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R ABSTRACT ( R

The " flow development re?xon of a buoyanE jet has recelvedl

very l1ttle attentlon both 1n terms of experlmental as well

asgianalytxcal enéeavours. S1nce _most Uofd. pract1¢al-"’

g prob,ems of buoyant Jzis deal malnly w1th the establlshed,_;

f\flow reglon, most of the researgh_eﬁforts in thlS fleld have y con

dealt with thls reg1on alone.~5ﬁfy

ThlS study attempts to analyse the ax1al veloc1ty in.’

yfthe flow development reglon and also determlne 1ts length 1n‘ S

| the low 'Froude number range. Measurements of the velocaty in
‘thls study 'havé been. made usxng " the Hydrogen ingble--'
technlque. A Bernou111 type analy51§ has been presented for
uthe plane as well as the axlsymmetrlc case and an attempt

‘has been made to predlct the length of*the potent1al core"

-based on the veloc1ty Together w1th thlS, the problem of

o ylnflow oftenﬂassoc1ated w1th low’ Froude number buoyant Jets

roos

has been d1scu55ed along w1th some measurements. Thls is.}

PR —

i followed by an account of the l1m1tat1ons of thlS study

?-' . . . °
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1. lNTRODUCTIOﬁ

l 1 General D1scu551on

- A buoyant Jet dlscharglng vertlcally 1nto a stagnaqt'
un;form(amblent 1s a spec1a1 class of flow often assoc1ated
_withf“many 'enV1ronmental pollutlon. problems. .When 'wastep
dlscha:;es from ,1ndustry,ﬁ agrlculture or domestlc sources
. are released e1ther 1nto the hydrosphere or the atmosphere,
.they offen - come out as jets or plumes. These types of flows
have a 1nbu1lt mechanlsm for entra1n1ng 1arge quantltles of:
the surroundlng amb1ent ‘fluid wh1ch results in. 51gn1f1cant -
1n1t1a1 dllutlon of the effluent o . |

Several examples ‘can be found in waste dlsposal methods
1whe§e this mechanlsm has been used effect1vely Outfalls‘;
that d1scharge sewage .1nto the ocean through multi- port :
dlffusers are typical- examples. The sewage be1ng less dense
han the surroundlng sallne amblent 'r1ses as a buoyant jet_
. entralnlng ‘the salt water and gets d1luted in: this process
'by turbulent m1x1ng. A very 51m11ar case is that of a plume'
of waste gases ‘comlng ut‘ from a. chlmney stack wh1ch$'
.eventually m1xes with the surroundlng\a1r and gets d11uted
In both these cases after enterlng 1ﬂ§! env1ronment, “the
@iffusion and the d1lut10n-of— these wastes 1is prlmarlly

vdependent on the turbulence characterlstlcs aﬁé the mean_.
gveloc1ty of these jets and plumes. ‘ T
Before going into any spec1a1 class of Jet d1ffus1on 1t:
- is necessary at th1s po1nt to take a brlef look at the -

1



dlfferent forms of - waste d1scharges Ba51cally these flows

- can be cla551£1ed 1nto three dlstlnct categor1es based on.
. e
'the 1n1t1al fluxes of momentum and buoyancy

1.2 Jets, Plumes_and_Buoyant,JetS“ :-; l,_ ;

1.2.1 Tu?bulémtfaeideh

" ‘WHen ‘a 'jet isi-iSSUing"from a nozile.vwithout any

buoyancy and 1s purely momentum domlnated iit is termed aw“

‘jet..Depend1ng on the geometry of the or1f1ce , it‘oould‘be
a plane or axlsymmetrlc jet.~ Extens1ve studles have been

vdone on plane as _well as ax1symmetr1c jets: (Rajaratnam,

1976). The ana1y51s of jets . 1nvolves the'solutlon of the"

jyéimefaveraged 'Reynolds d’equatlons 'vand:" the cont1nu1ty

Vv

equation.

lLet ethe 'ax1al dlrectrd/ be X vith‘_u'laS"the..

' correspondlng ‘time averaged veloc1ty and let r be the-
transverse dlrectlon w1thk \ belng the correspondlng tlme S
‘averaged veloczty.,After perform1ng an order of magn1tude7"

'-_analy51s,'neglect1ng lamlnar shear and u51ng slender flow

approx1mat1ons as, in the case of boundary layer analys1

the Reynolds equat1ons‘-for‘ an .axlsymmetrlc‘.jet"can_ be

"reduced to

Q,,
e
2

c
e
o

<

o

1

1

o=

T

4 drr i
fpr or . o ; [1'1}

S5l
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'vwhere p 'the pressure outside the jet
Cre the turbulent shear stress |

The;cont1nu1ty equatlon is wrltten as

=0 2y
':On.'integration;_‘Eq;' 1.1 bécomesﬂ the integral momentum
‘equation and.is'urittén as '

A

This stateev that' tﬁe:lmomentumgfflux,‘in . the axiall,”

vd1rect1on is conserved

The 1ntegrat10n of the cont1nu1ty equatlon glves

L o S e
R dx.Jo ru dr- = B.Y€ B S A [1.4]

,_where 5 1s the nom1na1 outer boundary usual‘y taken where

the veloc1ty is reduced to 1% of the veloc1ty on the ax1s of-VV

.the jet ‘and v, is the entralnment veloc1ty ' N

Follow1ng Taylor s hypothe51s (Taylor, 1958) v, can be

, written as x e oy
-V, =.a, up' _ SR e s [1,5] :

where a. . is. the entrainment coeff1c1ent which has a

| generally accepted value of 0 028 for ax1symmetr1c jets.



The solutlon to the jet problem by the 1ntegra1 method'

: 1nvelves f1rst the determ1na€10n of” the veloc1ty and the
leng—H_scales. ThlS is achleved u51ng the condltlons of thefi"
s1m1lar1ty of the veloc1ty prof1les and the solut1on of - the

ntegral Reynolds and thi/aont1n61ty equatlons. For c1rcular'7

' turbulent jets,'51m11ar1ty analys1s glves ' | |

Luw 1/x  and -
\bj-'.et X | -

L {
where ug and b are respectlvely the veloc1ty and length-t

1 scales., Th1s 1nd1cates that thp centrellne velodlty

. constantly decaylng and that the jet spreads l1nearly
i .Experlmental ev1dence (Rajaratnam, 1976) 1nd1cates that ::a

the: normal1sed veloc1ty and the pollutant concentrat1on

profiles are descr1bed by Gauss1an functlons and can be

wr'tten as

Mo f(n) = exp(-0.6937°) ) el o

1171

Where n f:_ r/b and k ‘is a constan‘ equal to about .16

deflned by b, =kb.. “*th veloc1ty scale the follow1ng

equat1on can be used (Rajaratbam, 1976)



c

l

L.t

’Wlth the help of the experlmental resultsjthewvelocity half 1}»

w1dth can be wrltten as'f

1 2 2 Plumes

\ Prumes appear more frequently in problems associated’ .

w1th the env1ronment than the ordlnary momentum jets. Plumesﬂ7

. are d1st1nct1y dlfferent from Jets or’ ‘even buoyant ﬁ@ts (to"‘

'fbe. dlscussed later) -in: that they _é‘d c0mp1etely

- buoyancy drlven. Their “‘main source of k1net1c- energy and

momentum flux is the buoyancy

The analy51s in th1s case 1s very s1m11ar to the one

presented for "an ord1nary jet except that here the buoyancyj

conservatlon equatlon becomes very 1mporta t. Due to the

‘ absence of the 1n1t1al momentum, the analys's is S1mpler and'

the flow varlables are now dependent ma1nly ‘on the buoyancy

Cflux.

4_The fundamental equatxons for th1s case’ are sllghtly

“".d1fferent. Using ’thel_slender‘ flow and ““the: Bou551nesq .

'approxlmatlons;'the*momentum egUations'reduce-to

TR FIRAAE il i T SNSRI



“:"'g‘f”f c T L 'd_rl 6
. Similarly, the conservation equation for the density.defect

]

ac ¢ _ 12 ey . 1
Uge— Y VIS T3 ( re g ) | Tl L]°11],

"where Hc éKp L
g*: £#he accelerat1on due to grav1ty o " V"v -

P the flu1d den51ty at any p01nt 1n the plume
L Vi
. pé/= the amb1ent dens1ty :

¢ = eddy diffusivity .
The integration of the momentum equatlon gives
- Cal v .

y~;wh1ch 1nd1cates that the rate of>change-of the momentum flux
1n the plume w1th respect to the ax1al dlstance is equal to
the buoyant force per un1t (ax1al) length of the plume.

' The 1ntegral buoyancy conservatlon eq‘.tlon
e A e ar 5‘0‘}.:" R N PR ED
cax g, IO T o tT

'fshows that the flux of the den51ty defect is conserved in - .

ﬁ the ax1a1 d1rect10n -—Experlmental results (Rouse et al.,_;
. 11952).- 1nd1cate that the norma11sed veloc1ty and den51ty"

deflc1ency proflles are self similar, and ‘the exponent1a1

\

.funct1on descrlbes‘ these prof;les sat1sfactor11y. For

—



praetical'prposes (Rajanatnam,’1984)- B T

f'ex§(46ﬂ§§3(1/k2)né)', R sl

T £(n) = exp(-0.6932°) ">

Qr' .3

o Op

Y

: - : v . : )
_ The followlng express1ons descrlbe the var1at10n of the

-

veloc1ty, ength and dens1ty defect scales

-

ey e I A PRI
'-It can be seen that the veloc1ty scale for a plume decays

_more*slowly than 1n ‘the case of a jet. From the results of'

‘Rouse'et.ql. we find .
b=0.085x - .o Iram

and .

U

0.0988 x . S [1.18)

. [+ 3 )

‘where b is the bquaney_,half' width and the entrainmeht;w

-



\l.'coeff1c1ent. a, = 0.047 (Rajaratnam,' 1984). ‘This is. much-
larger than that for a Jet whlch is about 0 028 The f1na1~

equatlons for the veloc1ty and den51ty defect scales can be

‘written as (Ra]aratnam, 1984) ij‘j ' j s - f~(/4'“
. . '7. ’ : -~
S T 635 1
G [1.19]

o

or.

For o (x/r )"’

19,73 B Coo IR 3[1'20]
N

Ap.

'where For - is the noZZIerrédiussbased ‘densimetric. Froude

number wr1tten as,

- o Uo -. - )
F r = '. ~ N , T "
/9 (Ap,/p,) Ty N

where U, = the veloc1ty at the efflux port of radius r, , Op,

©

f,-—-"par'-“p° and'p° ‘the- den51ty of the effluent. .,l v

1.2. 3 Buoyant Jets
Buoyant Jets probably occur more commonly than. e1ther

jEtS or™ plumes. Sewage discharges 1ssu1ng from d1ffusers in

- Rl

' the ocean ‘are generally buoyant ]ets. The slxghtly lower ;&,

S

' add1t10nal momentum flux. In these types of flows, in orde'lm_f

[



Lo

vto prevent the sa11ne intrusion inte jthe outfall tunnels,

o certaln 1n1t1al momentum is prov1ded AsS the buoyant ]eth

. rises, 'th buoyancy generated momentum 1ncreases : and
"eventually dom1nates ;the 1n1t1al momentum flux .and the
vbuoyant jet behaves more 11ke a. plume than a.jet .

