g n e d  s o  L h a t  j e t s  f a l l i n g  f r e e l y

th rough a i r  and je ts  d ischarg ing  jus t  be low Ehe

sur face  o f  the  p lunge poo l  can  bo th  be  s tud ied .  The

jet is produced by a reccangular r .ozzle measuring

200ron x 57mm, and is therefore rnore rePresentat ive of
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pro to type cond i t ions  than the  c i rcu la r  je ts  used by

previous researchers. Provision has been made for

adding an aerat ion device to the iet  nozzle so that

the  e f fec t  o f  a i r  on  impact  Pressures  can be

determined in a systematic manner.

Pre l im inary  tes ts  have been made to  assess  the  overa l l

performance of the equipment and the measuring system'

I ' tean and f  luctuat ing pressures on the f  loor of the

bas in  have been ana lysed fo r  f ree ly -d ischarg ing  and

submerged je ts  w i th  ve loc i t ies  be tween 2 .4m/s  and

4,Sc  ls .  Prov is iona l  conc lus ions  (wh ich  may need to  be

rev ised as  a  resu l t  o f  fu r ther  work)  a re :

the cores of submerged non-aerated jets

produce oean impact pressures which are

approx imate ly  equ iva len t  to  the  ve loc i ty

head o f  the  je r ;

a  f ree- fa l1 ing  je t ,  con ta in ing  sone

ent ra ined a i r ,  p roduces  lower  mean pressures

t.han a sini lar submerged jet ,  but a larger

range of pressure var iat ions about the

mean:

the  pos i t i ve  p ressure  f lucEuaEions  resu lc ing

f rom f ree- fa l l ing  je ts  a re  rnuch la rger  than

the  negat ive  f luc tua t ions ;

the turbulent energy in the core of the jet

i s  d isEr ibu ted  over  a  fa i r l y  w ide  range o f

f requenc ies  (up  to  l5 I Iz  in  these in i t ia l

exper iments ) ,  bu t  in  the  case o f  non-aera ted

submerged jeEs Ehere are strong components

a t  l o w  f r e q u e n c i e s  ( b e l o w  0 . 5 H 2 ) .

1 .

2 .

3 .

4 .
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TABLE 1: Rates of expanelon of Jets dlecharglng into aLr

Ve loc i ty

rlTIr
Level

z
(mn) Long s ide

Expansion Rate E (degrees)

Shor t  s i de

average s t .  d e v . average s t .  d e v

2 .45

2 .45

3  . 15

3  . 15

4 .26

4 .26

104

564

104

564

104

564

3 .3 *

I  . 1 *

5 .0

2 .L

6 .5

3 .7

0 .7 *

0 .2 *

1 .0

0 .3

0 .8

0 .1

2 .3

-0 .2

4. r

1 .0

4 .9

2 .4

0 .8

0 .2

0 .8

0 .3

0 .9

0 .5

* Values calculated fron six measurements and not etght as for others
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*i-Air  entrainment

: .-Surface undulat ions

Ai r  en t ra inmenf  a t  po in t
o f  impact

P[unge poo l

Fig 1 Schemat ic  d iagram of  je t  fa t t ing through atmosphere in to ptunge
pool  (af  ter  Erv ine)
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A.1 IatroductLon

L.2 Scope of revLew

APPENDIX A: LITERATURE SURVEY

Many nodern dams are of thLn concrete arch

construct ion. This design of dan ls not normal ly

conpat ible with hydraul ic junp basins for f lood energy

disslpat ion and the usual nethods used are ski- junp

out lets or chutes, and vert icaL drops from the crest

of the dan. The lat ter method Ls attract ive because

the structure ls compact and means can readLly be

lncorporated to break up the Jet and dissipate

substant ial  anounts of energy by air  resistance.

