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ABSTRACT

ThLs report deaLs wLth an lnvestigation of the oear-fldLd behaviour of a
buoyant rectangular surface jet dlscharglng nornally onto a st,roug
cross-flow. Surface buoyant Jets are frequently found in oature and, naorg
projects. They arlse frou a combinatlon of momentum and buoyaacy injected
onto the free surface of the recelvlng body of water in motLon or at !€st.

A great deal of work, both experinencarly and theoretlcaLLy, has been
undertaken to understand and to model surface buoyant jets Ln stagnant
water' allowiog reasonably good predlctlons of the spread and dilutlon of
rtastes. These predictLons are inaccurate when the anblent cross-flow Ls
strooS. It I's widely belleved that a large dilution of pollutants s111
occur oear the outfallr and that the nlxLng process depends very much on the
flow turbulence, and that the outfall Reynolds number pLays an important

Part in the dilutioa of a buoyaat Jet, but few rneasurements of turbulence
have been reported so far.

$Il'th thts in mind a physlcal nodeL study of a buoyant rectangular surface
jet dlscharging onto a st,rong cross-flow has been conducted, with a ratio of
the buoyatrt jet veJ.ocity to that, of the cross-flolr in the order of unity.
I{arm water at about 73oc was discharged into a cold water cross-flow. Mean
temPerature and its fluctuatlons together wlth mean veloclty were measured
at three elevations at varlous sectioss dowastream fron the outfall. From
the measured data, lsotherns in both horizontal and vertical planes,
together nlth later ureatr velocity profll.es were determined,. The jet-axis,
as the locus of maslqtt temperature, and the dlLutiou factor along the axis
were deternlned at three elevations. Turbulence paraneters and rrarur water
flux were ueasured at one sectloa.
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cross-flow flume and Lhe channel outfall

Schematie view rrith definit ion of terms of a buoyant jet in a
cross- f low

Ver t i ca l  i so therms a t :  (a )  x  =  0 .0 ,  (b )  x  =  0 .25m and (c )  x  =  =0 .5m,
downstream from the outfal l  (see also Fig 3)

Vert ica l  isotherms:  (a)  at  x  = lm,  (b)  at  x  = 2m and (c)  at  x  = 5rn
dor. rnst ream f rou the out fa l l  (see a lso Fig 3)

Hor i zon ta l  i so the rms :  (a )  a t  z  =  O .02m,  (b )  a t  z  =  O .05 ra  and  ( c )  a t
z  =,  Q.hn below the f ree sur face

Latera l  prof i les of  the mean veloc i ty ,  mean temperature and
temperature f luctuat ions at ,  sect ions perpendicular  Co the je t -ax is
( a )  a t  d  =  0 . 3 9 n ,  ( b )  a t  d  =  0 . 5 6 n  a n d  ( c )  a t  d  =  0 . 7 1 m

I

Latera l  prof i les of  the mean veloc i ty ,  mean temperature and
temperature f luctuat ions at  secLions perpendicular  to  the jeE-axis
( a )  a c  d  =  0 . 9 2 m ,  ( b )  a t  d  =  1 . 5 3 n  a n d  ( c )  a t  d  =  1 . 9 2 m

Lateral distribution of the turbulent warm water flux drEr,
temperat,ure flatness factor F gr and temperature length scale L gr

Di lu t ion factor  a long the je t -ax i .s  at  z  = 0.02m, z = 0.05n and
z  =  0 .10n  be low  the  f ree  su r face

F IG  IO



PLATES

PLATE I Cross-flow flume entrance arraogement and expand.ed mesh for tripping
the flow

PLATE 2 channel outfall, thermistor frame and needre weirs

PLATE 3 spreading buoyant jet in a cross-flow with strong mixing in the
outer  edge



INTRODUCTION

The quality standard of water in lakes, river and

coast .a l  waters is  of ten constra in6d by the re lease of

pol lu tants such as heaE, cheroical ly  charged ef f luents

and f ine suspensions.  Thus i t  becomes necessary to

predict  the pol lu tant  eoncentrat ion at  speci f ied

dlstances f rom the source of  re lease:  such a

predict ion is  not  s t ra ight  forward.