The analys1s of a bu_yant ]et is somewhat more 1nvolved

"'than that of » a pure. plume or jet. The presence of the

v

1n1t1al momentum requ res the formulatlon of an extra

eduation.. An 1ntegr'

'.multlplylng the momentum equatlon 1.10 by u and . 1ntegrat1ng

2

4~ Yrdr | ;’ T3y L o
dx.jazqu = - Jo panr dr»+.J-0 c.ur'drz [1.?1]

This equatlon 1nd1cates that the flux of the k1net1c energy;j

*'1n the buoyant Jet is 1ncreased by the work done by buoyancy g

-'and reduced by turbulence product1on o "A'i -
Sl

Assymlng 51m11ar1ty prof1les, the “above’ integral

equatlons can be analysed. Assumlng that the “velocity half

width of the pollutant is the same as that for a plume‘

e,

where-k is a conpstant equal to 1.16 and
. . ]

b=kx S o I1.23]

bi = kb e a22)

energy equat1on can be obtalned- by.'

v,;,-.p.. -
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where k, is another constant equal to 0.097, “the oentrelined

veloc1ty\can be expressed nondlmen51onally as - (Ra]aratnam,7

1984):

I

| 259 1786 ] 13 ’
= + g [1‘24]
o [ Tx/r,) o (x/r)7 | S
~he relation for the density defect is:
YR IER | o
e 0 [1.25]
Yo | 20/m? (/e 840 (x/r )]
* 'The Froude Number at any distanoe X is;given as:
- 6.73 F.° 7. L
= [ 20.74 + —————45——] K [1.26]

<x/r°>3

A

vwhere numerlcal values have been used for k and kz.,

1

The eﬁtralnment coeff1c1ent unlike. that in jets or
e :

'plumes, is not constant._The total- entralnment coeff1c1ent-

v

car )be evaluated as a sum of the jet’ entralnment component

Gy the plume entralnment component. If k =: .16 and k, = .
0.097 . |
- | - .
t 0.44 ,
a, = a-ej + - - = = 3 y (1. 271
T Te0s v e e |

_The ‘above equation Shovs-the_entrainment coéffiCient’asja

function of the nozzle Froude Number as well as the axial- °*

distance from the nozzTe.
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In the dlscu551on so far all the attent1on has been-
focussed on the ax1symmetr1c ]et flows.AS1milar treatment of
- plane jets, plane plumes and plane buoyant jets can be found"l
in the 11terature‘ (Rajaratnam,’ 1976; Rajﬁ?atnam, 1984;
Kotsovinos, 1977).;§ince the object.of thls‘study wasttq_'
concentrate ~on 'the flow._,development _ redion :yof 'dan

ax1symmetr1c buoyant Bet empha51s has been placed on the“b

ax1symmetr1c‘case. s

1.3 Flow Development Region

'So far we have con51dered jets, plumes and buoyant jets
R .
in the. reg1on away from the source where the flow is said to-

be fully- devJﬂ”v~d Close to the source, for a length whlch

is a few tlmes the dlameter of the. source,.the flowvls'sald

o

- .. to be develop1ng and th1s reglon 1s referred to as the Zone

of . Flow Establlshment or ZFE (Flg 1.l); 'For' jets, ﬂtbe‘
length of‘Athis zoneﬁ is' about 6D _whereasA for_-plumesofitl'r
,appears to ‘be somewhat shorter. " This reglom (ZFE) has a
'central core where the flow- is approx1mately“1rrotat10nal
and starts from the nozzle exit and extends up to a p01nt
'where the surroundlng shear layer. penetrates the symmetr1c-

axis. Thls reg1on is’ unlque from the other reglons in that'

it has two dlStlnCt zones, As the jet enters the stagnant.'

“ambient,,due to the veloc1ty d1scont1nu1ty it. encounters a
‘shear stress startlng from fits'.outer boundary wh1ch

gradually penetra?es anto the flow&%Th1s is the ax1symmetr1c
5

shear layer ﬁhf,h:f‘;ome%‘tUrbulent in most practlcal cases
N A L4 .

. 2 RS
C C e ,”55%, i e SRR I
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"rlght from the nozzle The 1nner core,.Which'is constantly-

taperlng, essentxally remalns undlsturbed by the 'external"
m1x1q5 B ,;‘r“¢~ ' oo

- -

| *Slnce most of ‘the. 1mportant practlcal problems 11e in:

the zone . where the flow 1s fully developed very 11ttle wérk

A Y

"has been done in. thlS ZFE :Therefore our present knowledge~‘

a - ,.r,

7of; thls reg;on 1s 11m1ted Furthermore,v not only 1s ‘the‘,'

:vphy51cs of the reglon 1ntrlgu1ng but, also, the complexltyiu_y

1nvolved 1n comlng 143 with " accurate nmasurements in thlsji‘

'.»reglon is a real challenge. é,

o An exten51ve account of the studles made on ‘the shear'
’,vlayer for jets has been presented by Rajaratnam (1976).
' Exper1mental observatlons made on the annul;r shear layer Of?ﬂ
lsburbulent jets clearly show the samllarlty of ‘the veloc1ty_,n
’ prof11es. ‘However, the' proflles 'are .not s1m11ar in” the -

v SRR L - R

potentlal core.

”:,1 4 Inflow Into Outfalls N .
_ One" of the main concerns 1n buoyant jets is the problem'
y of: 1nflow of amblent f1u1d into the source- Sea outfalls are
f;generally preferred for the dq%posal of the effluents from.
.rthe land These outfalls termlnate 1n some k1nd of multlff
port d1ffuser ,whlch eff1c1ent1y performs the. 1n1t1alsr
td1lut10n of the contamlnants. These dlffusers 11e in such;
.areas that the 1n1t1ally dlluted waste d1scharges are swept_~'
V‘away by ocean currents and dlluted further. However, thesefi

“d1ffusers* d@ not always functlon as: well as they .were .

i
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1nténded to. Over the years these dlffusers have been found_

' »,fart est port maklng the‘system more and more 1neff1c1ent

,bﬁ; back- f1lled w1th sallne _water startlng from_ the” .

Because of the nature of “the contamlnants and the posltlon?ff'

of these dlffusers 'far,lout rrnto the ocean. bed, it_ is
_ d1ff1cult to 'completely observe “and thus"understande:the j"
mechanlsm 1nvolved in this problem. ' _ :A _ Qe
vModel stud1es performed _by W11k1nson ~(1984).vand
Charlton _(1882) and results of the recent stud1es ‘to behl
d1scussed later seem to- 1nd1cate that th1s problem is. moret
E prevelant when the 1n1t1al momentum is small 'The general'
be11ef : based on -1ntu1tlon,~.1s that the ex1t den51metr1c
Froude Number should be larger than un1ty to. av01d sa11ne
f1ntru51on (Brooks,y1970) | |
A 51m11ar problem 15 also faced in chlmneys d1scharg1ng='
hot waste gases 1nto the atmosphere. The cold flow into the
- ch1mney has a- tendency ‘to form cold patches‘on the ch1mney l
wall Thls has the effecf of conden51ng vapours ou to. the?ﬁ
cold wall "This m01sture reacts w1th ‘the exhaust gases to
form corr051ve ac1d1c substances. Studles performed by Jorgi.
‘and Scorer (1967) have p01nted to the 1mportance ‘of - the
boundary: layer at ex1t in add1t1on to the\den51metr1c Froude’f
o number at' the exlt. Hence, w1th thlsx‘understandlng _of»
1nflow, one of the object1ves of the present study\was also
‘to_ make some observatlons of hlS problem u51ngﬂ dyev
1nject10n technlques and see the effect of exit densrmetr1c;'

Froude number on the 1ntﬁzsmn of the ~amb1ent flu1d.



2. LITERATURE REVIEW .
N 2 1 Mechan1cs of Buoyant Jet D1££us1on
The mechanlcs of Buoyant jet. d1ffu51on can be described

'startlng from the p01nt of dlscharge at the nozzle, the

:}upassage through the 1nstab111t1es 1n the snear 1ayer and the"

.
flow in the potent1a1 core, the sheddlng of large scale

-‘.v6rt1ces and f1nally the fully developed turbulent flow."

The phenomenon of jet

"4controver51al topic. The mechanlsm of entralnment and the =

;.coherent' structures has genehated tremendous 1nterest_:

& pment is still a

-lately What appeers to “be -a random chaot1c f1u1d motlon has .

a very coherent structure present in" 1t.

In 1957 Wehrman and W1111e (Rod1,‘1982) observed rlng,

'land hellcal vort1ces 1n turbulent jets and also that thef

frequency of the r1ng vortex product1on was proport1ona1 to.m

the jet nozzle veloc1ty These vort1ces have thelr origin 1n

;thef’shear layer.‘ Freymuth (1966) ~'1nvestlgat1ng the'

'”,stablllty of shear layers formed at jeb outlets, 1nd1cated.'

: "the ‘existence of axlsymmetrlc and - hellcal modes ‘of  wave
']growth on the shear layer. When a jet advances, the veloc1ty
dlfferences between the 1n51de and the. out51de of the jets,b

coﬂblned w;th the :1nstab11rt1es, have ‘the; effect vof:'

produc1ng a rolllng | surface. 'The amblent fluid

experlences a veloc1ty fleld and rolls on with the §et flu1d

in a series of Jelly Polls(Rodl 1982)

15
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“Kotsovinos(1977) explains,the‘formation of'the‘vortices

in a jet. involving buoyancy 45 follows:

CIf the volume of the flu1d V ianetween the.section

XX and yy in a. plume of conf1gurat10n 1nd1cated

figure 2.1 1s con51dered the temperature decreases‘

'Hand the den51ty 1ncreases ‘on the plume ax1s as ‘the .

fdlstance from the nozzle is 1ncreased Thus the centreb”

" of mass of the volume V w1ll be above the centre of

<the pressure forces. Here two forces w1ll be actlng on"

.the mass enclosed in . thlS control volume Vg ~ the‘

o grav1tatlonal force (G) act1ng at the centre of masss
"n‘and the arch1medean force (A) act1ng at the centre of '

the pressure force. Any sl1ght d1sturbance could'

'result 1n the conflgurat1on shown in flgure 2 2 where»‘

o

the moment between the above two forces tends to‘

.;_overturn ‘the volume V ‘and thus the 1ncept1on of thef

large scale vortlces observed in a plume.-».

o Kotsov1nos further _exp1a1ns that the vort1ces in ad

plume; be1ng larger than those in a jet,.reach the centralg'

'Jet reglon earller; Thls explalns one of the reaaons why the

‘ potentlal core“ls shorter ) n a plume Fuithermore, the

{ ‘ .

'1arger structures of a’ plume ‘also entrain a larger mass of
'_the vsurroundlng vamb1ent flu1d g Th1s explalns why the

uentra1nment coeff1C1ent is larger 1n plumes,' unlike the

by Morton(1©59) Thls obv1ously explalns why the Jet w1dth

;“. . ',-, ‘. . ' . v R EERS ] . . @ T
Oy * 22 A LT
F o . wv pe - : . Dy
- ’ " : i pl / 0 : . .. ‘ . H :

'hypothe51s postulated by Taylorﬁ1958) and further developed.'

v
W..‘ S



‘centre of mass

-centre of pressure"
-,forces :

T8

Flgure 2 1 Hypothetlcal Instantaneous Plcture of a
Plume(after Kotsov;nos, 1977)

Flgure 2 2 Schematlc Dlagram Explalnlng the Productlon

of Large Vortices in a Plume
(after Kotsovinos, 1977)_



Aisfgreater-ln\a'jet.involvingibuoyancy{

-

'12,2‘Fully:DevelogeddFlow 2

2.2.1 Turbulent Jets

The'study of turbulent jets Was f1rst 1nvstlgated by

“quoung in. 1800 where he. p01n@ed out the lack of dependence of.l’

the 1ncluded angle of the ]et on the jet veloc1ty A falrly,y

'.large volume of work can befiound on turbulent ]ets. A ‘brief

fﬂ_outllneb of_ the~1exper1menta1 results as. (presented. byf

.7,Rajaratnam (1976)- folldgs.

