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ABSTRACT

This study presents a theoretical and experimental invastiga-_-} ;Y

. [

tion of the near, field regime of heated water discharge from a thefmalj””

B

power plant into lakes or cooling ponds. B :f‘ - PR A
o .\, R .
The theoretical study begins with -an order of magnitude'

study of the Reynold's equation of motion, this leads to the recogniJ ,

-

tion of three regimes of- flow characterisad by sma&l moderate and

large (aourde) Richardson number Ri. " For each of thesefthree cases,- '

]

-'the equations of motion an¢ the heat transport equation aﬁe integgated

and then subjected,to a similarity analysis. The results of this-k“
— . 7 B
analysis indicate the manner of variation of the signifitant scale v

factors of this phenomenon as a function of longitudinel distance from

the inlet Section where the heated water enters the lake. An equation f}‘if

] R
for the temperature distribution for the large Richardson number flowe R

o Experimental investigation of the near field has been

v

Ecarried out for two aapect ratios for both moderate and large Richard- ;}f"

o son numbers For tehperature meaeurements a rake of thermistors with an e

‘ automatic data acquisition system has been used Velqcity has been
. measured by the hydrosen bubble technique._ The Richardson number at
- which the flow changes from moderate to large Richardson has been found.ifﬂy'

» For the two ranges of Richardson numbers, the velocity and tempetatdre

4, profiles in both lateral and vertical directions ‘are found to be similar;arfi

>

The value of the coefficients for nhe variation of velocity, temperature,;"}l



N . A

width and dépth,scales, aré\fdundAexperimantallyifor'all“Richardsoﬁl o iy

)

" numbers. The experimental ‘findings confirm, in general, the theoretical. =
. predictions, : S T L . ',-:'f’v“ - ‘.. .

Equation'of theiiéothermé:énd‘the_areQé ¢ohgain2d,§ith1n. :ﬁ L

: thém1are then derived for the en#iré‘rgqgg of Riéhard?on numbersiﬁaged i

.on_the preéént‘experimental results, as also ;hQse:qg;Jeh, Wiegéljand

Mobarek.

i
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e
CHAPTER 1

“ INTRODUCTION

1.1 General

N
LI . - L

/ _ LN ,

R |
The addition of concentfated\heat load to a water body, as may

be caused by the addition of condenser cooling water of a- powerhbuse,

2

‘can bring about an ecological change; The important parameters which ,ﬁ .

'govern such a change are the changes in tempera‘:re and temperature
gradient, and not the total heat add%tion. Many species of the aquatic
life are quite sensitive to temperature change and although they may be
physiologically tolerant to it. their behaviour alters.. Biochemical
processee are speeded up in alightly warmer water and speciea may‘appear"
to thrive and grow better., HoweVer, it is the lower forms of life, the
".paraaites and bacilli that adapt and respdnd mpre readily to the .
temperature changes than the higher and organised species.' Thus the
‘ecosystem is disrupted ,,f-’7 E”h”tf”d",f '»tirhuf]li“”:f'*t fff"5;57Q,5*

\

' Besides the above changes, exceasive temperature causes sublethal
. effects on certain fishes and higher evaporation leading,to increased
‘levels of salinity.. It cauaes vertical stratification which in turn

I

\,cuts down oxygen circulation to lower layers leading to the death of ..,“;b;;?

organisms there in. The stratificatiukljl_o controls the flow regimes Q%ﬁn;?ff“

kS

‘}_and dispersal processes within water.lehe above ill effects are usually
.lumped together under the ;itle of thermal poliution. In a hold country
:“like Canada there is apt to be wishful thinking that it would be ;i»ikﬁnffggg;
;’-,fenvironmentally beneficial to W m up the rivers and lakes which are so ot

.cold. In fact the addition of" substantial amounts of heat into cold




5i‘Csnada, up to the year 2000 is shownJin Figure:l;

“ff-Canada, Phase l 1973), and the corresponding forecast rste for:the e

’water is relatively much more of an environmental shock than it would

be in warmer waterg where the temperature ‘contrast would not be: so high

Pl

Industries, purticularly fossil and nuclear fueled power -

plants,_discharge -large amounts of waste heat into the.water ways.,

,iThis leads to thermal pollution. The problem has been further aggrava—,'
2ted by the increasing size of central electricity generating plants
‘and the- transition from fossil to nuclear fuels' the 1atter having

lower the:mal efficiency. Apart from the power plants some relativelyJ;fiﬁ'"
'.minor sources of waste heat. additions\are industry, municipal and ‘
A

irrigation return waters. Howev , & breakup of total waste heat at ',f*""

.-Thames estuary éParker and Krenkel 1969) indicates that 751 of waste .';.

-.fheat comes from power station discharges.. Hence the discharge of

‘.cooling waterﬂ&rom power stations needs to- be given special attention.,'_ff

111 ?drdwth'inésnéggifnéquifenenései,f,‘

. ;. | Canada stands seeond among all countries of the world in per *l;i
Arcapita use of electrical energy. Thi total requirements for electric

. it . - :
energy have been growing ste%dily at a compound rate of 7 l percent pet:}}'f,“ 5

:'annum during the past thirty-five years. Energy demand projection in

1 (An Energy Policy off}}

U.s, A., w to. the year 2020 is shown in Figure 1 2 (Parker and xrenkel;ff
“51969) The total cbnsumption of 2.02 3oo mdllions of kwh in 1970 in

"ilﬂto 2000 compares with the historical four fold increase expctiGnCCd

: f,from 1935 to 1970 snd reflects the trend.towards o eloctricslfsocietyi‘
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The projections shown in Figurs 1. 3 indicate that a dacreas-u

 1ing proportion of . electricity will be derived from hydroelectric genera-
‘tion and- an increasing ﬂloportion from nuclaar plants. Tha undeva10ped ;f55p
'"hydro resources in Canada are either more ramote or economically lees 3V'” g

attractive due to the high transmission coat,“.Enarsy generation from

L »tidas such as’ the Bay of Fundy still aeems to be far from being scono—ip-¥a7_d'

,'ff}the electric energy produced. Nuclear plau
':'_fefficiency leading to a waste heat'product

B f;ﬂelectric energy produced

jmically feasible. Thermal generating plante are becoming increaainglyif;,f”li”‘
competitive as efficienciea are improved and costa reduced with largej;>" :"
'scale higher temperature units.j In additioa, thete is a movement awav_atif~~‘li'
lfrom rapidly depleting fuel (oil and natural gas) to coal and nudlear |

dfuel._ The significant promiae of the CANDU syatem which raqui:es no

~ enrichment facilities and the large reserves of nuclear fuel in Canadafﬁf{f::“
diall combine to ensure that this syatem will make a very important con—'p

.

fftribution to Canada '8 electrical qnergy neede for many decades to come. if"v
‘,f-l- ST

: .’lr2;~Cooling;ﬁater-kequirementa aﬁd:Efficiencieslffff"ﬂ’fA'”

Efficienciés of nuclsar.powared stream

Neverthelesa, safety requireme"s and:the linitation of

| :=.decade..

:'Ethe present steam cycle.~.~‘d’
Hanaxrenu (1969) repore. that with thepresenc an

e el
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foreseeable technology there is not much hope of decreasing, to any

substantial degree, the total amount of heat rejected to stream from

-

these central steam generation plants.' Based on the above figures

‘on- efficiencies, the report on energy policy of Canada, phase 1 mentions
\..rpthe order of magnitude of known heat discharges into Canadian waters 3
from various sources for tbe year 1970 as well as the projected figurea

for the year 2000 if the present energy and industrial trends continue.;‘~fif

Table l 1 summarises these data. ﬁ‘;;'ffrkiklb E:,'z ,@}fifﬂfrnzd*-"

Table 1, l Heat discharge into Canadian waters from power generation and
industrial processes : R S AR

. Great Lakes};J;Fresh Water Total Water ~ Total

{7Yéar 1970 zoooj:1,19701;;2999,_,;1970 2009 1970~ 2ooo ,f;l’{

|Beat rejec-‘* o -l,- L L:ij*t;”~*.n;;f r:,r f,_;.y,
ftton v 3, 165 460sy,,irssgfsgaraa;3¢1;213:*38,1;3;;i__
BTU/hr X, 10‘°“, T T

_Water loss by

- levaporagion T o0
"' |to dispose of S 59-*1308‘.5"{365ﬂj-"

.~ |added heat B ~}* S
f'_US gal/day x 106 .:'3feffli;'fff,ﬂ"“'“';" »

4.