A large n ix ing process of  pol lu tants wi th ambient

water  occurs in  the v ic in i ty  of  the re lease

po in t (3 ' 8 ) ,  hence  the  ca l cu la t i on  o f  po l l u tan t

concentrations depends very much on the type of

d ischarges,  among which a sur face d ischarge onto a

cross- f low has the least  permanent  eeological  impact

in compar ison wi th the other  types.

The great  d i f f ieu l ty  in  obta in ing re l iab le f ie ld dara,

and a lso less than complete ly  sat is factory predict ive

capabi l iEy of  the ex is t ing theor ica l  and numer ical

models,  have mot ivated the l lydraul ics Research Ltd to

undertake a laboratory invest igat ion of  a rectangular

buoyant jet entering normally a uniform cross-flow at

a re lat ive ly  h igh veloc i ty .  In  most  ex is t ing

laboratory s tudies e i ther  the buoyant  je t  ve loc i ty  or

that of the cross-flow is low, l irnit ing the value of

laboratory data for  predict ing the behaviour  of  fu l l

scale surface plumes with Reynolds nunbers one or t\do

orders of  nagni tude h igher .

Whi ls t  i t  has commonly been assumed that  the

turbulenee in a buoyant jet, and thus the rnixing I

process,  re lat ive ly  insensi t ive to the Reynolds number

above  a  c r i t i ca l  va lue (3 '4 ) ,  ex t rapo la t i on  o f  t he

laboratory data beyond the range of  the tested Reynold

numbers would be only accepEable, if, over that rarlge,

there i .s  a c lear  ev idence that  the sur face buoyant  je t

behaviour  is  independent  of  th is  . r i t " r ior r ' (7) .  On the
I

other  hand,  Kuhlnan(8 '9)  h"s shown c lear ly  Ehat  the



trajectory and the spread of a buoyant surface jet in

a cross-flow depend strongly on the Reynolds number of

t,he buoyant jet, mainly due to Lhe appearance of

k i .dney-shape vor t ices in  the spreading je t (5 '8) .  The

developnent of these vortices depends on che jet

Reynolds number, and also on the rati.o of the anbient

veloc lEy to that  of  the buoyant  je t ( r  '2 '6) .  The

present experi.mental study was designed to measure the

mean temperatures and temperature f luctuat ions,

together  wi th veloc i t ies,  i .n  the nean jet - f low

direct ion at  var ious e levat ions across the spreading

buoyant jet in a strong crclss-flow. Warm water of

73"C was discharged from a rectangular open channel

onto a two-diuensj-onal boundary layer cross-flow of

cold water ,  producing a temperature r ise of  58"C.

The Reynolds numbers of the buoyant jet and that of

the cross- f low,  both based on the each f low depth,

were 1 l  x  104 arrd 7 x 104 respect ive ly .  The veloc i ty

rat io  of  the cross- f low to Ehat  of  the je t  was 0.90,

and the densimetr ic  Froude nunber F = L.7.
r

From the measured data,  hor izonta l  isotherms were

deteruined at three elevations and vertical isotherms

for  var ious sect ions downstream f rom the out fa l l .

Prof i les of  turbulence intensi t ies for  temperature

fluctuations, mean temperature and mean velocity

prof i les in  the f low di rect ion were determined at

var ious sect ions perpendicular  to  the je t -ax is  at  a

dep th  o f  0 .02 ,  0 .05  and  0 .1m be low  the  f ree  su r face .

At  one sect i .on,  ve loc i ty  and i t  f luctuat ion in  the

mean f low di rect ion,  together  wi th the tenperature and

its fluctuation, were meadured simullaneously at 50mn

depth below the surface. The turbulence length

scales,  f la tness factor  and the turbulent  warm ldater

f lux were evaluated f rom the veloc i ty ,  and a lso the

temperature f luctuat ions.  
'  

The resul ts  iad icate EhaE

the f low of  the buoyant  je t  is  h ighly

three-dimensional ,  and the measured prof i les are not

geometrieally sirailar at Jarious sections and

elevat ions.  Hence,  measured data were normal ised



EXPERIMENTAL

SET TIP

using the warm water velocity arrd its depth at the

outfall exit, together with the t,enperature dlfference

between the jet and the cold water of ttre cross-flow

as scale quant i t , ies.