“The above author c1tes Trupel (1915) Réichardt (T9425 |

l‘Corrsm (1946) H1nze and Zynen (1949) Albertson et al.:

'(1950) who made t@ﬁ earller 1nvestlgatlons on axlsymmetrlc',d

:turbulent- ]ets. Each oﬁ"th”:’above, 1nvestlgat10ns have d‘
'presented thelr results of . the veloc1ty scales and the,'

‘-nveloc1ty half w1dth -Follow1ng the Goertler type solutlons:?ﬁ

~ Reichardt pbserved~ T ..-j~v7‘"‘3 u:f.)’
:'Experlmental?reeults'bffﬁinze'andfzynen'suggest';' a
Y U, L ‘°"‘~_'A; I R S
& =6 39/( 0. 6 RSN [2.29].
o . S : L S
where they observed that the virtual origin . (Fig 1.7} was

r



~‘lochted 0.6D behind the nozzle. Albertson et al. found that:

[_J; = ——x/d * : ‘ [230]

-

'VVIn the case of the veloc1ty half w1dth b kx~ch£fsiﬁfs

19

"4 .

data gave the value of k - 0 082 Abramov1ch suggested 0. 097,'~

.on analy51ng Russ1an and German data. Albertson‘ et al.

o suggested 0. 0965 and Hlnze ‘and. Zynen 9;094.T'RajaratQam'

" suggestsvo.l for all practlcal purposes.’v__af_

~
4

2.2.1 1 Turbulence Characterist1cs

T The problem w1th turbulence measurements has beenT'

the lack of rellable 1nstruments for the measurement of:

h\zthe'ﬁegatlve as well as’ the p051t1ve ve1001ty Before

thel ‘Laser - Doppler ' Anemometry (LDA) systems Yerei'i

o avaxlable, 'hot w1rev and tot fxlms _were gthe'_on}y-‘,

”avallable veloc1ty measur1ng 1nstruments. “

Wygnansk1 and Fledler (1969) (see. Rodi. 1982) _usingf_f

| fhet ‘ w1re, found out.{ that he.' urbulent - stress:f

I

equ1libﬁ1um is reached only for x/d of 50 and above andu-

the ratlo vy 12 u, on the ax1s =='0 28 ‘0 29. However"

‘s ;

,gthe‘ ploheerlng study ron buogant ]etS' wasl done by*

‘”KotSOV1nos (1977) Hls study was performed u51ng the
Q"i:&hsgr Doppler Veloc1metry on two dlmen51ona1 Jets and
_ showed . that' at t;mes flow in’ most . jets could be

reversed}
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-‘2 2 i"Buoyant Jets and Plumes AR .'T:'g\{} _A' lefff*-.

Several 1nvest1gatlons can be found where studles On

3ets have extended to cases 1nvolv1ng buoyancy However,'the7
- - .

volume of work done orni. buoyant jets and plumes is very

”111ttle compared)to studles done ~on- non buoyant jets..The'

jreason, ‘very cyearly, 1s that the overlapplng temperature‘."

and . the veloc1ty f1elds -are Oery dlfflcult to. measure;

“S1mu1taneous measurement of the 1nstantaneous temperature

- and the veloc1ty flelds requ1res sophlstlcated measurlng and‘,f

callbratlng technlques as wellnas 1ngenu1ty in us1ng these,’
htechnlques for obta1n1ng rel1able results. 7f’ - Jivlgd
. Apparently,one of the earller 1nvestlgatlon of buoyantd'
_plumes in-a unlform env1ronment was performeddgy Schmldt

@1941 (Rod1, 1982) as opposed to studles in h%ts that date as

-'_far back as 1800 performed by Young Schmldt extended the.]

m1x1ng length theorles and presented the results that show

" the decay of the centrellne veloc1ty is proportlonal to X V32'A

_and that ‘of. temperature proportlonal Jto'HXfVJJJ Results;

;‘presented by Rouse et al (1952) of measurements made on

plumes above a gas burner can be reduced to*’

U/, = exp(—gsrz/-x")'~,". o B 2 1 A

- for axialiVelocityvprofilésrénd



)

toff temperature_.d1ffus1on 'in the'tradlal

momentum.

N

e Further experlments performed by Nakagome and Hr‘

CElS

i(1976) conclude,'unllke Rouse et . al (1952) _that the

‘ LETRAN
g WIdth of the temperature df%trlbutlon 1s smalle% than the‘;wg

velocity d15tr1but1on wh1ch 1nd1cates that the “thermal»
'energy dlffu51on in the radial d;rectlon_'is - larger than'
momentum d1ffusron | ' - | H

As far as the veloc1ty decay 1n the ax1al d1rect10n 1s"

N
concerned d1men51onal ana1y51s g1ves - SO

LA

oo e T (2

'where B' 'is the spec1f1c buoyangy flux. gQAp /p ; However,
"the' suggested values of the constant Cc for. plumes has a j
1arge range :of~;3,4-vto 4.7. Th1s demands a. more carefui
study. E e |

| v'Afterw the more sophlst1cated measurement technlques
:haye”‘become‘ available,~ qulte a] v people " have made”
g measurementsf »of turbulent veloc1ty and ,'temperature»'o
fluctuatlons.. Measurements made by Nakagome"and 'Hirata

"(1976), K°tS°VmOS(1977) and" George et al (1977) show thef;



7v22hv?'
relatlve ‘ veloc1ty rluctuatlons VFT?/U lash 0'27'- éggf
ax1symmetr1c plumes and 0. 40 for plane plumes. The reason
@ for thlS dlfference has not been determlned yeth
| As far as the buoyant jet 1s concerned the pioneers
were Morton: et al (1956) and . Prlestly and:Ball (1955) They;
—, 'took the 1ntegrated form of the equatlons of motlon and came
up w1th the relatlonshlp of volume flux change._Morton et
'alf came Up w1wh the entra1nment equation as 1ntroduced by‘
Taylor, wh1le Pr1estly and Ball came up- w1th an entralnment

functlon 051ng the conservat1on of energy equatlon However,-

the factc}‘-g }mmon to all these studles is that they were for
: -:-“‘ > . .

20
'v.\'_ ~ .
the fully pevelopag reglon.‘

»

2 3 ZOne of Flow Estab11shment
CL - G .
Unllke the other reg1ons, the potent1al core reg1on has

.fﬁ"recelved very l1tt§e attehtlon. Only -a handful of studles,,:
'hnumerxcal and experlmental have ‘dealt with the flow in th1s\
_reglon. \Furthermore, studles"in the buoyancy domlnated
reg1on are,,apparently, non ex1stent;l, |
y » Chen and N1k1topoulos(1979) approached the problem
(u51ng the d1fferent1al n.e e:? T'z'model proposed by Chen
“and Rod1 (1975) where K- 1s the turbulent k1net1c energy perfv
'llun1t mass and € 1s the eddy dlffu51v1ty. They calculated the .
lateral temperature, the veloc1ty proflle and the half w1dthyf
ifor turbulent buoyant jets in the flow development reg1on"

for Fa ranglng from .f to 625. Their results predzct the:»

11m1t1ng length of the ZFE as 8D for Jets and 7D for plumes.
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o They ,1nd1cated a strong influence' of ,initial turbulence5

lesel in- the length of the zone of flow establlshment and . -

'"conclude that the axlal Froude number at ‘the: end of the ZFE‘_‘

vr'shouldybe.used as the 1n1t1al cond1t10n fon.the equatlonsf

describing the flow since.onlyvthen does ‘the decay of the

ax1al velocity start.

H1rst(1972) also solved th1s problem u51ng a numerlcal

‘approach He took the. equatlons ‘of mass,.momentum and energy.

'conservatlon and predlcted the length of the zone of flow
'"establ;shment, ]et w1dth, ]et orlentatlon and th%’cent 11

i_temperature;in-t s zone.- He used an. entralnmént funct1on
_takfng'-into paCZan

entralnment For the non—buoyant reglon he shows a. good

agreement w1th the data from.'the .study- of Sam1 et al.

- (1966). Apparently, the'study<of Samibet'al .gy0ves to be

t  all, theh parameters (that efﬁi@t»

the only extens1ve work in the IFE. However, this study was

' for a non- buoyant air jet passed through a nozzle one foot

1n dlameter. Mean flow and turbulence measurements were made

/

.'1n this study One of the conclu51ons made in thgs study was.V

4ythat' the large scale eddy W _1ndependent_ of the jet
_veloc1ty. S Y | o
: '

z.evj@%low'study'-‘

One’of the’main concerns -in buoyant jets 1n»the.low

throudé number range 1s the problem of 1nflow of the amb1entv

: fluld, Th1s 1s a umgor problem in- tunnelled ocean sewage

outfalls.whereea sal1ne wedge . is formed 1f the d1scharge
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:through the r1ser is less than a certa1n cr1t1ca1 d1scharge.
W1lk1nson(1984) S1mu1ated the tunnel rlser system in. the 1ab -

'fand made measurements for purg1ng sal1ne 'wedges using -

dlscharge, the nozzle dlameter and the rlser lengths as the

varlables. HlS calculatlons show that ‘a port Froude number

of 7.8 1s requ1red to purge the sallne wedge from the tunnel"v

. at start-up. With reference to Jcrg and Scorer(1967) he

states that 1nflow 1nto the dlffuser would be av01ded if- the

',outlet den51metr1c Froude number based on the dlameter ‘and
Vthe efflux veloc1ty 1s greater than un1ty Charlton (1982)

' 1n hlS model study of the Aberdeen sea outfall pointSfout -

the general accceptance - of the cr1t1ca1 Froude number'

-requ1rement to be greater than unlty for the prevent1on of

an “intrusive. cond1t10n. Brooks(1970) 1ntu1t1ve!y uses a

T

\zﬁro'de number of unity for rounded port as a’ cr1ter1a for"

Jorg and Scorer(193:) in thelr study of 1ntru51on into

bsmoke stack suggest that the boundary layer ‘near the exltf

1s also 1mpertant in determ1n1ng intrusion along w1th the

exit Froude number The:, results from the1r set up using salt.v

gwater and plain water and the supplementary work w1th hot

-'a1r for large Reynolds number. seem. to 1nd1cate that the.

‘.1ntrus1on was not dependent on the d1men51ons of the nozzle.'

3

f,They d1d £1nd a crmklcal ex1t veloc1ty at wh1ch no 1ntrus1on

would occur wh1ch was seen to be a property of ‘the veloc1ty
t'

}prof11e near the tube wall. The cr1t1ca1 veloc1ty was glven

by the relation - 7

~
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—— =.const. SO ; : : o [2.3\4‘? :
Voc o ' . ’ . : ) _ ' . e
whe«r—e B = e :
v = klnematlc v1scos1ty of the plume f1u1d:

,‘y“ = cr1t1cal veloc1ty at the nozzle

4f‘The constant.”f r-(\aj fully \developed turbulent 'velocityf

'ngofale was 8 x 10 It 1s apparent that 1f the veloc1ty is
ii%breased the 1nflow would stop but 1f the boundary layér.
itan be made th1nner w1thout increasing, ﬁ\e total mass or;

"momentum flux, thls would 1nh1b1t the inflow too.