I lowever,  a negat ive feature of thls method of energy

dlsslpat ion is that 1t  takes place close to the dam

and l t  is essent ial  to provide a protect ive apron

under the jet .  Exlst lng daus using thls nethod may or

may not have water pools on the apron; there has been

lt t t le inforuat ion aval lable as to the benef i ts of

ei ther approach. Thls revlew seeks out.  the aval lable

Lnformatlon on this subJect and proposes steps to be

take to augnent l t .

The range of lnformatlon related to jets fal l ing on

f ixed surfaces, and the lnf luence of tai lwater pool

depth on the forces generated, Ls rather smal1. There

is,  however,  a wider range of lnfornat ion on the scour

developed by faL11ng jets on erodible surfaces. There

are features that are common to both si tuat ions and

infornatLon gained on one has relevance to the other.

Papers on the development of scour under fal l ing jets

are therefore included. Also included ln the

bibl iography are a number of papers not specif ic to

the toplc under revLew but of baekground lnterest.

The heading refers to the jet  f ron overf low crests or

out lets high in a dan and therefore not under hlgh

pressure. The throw is relat ively short  and the jet

on lmpact with the ground or apron bel-ow the dan wlll

have a vert l -cal  or near vert lcal  t rajectory.

A.3 Etgh-level Jete



The pr incipal papers that refer to these condit lons

are those by Ishlkawa and Hausler and llartung.

Ishikawa (1) addresses the quest lon of forces on a

f lxed surface beneath a steeply fal l lng Jet and

ident i f ies two types of f l -ow. Type A occurs l rhen

downstream tallwater depth ls low and the flow is

superer l t lcal .  Upstream f low is submerged and creates

a pool behind the jer.  Thls lnpl les a sheet Jet and

two dimensional f low with very l t t t le space around the

sides of the jet .  Type B f low occurs when downstream

depth is hlgh and the f low ls therefore submerged.

The author makes assumptions on energy conservation

and monentum bal-ance to derive an equation for dynanic

pressure on the f lxed bed. Theory is compared wlth

nodel tests and gives good agreement.  The Engl ish

versLon of this paper gives only a contracted forn of

the theory and no detal ls of  the nodel tests.  A

translat ion of the longer or lginal  version of the

paper ln Japanese is not yet avai lable.

I lausler (2) (also l lausler and l tartung (3)) ts nalnly

concerned with scour under a jet  but deals with the

forn of a nater Jet ln nater as an analogy to the

theory of free jet turbulence founded by Prandtl and

tes ted  in  a i r .  The au thor ts  conc lus ion  ls  tha t

dispersion is almost eompletely l inear and that a core

is formed that has the same veloci ty as the entry

velocl ty to the tai lwater.  The boundaries of the core

are also l lnear and converge wlth a half  angle between

4 and 6 degrees depending on Reynolds No (4).  I lausLer

assumes that the t,angent of the half angle can be

taken to be 0.1 (5.7 degrees) and rhar the core length

is therefore 5 x dlanet,er or width of the enter ing

jet.  I Ie further states that at  thls depth ln the

ta i lwater ,  20  per  cent  o f  a  rec tangu lar  Je t ' s  energy

wi l l  have been dissipated and 30 per cent of the

energy of a circular jet .  Since jet  theory would only



A.4 Scour

Jets

under

predict  total  dissipat lon at lnf lni te depth, the

author carr ied out experiments and predicted that in

pract ice a circular jet  would have almost conpletely

d ispersed a t  a  na ter  depth  o f  2O x  d ianeter  o f  je t ,  on

ent ry  to  ta l lwater .  Mode l  s tud ies  by  Co la  (5 )

predicted a slml lar level of  dispersion for

rec tangu lar  Je ts  a t  a  depth  o f  40  x  w id th  o f  je t .  I t

is noL clear in references to rectangular jets which

width dimension is being referred to but reasoning

suggests i t  wouLd be the smal ler.

I lausler equaEes the length of a jet  ln unl ini ted water

to the potent ial  depth of scour under a jet  and

therefore to the depth of tai lwater for zero pressure

on the bed. For lower depths he states that i f  the

bed ls within range of the JeE core (depth less than 5

x jet  dianeter) the peak pressure wi l l  equal the

enter lng veloci ty head and the distr ibut ion wi l l  be

Gaussian to a distance of one third of the water depth

e i ther  s ide  o f  the  cent re .