'f} quent increased evaporation wvll have.an im ﬁrtantiimpxlt'on;the
'_fj:environment The stﬁdy °f the temPerat“re-distr

fore, be of an immediate concern -

L;4Tf' 1 3 Alternative Cooling,Hethoda

The addition pffheat discharge a8’ discussed




. ‘towets and.:

s

- section 15 usually accomplished by what is termed as’ once through

scooling : Here water is piped directly to the eource after cooling

In order that the water bodies be safegparded from thermal pollution L

ahi)'*QCooling ponds., Cooling of the discharge water occurs

to. the air, and radiation.=_,j- -

tf'tri)erpray ponds~r This is a cooling pond fixed with spray

“ modules.. The heated effluent is sprayed on- to the 5;3“;‘j35

"}‘surface of the pond from a height of a few met"

:?gthus 1ncreasing the evaporativefcoo ing.

:Vibottom. Evaporative cooling 13 promotJ

';;};£area. The air may be moved ‘ither'hy_

; 'f“operates much lik
Vbile.v The,heate

,rthe condensers. This 1s the cheapest available mode of heat diBPOSal, R

‘ .

;’caused by the continued gtowth rate in the electrical energy‘produc— ;fn5.f .
' tion, the alternative methods of heat dispoael into the atmosphere .\'fﬂaf

'7‘fgthrough evaporative cooling, direct transfer of heat _rig:?};jjﬁ




N »,

.~tedlyith evaporative cooling still make the once through coolingn.._.

bmethod preferable where feasible.,< :

‘L.4 Alternative Methods of Effluent Discharj_ m

e “Once Throngh Cooling

;'?’ In the once through cooling, there are two distinct modes of e
";'outfall discharges these muat be considered in order to evaluate the gff:jq

\

' ﬁi_impact of heated discharge upon ‘a natural body of water.
bd-jlj'jiSurgace discharge of hot water from an effluent channel

‘. li)thub—surface discharge from aubmerged outfalla- ;vai7‘

;“i?‘_ha) Single jet‘ no di.ff'Iuser.nht____l;_-‘1..";_"‘,'\:’._~ AT R »
"*.ffjb) Multiple jet line diffuser.:fu jiii]i:fﬁigfdhghil‘tfi'kiefgﬁ?;n:

"dhlehermal e£§luents can also be discharged as a shallow su“merged jet

"“*<fhthe coanda effect. Thie type has features conmon t° bOCh 0

if‘;’fcategories. The two modes of flow are quitel;iffer‘

./,

‘;the cooler water body.f Hence,




The scheme of discharging heated water aa a surface jet has :;[n'
o 'therefore been selected for the present study. The discharge of heated
':water on the surface of h lake has to pass through three distinct iﬂ_.fﬂ“r'”"

regions (Bauer, et al 1973) given ag,, i.f{iﬁf:".

,Qf'i) Near fisld re g on or jet re g e where momentum charac-:;5;:f B
e teristics of heated discherge must be considered.‘.._,xglf_g'f&;c:f
S R O T

ii) The intermediate r:gign where surface transfer and =
diffusion are the most significant mechanisms for ‘

heat redistribution.

-

‘ . : e = {
1ii) The sr region where surface transfer aspects sre
dominsnt. A S R B o RGNS :‘:l o v AT

The near field region or jet regime is of significant interest f:_ﬁf

:j'as the so-called mixing zone is usually treated synonymous with the jet d"h;

' 'regime as discugsed in the next section.”:u

Ls nuptionf the ulem S



10,

_ USA have adopted a very reatrictive mixing zone criteria while others
have none at all. Thua each of the plant outfall designs muat be based
'upon aize of the plant, nature of the receiving body of water, thermal

- criteria and aeveral other factors.v_b'”

On the variOua lakes in Canada, auch as Lake Wabamun and the

: Great Lakes, the predominant 5ugﬂ destgn ha-ﬁens to be shoreline,

1open, rectangular discharge canals.; The preee\b_investigation considers

‘??fthe problem of surface jeta as discharged ftom these open rectangular f?‘
b:discharge canals. The inveetigation ia confined only to the jet regime-;pAb

‘No cross flow or wind effects have been considered. Surface heat loes

ifto the atmosphere is generally;considered negligible and has been ;;)ng.;;.

1 e

»'fneglected The Justifications and objectivee of the preaent study are eb*bf“s

':'hdescribed at the end of Chapter 2 in Section 2. 18.

\\\\\\\
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CHAPTER 2

REVIEW OF EXISTING wonx '

°2.1 General

As a heated effluent enters ‘an’ ambient enrironment from a _Tf"

' ~plant outfall,it acquires a jet like character (Figure 2, 1) possessing7;f.A;'

.‘beth velocity and temperature disparity With respect to the receiving S

_body._ As it enters the ambient water it creates a tangential separation :yji&

- surface. The instability of the tangential separation surfacé’causes fj]ﬂaff

5; eddies which move in a disorderly fashion both along and acroas the

‘"la,stream bringing about an- exchange af matter between the ambient water SRR

" rand the jet. This turbulence travels both inwards to the jet center-fi;7 b

ﬂ?_line and outwards towards the ambient fluid A.transverse tranafer of

"fmomentum and heat therefore takes place ae the turbulent eddies move,

\1-'

".;both along and acroas the atream._ As a reault, a region of finite ,f;.'“9'”

.hWidth and thickness with a continuons distribution of velocity and tem-'"%'

'f:f~perature ia formed. The thickening and widening of the'jet

~fnonviecous core after some distance from the outfall i@ f"f' "'”"
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L — h_o —Uos .| surface - p/ C— B R

Note Wom surfoce vonahon duo fo tomparoturc
dlfforonce is not shown L ;

CERANNANNY

[ FIGURE 2,1 DEFINITION SKETCH OF SURFACE DISCHARGES




.The velocity-and temperature excess'undergo.considerable'decay in this,
region and various "limiting temperature excess criteria‘have;to be -

’ satisfied in this region. R _' o o ;‘." -

Within the jet regime the turbulence of the jet dominates the

'ambient turbulence. At some ‘distance from ¢
ﬂenergy of'the dischargevwould~be suffi7

turbulence now dominates the jet turbulence and dictates the effluent
¢

. chmixing, the effluent loses its jet like character. mhissrggion 13 C
.classified as the far field region." : | - ‘i'( |

21 Classificetion of '!s{i'}fface Jets -

As described in Chapter l heated surface jets can be classi—‘

- . B B L

».fied into two'broad categories.

':Class‘I.- Three dimensional momentum jet discharged either

by cansls or. by pipe flows.

Class II. Jets discharged at the bottom of lakes by single or dff;'_ffj”k
. multiport diffusers, rising up to the free surface,-j.; SRR

S

and then spreading radially as a surface 1ayer.~
These can be further subdivided into.
:Xibf: o i)' Discharge flowing into a deep quiescent water with no&f :'fgrfpfgfﬂbw
IR ».f.cross flow and" no wind shear.___ L _'_ df;: R
"ff ii)_lDisc arge flowing OVet a sloping bottom (such as on afrbll,“?'p;r’§>ﬁ

‘ ﬂhiii) Discharge flowing into shallow waters._""
”f‘1i§)5vDischarge flowing into 8 significant cross flow (sunh,fh7ffg'fff
" as those occurring in a river) :

'l}u);deiacharge flowing into a small crosa flow{;(suph ss in ;;r;;;
i fa lake).,' : “”f.:V;; -j?:A ﬂrj,ffl"ﬂs sy o




""f:are fluctuating velocity components, p is thermass density Of the

i4.