11 ' .
f : ‘T‘helr study ‘on depth of penetratlon,_ _ y1elded the S

Afollowing relation tor‘ a fully establ1shed »turbulent

bOundary laYer on a smooth wall

Bgy.. -
H2 +-8)°

- 10~§

[2.35]).

2.5 étudyvajectivet - L o

' At this"stage'ourfunderstandlné of the flou deve%opment':
reglon of a buoyant turbulent Jeg@;1s 11m1ted. Very few
studles -on the flow development reg1on can be found W1th

this understand1ng in- m1nd the objectlve of thls study was.

to make 1nvestlgatlons in two d1st1nct areas.

/\//—\
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EZ 5.1 Flow V15ual1satlon '

h"i” ,One of the main ob]ectlves of the study was to spend

B

some time 'dnf,the' study of the phy51ca1 behav1our of -

bnoyant jet inh the negion.'nearv the nozzle and in the
,potentia1;~€ore}h.Thie 'nonid be donel'by 1nject1ng dye and
»recordiqgh the'-obServations on photographs. A pre11m1nary
- study of the large scalez»vortex structnreS'_and the;rv
o behav1our comhinedfwith the‘study of the>intru5ion:problem .

: S
hvwas planned, R

2.5.2 Flow Measurements _ g
: In order to measure - the veloc1ty fleld in-‘the"Flowv
Development Reg1on 1t was planned to make measurements uszng
vthe two veloc1ty measurement facilities avallable at thefﬁi
Blench Hydraul1cs Laboratory; Unlver51ty S?HAlberta, nam'
‘the LDA and the Hydrogen Bubble method ,The turbulence?

'measurements would be measured by the LDA and the mean

.veloc1ty compared w1th that measured u51ng the Hydrogen

- Bubble Method.



3. EXPERIMENTAL INVf:S_TI?‘\"\iT.IYON.A
. '~r?f . . : co
3 1 Introductlon'-ﬂ : . , ‘
| The exper1mental set up as well as the Hydrogen Bubble
'Fmeasurlng system were assembled 1n the T Blench Hydraullcs_
'Laboratory and . the c1v11 Eng1neer1ng Electronlcs Laboratory
'a' the Unlver51ty of Alberta The »LDA system ‘was also
i‘avallable in the Hydraullcs Laboratory All the experlments
:.1n thlS study were carrled out in the T Blench Hydraullcs
VhLaboratory '_ Sil : ‘> | |
h The stagnant ?mblent in. the tank was thesregular c1ty
'”'bwater supply and 7he buoyant jet was generated u51ng the hot

"water avallableﬁin the 1aborat6ry A detalled dlscu551on of

vthe experlmenta{ set up and the procedure is. presented next
: 3?2.Experimental-5et¥up ‘

3. 2 1 Jet Tank }
t .The- buoyant Jet experlment ‘was carrled out 1n a square ‘?
tank of s1de T 22m and helght of 1. 22m. The 51de walls oﬁ ’
thed tank were made_‘.ﬁ 10 'mm» th1ck clear‘ plex1gl$$Qk,
structurally supported by steel channels and angle sect nsﬁ‘

welded together. Plate 3. 1 g1ves a- view’ of the tank aThe,,

c1fcu1ar

sbase was a. 6. 5. -Tm alumlnum plate w1th a 10 ciin

‘nozzle open1ngfat-the centre.;’
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- The‘discharge from adconstant*head ‘tank was'led‘through‘>f'

”an 8 1nch d1a tube and a bellmouth shaped reducer endlng at4

_the nozzle. At the top of the ]et tank overflow water was'

',fpassed over the overflow we1r into a channel 6.5 cm w1de 3

'runn1ng all around the tank and flnally emptled 1nto the.
draln._An openlng was alse prov1ded at the base/of the tank

A ..i»-.._for d_rammg':purp,ose. Fylg 3 1 gzves@ sketch of the set up

3. 2. 2 Constant Head Arrangement
'The constant head arrangement onsisted of "a tank
- suspended from the ce111ng whlch vas fed by,a *0.25 kW pump. -

“Th1s tank in wh1ch a constant level was -ma1nta1ned

"a.prov1ded the flow for the jet. In order to ma1nta1n a. steady

' d1scharge*1nto the nozzle, the overflow llne had to be kept'

at-least partlally flow1ng;

3. 2 3 Rotameter _ |

The dlscharge through ‘the nozzle was. measured -with.
-.rotameters callbrated by volumetr1c measurement. To prevent
non- un1form dlscharge through the nozzle; the rotameters
Hdwere placed after‘the constant head tank (Fig. 3. 1). '
constant- “head - arrangement ‘also helped el1m1nate “the .
‘ non un1form1ty in the flow.:’”

~

Slnce the range of flow was from 0.2 Lpm to 30 me'53:

dlfferent rotameters were connected in parallel so that any.

“one »or_ all of them could be‘ used S1multaneously. The



A
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- Figure 3.1 _E’x‘?erimentalv Set-up. -
d .
— S
T
e b
k
Cl .
. :  g.= Over flow from Constant Head
" a = Constant head h = Hose to Nozzle
b = Nozzle 'k = Recirculation Hose
.c ==Poterﬂ;ial ‘Core ‘1 = To Drain.
d = Overflow Channel . T = Jet tank in text
e = Hot Water Tank A P = Pump :
f = Hose to Constant Head R =

Rotometer
e K ‘Flow Direétion

Lol
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specifications of the rotameters are as following: -

r_Table 3;1’Tabie_o£ RotameterLSpecifications-'““

Rotameter = - © - Range . ' E
B 0.2 - 1.3 ‘Lpm

‘13 2 4 Hot Water Arrangement

The warm water requ1red for the buoyant ]et was taken-

g;from a b01ler and mlxed w1th cold water to get the de51redﬁ

bvjet temperature in 'a separate tank of 0 22 m’ capacxty
hGenerally it was found that . the temperature dlfferenceiinA

'the v1c1n1ty of 10 to- 124 C between the plume and theq

'_amblent flu1d was 1dea1 for obta1n1ng good and - sustalned.k

hydrogen bubble streaks. At hlgher temperature dlfferences,f

.1nstab111t1es 1n the plume tended to sweep the hydrogen

-~

Lbubble zl1nesv laterally maklng photograph1c records. very

——

"dlfflcult. : 'IJVQ“N~.V'

4

The m1xed waég water was then c1rcu1ated through the

pump system,'the constant head tank and the bypass from. the

’nnozzle ‘(efahk F;g. 3. 1) keeplng the nozzle gate closed.ftx

IUntll a- unlform temperature was achleved At thls p01nt the
. " .y . _—\ ) AN o




bePaSS vwas; closed and the nozzle opened ".hé‘irequiféd

gdlscharge then was controlled by a vaIve at the rotameter

V".\ b ,,‘, L - [

-le - Y '
- e WS, .

€
ol

3. 2 5. Temperéﬁure Measurement

Tgmperature measurements 1n th1s study were. made us1ng7',

. ka Fluke 2180A. ahd‘S}K/J Fluke»RTD dlgltal thermometers w1thf*’

respectrve accurac1es of . 1/10 '?Cf and 1/100 ﬁdC} These_ hjf<

thermometers were callbrated ‘wlth measurementS' fromlna*fw

%

f'mercury thermometer._In order to malntaln con51stency,.allb

--the measurements for ong run were made by one thermometer.

v
-4

3 2 6 Nozzle and Gate Arrangemen%

B Three dlfferent ‘51zes of nozzles were uﬁed for thlS

i

study‘—The orlglnal nozzle in the set up was 10 cm/dla. The

2. 5 om and the. 5 cm dlameter nozzles, bellmouth shaped atff:

,one end were made by turn1ng brass cyllnders on a lathe}"

(Plate 3 2) The external d1ameters were 10 cm so they £1tf7"'

in the 10 cm dlameter nozzle in. the tank They were set Inf‘;
‘ u51ng 5111con sealant wh1ch prevented 1éakage. o
'The gate was made w1th a 6 5 mm. th1ck plate w1th ‘an h
eccentr;c axle (F1g..3.1). 1t. was operated manually from'
'6utsideithe tank uslng'strinés{_‘7 fe t@ 'fﬁia Ry
3. 2 7 Photographxc Equxpment o T
S " The photographs were taken us1ng ASAHI PENTAX 35mm‘”

'camera. It was found that due to tée large depth of water 1n'
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the tank the external llght1ng was dlffused and. therefore,x
fo'rf h1gh shutter 4speed a f11m speed f\ ASA. 200 -was -
v;‘convenlent. A shutter speed of 1/250 and an aperture larger'
thsn 2.5 produced a satlsfactory depth of f1eld |

For llghtlng, three Color Tran 'arc lamps, each 650 -

watts,'were used 'w1th one progected from the top of the' R

tankQana‘two progected at ran. angle from the 51de.,

4'3 A 8 Dye Injectlon 1 f}, R ‘~ S 'f‘ Lo
As a part of the study, dye 1n3ect10n was carr1ed out

in two ways. In one method Cochlneal food color was mlxed to,.

0 = o

the ]et fIU1d and thlS colored the whole jet (plate 3 6) In S

the second method dye was 1njected at’. the nozzle ex1t from:

a

'lthe two s1des (plate 3 %) through 1 5 mm tubes feedlng from ..
o an elevated dye jar. The dye had to be 1njected w1thout any

initial momentum. T ;'n f‘ N

- C 'v &} . v\?‘..v :" ‘Z i o .
3.3 VELOCITY MEASUREMENT gd . . = \ |
3.3.1 Laser Doppler Anemometry

Laser doppler- anemometry (LDA) forf; turbulence '

_~¢measurement is probably,Ehe best method 1n thlS partlcular

.experlment, if it does

BAA

t po;e any d1ff1culty in 1nstrument'=

deployment., R se T

) Because of the. complex pattern of flow in the flow
development reglon of the ]Et, ‘an accurate measurement of

g . B B o

. ’ o a . Lo

~—



.’veloc1ty Was regu1red It was thought that the use of LDA»

would be the best method The system avallable at the T o

'Blench Hydraullcs Laboratory was a DANTEC -LDA system (F1g

‘_3 2). 5,‘4w Argon IonA laser "was used.“The 7opt1cal.’“
;conf1guratlon was a two color, 3 beam type used in a back‘-
"scatter dlfferentlal doppler mode. The focal length used was:

: 600 mm and the optlcs were rotated 1n such a way that the';""

N

.common and the blue beam were parallel to the bottom of the

h tank and the green converged down to the 1nt6rsect10n of ‘the -

’;beams. The traveRSe was a 3D . traverse w1th a p051tlon1ng
? 'accuracy of +10 pm, leferent types of seedlng were used ‘but
m the best result was obta1ned with alumlnum powder. However,
fpthe data rate and the valldatlon were very low, The problem

- was further ampl1f1ed by the bendrng of the pl£x1glass s1de

wall due to the hydrostatlc load -which created problems for

' the laser optlcs. ThlS avenue ha to be f1nally abandoned

:“3.3.2 Hydrogen;ﬁubble Method lf..f" TR

P

3. 3 2.1 General

Thls technlque of veloc1ty nmasurement ‘is fa1rly'
_old Clutter, Smith and Bra21er (1959) who p1oneered the~‘

}development.‘of,_the technlque to '1ts present form

: ind1cate that thlS 1s an- outcome of the method\evolved o

aby F. X. Wortman who - passed current through a wire tof

; release telenlum in order to generate t1me lines.