The objective of the present study is to determine the

terns required for calculatlng the spread of a buoyant

sur face je t  in  a s t rong cross- f low,  and i t  is  hoped

that the measured data wil l provide a better

understanding of the complex flow structure and the

effect of buoyancy on turbulence.

The experiments were conducted in two espeeially

designed f lumes.  The cross- f low f lume, represent ing

the ambient  condi t ion,  was 3.66n wide,  0.45n deep and

4Om long. In the flume entrance there were baffles

and a 0.65ra long honeycomb (see Plate 1) .  These,

together with two large diffuser outlets in the flume

entry, provided a uniform flow of cold water i.n the

test  sect ion;  the var iat , ion of  ve loei ty  across the

flume 15ra downstream from the entrance was found to be

not greater than 2% for a mean velocity varying

beLween 0.2 and 0.30ns-  I  wi thout  a t rend in the

lateral di.rection. The cold water in the flume was

cireulat,ed by three centrifugal purnps, capable of

producing ambient currents of up to 0.30 ns- I. The

water  1evel  in  the f lume was contro l led by a ser ies of

needle weirs  (see Plate 2) ,  b lock ing par t  of  Ehe f low

area at  the ex i t  to  obta in the requi red waEer depth.
l - l

This arrangement provided flow without any stagnation,

the occurrence of this in the ambient currenc near the

f lume exi t  could af fect  the measured data.  Hot  l ta ter '

representing rthe pollutant, rtas discharged froro a

rec tangu la r  channe l  ou t fa l l  3 .8  l ong ,  0 .25n  w ide  O .3On

deep wi th inver t  0. l5ra above the bed of  the cross- f low

f lume and pro jecc ing 0.30n into i t  wi th t ransi t ion
,t

walls upstream and downstream to Prevent f low

separat ion (see Plate 2) .  A ser ies of  screens were



TEMPERATURE

used in the entrance of the channel out.fall to obtain

a uni.form flow, the effectiveness of lrhich was

confirmed experimentally. With 
"i l"r,nel 

outfall

constructed in  wood i t  was found that  heat  losses

through the rigid channel boundaries r{ere small.

I Io t  water  at  about  73"C was suppl ied to the out fa l l

f rom a tank wi th a capaei ty  of  28m3. This tank,

heavi ly  insulated to min imize heat  loss,  was equipped

wi th a 36kw i runers ion heater ,  which together  wi t l r  an

auxi l l iary  3kw i -mmersion heater  brought  in to operat ion

during the experimental runs, were controlled by a

thermostat to give the required temperature. The

water in the tank was constantly circulated by a pump

in order to obtain a homogeneous rrarm water supply,

which, in turn, was pumped to the channel outfall via

an insulated p ipe.  The temperature loss between the

t.ank and the outfall was found to be less than 2"C.

The temperature and its f lucLuation in the buoyant

jet were examined by means of thermistors with tiue

constant .s  in  the order  of  0.25s when imrnersed in

Idater .  The var iat ion of  temperature in  the spreading

jet  was large,  hence i t  was not  possib le to l inear ise

the thermisterrs  output ,  so e leetronic  c i rcu i t ry  was

designed to produce non-linear outputs over the

temperature range vary ing between zero and 70"C.  A

rnaximum of. 2O Ehermistors could be used at a tirue and

thei r  s ignals rsere recorded on nagnet ic  tape.  Using a

data- logger the temperature and i ts  f luctuat ion at  a

point  could be determined f ron cal ibrat ion curves in

the form of  for th order  polynomials  f i t ted to the

ineasured data by a least  square method.  The

reso lu t i on  was  found  to  be  i . n  t he  o rde r  o f  0 .1oC.

During the experimental runs the mean temperature in

the channel outfall and the background temperature in

the cross- f low f lume were oeasured using d ig i ta l

thermomeEers,  thei r  readings gave an innediate check



of any temperature changes which nay have occurred

during the run, but iE was found that Ehe temperature

ln the channel outfall remai.ned constant. The

combined d ischarge of  water  f rom the cross- f low f lume

flowed lnto a large reservoir to which cold water $ras

added continuously during the measureoent; the

experimeut was stopped when the background tenperature

i n c r e a s e d  0 . 5 " C .