~ vi) Discharge flowing und?r influenceyof“wind shear, -

o

- 2.2 Development of Governing;Equations
It would be well.to commence by liating\certain,aaaumptions

- made by various inveatigators, ‘Spme of theae are'as.followa. Fluida‘
| are incompresaible‘and.fully turbulent._ Longitudinal diffusion is ;v

small compared to lateral diffusion. aThe largest variation of fluid

Y

density throughout the flow field is small compared with reference

:. density so tgat the density variation need be considered only insofar ‘

Sy

as it gives rise to buoyant forces but neglected in inertial terms and
. ’ - TR
that the: density variation is small enough 80 that the conservation of
mass flux can be approxi ated by. conservation of volume flux.“ (This _*f
' £
asSumption of small density variation is commonly called the Boussineaq
assumption ) e f' L f(.'f*'xt‘«”-‘::ff ?i.‘;~~ T
-The basic equations of mass momentumnand heat conservation f'fii"°’%

‘are, respectively.,,

.

e
[ S

B,
b
N

"f,where jui 18 the mean ve10city 1n the X direction'fﬁﬁiﬁten withoht,i;-ff;?i'

4 | au Oy au e N
- E’1’+' ( )+ ( u")+r (zzz)

‘Km;where " s the dynamic viscosity, ,i 15 the body force, “1 and uJ

"\ i

“A‘t.‘ Lo l'.

a»rh:Q.”fkﬂvi




- R
- fluid and pu ' are Reynold's stresses,

4

& ~ .

x, (uiT) > (K ax-) * ox -(gi T', +o ' X ‘2'2°;).'
g Loy g%t s
oo u . . Lo

where k dis the thermal cohduttivity, '3 is'the viscous'generetionf
of heat, T 'isrthe temperature and fT' 1s fluctuation in T.,‘As shown
;in Figure 2.1, N ,j = 1,2,3 represents x,y and z directions,_i"

respectively. The Subscripts indicate which components of ‘a’ quantity

o

are considered and repetition of a subscript in a term indicates a.

summation to be carried over possible components.- N
_ : I -

.The pressure ‘at. any point %s ,p and it is equal to the eum -
AN -
Yb

‘®

of7the static pressure, pAr:and the d§namic pressure pd ' Consider

-ffirst the static pressure term.."
L zapé : ' T R TE SET
.' ~——-—-q- > : s N AR ..'. ) v N 2.2- . PR

k]

q

'h,IntegqﬁfIhz Equation 2 2 4a from the water surface (where z * AZ) d°"“‘.fl.“
. ) . . - . K sr'ﬂ‘,“:- 't":.- . '

. wards. s

R T )

SN

‘..0r3,~ o "P' =. p _
o Az fe
whereﬁ‘b is the etmOSpheric pressure or pressure created due to jet

fb'bending, etc.‘ Since Az is generally small, as a first approximation " |

g

+ leedz . T @ake)

; '?we rewrite Equation 2. 2 4c as"“r.’ ‘ﬂr""ffﬁ w

e A



U
z S IO _ SR R
P, = I pgdz  + Po o ;'-(‘,2,"-2('.44) -
- with p =P~ Ap ;. where _pa’_isfthe.embient fluid'aensity¢7‘Theneiqua-

: tion 2, 2 4d becomes
P
Pg = 80,2~ 8 J _Apdg-_ + py
) . .o O o :

dsgre s Y @asae
L i T e T T
- Sl

"where ap/BT =_— a 3 a being the thermal expansion coefficient.v~With

‘_the value of p given by Equation 2 2. Sa, the value of

'

P = .:(zpaz-ffl.s,jA’rdZ)_i-'iPd ".*_"-Pof_--i._“ o SR (2 2, Sb)

R f4‘* o ‘;-f:--“‘;--- .

7on the further assumption that moleeular heat diffusion k viscoua

‘heat generation ¢ s and dynamic viscosity u 'are negligible since in f;," .

":practical turbulent jets and plume problems theae are/much smaller than [k"
’ . ° : "x' ") : ’ .
, »the corresponding turbudence stress tetms., Using Equation 2 2 5b, Eqﬂa’

fﬂi tion 2 2, 2 reduces tg Equation 2, 2 6, as,A .f

3 . 3 1

ER

o where;gg{! =0 when.ﬂig-ﬁljztﬁenQ‘vgif_i g when 1= 3. ~Consequently: ' = -3




- ﬂ of volume, momentum and heat energy can be obtained by intastatihg

’.17.' -

~

| [s- o, f (-ahT) dz = 81'-’“’] =0 when i=3 . (2.2,78).
: 11'6 N o e e
o N
_ ’and':"‘_ L - -ag _a_x__ J ATdz when i"l and 2 v- e . 3 (2.2.7b)
Heat traneportation Equation 2 2 3 can be reduced to Equation

2,2.8 where AT - T - T 'f. T and T are, respectively, the temperature
s . S e
-at any point in the surface jet and in the ambient fluid and AT' is»';:.; o

the temperature fluctuation at any point in the surface jet.r‘ Thua._{»

I T - ;

- The term:

' _,"'

' tion it 1ncreasee lateral cohvection.'

The most common approach uaed so far in the nodnl developlent

is the integral analysis. A set of 1ntegral equations for7eonoerv

Equations 2 2 l 2; 2 6 and 2 2 8 first in the vertical direction and



| R

'1rheﬁ-in leterei:directibhs.‘ The moet frequently ueed integral approach A;:fi”’

was intr°d“°3d bY Morton, et 81- (1956).. AlthOugh their work end thet ofe;}fv"

Fan (1967) doee not consider sur@ace dischargee yet they need a brief B
'fdiscuesion here ae most of the models on heated surface Jete ere beeed
"h~on the pioneering work of these authore. In edditinn to the Boueeineeq

:asaumption, velocity profilea are assumed to be eimiler/ﬂn consecutive -

_ trensVerse Sections °f the jet.i Morton, er a1. added to this che eaeump*]nfi”e$b

' rftion of similar profilee for buoyancy end temperature., wOrk on non—»3'

- buoyant jete indicated that a Geueeien profile wae eyprOpriete.3 HOWQVGf.  r°l“

'_Morton (1961) stetes thet theveeeumption of eimiler profilee euppreeees f :?;": 

all detaile of the transveree etructure of the jet.ﬁ Therefore eny

\kfprofile shape cen be used without loes of edditional phyeicel 1nforme- :iﬁ?ih;f]ﬂ




~ velocity n;sj_ L
A more general expression for entreinment velocity under ctose 7’5;’°'
. ‘flow is given by Platten and Keffer (1968) and Hoult (1969) as.: ;iﬂf:il.?f

o < » <ss> Caam

"-wherei‘s' is the angle between direction of cross flow velocity and

':".centerline of outlet.‘ The sdditional term in Equation 2 2 9b as compared:1dilyf

I”.dto Equation 2 2 9a is included to account for the entraining effects og

’1dvinterna1 rotation imparted to the jet by e;oss flowing current. 5

- _ Using Equation 2 2 9a and considering ua;iioi Morton, et al.;;?c“*l
""1(1956) 901ved the differential equations and determined the vslue oﬁ‘

:;ucenterline velocity um . centerline excqes temperature AT , end half

:*ffﬂwidth of jet in terms of 1ongitudina1 distance x.f Fan (1967) ueed

,.;;Morton 8 work to atudy buoyan; Jets under croas flow.“f”'""

*f“aspect of Fah a analyais is that he approximated the effect of pressure

.fgradient across the jet parallel to amhient current by"a drag coefficient.:f[?iji

'"byHe determined the entrainment coefficient from_jet-centerline dilutiOn

"ratios and noted that the crose—sectional concentration:'rofilestete_
”Tfhorseshoe shaped (Figure 2 2) with maximum concentration st ‘two’ eides
.J':of the plane of symmetry._k-“ "f'

.,~}- R R S

o 3 Reduction of Governt 5z Eq uations for T
R Two Dimensional Models S

/‘\

2 3 1




Hoopes et al. (1968) Motz and Benedict (1970) conaidered a
_two- dimensional surface discharge under croaa flow Their methods are
”.{:;baaed ‘on formulation of three differencial equations by control v°1ume ;:e;;'
"ﬁiapproach and assumpcioé)of an extetnal equation in the form of entrain- '
ifment velocity as was done by Morton, et al, (1956). Carter (1969) does'ﬁf{fl”f

the aame thing, but instead of making an aasumption for entrainment

A'-f velocity, relates dilution with decay of centerline exceaa cemperature.im:557ff

yl=Each of these authors claim their method to be different from the other;yff;?V‘i