_ : oL S R "
- A .&n

<



3 D Traverse ‘ LDA Optics 'I'A.aser'
1 Y}
| I SR |
v E : ) .l . ’ .
‘ Counterl Counter2 Frequency Shifteg
. Coincidence Filter and Buffer -
4 - .
| ]
» L M-asé'comp- 1 : | Macintosh Plus -
R - PR . ! ».'-.
) 7
. m
j :Z'v'.
. \A —
x

Flgure 3.2 Schematlcs of the LDA System

(after Steffler et al 1985)v

. L -
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'.zThls method is’ essentlally an- electroly51s method ngh
"voltage is passed throuqh a flne tungsten w1re placedt
“~::across the flow.‘The hydrogen bubbles produced at the

w1ret_are-_sweptﬂ.off by ’the flow . On‘ subjectlng “the

~electrode to a pulsatizﬁl“sq' re wave current, the

bubbles’buiid'up and’are.swebt‘o

If a constant frequency Pulse 1s pa:'ed-thteugh»the'wire

o -
stretched.normal to the flow, a fine screen of lines can

& ’ . b -

"'pe observed which can be measured {b give,the velocaty

f the moving fluid, .,

3.3.2.2 Veloc1ty Calculatlon S - ;:5"

"~ -The.- 10ng1tud1nal veloc1ty is q1ven by the relat1on

y = Ax N 4

S ) i

~ Lt s
v [3.36]

§,T

Ax is the spac1ng between two consecutlve 11nes.-
,:S[ is the. scale factor deflned as the rat1o of the average_

dlstance on the E11m between the two lxnes closest7

v h.l'
el b

in continuous lines.

Al

tc the- wlre 'in 'theh photograph tb“ its actual =

-

dlstance 1n\\the‘ water. This was deteémined by

photographlng a scaled grid in t:he water from a
camera p051t10n flxed for the whole run.~

N is the Number of pulseS/per second
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3??.3 Hygrogen»Bubble Set;up.:d _
N Fig. 3.3 .gives' a -schematic of the hydrogen "bubble
apparatus. The ,set-up con51sts of the follow1ng. _

: Voltage source (Hewlett -Packard 0 600 VP 0 1.5 3)
Pu151ng Un1t _ _ |
Counter timer un1t (Fluke 1953A)

..‘Frame for hold1ng W;re and 0 6 mm tungsten w1re.
Tungsten-lamp | k
" camera 'bt'
Gridﬁ'b'
Traverse arrangement
The high voltage DC power suppl1er un1t supplles the voltage
to the tungsten wire through a solid state FET sw1tch whlch_
is turned on/off by the pulse from the pulsrng unit. Theb

'3 perlod is recorded and dlsplayed on xhe digital dlsplayi

the counter timer unit. The water in “the. tank 1s
electrolysed at the tungsten wire electrode and the camera'

takes photographs of the 11nes of She hydrogen bubbles.

3.3.3.1 Ope‘ration

| Unlxke ‘the -LDA’ system, the‘ operatlon .of the"
hydrogen bubble apparatus posed very 11ttle problem. The

. set-up was started up by first turning the pulsing unit
'on ‘The counter tlmer unit. was then turned on. F1nally

‘the voltage un1t was turned on.



0.

+

Pulse Generator 1. Power Supply

i
i

Power FET Switch

Counter~Timer La S - -
' : "'To anode {conductor

submerged in tank)

Bubble
nerating wire

]

. C

;&s- - Bubble Apparatus

Figure 3.3 Schemat
. N ‘.', : \li .?“
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";b 3. 3 3.2 Pu151ng Un1t |
o ThlS sol1d state unlt varles the pulse duratlon and
"the frequency ? The* pulse duratlon optlon var1es the "?i
’amount of t1me durlng wh1ch the current is actually y
‘vfpassed Th1s can be ad]usted by observ1ng the hydrogen
f_ bubble 11nes as ‘they generate.' Thev»coarse frequency» :
' l‘ad]ustment i p051t10ned ‘at 4 “'dSOV‘Hz.'; he: flne.
| adjustment can then be ‘made to p051t10n at ‘the de51red
:frequency often determlned by tr1a1 “While maklng any of
fthese adjustments, it has to be - made sure that the .
voltage un1t 1s ‘set to zero. Otherw1se a .sudden surge of'A v

i

-current could burn ‘the fuse 1n the pu151ng un1t

P
Y

f3 3 4 Advantages and Limitations ‘:e” f3.‘ . .s..", "o
ZfThe hydrogen bubble techn1que is normally suitable fo%"b

:velocity in the range of 0. 1 ‘to 15 cm/s. Slnce the range of
‘ﬁeveloclty in. th1s study was . low (0 7 to 6. 48 cm/s) th1s‘v
| techniqu gave fa1rly good results. However, there are many

aQVantag S as well as d1sadvantages to using thls method

| _,__v e
3 3 4, 1 Advantages N = e

B .1;_Hydrogen bubbles do- not contamlnate the water as
 much as- dye or other tracers.' - w
‘ 2.-Hydrogen bubbles, unllke dyes,.do not los% the1r.

i '1dent1t1es in- wakes or turbulent flows.

3.,The w1res, be1ng very f1ne, do not _proyide fl"
?JSignlfxcant“wake effects. |
.. & ' S g ‘

_«
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é It proyides?@lMultaneously the Veloc1ty fleld and a:

v1sua1 1mage of ‘the flow (plate 3.5).

o

(Pande, 1975)

3. 3 4 2 leltatlons,

Measurement ' made u51ng rthls technique; “has"

'uncertalntles as Well (Pande 1975)

1. Measumements'df Ax on photograph p IR ;;;f

Ve R
LS
(accuracy 1n th1s experlment Was 0.1 mm) e

»2.'Measurements could nly be made of centrEIihe:
_veloc1t1es and none for the reglon of flow. occupled
"by the shear layer.‘-" ’ h

3. Velocxty at the nozzle ex1t was not measured due to

e.' ‘ '! _,the poss1b111ty of creatlng a short c1rdu1t.

TR
. S . A
& - . . S

3.4 EXPERIMENTAL PROCEDURE s

"3 4 1 Flow Vlsualisation

‘.Th' flrst part 'tf'fthe _*studyﬁﬂ involved z‘flOw

,.v1suallsat10n. It ‘was 1ntended to flnd oqéxv1sua11y w1th the

-

‘help of‘* dye how the flow/ behaved ixgu the v1c;1n1ty of the

,nﬂ’",,‘

'Vnozzle.f Inltlally,i anf'approxlmaﬂgr length 'of ‘the fIOW‘

ﬁl‘development reglon was determ1n%§gh§ 1nject1ng dye from two .

&

_ayerfpenetrated the'central reglon. Plate 3. 3 shows'

'-r

”ﬂlqaﬁ ethpley These observatlons were compared wlth sxmllar

" o -—

_ °observatmns of a pure Jet. The behav1our of the vortlces'

| 43

'{the nozzle and obs ving photographlcally how the 4'



'shed frbm the nozzle ‘were also studred by 'Colourang'_thel
buoyant jet (Plate 3.6). B | o |

¢ el

'3 4 1 e Ianow Study .
One “pf the prlmary concerns 1n‘dealing with'a'low

»

ffFroude number buoyant jet is that of '1nflow. hThe1‘_3'

J
t.presence of a cr1t1cal Froude number proposed by several

aubﬁors had to be 1nvest1gated w1th ‘the avallablei
& "v_set up ’Thls p0551b111ty was observed by runnlng “the

d-'tdye coloured buoyant Jet and 1ncrea51ng the <dlscharge1'

C ’unt11 the 1nflow stopped

P

£

_.l‘

3 4. 2 ﬁuoyant Jet Experlments

fe These _»runs 'wexeog conducted :‘espec1a11y for fthe

-

measurement ‘of the centrellne veloc1ty Measurements were

v

made vat pos1tlons along the -axls at multlples vofzjthe'

dlameter. Pos1t10ns ranged from 0. SD to 6D For . measurement

51ng hydrogen bubbles, two to three photographs were taken“
at each sect1on and “the veloc1ty averaged The frame w1th’
the tungsten w1re was attached to the’ bottom of a p01ntv
\gaugel wh1ch was mounted ~on a traverse. The p01nt gauge
prov1ded the vert1cal movement and 1f needed, the traverse'
prov1ded the 1ateral mpvement._

The experlments were carr1ed out us1ng the c1ty water

Thysupply The tank was f1lled and allowed to, stand for more-'

than an hour in ordgr to’ damp the eddqes and c1rcu1atlon in

the tank

<,
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Tbe presence of - buoyancy in the experlment requ1red ‘an’ o

““accurate measurement bf ‘the temperature .as; well as

malntenance voff steady cond1t1on iin' the plumeur After o
_ . | . B L
1ssu1ng from the nozzle, the dlscharge rose to the %EffaCQ’

. ﬂ“l a

- and overflowed 1nto the overflow channel W%ig 3. 1d) Th;s,>ﬁ
‘however, d1dn t prevent 7thff slow contamlnatlon' oﬁ ’the
"amb1ent water._Thus measurements had ‘to be made before the

contamlnatlon d1ffused downwards close to the reg1on deflned‘

by thé' potentlal core. Table: 3 1 glves a- lrst of thefﬁ
. relevant parameters 1nvo1ved in the runs.: Here. T, fls -the,:
?:—amblent temperature and T is- the temperature of the buoyant;= .
jet in. °c ‘, ‘-' | S
- In order to prepare a steady cond1t1on, warm: water was -
- eiroulated 1n the 11ne efhk (Flg 1) before ‘the gate at -
the nozzle was opened On openlng the gate, measurementS‘fl
- were made only after allow1ng about a m1nute for fhe Jet to

,stab1llse.
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8. 'ANALXX_{@ IS OF. EXPERIMENTAL RESULTS

e - oo, T

‘:t:nozzle and let Pa be the mass den51ty of dge unlform amblent

4.1 General Eguat1ons : ?' _
N Con51der a c1rcular buouant jet “'f ameteéﬁd 1ssu1ng

.vertlcally upwards &iom a no;zl

‘veloc1ty qf U . Let po ‘be’ t e mas#‘"dens‘nty of the jetc‘@,t; :

ﬂd

5of large extent surroundlng the/jet. If it 1s assumed that '

lpa,,is' only sl1ghtly larger ‘than pc,y we ‘ca make the"

_Bou551nesq approx1matqon-«
o <’lu’ ’

; -po.__ 1 Apo

pa B L Ps

'It‘jls‘ assumed that m1x1ng around the emerglng i t is
.essent1aK&y turbulent except _perhaps win -the ‘1mmed1ate
lf vic1n1ty of the nozzle. The turbulent m1x1ng around the Jet
N lgads to the format1on of an ax1symmetr1c turbulent buoyant
,r'shear layer- surroundlng ' an' essent1ally " non- turbulent_t
"potentlal core. ‘_' | 'H
In the potentlal core, the ax1al veloc1ty u, 1ncreases:

R with' the ax1a1 d1stance due to the bu1lt)1nv buoyancy.
.However, 1ts radlal extent is cont1nuously decrea51ng due to_
'fthe penetratlon of the turbulent m1x1ng ‘as well as due to-
the y th1nn1ng of “_the. -jet  due »to" buoyancy 1nduced
-accelerat1on. Let L be the axzal dlstance at .wh1ch the
O potent1al core dlsappears and let ‘this be referred to as the'

i
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”:length: of:'the7 potential, cbfe75 The floﬁﬁgregion"froéfvtheg

L

"fnozzle to the end ) the potent1al core ‘is hgenerally,g;

vreferred to as the reglon Of developlng flow.“:'da

+

For the turbulent buoyant jet the cont1nu1ty egyat1on‘
. o

is approx1mately wr1tten as

.‘a', ﬁ ‘:_ ‘ '. o : . s ¢ .. ‘ ¢

,f&j” -

where u and v are. - the t1me &:eraged ve1001t1es it any p01nt-

?(x r)¢1n the ax1al (x) and radlal dlrectlon respect1ve1y.