The mean veloc l ty  prof i les in  the la tera l  d i rect ions

were measured at  z  = 0.O2r 0.05 and O.Ln using n i .ne

10mm d1s*. ter  u in iature propel ler  current  meters,

thei r  outputs were recorded on a xnagnet ic  tape.  Each

current  meter  cold be rotated about  i ts  ver t ica l  s tem

in order Eo measure the true velocity in the ruean flow

direct ion,  as became necessary in  the def lected region

of  the ie t .  S ince h igh tenperatures af fected the

nin iature propel ler  bear ings,  the veloc i ty  in  the

channel outfall \das measured with a Ott current meter

of  25nm diameter .

A11 thermistors and min iature propel ler  current  meEers

were mounted on an aluminium frame spanning the

cross- f low f lume (see Plate 2) .  A mechanisrn bui l t

into the frame allowed positioning of thermistors and

current meters at various elevations in the buoyant

jet .  The ent i re assembly was mounted on a carr iage so

that lt could be uoved manually in the mean cross-flow

direet ion to any desi red sect ion of  the f1une.

The sanpling tine for takLng temperalure at eaeh point

was apprgxi rnate ly  150 seconds.  The var iat i .on of  the

mean tenperature,  and i ts  f luctuat ion wl th in the

durat ion of  sampl ing per iod,  are shown in F ig l ,

ind icat ing that  the measured data remained a lmost

unchanged when the saropling time exceeded 100 seconds.

The rms and the ruean values of the temperature were

evaluated according to the fo l lowing expression:



f1
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MEASUREMENTS

4 . L  V e l o c i t y

where t_ is  the inst .antaneous temperature.n

I t  was necessary to determine the mean veloc i ty

prof i le  in  the cross- f low f lune near the channel

out fa l l .  The mean veloc i ty  prof i le  for  Ehe f ree

stream veloc i ty  U* = 0.3ns- l  was measured at  the

flume centreline over a hydraulically smooth bed at 2m

upstream f ron the out fa l l .  The resul t  showed that  the

thickness of the boundary layers was approximately

0.1u for  a tota l  r { rater  depth I I  = 0.32n.  In  order  to

obta in a fu l ly  developed boundary layer  f low of  the

thickness H the flow was tripped using a commercially

produced aluniniun expanding nesh, covering the width

of the flume for a length of 5n. The expanded mesh

was fixed to the flune floor inmediately downstream

from the honeycomb baf f le  v is ib le in  Plate 1.  Wi th

this arrangement a fully developed turbulent boundary

layer upstream from the channel outfall was obtained,

and a logar i thnic  prof i le  expressed in the fo l lowing

foru has been f i t ted to the measured prof i le  by least

squa res  sense ,  i e :

U  I  U .  z*
- = - - + R
u*  r t  v

( 2 )

where U is the 1oca1 mean velocity at elevation z and,

U* is  the f r ic t ion veloc i ty  (= /m,  where r^  is  the
o

bed shear s t ress and p is  the mass densi ty  of  the cold

waEer ) .  I n  equa t i on  (2 )  B  i s  a  cons tan t  and  the

expe r imen ta l  r esu l t  r evea led  tha t  B  =  8 .5 ;  k  =  0 .4  i l

the Karman conscant .  The measured prof i le  is

presented non-dimenslonal ly  in  F ig 2.  Si rn i lar ly  ther

veloc i ty  prof i le  was measured in the channel  out fa l l f



4.2  Tempera ture

4 .3  Resu l ts

and the result in non-dimensional foru is also shown

i n  F i g  4  w i r h  B  =  8 . 1 4  a n d  k  =  0 . 4 .

Temperatures were measured in the ver t ica l  (y  -  z)

p lane (see Fig 3)  at  var ious sect ions x = 0.Or: r  Eo 5n

wi th increments of  0.25m downstream f rom t .he out fa l l .

The measurements were made at  z  = 0.02,  0.05 and 0.1n

below the f ree sur face.