'den the following, an attempt is made to derive all theae models from ;[:f[ﬁi~f

' "";‘Equations 2 2 1 to 2 2 8»,

Ignoring the coupling between hydr°dyﬁamis/forcea With thoae'"*‘ii o

':.'fof buoyancy, as was done in the models under diacusaion, and neglectin

S



'tz;.;-iwv

teatiafied§“ 
L 51)? ThiCkRBSS‘of jet 18 Bmall compared to the radius of curvature

of the jet &ajectory.;. . _‘ "_ SN [ /i/

ii) No large variation in trajectory curvaturé may'occur. SR

o Aa far as jet discharges on lakes are concerned, the ambient cross

flvelocities are small and the second assumption is likely to; be aatis-wﬂt.kf{;;;‘

,:\‘_

.if: fiEd-_ A buoyant heated jet grows very faat and therefore 1ts width is
much larger than the width of ‘a nonbuoyant jet.- : But if the jet Tj:fﬂf’f

,i{-curvature is large, the width of the Jet could atill be conaidered ﬁb;ﬁ:ﬁ_;;f

f‘much amaller than its radiua of curvature,; The aseumptions (1 and ii)

P
e




‘ T.jture ac the surface.-;5T;;¥

e

3% (_"BMa) o 3(,"'94,1-‘8)':,1"3,!1,‘j,(-7,"é-'é'.r‘é".-:_)-"_"j (236) R
.if'The preasure gradient term 1n Equation z 3 5 reptesents the effect of SRR,
'A wind shear or ambient cross flow. *i:'5"' 5'.“ T "'~€f§?1 i
e similariﬁ? function for velocity and temperature excess can

S now be assumed

_,"‘(us- ua?cos g)_ ué" E‘“&”' o f}?Fi,gxfi,ff;[f?szjf;f}?

B

-ﬁ'* and AT ; are, reSpectiVely, the centerline velocity and,tempara~

~,'ﬁof the jet._ Thus the aasumpcio




s

- not be far from the trith.. - -
L e

 'u-2;3.3;§Dé§eloggéﬁfqu Cdvéfﬁi@g;ﬁqﬁation§?~  e
1;@§ Equation 2 3 5 can now be resolved in x and y directions - - ¥

o as siven below.i vfffwf;‘} 

. Momentum éﬁuaupn ‘{inf"thé x_ faii;,ec":-idf{-"]_._-',;j B

-%-——- in 3 +L (-'p‘u" "v""' ot s) (2_;.'-‘-'3‘;'_;9,,95 S
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The term uav j

o es
Lo@.3.10)

'i '.fyi;?{;f;ffi} ¢{¥; ftll

in Equation 2 3 12b j?_'epteaent:s the ,lateral entrainunt

following fomula for wind shear '

'ff(353{ié§51 ff=



e e T e
o ~wa'._‘93irCDw1 o '3‘fi;'-'§ | vlt‘.f;;ﬁ_ (2.;.14) =

- density of overlying air.‘f

5 pi
:wv - wind speed.. Stefan (June, 1970) defines th

';Vind sttesb,

o

?saius equation for skin friction coefficient7

4 Thus
£ ‘val 1/4 - ‘

F .

,F;Af;j(Ziq;lsg)*lf;

is the kinematic viscosity of air in sq ft /sec, and 6
. ‘ N 4

;Ckneas of tha air boundary layar in feet above the water aurface..fﬁvq7

‘”f‘;not likely;to be ttue.v 5t;:_hﬁ.fﬁ"

. (1969) detines G by the'following equations .

v;fffffi;i*;:if'}igiiiif,:ﬂi(zl;;i5ﬁ)iff;

."tf"depth.: The top layers of ambient Watet typically travel.at a
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| velocity and arq strongly influenced by wind and its variations. It canf

~

be argued that wind induced stresses act not only on the plume but also

_on ambient lake waters (Policastro, 1972) and provide no incremental

g \
momentum flux to the plume. It appears as if the wind shear affe¢ts
, v

plume &&gbersion by the introduction of wind induced currents and Waves._
- : K | o e . oo
R SR

_2.4lfHoopes‘{Modeli“.‘;'
_ The details of Hoopes model can now be considered.l The'co;ﬂfi‘
E ordinate system chosen by Hoopes, et al (1968) is shown in Figure 2 3,:;.?

In Equation 2 13 123, the term.
RE - ap h T b A
Cwe T - @ wme

"ﬁhéré;;h 18 the degth of the jet assumed constant. t In'zqutiag;»f

s, le the cerm.rj.f“ﬁtrf" | ST '
S ‘;7 o R 3b°b‘ Cap i :}f I
<. i-cos B J 55 dN 6—*-) coa 6 o e

. 0 .. :[’,Av .

Hoopes also chose an approximation toigquation 2 2 9a and asaumed

.,_'.

'-;3'9;'—_a¢uﬁ, - Substituting these values gn_Equation 2 3 12, one gets'5fif'““ -




s
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N~
-assumed a linear spread for the jet width b and solved the set. of =

Equations 2. 3 10 2.3.11 snd 2.4.1 by numerical integration.

. 2;4.1 Remarks,On.ﬁoqpes' " Model

A ueak point of the model involves the author '8 analysis ofi
hentrainment. A more exact definition is given by Eguation 2 2 9a or ;,tlyhia_
-2, 2, 9b.t The assumption of similar profiles for velocity and tempera-' |
.. ture makes the model capable of handling only very small cross flows.’

'_,The authors consider the value of A - 1 in the form oflsimilarity iy'-.v'f

l,function which is inconsistent with actual observations.. They assume S

. "‘/. N :
o a linear spread of the jet and this may not be Erue if the level of the

‘ambient turbulence is low and buoyancy effectd are predominant. “In"f'J

.}_view of the discussion suggesting that the wind shear provides no ?f._

"incremental momentum flux to the plume their consideration of the
/Ceffect of wind shear stress may be in error.._;hfi'ft"' |
Qarter 8 model is nﬁrt in the order of development. But
'"beefore considering Carter '8 model the drag force formulation as done ]iz,ffi~li
"“;by various authors are discussed in detail to clarify the 1imitations :;g

| finvolved in the mpdel formulation.sﬂQ'i ’5difi';“jg§iiVN!':

'EV:}Z-S,hDrag FbrceVDUentoﬁCross'Currents?;ff;” . =;-iﬂiff:gf7'1@}}‘.'lﬁif.fi”“**“'“
. - . - ., PRERY T “/}‘ - o," ’ I
l’:_w e '-

Ty
a

Hoopes, et al ;considered only the entrainment of momentum.flux »
3 -.J % ‘: v' A s

due to cross current. An ambient current can inffuenii:the jet in wsys

'”f:fother than through direct momentum exchange (Silberman, 1972) A net

v

'h‘presaure force occurs across the jet and is caused by sepafation and

leddying of the ambient fluid on the far side and by distortion of j'tg;[{°_f3}5'




'boundaties TheAambient flow is being retarded by the jat st ‘the near
S side of the jet, creating an’ increased pressure, while rarefaction
occurs atgthe rear side. This force is usually represented by a drag .
‘ .coefficient much as though the jet were a solid body._ Although, because'j
-of the inflom of the ambiéht into the jet, this force should be somewhat S
less than it would be at the wall of a solid body of the same form as N
a 6urved jet. Stefan (1972) considers a friction drag also acting on
the jet but if the form drag has been created due to the separation and |
eddying and . the momentum of the.entrained ambient fluid properly |
:sccounted for, there is no frictional drag occurring on the jet. Fanul.‘
(1967) originally accounted for this form drsg force asi fr“ e
p = 1 p C.u 2A sin B ':AF ;_n‘&ce' i‘e 'h*f”h;:: (};Stla)-jfi.
2 a D a R R f N
where A is the area normsl.to the jet centerline.:FMots.and'Benedict

. define this force as: 8

| *h P = l.pxcfﬁ 2A fsln.B" . h;‘ j'flu »?'td‘:¢‘:~5u ”(Z:Stlbi.d'd;

Coowi2TaDiaar ot S T
';snd»Carter.defines.this_force_ss:.fﬁ

.