Many equat, ions have been proposed to caleulate the

depth of scour that wi l l  occur under the lnpact of,  a

jet .  A comprehensive revlew and assessment.  of  these

equat lons has been nade by Mason and Arumugan (7).

The scour depth in most of the formulae ls the depth

from the \eater surface, on the assumption that tot ,al

\ ra te r  depth  ls  the  c r i te r lon  fo r  energy  d iss ipa t ion .

Only one or trro formulae assume that the proport ion of

to ta l  water  depth  tha t  l s  above bed leve l ,  i .e .  the

tai lwater depth, wi l l  inf luence the total  water depth.

The authors showed that the various formulae gave

wldely di f ferent results when test,ed against a wl"der

variety of data than that used ln the or lglnal

development of a part lcular formula. Mason therefore

proposed a fonoula ln the form that appeared to be the

most  sa t is fac to ry .



T h i s  w a s :

D  =  K  q *  n I  h 0 ' 1 5 / g 0 ' 3 d 0 ' 1

where :

D =  depth  o f  scour

q  =  un i t  d ischarge

I l  =  he igh t  f rom ta i lwater  to  reservo i r  leve l

h  =  ta i lwater  depth

g  =  acce le ra t ion  due to  g rav i ty

d  =  c h a r a c t e r i s t i c  p a r t i c l e  s i z e  ( r n o d e l s )

=  0 . 2 5 n  ( p r o r o c y p e s )

K = 6 . 4 2 - 3 . 1 H 0 ' 1

x  =  0 . 6  -  t t / : O O

y = 0 . 1 5 - H l Z 0 0

Th is  equat ion  does  no t  re la te  d i rec t l y  to  the  prob lem

of  p ressures  on  a  f i xed  bed bu t  i s  an  a l te rna t ive  way

of  es t imat ing  the  min imum depth  o f  ta i lwater  fo r

d i s s i p a t i n g  t h e  e n e r g y  o f  a  j e t .

A .5  Aera t ioo  A l l  the  fo rego ing  papers  on  pressures  on  an  apron,

d ispers ion  o f  a  je t  and scour  under  a  je t  assur le  no

s ign i f i can t  aera t ion  o f  the  jec .  rsh ikawa assumes the

ve loc i ty  and d imens ions  o f  the  je t  a t  en t ry  to  the

ta i lwater .  Haus le r  suggests  ignor ing  a i r  en t ra inmenE

in  order  to  nake the  resu l ts  conserva t ive  or  co  assume

a smal l  d ispers ion  in  a i r  and a  s l igh t ly  reduced core

s ize  on  en t ry  to  the  ta i lwater .  I Ie  does  no t ,  however ,

g ive  pos i t i ve  gu idance on  rh is  po in t .

0n the other hand there is a body of evidence to

suggest  tha t  de l ibera te  in t roduc t ion  o f  a i r  in to  a

f a l l i n g  j e t  c a n  s u b s t a n t i a l l y  r e d u c e  p r e s s u r e s / s c o u r

on impact .



Johnson (8) experimented with a vert ical  aozzle

discharging onto a gravel bed. The nozzle r i las

s l igh t ly  be low water  leve l  to  exc lude a l l  uncont ro l led

air  entrainment.

A measured amount,  of  air  was introduced to the jet

such chat,  the jet  contained 50 per cent air  at

a tmospher ic  p ressure .  When the  unaera ted  je t  was

giving maximum scour depth, the aerated jet  under the

same ta i lwater  cond i t ions  was scour ing  to  on ly  ha l f

the  depth .  A  fu r ther  tes t .  i s  a lso  o f  in te res t .  The

unaera ted  je t  was  sp l i t  in to  32  f ine  je ts  o f  the  same

to ta l  a rea .  The je ts  were  para l le l  bu t  the  separa t ion

between the  je ts  doub led  the  overa l l  inpac t  a rea .