From the neasured temperature data, verEical  isotherms

in the vert ical  (y -  z) plane for var ious distances x

were determined and the results for x = 0.0, up to

x = 5m are shown in Figs 4 (a -  c) and Fig 5 (a -  c),

indicating that the buoyant jet widens as Lhe

downstrean distance x increases. These f i .gures

further show that the maximum isotherm near the free

surface moves towards the outer boundary of the

cross-f low f lune with increasing distance x. These

results agree reasonably wel l  with those obtained by
/ / a \

Kuhlman\" / .  F igs 4 (a-c)  ind icate that  the buoyant

jet thickens irnmediately downst.ream from the outfall,

entraining the ambient cold water. The mixing in this

region, ie betr.reen x = 0 and x = 0.5m, is dominated

nain ly  by the je t - f low due to the facr  that  U.  is
T r J

larger than the ambient velocity Ua (R = 
f 

= 
##

J
(ns -  I ;  =  0 .9 ) .  Downs t ream f rom x  =  0 .5n  ( see  F igs  5

(a - c) ) the buoyant jet becane thinner and wid,er

incompar ison to those shown in F igs 4 (a -  c) .  This

inpl ies chat  buoyancy ef fect  prohib i ts  the ver t ica l

mix lng,  but  not  Lhe lat .era l  spread which wi l l  be

di .scussed later .  F igs 4 and 5 fur ther  show an inner

reglon cont ,a in ing warm water  wi th an a lmqst  constant

excess temperature above that  of  the cross- f low.  The

flow in this inner region behaved rnuch like that ln

the wake,  wi th a reverse- f low lnear  the inner  wal l  o f

the cross-flow flume. The novleneqt is complex, and no

at tempt was made to explore the f low st ructure in  the

i



4 .4  La te ra l  Ve loc i t y

P ro f i l es

wake-type region, but the results of measureuents to

be shown later  are ln terest ing.

From the measured temperatures hor izonta l  isotherm

contours ( in  the x-y p lane (see Fig 3))  were

cons t ruc ted  fo r  z  =  0 .O2 ,  0 .05  and  0 .1n  and  the

resu l t s  a re  p resen ted  i n  F lgs  6  (a  -  c ) .  I n  t hese

f igures are shown the buoyant  je t -ax is ,  def ined as the

loeus of  points at  which the tenperature r ise above

the cross- f low teoperature is  a maximum. Figs 6 (a -

c) show that the jet axis moved towards the inner wall

of the cross-flow flume and that the jet became

narrower as z increased.  This is  due to the mutual

def leet ions of  Lhe jet  and the cross- f low.  The f low

of the ambient cold wat.er beneath the jet maked the

buoyant  je t  f low in the bend region h ighly  three

dimensional ,  which wi l l  be shown later .  In  F ig 5 (a -

c) are also shown dashed lines which were obtained by

jo in ing points at  which the temperatures r ise in  the

wake-type regi.on is a maximum. The tenperature here

and its variation along the dashed axis is much

smaller than that along the main jet-axis. The dashed

axes eventually jointed the inner wa1l of the

cross- f low f lume at  a downstream distance x = 7m,

where the wake-type region terminated.  Ftgs 6 (a -  b)

show that the dashed axes for maximum temperature

star t  a t  x  = 0.5n.  I t  is  bel ieved that  the star t  and

the extent  of  the dashed axis  depends st rongly on the

veloc i ty  rat io  R.

From the veloc iL i -es,  measured in the mean f low

d i rec t i on  a t  z  =  0 .02 ,  0 .05  and  0 .1m,  t he  l a te ra l

veloc i ty  prof l les in  a p lane perpendicular  to  the je t

ax is .  at  s  = JQmm (see Fig 6b)  were determined and the

resul ts  are g iven in F igs 7 and 8,  together  wi th the

prof i les,  for  the mean temperature and for  the

turbulend.e inEensiEv of  the temperalure f luctuat ions.
r



In  these f igures OOj = T.  -  T"  and A0 = T -  T"  (see

also Fig 3) .  I t  should be noted rhat  the veloc i ry

prof i les at  z  = 0.0210 arrd z = 0.1n rdere measured in

che mean flow direction, but aE planes which were

perpendicular  to  the je t  axLs z = 0.05m (see Figs 4

and 5)  in  order  to fac i l i ta te the exper imeuta l

procedure. Figs 7 and 8 show that the mean

temperature profi les are severely skewed, and it was

not  possib le to present  then by a s ingle

non-di.mensional curve. As mentioned previously the

jet  becones narrower wi th increasing z.  F igs 7 and B

show the double peaks in the mean temperature

prof i les.  The locus of  these double peaks were the

jet axis and the wake axis shown in Figs 6 (a - c).