ﬂ.f?f_.,nz paCDA'ru_ St S Hf”:.h.~_f5[‘ﬁfi ‘ (2 5. lc)

s

The basic difference between these formulstions is the 1nc1usion of sin B

term., Motz and Benedict argue that if sin B is not included then
P cos B would go on deflecting the jet even after thm jet has aligned

/-
itself parallel to ambient currents.v Wheress, if sin B were included

' AR .
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the-tern' P hecones'eero ae ‘.‘B'-'fL 0, Motz and Benedict intuitively
fthink this to be more realietic, In Carter 8 forﬁulation the jet goes o
+oon, bending till it reaches the near shore. Rouae, aa reported by }.-1 jfl
Carter has carried out some experimente on’ air jets under croee flow '

v

.’and has experimentally found that 1t is indeed poesible fog the jet

““‘axis to bend inwards or towards'the ahore.- Fen ueee the tern ua; ain B},V
y‘ias the square of the ambient velocity component normel to the projeqted;fj;J_‘”
~‘area. Based on the argumenta that pressure drag depends more on the . :
| form of body and on seperation at the tear of the body than on the con;::::9

‘ j -ditions at the front of the hody, Mbtz and Benedict reject Fan '8 | gll"

definition as an unnecessary refinemenr.. Af“f"f‘a.-y;l /U

Which of these formulationa is‘near truth ie uot clear.::;ffiﬁil*ll”
| llHowever, Policaatro, et al. (1972) argues that none of these formulatione;%ﬁ.in
.‘will yield presaure/distributions according to. experimentel plots of ";
fRouse. Hence the drag formulation by any of theee euthore ehould be o

'”'considered as no more then mere artifacts in an attenpt to account for )

.’

",the pressure distribution over the jet due to flow/eeparetion.;‘ffifir“:{'*" E

;‘and temperature yielding a value of 11' ‘- 12' - 13' ibli*.“

‘the wind sheer force used in Equetiona 2 3 1 end 2 3 2 actins;o eu&_

“aree de by the dreg force P acting on. eree h dS " we ¢ct_cnrcar'.

equs tion.. Since the drag force P acte nornnl to the jet' ?ntdr71ne'

~0 = B in Equation 2 3. 1 and 2 3 2._ The coordinete exie chpnen‘ﬂy
SRR £
‘Carter 19 ehown in Figure 2 4. «Tbe choice of exie hy Zellerfnnde“




;_a:e,diﬁfenont.~ The coordinnte oystem chosen by Carter is shown in
‘Fiénre 2;4; : The component of drag forqp in y direction in the pre-;-‘
‘sent case is oppoaite co the component of wind shear in x direction ;;'
;.‘in Zeller 8. model Equation 2 4 1a and Equation 2 4 lb can oe written
ST o . . _ : .

‘2.7a’D

;.d(gum hob)fs%g_s7_ff' ~DAC-ué.noc$ cog;ﬁ_ S (?fﬁf;e)“'7
endi | lpuy bhy) cos 8- uyu dSoLhy = 3 Palpla NdS stn B ¢ (2:6.1).
: Cdfcéf'definéé f' as the fraction of control volume that is ambient

.”fluid "He’ also defines the component of jet centerline velocity in S X |

Al

| ii-and y directions as u and v reapectively.; Thus in Carter 8. model.

' '._r< ) . ’ :

e any e

. 45 cos'B

, c"asf?in78.séff;f]{-”*” -



' orifice S =0 to an arbitrary centerline :
oonditions x - O y - 0, xA ﬁ;,5p3!;ql.i

Assume p = p85 also:-

and: ﬁy"

o (2.6.3b)

Carter then integrates Equation 2 6 3a and E uation 2 6 3b from the "

tsition .8 with boundary ;ii';

1, f - 0 and b - b ..g

:; The integration of these equations with the above boundary conaitions

"-and division of the integrate& form of ﬁquation 2 6 3b with Equation f«:;;fﬁfi

Y

2603 yields.- o TR e e e

Lo (sin¢ —-z-*x)(i-f.-..).__._
tan ¢1 d —”.. e V.ﬁ,e_w_, o T

: YR e e e D L e
e e °°°¢o+ ®p T

[N .
~

':;fwhere R - U /u ‘. Carter dexives the equation_for jet ttaject'uy for




o .5,QQ.

3.

vfor ail'points. This also does not seem to be“a logical assumption and =
"Ithere is no, hard eV1dence to support this aasumption.other than the
o J .

author s own observation that the flow rapidly turned parallel to the

,ﬂambient current. Thus"" L

LI

r::‘

Ty

. ;For (1 - f) a constant Equation 2 6 5 can again be integrated to.
; yield the trajectory of the jet as an ellipse with the same center a8 f;irﬁ. §}
‘fthat of the circular trajectory but with the aemi—mqjor and mincr axes ;{7;r:n:

Coasy

Ty

0

(1 - f s:l.n ¢ ) R
‘-c a- 61’2 it o

: S ,:»zn b
Candi == (1 - ? s:ln ¢ )1/2 _

where AT - 1nitial~excess.temperatur of th



:[if“ ?_‘ -u€34?f:
 Laboratory Qéxpéfi;oépts fcar'lr‘_iéd jou'c_by Carter showed that: = -~
AT "'--1/4 B Yt T S
and:  ‘Length.of flow establishment = 2.5b '\: - ... (2.6,12)

are the only unknown parameters in Equations'o;fiffL

. The-v&lue:of KX and c
: | o

D

“'712 6. 6 and 2 6 8 : The author determines these from ROuse 8- egperimanta-lf-;ﬁ??i

'ox‘featimate of C

'f*ment.

-fation on slot jets. The methodology of determining ¢ 13 approximate O

 »' and the analysis yields‘oo'  1""""}

D' o . Y . .
Since :he trajectoty in the regi'n_of flov eatab whment 13 a :'

~ﬁl-1nc1uded angle

. ,.;Z
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| .e08 ¢’e CLU TR T e e ::--F?f,ﬁéé.) i

_ Uaing Equations 2 6 13 and 2 6 15 the valuea of ¢ and CD can be ‘l,lt

'i‘determined.\.'

The theoretical model cousidered by Carter differa from that

"ffof Zeller in several respects., The decrease in tem‘ rature along the jl}}:ff

«jet axis was. related to dilution, but the entrainment mechanism causing

),'--:

.:-fiithe dilution was th specifically conside:ed.u The equatiou‘o ’volume

b‘gfconstant with reapect to velocity ratio but this assumption was not

:ﬁlcontinuity was not uaed. The length of flow establishment‘waa aasumed

Y 3

'oiitsupported with experimental pro £x Recently, Stefan (1975) vorked out.nﬁf]%
D ? AR L B e

-

' “.Carter.. The aasumption that the x conponent of jet

e *,_mation.' quever, inspite of theae limitatio

“lilEQuite impresaiVe. 371535;*?7 vi

. Lo




' Motz and Benedict chPse an exponential form.A Further, they assumed the

,:value of A equal to l. These are rather gr%gs approximatione which

"':,the authors resorted to in order-to get a solution of governing equations. g
Thus' | . |

 substituting Equations:



L é.'.'-v C ae alreadyrmml

':',."2 7. Sa. 2. 7. 5b 2, 3, 11

s e L N T e
S wheinB) = - LB gmpeos 8 N (207.56)
Bem T S L P % S

_—

'%ﬁmma%g%:%@mg,:;,‘ﬁ;,

_/,/ 1:" N - ‘

B T A ey N R I o Da, sinz B (27@)

o

Equation 2 3 11 remains unchanged an d thug. \

‘ .
R

-

\

| K
e




e T T e

OC:
o
[+
e
o

. Thus Equation 2.7.3 becomes: . . o T

o aL@ed g
ke n(L + rz)m:.-fﬁ-ff;_

»

. E&Qﬁtiﬂn§;2;7;5afﬁﬁdf297wsﬁlﬁé§5ﬁé?ﬁi}?E'fbe ;?”