The Reynolds equatlons can be reduced to f

“Yax TV oar T .t R AR

‘ where r is the turbulent shear stress, g is the accleratfbn'

‘due to grav1ty . Ap is equal to (p;j- p)y P belng the“

time- averaged den51ty at. any p01nt. In wr1t1ng Eq.j1 9, ther

use . of slender flow as well as Bou551nesq approxlmatlon has

f tbeen made and if necessary, Pa could be replaced by Po the

den51ty of the jet flurd—at the nozzle.

If ¢ = glp, the»conservatlon equatlon ‘for ¢ can be

written as

ac R T I .
ax‘ T Ve T r'arj( re‘a X - '[17101

‘where € 1s the eddy dlffu51vrty in-'the 1radial direction

\ S

- wh1ch has been assumed constant over the sectlon.
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Figdre 4.1 Dvefinition Sketch of the Potential Core.

™
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4 1 1 Potent1a1 Core ‘1 L 7’ ':
One of the main assumptlons in Ehe potential;céfe‘iS-
* that the turbulence 1s assumed to be negl 1glb1e thereforej'

.the ;erm with 7 vanlshes. The momentum equat1on 1.9 would

. : ": . - . B . g Ap P -,“' . L
'pﬁﬁmﬁi,axf. o N :

Qf
c
Q)

an thelaﬂﬁs of the buoyant ]et since v =20‘Eq; 4.38 further

reduces to

du _ B : o R C e
Ifi u,- is the value of u on the axis of bhe jet 'atsfanyi
: distance,; from the.nozzle,.Eq. 4.39 can be wr1tten as:
g Ap,

L2 = N TS I
Bl e _ L4.4Qm

where Apy = ;= Pk L . T

’ P . e . ; . e
L3N s : e L A
§ -0 . o B
;o - I - L
& : C- ’ . : . : PR
? : 3

o - L e®
where U, is t&g veloc1ty at the noqzie.--

" 'Eq. 4.41 can be written as:
' B -
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Uplor . 2 X SR I
[U ] =1+ 47 g R - .,1[4'42']'

where: -

FOI-= - - v- O.‘
/9 ae/p,) 4
‘where d is the d1ameter of the jet as it le%es the nozzle.

At the end of the potent1al core of length L. 1f the

-yaluevof" u, is Um, _the Eq. 4,42 gives B
S T L L
Un 12 SRR TR PR -
['ﬁ_] =lrtFTa A : -'[4'4-3'].'

" The length of the potent1al core' would: - depend upon the'
narrowlng of the ?et due to the built- in accelerat1on caused

"by buoyancy as well as the 1nterna1 ~_penetfat1on'of t-he‘

'surroundmg ax1symmetr1__ r,layer. 1f the Reynolds number -

of . the buoyant jet at the b s ' large enough for -the

v1scous effects to be neglr"g'ihle, then, based ',o_n our’
understan@mg of the turbulent shear layers, 1t would appearv"
'that L/d w111 be a ﬁ’ﬁ%tlon of only F, vand as’ a result‘
(U /U) w111‘ be a fun%'ug: SE on:.‘hy ‘F Further, since for

.large val‘Ues o F‘” emﬁffects i of buoyancy will. be
i Aé{\r{' .
.negllglble, one woulﬁ expect U/U to deerease contlnuously
) w1th F s ,’ ' : S -
K . F .‘
5 4 If ﬁq 4. 43 1s equated thh Eq.”1 ’24 for €ﬁhe end of the

Y.‘potent1al core,f‘__;"t‘:{he followmg 1mp11c1t equat1onAcan be,bv

Er N

-

o . RN . -
FORE - . . .t . . " ,
o S oo Cu somm
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. written for the diameter based densimetric Froude number.

-

ol 2 Lve_ [ 6495 223.25 13 (i aal
s_.
o B

grzilnflow'kechanism

As mentloned earller, the problem of “inflow . ‘asr

:junavoldable because of the low range of Froude number of thef{g

study For - all the runs, where the den51metr1c Froude number?.
‘was less than un1ty, 1nflow was present It was observed“
that the 1nflow was_not concentrated to -any one reglon of‘
the nozzle but occurred randomly The extent of- 1nflow was”
also “random. '_The_h observatlons of 1nflow ‘ vere. more
) qualltatlve than quant1tat1ve. It was not poss1ble to recordjla
‘the depth of penetrat1on because the’ exper1menta1 set db had3.q

- no prov1sons for th1s.

_ A few runs. were carr1ed out w1th Cochlneal dye. coloured
’ jets:_ The dlscharge was 1ncreased hfrom a- certain small
:amount where the inflow occurred to @ p01nt where the jet
_ was ‘visually obseryed to »flow full.v.Table 4.1 g1ves the

result of these observations.

o

One'of‘the shortcomings'of these“observations‘was that there.i

.was enough room for the error: of. parallax because the nozzlbl

e *

"was at least 0.6 m away from the jet tank wall Furthermore,'

because of the mushroom shaped puffing‘nature of the buoyant-“I

‘Jet at the nozzle at the. low range of Froude number (Plate



3 6) the exact full flow :Vas‘ reasonably' d1ff1cult “to‘

:w7 detérmlne. Table 4.| Desults of Inflow StUdY ‘ f

&

1,;{fDZ(c¢) fh~ 'Taﬂ(§C):fijwﬁT h(dCliﬁs"yQ.(m5/sec)Jd;F"

5 .. 6.0 - 223 0. 000067  1.03 _-

st t’lie:o_';'_;<'~22;3y;:f~“/fo 000067“d.f1.o3'f
T 6.4+ 18:9 . 7 0.00033 110
07 26,1j;f' - 0.000025. .03
A T 7 ,_‘21}5‘__v5f“}b,00604:}, 113
o | | |

.lii 4 3 Effect1ve Dlameter ,

- ' A dlrect consequence of the 1nflow was that the nozzled
‘was not flow1ng full As a result of. th1s,' an’ effectlve |
dlameter a’ of the nozzle had to be evaluated The avallable

b X
data at hand was the dlscharge through the nozzle measured'M

. \glth the rotameter “and’ the~ centrellne veloc1ty off;thefj

| buoyant jet at dlfferent 1ocat10ns ‘along the jet ax1s. :b
’“' The effectlve area of the buoyant jet- at the nozzle wasl
evaluated by d1v1d1ng the dlscharge by the veloc1ty at ' the;:
nozzle. However, one of the 11m1tatlons of the hydrogen

bubble technlque was that measurements could not be made at'



v.5'6:‘bl . {L

'.the nozzle because of the danger'of short c1r¢u1t1ng the

ek

-

1lh1gh voltage w1th the base of the tank whlch was made of o

lumlnum sheet.

: _ . e
ThlS problem was solved by graphlcally evaluatlng the

‘veloc1ty at the nozzle. ‘The square of- the measured veloc1ty~"

at dlffe%ent locatloﬂﬁ'along the. ax1s of the buoyant jet for-

- each run were plotted aga1nst x/D in accordance wlth Bqn.h |

4. 41. The y ax1s 1ntercept gave the nozzle veloc1ty squared :

_Appendlx B glves the plots for all the runs from wh1ch the‘:y

g‘nozzle veloc1t1es were determlned‘ The stralght llnes drawnj

through the data p01nts have been done by v1sual 1nspectlom%ft.

: 4 4 Veloc1ty F1e1d

[}

urbulence measurements u51ng the laser and also to nmke

. SOme veloc1ty ;measurements in*‘thev shear layer.. Th1s

In1t1ally one of the ‘aims ,of the study was to make‘,f

p0551b111ty was overruled “after encounterlng ‘some optlcal< .

problems w1th the laser. Some measurements of the centrellne"

7veloc1ty have been made in the large Froude number range'

;(Appendix C) S1nce the data rage.was'very low whlle u51ngf

',fthe laser, the measurement duratlon at tlmes was more : thanj'

15 m1nutes. In some cases, when the dlscharge was large, thell

‘tlme was suf£1c1ent to pollute the surroundlng amblent and;

']thus fall to provide an 1deal condltlon for the experlment.-l

The second alternatlve was to use the Hydrogen bubble

37method for the 1nstantaneous veloc1ty measurements. Plateiz

¥

'3 5 1s a typ1ca19example of the Hydrogen bubble t1me llnes.;



1ndeterm1nate. Therefore only the veloc1ty along the ax1s of"'

% ) . ' B by &
hs can’ be seenr‘i om . the photograph the boundary:*

"«shear layer and {he potent1al ‘core yas very haih to

determlne. Furthermore, because of dens1ty dlfferences, the
convectlon current caused the t1me l1nes to decay earlier in~

the boundary reglon and thus made ' the boundary v1sually ‘

.-the jet 'was_ measured ' Table 4 2" glves, the results of

veloc1ty measurement. Fig 4. Ja through Fig 4 1y glve the

plot of the - veloc1ty aga1nst the axlal dlstance from thep
nozzle. A smooth 11ne has been drawn through the data p01nts
by v1sual 1nspectlon. Taple 4 3 and & 4 g1ve the summary of

the data and thelr analy51s.

4.5 g:tentﬂﬁl ecie SR ﬁ“fl y“
4. 5 1 Length _ ( B » .
One of the objectivesf-of> the' study uaST to‘ find the

length of the potentlal core L from the observatlons on u
)

| Accord1ng to Eq 4, 41 um wi’l 1ncrease from U at the nozzle 3

) upto the end of the potentlal core.' But, perhaps for an

add1t1onal d1stance of AL, um w111 at . 1east in pr1nc1ple,

contlnue to ancrease t111 the decrea51ng buoyancy term 1sh-

balanced by the 1ncrea51ng shear grad1ent term (Eq.' .10).