Furthermore Figs 7 and B exhibit Ehe exLstence of

maxima in the turbulence intensi t ies prof i les of

temperature which oceur where the mean temperature

gradients are maxima as it is to be expected. The

turbulence intensi.ty 
# 

approached a value in the

J
order  of  0.4 in  the wake-type zof le .  I t  is  ln terest ing

to not.e that at the out.er edge of the jet where A0 = 0

the turbulence intensi ty  is  not  zero,  ind icat ing that

the outer edge is int,ermittent, which wil l be

d i scussed  l a te r .

The lateral mean velocity profi les shown in Figs 7

and 8 d isc lose the ex is tence of  double peaks in  the

mean velocity, occurring generally where the mean

temperature are maxima.  These set  of  prof i les fur ther

show that  the mean veloc i ty  increases towards the

outer edge, beconing larger than that of the aublent

cross- f low,  i .e  R>1,  before fa l l ing to the cross- f low

veloc i ty  U^.  The overshoot  veloc i ty ,  occurr ing over- a

the outer  edge region,  lnd icates that  there is  an

lncrease in the entrainment of the ambient cold water

into the buoyant  je t ,  in  agreement  wi th the cont inui ty
/ / t  \

e q u a t i o n s  \ ' / .



TURBI,LENT

PAMMETERS

In  F igs 7 and 8 are shown latera l 'd is t r ibut lons of  the

turbulence intensi ty  of  tenperature f luctuat ions

et /Ae* and those of  the mean temperature r lses Ae/Ae, .
J  '  - - - - j

The turbulence intensi t .y  prof i les general ly  have two

peaks,  occurr ing where the gradient  of  the la tera l

temperature rise A0 is the maximum. Figs 7 and 8

fur ther  show the ex is tence of  turbulence intensi t , ies

near the out,er edge region, implying that a great deal

of nixing occurs between the warm e/ater in the jet and

the cold water of the cross-f1o\r, as nay be seen in

Plate 3. In the wake-type region the turbulence

intensi t ies are large immsdlag. ly  downstream f rom the

out fa l l  (see Figs 7 (a -  b) ;  but  decrease downstream

(see Figs 8 (b -  c) .  From the resul ts  shown in

Figs 7 and B i"t can be deduced that the lateral and

longitudinal mean teqperature gradients are

responsible for the production of temperature

f luctuat ions,  but  th is  does not  mean that  the veloei ty

gradients in these directions do not contribut,e to the

teaperature f luctuat ions.

From the measured data i t  was possib le to calculate

the turbulent  warn water  f lux ut  d,  the f la tness

factor  of  temperature f luctuat ions F 
r ,  

and the

turbulent  length scale of  temperature L 
r r  

in  a sect ion

at  z  = 0.05n shown in F ig 7c.  The resulLs are shown

in Fig 9.  The u i  0 '  d is t r ibut ion indicates thar  a

large mixing betrdeen warm/cold water occurred near Lhe

outer  edge of  the spreading je t .  The f la tness factor

F 
e,  

ind icates that  the in termi t tent  nature of

tenperature f le ld,  and is  1arge,  especia l ly  near  the

outer  edge.  As may be seen the temperature length

scale L^,  increases towards the outer  edge.  IE is
U'

worth ment i -oning that  the d is t r ibut ions and the

uagni tude of  the f la tness factor  F, r r  r  and the length

scale L. r r  determined f ron longi tudinal  ve loc i ty

f luctuat ions,  were very c lose to those of  F or  and

Lo"

10



BUOYA}IT JET-AXIS

in  F igs  6  (a  -  c ,
^ x
U < a - < 5  r o r

t t  .

J
z = O.O2u and 0.05n nain ly  due to the occurrence of

the pressure gradienc across the je t  in  the def lected

region.  I t  was found that  the axes of  the je t  for

z = O.02 and 0.05n can be descr ibed by the fo l lowlng

f o r n w h e n f  , S t
n .

J

The axis of the buoyant jet, shown

is skewed over the bend region, is

L=ata)t j  n j

which is  a lso appl ieable

r e g i o n  i e  0  . 5 -  .  S .  I n-  
h .