R _vthe outlet’width b' by equating the heat flux at the outlet to that

;:“ 4 '1‘.v '?lff 5 é}i;,;.n.}

B *These are five first order differential equations which are solved by a

40,

fourth order Runge Kutta method.

Motz and Benedict have carried gpc’laboratory experiments t° fli

h’determine the relation between a,.C zone of flow establiahnent

D S
: '[ﬂ'a
'and velocity ratio R and the initial angle B They alao relate L

ftthe width of the jet at the end of the zone' of flow establishment to s
S

o d }.“at the end of the flow establishment whereij.if and AT atill egual

and AT . Thus, from Equation 2.3. 11.’7-':"_' e .if-;:

S . a

‘]:o

ftfj." i;lsé” d‘“;?ﬁrfi;ffll:\{;“f;~';'¥.;§j;ﬁ=illriikfiljvgjEld;?ﬂzglgiii il;hiillhi

":fThe value of o and ‘Cﬂ

el e

‘*value CD obtained from laboratoty and field,deta is'appré;f‘“

'\tffo 5 and is reasouable.f_,:f5?

“Jl{surface heat loss.;

Their resnlts




S

i‘.effects of non—uniforn ambient currenta.. Fot moat field casea of
.ipractical interest they conclude that there ia little difference be- fif'
j,tween predictiong obtained by chooeing some auitable average of |
. ambient current over the reach influenced by the jet as compared to‘fiiik»

'the inclusion of a more tefingd profila, ; 1fr:*7»:

271 mfe;'iai 'Tea't; of w‘f. s .ﬁadex—'éﬁ-; DO

Paddock 'et al. (1973) have teated—Mbtz and Benedict 8 model 'lﬁlf

-'f_ with the field data obtained at Point Beach Nuclear Power Plant and

e the inadequaciea of the model as below'

"fPalisades Nuclear Bower Plant on Lake Michigan, U S A._ They summarize

At_i)f'inuoyant forcea as. well aa vertical entrainment are iSnogfd
",Jin the model development. Bor densinettic Froude number&

'”Qn;leaa than about 2, buoyant apreading‘ . quite fmpo’tant,

duffot densimetric Froude numbera exceedini’aboutvs. a‘*ubatan—}ia;:?f

= iﬂvariation in the yalue of entrainment coefficit:
- Vfgituation to anoéher., Particularl for ‘lake ‘da

,;higher.‘ A parf:eularly intereating contrt




L\

e o : e

»essentially constapt at a particular loca&don with changing

’.values of R ; this behaviour being consistent with their

ilaboratory findings showing a to be relatively independent -

'-Of R. R Y

i)

The model is actually restricted to small ambient currents.

- The simulation assumes that the jet velocity approsehes zero

._ofat large distances normal to. the jet centerline. Th; assump_,n,
__tion of Gaussian profiles for temperature and velocity gnd
”.the assumption of equsl rstes of entrainment on offshore and»iii?Vi
:Ilee sides of the jet are nqt Valid for ambient currents that;f;fiu

. iV)
"jptmomentum and heat. These have ‘bee
;7?in the Point Beach and Pslisades fata.;f?g;{_;'“’

et O

‘f‘vwith such a mode of dischaxge. 55

/

"ffare not very small. : o-j:¢¥?'; -;v~<//;n:;1,;g[f

.The model does not simulate unequal hates of- spread for

- observed to be. significant

._('_

: ,rVXfpﬁThe model does nototreat turhul'-ce intensity in the ctoss ;;;;;fkf
| "ffvflow due to the assumption that. such’ tq;bulence and its " i
}feffects on- mixizg are neglidhbie._ Although some account of ‘

vthif effect may be made inlthe choice°of entrainment coeffi-"

_j',c'ents, sny such treatment would only be quaLitative. !?"f¥“ficasi

b'tx i) Zone of flow Lst&blishment.

ii) Supercritical flow (jet zone)ﬂ}.:?tf'?'r”



f-'~,q3 Review macerial extracted from Policastro. et al. (1972)

Field and laboratory data presented so far auggest that hy—va
draulic jumps -are much less likely to occur than would be expected from0
the author-s analysis; ‘The author 8 method assumes a slot 1et which
i prohibits lateral dispersion and reduces the number of degreea of
- freedom by one. Thislloas of freedom for the.Jet accounts forcthe
i'increased predictions of jump by his method._ In aﬁpractical field
situation, surface jets are not discharged by an-. infinite rectangular
-slot:and hence.we shall.not;discuss.Koh?s method in anyigreater,detailgr

/

/

" 2.9 Two Dimensional Model Account g for Vertical » -

_.§preadi g Correction ';-' -

. Prichard ivs 'model '(1'971)l i*s':'-isaaf‘icriily s twa dimEnsional
hempirical one but accounts for vertical spreading correction, back—

i
- ground’ tempera;ure correction, etc., thus making it suitable to be

;applied to the field.- The model is based upon observations at Waukegen'a'hf

"Power Station at Lake Michigan. Pritchard uses an. integral technique
| ;in which plume velocity and excess temperature are assumed to have a

'"tOp hat" distribution both laterally and vertically. Buoyancy forces ;x';

-r..

‘.fin the equation of motion are not considered. The effluent is assumed o

‘to- discharge in a quiescent ambient water.

Prichard's theoretical development is carried out in four ,55a57 "

consecutive stages.,”

A

| Ay A two dimensional plane jet ia considered without any coupling

) of hydrodynamic and Buoyant forees which yielda we}i known

e :‘f d results of nonbuoyant jets.: These can be written as. ,fb"ffi-'

b _

R S
) E B . U PR Do PR R SN



Yo T

a): b= x/6 (assumed) L f-*' - o c'i’f(2.9;l) lfff
b).:HLength of flow, establishment X, = 6 h;-h”~ftA ‘ 5(2.2.2)~¥--:
‘ ; (aseumed) o ‘ ' ' LT

@) ':u - Ué Vx 7x (derived from momentum principle) (2 9 3)'

@) br= AT /'77’ “Y-7lf;}:-~“"~i2',-.-;7 (z 9. 4)ﬁ¥="
: e L *'»&"Q-< R ,L.v
The variation of velocity and temperature is assumed to hold -
B for. 0.2 AT < AT < AT o ‘Beyond this point; the dilution of
excess heat in the plume is aasumed to be primarily the result‘} ;;

. -of mixing processes.; The jet decays as ‘a. three dimensional
R R (9 SRR

- L o

‘..jet.. Hence{f~'

» ,'The constant 30 was calculated matching EquatiOns 2 9 4 idf;' :
:‘1and 2. 9 5 .at AT - o 2 AT 'f o Lo T S

ii) ,Vertical qpreading_gggrection‘x The author defines & ncriticali;€;;
_ depth of mixing o IE the initial depth of the jet ia leas S
_‘vthan critical depth D, plume entraina vertically till the :f i:”;

.;:'depth becomes - critical thereafter the depth remaina Constanc;ihe*'

. If the tajtial depth is greater than the critical depth, the o

| depth of the pluné remains constant throushout the near: fleld, .

3‘ﬁVertical rate of growth fOund by thie authcr 18\Qu002 ft/ft.‘ T

.p:fue uses the method of reflection to calculate the distance :

”'}ibetween source and the critical mixing depth.- Thia distance o
! | ~

- is given by' ’,“,.;II,LfIlA""" e




B R

DR ;,?‘1 DR 4.