Th is  had v i r tua l l y  no  e f fec t  on  the  scour  depth

compared w i th  the  s ing le  je t .

A  n u m b e r  o f  m o d e l  t e s t s  o f  s p e c i f i c  p r o j e c t s  ( " . g .  9

and 10)  have shown tha t ,  desp i te  the  inab i l i t y  o f

mode ls  to  en t ra in  a i r  on  the  sca le  o f  a  p ro to type,

marked ga ins  in  energy  d iss ipa t ion  have resu l ted  f ro ro

the  de l ibera te  b reak  up  o f  the  je t  f rom an oversp i l l

c res t .  A l though the  de ta i l s  nay  d i f fe r ,  the  pr inc ip le

normal ly  used is  tha t  deve loped by  Rober ts  (11)  us ing

s p l i t t e r s  o n  t h e  c r e s t .  M c K e o g h  a n d  E l s a w y  ( 1 2 )

showed tha t  the  tu rbu lence in t .ens i ty  o f  a  je t  as  i t

leaves  a  nozz le  has  a  p ronounced e f fec t  on  the

behav iour  o f  the  je t .  Us ing  smal l  c i rcu la r  aozz les

the  au thors  invesEiga ted  the  I 'd is in tegra t ion  length"

o f  a  ver t i ca l  fa l l ing  je t  and showed tha t  the  je t

b roke  up  in to  spray  in  as  l i t t le  as  ha l f  the  d is tance

when f low in the dozzle was del iberately urade

turbu len t .  I lo ren i  ( t3 )  nas  car r ied  ou t  a  s imi la r

s tudy  fo r  a  rec tangu lar  je t .  I t  may be  there fore ,

t h a t  t h e  b e n e f i c i a l  e f f e c t  o f  s p l i t t e r s  o n  t h e  c r e s t ,

i s  due to  an  inc rease in  tu rbu len t  in tens i ty  ra ther

than the entrainment of air .  When Roberts- type

sp l i t te rs  a re  opera t ing  a t  low d ischarge i t  i s  usua l ly



A.6 Cooclusiono

seen tha t  they  d iv ide  the  f low in to  ind iv idua l  je ts

without promoting a high degree of turbulence. Under

these c i rcumstances  the  energy  d iss ipa t ion  is  noc

notab ly  h igher  than fo r  a  s ing le  je t .  Th is  i s  in  l ine

with both the observat ions of Johnson and of McKeogh

and E lsawy.

Whether  the  e f fec t  o f  sp l i t te rs  i s  to  b reak  up  the  je t

through lurbulence or introduce air  Lhat is carr ied

down the water column the effect is to carry entrained

a i r  in to  the  downst ream poo l .  Vo lkar t  (14)  showed

that  fa l l ing  drop le ts  en t ra in  a i r  on  impact  w i th  a

pool in a study of air  bubble entrainment in

s e l f - a e r a t e d  f l o w s  u s i n g  s t r o b o s c o p i c  t e c h n i q u e s .

I t  has been shown experimental ly ( t loma (15)) that

when a i r  i s  en t ra ined in  a  je t ,  t ,he  je t  d isperses  on

enter ing  a  poo l  in  a  shor te r  d is tance than a

n o n - a e r a t e d  j e t .

I t  i s  apparent  tha t  aera t ion  o f  a  je t  bo th  above and

in  the  ta i lwat ,e r  poo l  can  po ten t ia l l y  reduce the

pressures on the bed of the pool by such an extent

t .ha t .  to  ignore  aera t ionr in  o rder  to  p rov ide  a  sa feLy

marg in ,cou ld  lead to  excess ive  over -des ign  or  to  t ,he

r e j e c t i o n  o f  a  v i a b l e  d e s i g n  o p t i o n .