@me length of the potentlal core has been determlned by,v
;nﬁ#éng the max1mum of the veloc1ty from F1g 4. 2 . ThlS

result has-been plotted,;n F1g.d4.3 At this time we are
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Table - 4.2 Measured 'E\?locity' v (cm/s) '
Run o X/D N s N
No. .4 0.5]1.0]1.5]2.0 51 3.0]35[]a0]45]s5.0}6.0
6 "8.24110.27[/10.46{11.69 112.80]10.46] 9.54 11.75] 9.11
7.-15.18 ). 7.26 7.60 7.56 7.38 6.63]
8 .95} - 8.88 -8.34 12.03 110.70 10.87]-8..82
9. .79 10 23] 10.79 -]12.55 113.74 11.47j11.47
10 |- .} 7546 9.07 ' 12.43] 8.27]10.75
11 .69 5.15 | 6.88 17.46 . 6.41 5.5514.52
12 | 8.88 l11.10 10.31 19.51 9.51 10.071 9.91
13 ‘ 1.85 2.65 2.92 3.02 2:98]1.23
14 4.66 '4.95 - 12.67 3.70" 4,051 2.19.
16 2.35 2.0311.1312.78)1.70}1.76]21.81}41.07}. - -
17 2.14 2.90]2.20)12.20}2.2941.35 “f2.6912.00] .
18" . 3.39 4.32 ~13.14]| 4.27}2.57]2.87]2.69]) -~ "
19 3.04 4.02] ~[3.15713.85]4.22 - 12.40{1.66]-
20 .3.41 4.09 4.50 4.09 2.8414.29)
21 4.49 (5.77 6.89 5.21] 4,735,631 &
23 - 4.80 '5.55 ~]5.02( 3,311 2.99f2¢%;_‘, ,
24 4.70} 6.837 8.22 5.44) . -« | 3.8513.83]~ %
25 - |6.46] . 6.40| 17.26 -1 5.:33] . f5s12]4.90}, -
26 3.67]4.10 6.12 13.18 Ta.29] _ t42.8% "> 1°"
27 4.29]5.69 5.39 3.68 5.751 | 3.431 .4
28 3.92] 4:66) _ 6.12 6. 611 - | 1483 = |5.88°] : 3
29 ~ 1 4.351 4.35. 5.58 1% | 6.20]  16.15 |5 821 -
30 1.51 1.80 0.71 1.4871, R S
31 2.70 2.54| ¢ 13.22} 1.99 w32 b
32 2.18. 2.84] - 0 1.89 ] .80 " 1.70‘ia-: -
C. - ;@ - . . B ¢
R f LT
- p rg:o ’/ "'a’ , ’



Table 4.3 - Summary of C_orrected Velocity,
' : 'piameter and Froude Number
Run | Vo |Comp. vel| - Nozzle . |Comp. Dia|Corr. Fr.|Um/Uo| 'L/d
No. | (em/s) [uo (cm/sy| Reynolds No. | d (cm) Fo S
.6 |.5.84 " 6.48. - 7679 | 1.90| -3.20
7 2,04 3.20 . -1641 . 2.40 ) .2.80 |
g 1 4.07 '5.30 -] - 3109 .2.25 4,00 °
9 | 6,21} 6.22 -} . - 4191, ; J 2.10 3.40
10 | 5.60 | -5.60_ . 2.3300 % 1 1.80 | -4.00
11°].1,04.- ] ~3.74. . 125Q. 1,90} 5.00
12 | 4.56 . 6.92 | - 4152 1,701 "2.50
i3] 0.68 | " 0.70 | ' 193 ] 4:.30 4,00
14 | 1.3%6 4.35 - _ 700 11.15] 3:00
1 16.] 0.34 1.31 . 348 12.00 3.00
17 1 0,42 0.89 | 277.5 3.20 2.90 -
18 |- 0.85 ] . 1.54 s 522 2.80 3.30
19.]1.09 ] - 1.48 523 2.15 3.20
20 | 2.57 2.54 . 1016 1.175 2.80
21} 3.20° 3.20° -~ 1491 -2.25 | "3.40-
23] 2.12 3.87, |- . 2603 1.45 1 3.00
24 | 2.55]. 2.55 . 2318 3.10{ 2.90
251 2:97 ] - 5.38 3605 1.35.} 3.25
26 ] 1.80 3.24 -~ .2194 1.90° 3.20
27| 2.30° 2.30 - 2091 | . 2.60 | 2:20
28 | 3.18 | 3.18 . 2891 2.10]  3.00¢ |-
29 | 3.40 ] @ 3.40 .- 739 . 1.80 | 4:50."
130 0.40 | 1.58 |~ 181y ‘1.10 | 4.00 |
31 | 0.68 | 2.02 t. 264 1.50 |, 4.80
321 1.021 -1:18 . 248 2.37.1 :2.50
* The computed diameter was ‘larger’than the nozzle dia. used
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‘Table ' 4.4 Summary of Fo', Uo/Vo, and 4/
1 N . :
e
‘Run |Nozzle€] . Vo |Comp. Full | Corr. |Uo/Vo| d/D "
] dia:: . |ver.  vofFlow Fr fFr. No.l- [ ' '
INo. |D(cm) | cm/s | (cm/s)|No.(Fo')| ~ Fo' }. -~
6 | 10 1s5.84) 6.48-1 1.05 1.19 | 1.1 [0.95
71 75 2.04] 3.200] "0.65 | 0.95.]1.57]10.80
. 8 .5 4.07] 5.30°] 1.09 1.38 }-1.30}10.88
9 5 6.11] '6.11 1.55 1.55 | 1.0041.00
10 5 "5.60 [, 5.60 1.53..] 1.53 11.00}1.00
11 5 1047 -3.74 0.26- | 1.54-]13.6010.53
12 ] 5 2.50] 6.92 | 0.87-]-1.49 |1.54]0.80
131 2.5 0.68 | 0.70 0.26 0.27 |:1.03]0.96
114 | 2.5 1.36| 4.35 | 0.52° }.2.20 | 3.29:10.56
16 | 2.5 1034 1.41 0.15 .1 0..64] 4.15).0.94
17:].. 5 - ‘0.42 ] 0.89 0.17--] 0.44 | 2.12]10.69
18] 5 . 0.85] .1.54 | 0.32 0.69 | 1.81}0.75
19| 5 '1.09.]..1.48 .48 | 0.71° ] 1.3610.85
20] S5 2.57] 2.54- ] ~1.42 1.41 Jo0.99j1.00
21 ] 5 1320 3.28.] 1.25 -} -1.25 }1.03]1.00
23 10 . [2-12f:3.87 | 0.59 | 1.25.11.83 0.74
24°]. 10 2.55| 2.55 0.69 “0.69 ] 1200}1.001)
25| .10 2.971 5.38 |-°0.80 1.74 |.1.811}0.74
26 10 T1.80] 3.24 | 0.49 | 1.02 |'1.8010.75
27 10 2°30] 2.30 0.63 | 0.63 J1.00f1.00].
28 | 10 3.18] 3.18 "0 :86 0.86 1. 1.00]1.00}"
29| 2.5 3.40] 3.40 | 1.97 ] 1.97 ]'1.00 1:60
301 2.5 0.40] 1.58 | 0.23 1.25 }3.95]0.50]
31| 2.5 0.68°] 2.02 0.38. ] 1.50 | 2.97.J0.581
32] 2.5 1.02] 1.18 0.56- 0.69 | 1.16]0.92
3 —
'* The computed diameter was larger ‘than’ the
" .'nozzle dia used . . ' '
"o . Lpm = -_Litn_es"ber ‘minute , Q

:501?:, ; 
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assumlng that AL 1s very small compafed to L. and hence the
flocatlon of U is taken as the end of ‘the potent1al core.gtf'
fThef%fore, the measured L w1ll be somewhat larger ‘than- the ﬂ["
'iﬁ actual length of the potentlal core It 1s eV1dent from Flg -
d;t;,4 3 that the 1ength of the potentlal core 1s dependent on
‘.fthey ex1t den51metr1c Froude number 'andf apparently

-fcontrary to the assumpt1on that the length of the potentlal'

dcore in. a buoyant jet is equal to that in. a 3et Eq 4. 44 is

falso plotted in F1g 4 .3 and even though 1t pred1cts the

CE e

-,_trend correctly, the pred1cted values are somewhat h1ger

¢ than the experlmental results.-

) 3 i . - R . 5 <
) p -' LS . Lo - Do . L ' . e

4 5 2 MaX1mum Veloc:ty o
‘ A very 1nterest1ng result 1s that of the efﬁect of
.abuoyancy on the flow 1n the potentlal core._Flg. 4 4 shows'

that w1th 1ncreas1ng buoyancy "e; decrease inQ]F; thef'

¢

velo¢1ty ;atiitheb‘end {of“'vh potentlal core 1ncreases'
con51derably from the veloc1ty at the nozzlef Here agaln,
1Eq 4 43 predzcts the trend.correctly but the veIQC1ty

sllghtly overpredlcted ThlS 1s espec1ally true 1n the 1ower

Eroude number»range._.f.'f?;;va\';*,};,,g,a ;Jf_ﬁf'w IR
~. I ‘ "‘. t. | i

4 6 Results of Lnflow

Table 4 3 shows that after the d1ametq; has been""
- COrrected and a. new full flow Froude number establlshed

based on the corrected veloc1ty,.v fa1ls to show up> as
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14 : .g ) . c )
» un1ty Thls 1nd1cates the dependence of 1nflow on‘condltlonsf

other than Froude number alone. ‘]f ~'f}u' =

_ft; Flgure 4 5 shows the var1at10n of d/D w1th the full‘

flow ex1t Froude number. Knowlng “the- dlscharge and the
nozzle 51ze, the area occupled by the jet can “be predlcted .
ﬂ‘A smooth curve drawn through the data p01nts show that full

flow\starts at an. approx1mate nozzle Froude number of 1.2. -

.§g>; i "'ff(d'.'ft o _ :i. o R _‘fjév.:'

Flg.;4'6 and Flg 4, 7 g1ve further 1nformat19n on the'_'

' pred1ct1on of the nozzle veloc1ty and the Jet Froude numberV

- o

fwlth the 1nformat10n avallable on full flow cond1t10n~ Flg

™ e ]
S 4 6 is a plot of the var1at1on of F w1th F '. A llne has_f
Rt been drawn where F F, 'For, the lower Froude number

range, betause of larger 1nflow and thu§ a redugtlonxln the

'} effect1ve dlaméger ong would expect F to be larger thanh

'the full flow Froude number F v ThlS trend 1s clear from

F1g All the data po1nts 11e above the F \\l1nerl-i'
There 1s,"however, a large scatter 1n the data p01nts and'

any characterlstlc Acurve through them would be 'merelyW -

I d ki

specudatlve. The data for F ! greater than 1 2 seem to fall

I e

clearly on. the bold llne conf1rm1ng the full flow cond1t1on'w

for F greater than 1 2 o Lo L

-l57;5 qu 4'7w6hows» the‘ var1atlon bf IJ/V with?'F'}"Ant

approx1mate cuuve»has been fltbed through the data p01nts.f§“

Cgte - -~

Th1s allows for thevpred1ct10h of the actual nozzle veloc1ty ,‘

Y A-".»‘.‘ e ‘A

i :
bf the buoyant plume for the known d1scharge. The date for/
the 2, 5 cmﬁno%;le shqys spme scatter..Th;s could very wel{

" be beca&sg of the lower degree of accuracy 1nvolved wlqh

:\fag"
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Hydrogen bubble measurements 1n th1s nozzle s1ze due to the"-

>»'f1ner _ t1me _ 11nes. F1‘g 4. 7 also shows U/V approachmg L

[

._‘U'uty at F '  of 1 2. ' v
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15;5 1 Conc1u51ons o - o G

_potentlal core has _been . developed by 1ntegrat1ng fthed.

»

.‘a

T

reglon. ThlS ‘also allows for the pred1ct1on of the maxlmum,'

']‘.5.>c0NCLU530N5'AND'REcoﬁxEﬁnnrion,

.

'.‘l

'.Ah express1on for the centreline veloc1ty fin ‘“the -

Reynolds(Equatlon and asSumlng it to be free of turbulent
ol S . ',: . 40‘
shear. P . R . S _ s o 'c; " ’x:.\‘,,‘_.' :

A relat1on for the lengtht of the potent1al core has-

been developed by equatlng the express1on va11d for the

potent1al core w1th the expre551on for ‘the fully developed -

3

'veloc1ty 1n the potentlal core at low Froude number. w"ﬂ

’tThe results of the measurements of the 1nst¢ntaneous

'3veloc1E1es have been ,presented 'and the length of the

.fpotent1al ’core est1mated from these measurements'lforf‘

zden51metr1c Froude numbe i in the range 0. 27 to Q 2 .