N

. Thewvelue of”,ATm',calculeted-from Equationj2,9}4 ie.correcten

CoA4d)

as: R P L S R PR
- R j“ e
‘.ATm7v“_’hj AT \ i AR AN )(27?'9)' 5

§ackground temperature correction.4 Thie correction is done to f

account for the possible recirculation of diIution water in the?{f.ﬁ

".model development. The background temperature is estimated by n‘lh

calculeting ‘the: excess temperature that wpuld exist if the LT

'heated effluent were completely mixed into the available rate

. of supply of diluting water to the 1nshore area where the

f,temperature is given by'

'”where AT v * corrected excees temperature.and AT

3heated effluent ia being discharged.l Then the corrected excessly-[

.'].v‘_- ;f 'w.'_ By Ap o (2.9.10)
.é?m;.:~ATm,f‘f1~,;Ar-)aATb;.-, 20
'y " background;h*f

- temperature above ambient. The area within an isotherm is

ﬁcalculated empiricaliy The author assumee the maximum width V

- of the area_having an excess temperature equal to or greeter

"‘than AT as‘ ;"Qf{[*f.ff H‘f3.f,Av.A:f.;vr‘:;fﬂ”if:u,;:n:f‘“-

50

T 2 account: for a bellwshaped distribution inateed of the. assumed:fpf

vy

'top hat distribution, the author writes. ﬁf

ﬁSurface coolggglcorreetion.1 Surface heat loss isi’eleteﬂj!o

TS S omz O asa

- the decrease ‘in ‘source strength. “This: 1s then 1nc1udedff:3fl;

"]”analysis as & correction to the ereas derived 1n St°p iii
_»fiThis surface heet losa correction yields the final two dimen
'nfsionsl temperature field’ nd_the 1sotherm areas. ﬁ.fﬁ15
: ::“The model 1s simple and considers plume dispersion to be go
erned solely by momentum-jet entrainment, turbulent“diffusion and aurfec




) . . . . : b
. . . B .
. . . . N
. [N ) ) . R
Lo

, heat‘loos.- Buoyancy induced convective motions have not been explicitly i“

considered No ambient current is assumed to exist in the theoretical

L development, yet the adthor expects tbat the predicted centerline- -”;7”}

S0 Three Dimensional u64p1

| bti,In these models either lateﬁal °r verticll 3Pr:in1“8 1’ r°°trXCted'* In

temperature d@cay and areaf within iaotherms would atill be aocurate in ifi

e,the presence of currents iess than 102 of the initial discharge velocityip-'“

o 'The model is not expected;to perform well when buoyancy is aignifican,e if?:ff

\,(Ri > 0 25) or when the dilution capacity of the receiving water i:'oifjﬂ'fin

”fﬁsignificantly restricted by laterai or bottom boundaries._;aifnd .

W

The modelo diacuséed bo for are two dimefaionnl in character.‘iil;jp

: "
4 field prohlem, the jet 1s§

usunlly thre* dilfijﬂ:

h nfhlateral and vertical processes are impodf;yfi;: thus a ¢

':iithe effect of cross flow. St°1!=nb‘°h and Harleman's

Foe e




1

S R A _;fﬁ;i-ﬂ;‘gt. DU
_ iy . _
much sounder theoretical reasonings and appears the most aophiaticated

'1amongst all three dimenaional models for the aurface discharse.. The

-7fdetails of these models are discussed in sepatate eeetionn.;-i"' ‘
':“ 2, 10 1 Similatit Assuy tions fo' Thtee,.f;ee;:?f- L '
L Dimenaional Models ‘ IR ‘

J
: -l‘. NE

-(

For three dimenaional discharges, the uaual simiiarity assump-ﬁf’”
u -‘ua cos B R B
etfé‘—’" cos: B ! (ZIh) f (E) - »‘5?_vjf;Z{LT‘%ﬁ%gflg)ﬂfff:

SR ;f;'- ua“ees B : e

Pt R ; - u' ‘cos B o ; SRR

AR S

: ”iInPehafaﬁéeence<effegefbes £id§{';fjf'




"""~."':_Zs"r§/,A'r'm' ‘) (n/A ) 1, (n) o @iaew

: RN

m / <€> <> - @ S e

.In Equations 2 10 1 and 2 10;3 :hg length scalas for velncity and tampera—'f

.fdfi'X;. and X being greater thAn 1._,_A  il

o

v 2 10 2 Ent:rainment Velocity for ijee
' Dimensional Jets ' v

”” mentation.} This;formula is:gi ven ¢




znuayashi'snodel [

Hayashi's mndel (1967) for three dimensional heated sutface ;:}e;' .
¢_f‘diacharges is merely of hiatorical intenest.‘ He first considera the S

B

”'ifgeneral Equations 2. 2 1. 2 2 2 and 2 2 8 and then assumcs.‘;ﬁllﬂz"I: .-

R B LTI Er‘,.a;ui,»;a;‘v;»'.,‘ R b T SRR
S ey s A ;‘;‘z‘ o s @l e

»tﬁiuhere Aj has been defined as turbulent diffusion coefticient with

nd A

!'fﬂ 1 2 being equal but differenc from A3 The author then

8 L Sen :’-:

| ) The quadratic terms wich respect to&‘ "fiﬁ2£ﬁeﬁg§ye§ﬁiﬂ§
equations are negligible. ejffisf;, S

ii) The vertical component of ui 13 very small.

"i pea bottom.“{"

In essence. herefar




' Momentum équation in the x"dftectfon . . - S e
e A e

A (9"‘:' +3 )(u I h) - x - 0

© .Momentum equation '1ii:"t,hgi:y'_:-atiél:tiqn.ﬁ;[ S

.-‘

(g;r f-r)(v i h) '55"

 where:. I .=

NN

. The author then defines:



L Q_ uhere Q 18 the [rate of discharge of warm water. The solution of {

: [1 + (y/x) ]

eaan
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Experiments done by Hayaahi do not agree with hia theory and

’”'Mf'show a large amount of scatter. Since the author neglected inertial :L---7”'V'

' fg_terms in the equations of motion, his theory 18 Valid only for Ri -

:;;{;derived by: using 8 control volume offunic ba,e area and heisht:'h..

'”;t"equationa of volume contiuuity, momentum andtheat conaetvatio” a'e'"'

';*a;and thus will not apply to actual heated discharaea"  "{;@;”tw'

The governing equationa’pf Engelund and Pedetaen a model was

'Ihe

i?ﬁfjhydroatatic.- However, bef'



‘1n.Fig¢re,z,§(5);*_is:'f
_ ;* - ‘,I};' S . PRI S S
CIf h denotes the local thickneaa of the jet and -z is the,:gﬁl].’P
t~correaponding difference in level between the interface and surface of |
ambient water thexfolloving hydrostatic relation ia obtained »i?i;:'filfgze

o

:1‘f§?19?ﬁel§3e;l{jif;7fiﬁgﬁ;}\nh;;fj{:;7;;fg_**‘

‘2*; which 13 the super elevation of the jec aurface ovet the ambient water
"_ 1eve1.; Thue the total difference in preasure per unit width over the

Cvertical ta:

e




The preasure term in Equation 2 12 8 is approximated by considering
'lrffl p + p = 2p.n Engelund et al neglected the preesure gradient term in the.
.x equation of motion by explaining that for emall Richardson number
< longitudinal momentum is dominating as compared with pressure.v The
model was thus recommended to be applicable only for Ri helow 0 11.7
The euthore then'nOn-dimeneionelized these‘equatione, eseumed
a similarity for velocity and temperature profile and carried out a
' similarity analyais to determine the variation of ecale paremetere for
- velocity, temperature width and thickneea of the jet. This is used |
'1'as an input into the governing equationc to reduce them to ‘a set of v. |
',‘ordinary differential equations which are then eolve;hto yield a closed

i form solution for similarity profiles as. m} ;v."“’""

oY 3 v DT <

& R &2 B TICHRA U R M
o -“: o] e ("' " ) ““d I, - exp. (- 1‘*— 0’ ) -

,.,.\.

principles._

This special‘case is that the vertical iptribution for'ﬁ
J B

veloc,-“

Geussian.u““*"“
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oA
. For small Riehardson numberedthis,does notﬁgeem:gppropriatep, . i
: < . Lo e ',:"‘ - l : o B

2.13 Stefan.and:Vidayaraman's Model

. . : / A ,

n_ Stefan and Videyaraman (1972) deVeloped a model for three
idimensional surface jets undbr wind and cross flow in terms of experi—
"'mentally supported empirical relationships.‘ Similarity of velocity and

:temperature profiles are assumed as. per Equations 2 lO 1 aud 2, 10 3 -
.rtheir formsoarg assumed to be Gaussian.: The value of A a and A .