I t  i s  essent ia l  to  car ry  ou t ,  mode l  tes ts  on  fa l l ing

je t  energy  d iss ipa tors  to  ensure  tha t  f low cond i t ions

a r e  s a t i s f a c t o r y  i n  e v e r y  r e s p e c t . .  T h e  t e s t e d  d e s i g n

wi l l  be  the  ou tcome o f  p re l im inary  desk  s tud ies  and

given Ehe cost of  nodel studies and the t ime taken to

execute  them,  rad ica l  var ia t ions  are  un l i ke ly  to  be

made un less  the  in i t ia l  des ign  is  to ta l l y

u n a c c e p t a b l e .

I t  i s  t he re fo re  o f  g rea t  advan tage

opt ions can be compared on a basis

i n i t i a l  d e s i g n

sound knowledge

1 t

o f



of  the  behav iour  o f  fa l l ing  je ts  f rom out le t  to

ta i lwater  poo l  to  poo l  bed.

At  p resent  the  in fo rmat ion  ava i lab le  i s  more

qua l i ta t i ve  than quant i ta t i ve .  0n ly  one s tudy  has

been found tha t  spec i f i ca l l y  a t tempts  to  de termine the

forces  on  a  concre te  apron under  a  fa l l ing  je t  by

theoret ical  means. The theory assumes that the

veloci ty of the jet  on entry to t ,he pool is known and

tha t ,  the  je t  i s  coherent  and no t  aera ted .  The e f fec t

o f  na tura l  o r  de l ibera te  d ispers ion  or  aera t ion  o f  the

je t  cannot  there fore  be  assessed.  The remainder  o f

the  ava i lab le  in fo rmat ion  cons is ts  o f  i so la ted  s tud ies

o f  ind iv idua l  aspec ts  o f  je t  behav iour .

There  is  a  need to  d raw together  these var ious  aspec ts

and re la te  them to  the  prac t ica l  p rob lem o f  des ign ing

e f f e c t i v e  a n d  s a f e  f a l l i n g - j e t  e n e r g y  d i s s i p a E o r s .

f tnp l i c i t  in  th is  i s  the  need to  re la te ,  as  accura te ly

as  poss ib le ,  mode l  per fo rmance to  p roEotype

per fo rmance.

Par t i cu la r  ques t ions  to  be  answered are :

(a )  The behav iour  o f  rec tangu lar  o r  sheet  je ts  in  a

ta i l rda ter  poo l .  Most  work  has  been done so  fa r

w i t h  c i r c u l a r  j e t s .  O c c a s i o n a l  r e f e r e n c e s  t o

rec tangu lar  je ts  suggest  tha t  the i r  behav iour  may

be qu i te  d i f fe ren t  and th is  i s  the  fo rm most

o f t e n  o c c u r r i n g  i n  p r a c t i c e .

(b )  The charac ter is t i cs  o f  je ts  in  poo ls  w i th  f in i te

boundar ies .  Most  work  on  je ts  re la tes  to  poo ls

o f  un l im i ted  ex ten t .

The e f fec t  o f  a i r  en t ra ined in  the  je t  o r  by  the

je t  on  the  d ispers ion  w i th in  the  ta i lwater  poo l .

( c )



(d )  Charac ter is t i cs  o f  the  je t  on  en t ry  to  the

ta i l va te r  poo l  in  te rms o f  d ischarge,  d imens ions

of  je t  a t  i t s  o r ig in  and the  he ighr  o f  fa l l .

McKeogh and E lsawy re la ted  length  o f  fa l l  be fore

je t  b roke  up  f rom natura l  ins tab i l i t y  to  Eota l

d ischarge fo r  c i rcu la r  je ts .  I to ren i  fo rmed a

s imi la r  re la t ionsh ip ,  us ing  un i t  d ischarge,  fo r  a

rec tangu lar  je t .

( e ) e f f ec t  o f  t u rbu lence  on  the  b reak  up  o f  t heThe

j e c .

( f )  T h e  e f f e c t

o r i g i n  o f

i n t roduc t ion  o f  a i r  near  the

on the  break-up o f  the  je t .

of  the

the  j e t