I

constants, f rom a least-square l inear

jet-axis the results shown in Table 1

for constants A and n.

f o t  z  =  O . l m

Eq (3)  A and

( 3 )

over the ben d

n are

f iE  a  to  the

were obtained

z

(nn)

A n r

20 2 . 3 5 0 . 5 0 .  9 9 9

50 2 . 6 L 0 . 4 1 0 . 9 9 9

100 1 . 6 1 o .L7  4 0 .  95

Table 2 Contants of  Eq (3)

where r  is  the corre lat ion coef f lc ient  of  the f i t ted

curves.  , I t  is  to  be noted that  the je t -ax i .s  aE z =

O.lnrn remained almost parallel to Ehe flume wall when

5- ,  O.  Table I  shows that  the exDonent  n is  z  -
h .

J
dependent ;  decreasing wi th increasing depth z.

Fur ther  oeasurenents are requi red Lo determine any

ef fect .s  on the exponent  n,  of  the veloc i ty  rat lo  R,

the densimetr ic  Froude number F.  and the out fa l l

l 1



6 .1  D i l u t i on  on

Jet-ax is

Reyno lds  number  n - (7 ' 8 ' 9 ) .  The
e

value of  n of  the present  s tudy d i f fers f rom n = 3/2

and n = 3 found for  buoyant  sur face je ts  in

cross- f lows by Kuhlnan and Jerka 
" t  " t (7)

respect ive ly .  They a lso found t .hat  the exponent  n

remained unchanged throughout the depth. Furthermore

K,rh lnan(8)  
"nd 

Jerka et  a1(7)  showed that  the veloc i ty

rat io  R wi l l  a f fect  the constant  A,  by us ing the

length scale,  R 1o,  1o being the out fa l l  d inensions ie
2

1^  =  (h .  b . ) -  ( see  F ig  3 )  f o r  no rma l i s i ng  x  and  y .
U J J

The present .  resul t ,s  suggest  that  the R-var iat ion wi l l

a f fect  the def leeted region of  the je t  and the

cross-flow, and hence the exponent n.

The d i lu t ion a long the three ax is  was def ined by the

fo l lowing expression:

T .  .  T
J a

T  - T
m a

( 4 )

where T is the temperature along the axes.
m

Expression(4)  was ealculated f rorn the measured data

and the resul ts  p lot ted against  y /h.are shown in
J

F ig  10  fo r  z  =  0 .02 ,  0 .05  and  0 .1n .  F ig  10  i nd i ca tes

that  the d i lu t ion near the sur face is  snal l ;  i t

increases wi th increasing z.  A large d i lu t ion

occurred at z = 0.1m mainly due to the entrainment of

the ambient ,  co ld water  of  the cross- f1ow beneath the

j e t .

7 CONCLUSIONS

The near field behaviour of a buoyant, surface jet

d ischarging in to a sErong crgss- f low has been examined

wi th the fo l lowing resulLs:
,1
;

1 The mutual  def lect ion of  the buoyant  sur face je t

and the cross- f low causedf  the veloc i ty  to r ise

! l
tJ

L2



along the def lected outer  edge of  the je t ,  creat ing

a large entrainment. of the ambient cross-f1ow.

In the lee side of the buoyant jet there is a

wake-type region with a small return flow near the

flume wall. The wake reglon contained a slow

movi .ng body of  water  wi th a constant  tenperature.

The latera l  d is t r ibut ions of  the turbulence

intensi ty  of  temperature f luctuat ions showed two

peaks and t .he turbulence inEensi t ies are large

along the outer  edge of  the spreading je t .

At  n id-depth in  one cross-sect ion the d is t r ibut ions

of turbulent pararaeters, namely the temperature

f la tness factor ,  length scale and the turbulent

warm naler f lux were determined. The maximum of

the latter occurred between the jet-axis and the

outer-edge of  the je t ;  The f la tness factor  and

length scale increased towards the outer-edge.

The shape of the jeL axis is depth-dependent and

skewed in the bend-region. The asynptotlc part of

the axis obeys a power 1aw, the exponenL being

depth-dependent .

The d i lu t ion a long the je t -ax is  increased wi th

increasing depth.

13
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