'u‘noted here 1s that the real end of the potent1al core IS the 8

}'lA’ compar1son :ofi'the results i1nd1cate _that' thelbf'
'”“analytzcal solutlon seems to sllghtly over predlct both ‘the
bength of the potent1al cqre as well as the maxlmum veloc1ty°

o 1n the potent1a1 core.' An 1mportant fact that has to bef

‘ﬂf.p01nt where the turbulence has f1nally penetrated to theh

ﬂllcentre of the Jet (Flg.,4 8 a) As mept1pned earliét: thehﬂff

i, ¢

posat1on of the maxx@ym Velocxty (F;g..4 8 b) on thé axis of

-

the )et 1s only a pract1ca1 estxmate of the 1ength of thef;.“

1al core and 1t probably overestxmates th@ length bygf?

s
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Potential Core Determination of a Buoyant Jet -
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: ‘3_.0

eSﬁimated according‘ to equation 4 44 '(Fig *4.8-¢c)

mes. fthat there lls a sudden and def1n1te ‘end of the
fpotentlal core and then 1mmed1ately the fully developed flow.

starts. A certaln dlscrepancy in the exper1mental result is

'f also expected to occur due to the ~use. of the effect1ve-

'_dlameter aff well - as. due 'toi_the inherent 1naccurac;es_

assoc1ated w1th%the Hydrogen bubble method | H
Results on 1nflow studlés have been presented and seem'ﬂ'

_to»ind1cate that_the'ex1stence;of 1nflow is. a function of_

more than exit Froudegnumber alone.

5 2 L1m1tatlons of the Study o SRR .
%pe of the main. i@m1tat1ons of the study was. that it

' was vnot poss1ble to _obtaln the cross sect1on_ veloc1ty
7prof11es.' This is” clearly due to the, llmltatlons of the

Yo

Hydrogen bubble measurlng system as well

s&the ﬁ ture of

the buoyant jeq P | '
‘ o , @x

The lack of . these measurements set. 11m1tat1ons on the

ab111ty to predlct the behavxour of ‘the flow 1n the shear:

hlayer as - well as the rate of jet expan51on. The fa1lure of

the LDA to operate satlsfactorlly deprlved the study of the

‘turbulence ;character15t1cs of the. buoyantv jet . in the
. : - S

?<v1c1n1ty of the nozzle. '5'”1 IR ol

L]

~ The presence “of -all ?the above limitations -should'
indicate that the results obta1ned in this study w111 have

‘to be taken w1th a certaln degree of approx1mat10n

N



| extensivel study is the."‘

’.needs to be 1nvestlgated 5

LY

~5 3 Recommendatxon for Future WQrk

A The first recommendatlon for. future work would be to_

e *

attempt to make meaSurementm”‘* the .Cross - sectlon profllesf

"asv well ‘as{ the turbulence measurements.e*Thls could be‘
'per‘ormed by LDA system 1mprov1sed for this type of flow, A
« LDA system with forward scatt\h\mode could be. experlmented-

dw1th in a set up w1th large tanks. Some t1me has to be spent

on exper1ment1ng w1th an approprlate seedlng mater1a1

' The second ‘area. of work that requ1res a serlous and

€ ff of 1nflow ~ The exact.
-n?,yt:y v . . .

behav1our of 1nflow and the parameters that trlgger it need

.to be deflned more broadly The effect of the boundary layer-

oi

S
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4 " 6. APPENDIX.A .«

;'ffe,1"rrow Development Regjon'of?a’Planevtggbuledthﬁuoyant Jet .

lentyB
6 1 1 Introductlon ' ff"; ‘.d4h_" ._ﬁ};f»f

whlch is only sl1ghtly less than the den51ty pa:of thet

‘”bturbulent buoyant jet can be extended for the case of a»” |

'dplane buoyant }et. Cons1der a plane Uurbulent plume or aT‘

‘fw1th an almost uniform %eloc1ty of U ’w1th a mass den51ty offe'

amblent £1u1d The centre 11ne veloc1ty of thls Bou551nesq‘»

plume 1ncreases continuously w1th an outer turbulent shear;

layer penetratlng from both 51des. At a dlstancefL from the

"'_'nozzle the turbulent shear layer completely penetrates thef

l'rth1s p01nt the centrel1ne veloc1ty decays., Depend1ng on_

o appllcable to both the cases. 'l' S

e
Pl
S8

- 6.1.2 Analys:.s

o ‘ . .-

whether the flow at the nozzle is momentum domlnated oril
"completely buoyancy dom1nated 1ts term ranges from ]et to

“plume. tThéf 1nterest here -is"to present anj analy51s;

N V_They cont1nu1ty equatlon fb; a_]buoyant!‘jet,,canlﬂbe

apbrbximatelyﬁwr1tteg,as,__' ST R .

oplume and establlshes a fully developed flow.;Startlng fromhx-

——

The ana1y51s prese\ted earller for ithe axisymmetrichf



"fflayer ana1y51s, ‘as wel

‘gg . av*
a . ay v

U N P =D S
,»Uslng the same notatlon but replhc1qg r by y the mbméutumdf"

T %’%g ¥ %;7f; o [6'46]'

Here slender rflow appro‘atlons 51mL1ar to that 1n boundary

. ‘\

[equat1on can be reduced to"

N

“?;'been made.~'1nﬁ Eq" 6. 46 -g, is the acceleratlon due to t"b”

"grav1ty, Ap is the dlfference between the amblent dens1ty p8

‘_and the”lbcal den51ty p,.r is- the turbulent shear stress.
. : N

5 Bou551nesq approxlmatlon have~"

The lamlnar shear stress has been assumed éo be negllglble' o

(Rajaratnam, 1984) The conservatlon equatldn for den51ty

v,def1c1ency can be reduced to.

?“a’f}"—l calge) . 2o

_ . le.471
: aY e ay~~ ‘ 56_»=1

'where € 1s the eddy d1ffu51v1ty coeff1c1ent asSSumedAto,be'

constant across the plume at any Cross sect1on

6 1. 2 1 Potent1a1 Core

In51de the potent1al core of the rlslng plume or;

bUOyant 'jet, assumlng negl1glble turbulence Eq.. 6 46 -

7 r‘lces to: S .

u a—Ll.+ v i [ T [6433

on the axis of ‘the jet since v=0 ;\Eq;:6.4d reduces to‘jahﬁ

AT e



On 1ntegrat1ng Eq 6 50

';fd stance X, érom the nozzle, ‘”

\ ¢
» k) ‘% . . 4
e a )Euz" _‘gAp°
Cdx 2 T P

a
»

where Apo .pg‘f_bq.

.u2’=.Uz”+_Zg *—%?x
: . an ~
SO R

' Eq.;6.51,can be written as:

R

uﬁ, from Eq.; )

" internal peQetratron of ,ﬁh
ST

'outsige{

a’_.\

’ D N -.vA"'. '

P A

-

'1"fup' 1s the value of u on the ax1s‘

I'

f.s._sfb]i S

" -'[_6 5 1]

._m,is¢the value of

[ ['6,531 o




B SRV |

FQ; a glven FO,IJ/U' can be determlned 1f the length ofh'wif
ﬁ; i.Bthe potent1a1 core L. 15 known.‘In the past 1t has been

“h generally assumed that the length “of the poteﬁtlal core for

P

'plumes and buoyant jets 1s approx1mate1y the same as that of

‘qpn buoyant jets. For non- buoyant(‘plane jets, ‘L 1s about‘

, 12b (Rajaratnam, 1976) gy%ﬁ recent observatlons ¢n thls,
'study on c1rcu}ar buoyant Jets 1nd1cate that L 1s much 7hff%

ihsmaller than that for the non- bé%yant c1rcu1ar jets end 1s

N . ..." —_—

'dependent on the 1n1t1al buoyancy

"fE plane turbulent plumes jthe' following -teiation_l‘”
_(Rajaratnam, 1984) can be wrltten 1n'the fully developed’i)

reglon

' ﬁ% = 1/39—;‘ T ”;'.'”'-f"' . '[6."54]

"

o

0 0136 Eq 6 54 can be 51mp11f1ed to

Using a,
c s Rt ° s S v- & S -
' ybn'equating Eq. 6 53 and Eq. 6.555tor thé pointbat;the.end'

-v'of the. potentlal core R A .ﬁ};}

aL/bo” 2’ ;7.62v L. R IR
e ZEPe | 206 S {751 B
s .ggf. TEYO AR [ | 1

-simplifyﬁhgttnis_fufthert L 55‘f_ oo
SH .4"' j:.ml SRR R o o DU R
,k\“ The above equat1on glves at least ‘an indicatiOn that_thé A



=, ‘:.\‘\ " .
R » §

‘length of the potentlal core

For buoyant ]ets ln\\the full;$vgy

3follow1ng expre551on_ based :ﬁhéﬁ

&7\\‘ g %

'jentralnment coef£1c1ent can be wr1tten KQ_Qngara'

Equating” this -

ébtghlial-¢dr¢

L%

';6._1'.






7. APPENDIX B 3
" Figure 7.1 .(a—_y-‘) Graphical" Estimation of the Nozzle \_Ie‘lo‘city‘
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8. APPENDIX C -

‘Table 8.1 Summary of the Laser ,Vélocity'measugementsz

CER
Diameter of the nozzle ='2.5 cm -
' The velocities are in.m/s . .
— | g=1.6gpm| g=10 1lpm}g=15 1lpm | g=10 lpm |- ‘
0 (cms) 10.0001009] 0.00016% | 0.00025- | 0.000167
" Tp(C) | 20.29 .| 21.08 22.78 | 17.19
Ta (C) 9.15 - | - 8.88 .8.61 . | 9.04
; Vo (cm/s) 20.56 33.95. | '50.93 33.95
- Fo' “10.32 | .16.08 ]. .21.84 21.26
P . : ‘ L
(mm) . x/D ‘ S o o
.30 1.2 0.206 | 0.330 0.518 ©0.340
75 30 0.222 | -0.386 ] .0.481 0.325
°87.5 3.5 "0.268. .0.354 | 0.402 0.345
-100 |, 4 - 0.213 0.396 | .0.463 |- 0.345 1|
1125 4.5 0.198 0.338 0.436 |~ 0.379. |
125 | v .0.332" L - 0.445  [v 0:269
150 6 ‘ ‘ . 0.271
. - 0=0.6qgpm |g=0.6 gpm| g=15 lpm| g=10lpm | -
Q (cms) ]0.0000378[0.0000378] 0.00025 |0.0001667
- . Tp 11.67. -] .18.53 ] -19.14 18.40
~ Ta 14.87 10.39 8.46 8.98
Vo | 7.71 . 771 50.93 33.95
o Fo'’ 7.57 | 4.54 27.02. 0 19.28
X T e ' ' ‘
“(mm) Y/D _ , R , s ,
30 1.2 0.057 0.095 - | 0.500-:] . 0.359
50 2 0.060 | 0.136 - |- 0.533 .0.396
75 3 0.056 0.130 . 0.508 0.361
" 87.5 3.5 ] -1 0.141 ] 0.495 0.550
100 q. . -1 “0.132 ].-0.533 '} 0.392
112.5° 4.5 0.129 f 0.480 0.297 -
125 - .5 o y R
100 .




101

_Eigute 8.1 ,(a-'b»)@u,i,,/Uo vs x/D for a Buoyant Jet; for' 2.5 cm
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