A:both assumed equal to 1 05.{ The assumption of similarity profile and B
such a low value for iXH indicate that the‘model results ghould be'i:{h;flgif
;applicable for small valuei of Richardson h&bbers.

bl

/
-/

SN

" The values of volume heat and mOmentum flux are defined as. -Qifj

S L +Tll/b mzh SR o e
. oo U . .. ﬁ . : . ) ‘ . : . ° . v o E
volume flux = Q(s) .1354,_ f udzdr ﬁ_y,a . tkf'~f' ;'(2(13‘13)ﬁ‘ .f
Vo : o ,,j "nllb hq'}:;f ~¢,v.'-ffjih R ”‘ f h EREE
S hl*;df ) reell q +n /b mzh P T R
R S o cerin

]vheat flux = H(s) -'féj f pC udezdr»[{ p,v*

LR /.!,v - . ‘ .l : . . - _n b S0 ‘_‘_f: R T . S

g

R CRLE T R,

y ’b mgh e
7~',momentum flux o M(s) = y J “zdz‘h‘ S asaey

‘.JiTOng u"':} f_/}f“;vpg_ e

.,,:~nrg . L R

,2:';h' -»AJ,‘._#” T S "' ; . : ) A . . LT
" 'The .vas of b and h in the present formulation»are ined as

‘”f;standard deviations. For Gaussian diatribution a value of nl m

’np%was assumed by the authors as adequAte.

A E . / - 1 .
' '{ment cdefficients is utilized for further development. They define°

. - g - “
v-:n_‘_ o '.
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X o u (hb)T | . : : R
ddéS) - g B . T asy

where: == »l. o -l(qhh +_a§b)/(h +b) Y | lr' i"(érljtS)* ,

and ah is the horizontal entrainment coefficient with an aversge value n

of 0. 059 as in the plane jet.

Vertical entrainment coefficient decneases with an increase
. R . a - e ° " .
in Ricﬁardson number. Thus the authors assume. ,§ - ’

o O . N . . ; o ) IR

Y o _ . N

T

=<

= 1.0 - 1,33 log (632 VRL) . . . i213.4).
: SR

IR " (bo_fp) g\ h L N R

Y]here: ’ Rj_L = = m a 4 L ’.:- / . (2.13.5) .

«-

A ¥ |
P

Equation 2 13 4 fits experimental data of Ellison and Turner snd is . ;.‘._.v_

' applicahle for 0 Z9 <-Ri < 0. 025

¢

The rate of plume spread horizontally and vertically 15 broken

into two parts, those represented by the suffix t ‘are due to turbuh

: lence and those represented by B are due to buoysncy..:Thus;?-’vif;td7“f 5‘?
 (db/ds) é*(db/&sosf+“(db7dé)t et @iaales).

FRO N

LI e e R
JES R LRI S
- . o f_ | ’

. 11Thus,'aceording?to the'euthbrs;;turbuiéncefaud3buoysncyfsct;gsﬁseperstef@3




_ l Equation 2 13 9 for oil slicka. The development Qf thia ‘Q“ltion did:i.”

:F.'not foIlow any thoretical‘teaaoning, dimanaional compacib: .f;["fff,n.

phenomena and their effects can be superinpoaed over each other., Thia
'doea not appear to. be logical as xhe bUOyancy force auppreaaaa turbulence

>due co~stratification. T '.l'd'-"’t'-yd.}”_{‘f"Qi;~

‘The horizontal spread due to’ tutbulence ia assumed equal to B

that of the nonbuoyant jet Ihua: s

o
- m

(db/ds), = €

“1 as +”u,'coe B',-:~“. : ?i (2;;3‘22.:
m.oa- R SR

‘_where C1 - 0 081 s Thia value of Cl ia lower than :he average value
‘of 0. 097 taken for nonbuoyant jeta. Vertical and horizontal apreadins
Vratios are proportional to the aquare root of vertical and hotizontal

d:'entrainment coefficients. Or,:
S (dh/dS)t (a /a ) (db/dS) e asey o

'”:The rate of lateral apread due to buoyancy 1e expreseed aufthe baais of
| Abbott (1961) as.,:.' | B e

FUTEE ' Apm 12 R AN TR TR
Yo —) e T e (2 1309) L
(db/dt)B . (Sh}\v R ) . ’ Ll (2 o 9) TR
'where the walue of CZI equala 0 4 aa recommended. Abbott developed ;iﬁf:f

' f"'aole argument behind'Ab ot 's ropoaed hYPetheeie. Horeover }the epread i5ﬂl"‘
C _..n, ! R’ :.- o

o of an oil alick can only be compated to the apraad of a plnneAwheu ”fiff' fffi

-._ Ri ¥ 0 80. Alao.
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(db/dS) (db/dt) U SR

Mg at b
.b.ut: . | Ys at b -L uln exp ‘(-i 1/2) s
o AT 4_*T_f.§év f oo :~‘;v .jiﬂ‘ o 16”:v;, :: 1: ‘j-: 
By continuity the depth .of plume Bhould,deCreage:aa;therwid;hlingrgabes, ‘
: thua L
‘ S R

AR
-

" The wind shear stress is given by:® .

N

A  wherE 'T is given by Equation 2 3 16. Thé ?5§¢:6f,éhﬁﬁéeifohgét‘fldgff;f,?f

_is written aa' o

S RARE) L  p ya
e LTTas T ke [ (Tgs T) dr

. ‘ e ae

_i“ﬁhefé“ k is the surface heat loas coefficient.. ?@;1 ,? dr

l/ .

-j'exerted due to cross current 19 defined_aaﬂ * ﬁi

Pomg P (ugetat) b o
e e s T e

-ua'Thé.véiue’6f *dD; is a§dd¢¢4ft§{B§iéé“;biiﬁﬁégiléﬁl



»’frictithdteg'fdfee"pe:ellel‘toiche_ﬁein:tfejecfetyéié'eieb‘defiﬂed as}j;¥'

PTG DN S sy

‘.',

h,The c0nsideration of e friction drag wheu a- form drag due to separation :,f};;

o hae been considered does not appear to be realisti¢.~;--ﬂ
' In summary, the momentun equetiona in terms of all external

S forces are._o_f?, o

R "g-z-lé-ﬂ ' D +F “cos (e )+‘99-(-l

o, Fs enag

< sha

ﬁ.=-_-:_.‘*—§‘{1§l-p-p‘sm <e8)+-93-)-pu sinB —-(-L-

VL

ﬂ_f’”bera. The formulation of the modelfis ki

j,X}ai,lﬂ':?rjeﬁ'§iﬁsdelf;;;
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tg'

with cross flow. ' The similagity assumpnion fof Velocity end tempera-i} vfj
ture is described by Equations ‘2, 10 1 sn¢ 2 10 3 with Xv'- A - 1 0. S
This is a weak point in fotmuletion nf the model ss EAH 2 0.

Prych 'if;
o computes horizontal and Vertical entrainment in a manner similar to

Stolzenbach snd Hsrleman jlfd?i'_:3~ =j;‘hﬁt?ff‘;>

.".

- Prvch Constders four force tards 10 % ‘and y mowinium | 7
i equations ' - e Viﬁ;::_;l‘_lﬁ
B ‘i) Ambient momentum flug in the direction of the ambient current.

ii) Pressure due to density differential between the fluid in the
' jet region and the ambient fluid. :

N

differenee between of!-shore

iii)/h form drsg due to the pressure
fand lee side of the je

ﬂjffgpread.. Due to the assumption ofﬁsimile;

'iﬂfside of the Jet, the model




'pif;will be no horizontql presaure gradient on the jet and thua iﬁj?quation ”"“?

- or zero, ambient currents, . e

Co2.15 s:éizéixbaéh f"imd' memﬁs.naaér T T

g The development-of this model searts from the basio Equntions

." AR A -<.‘~’_—l .‘,v-‘

BT ' s T
*:-2 2 l 2 2 6 and 2 2 8., If no crosa flow is acting on the syebem,‘there ;;g




“‘f;_jdicular tojﬁhe discharge centerline[fV

3w, Buv L dww ’gg‘y‘Héfgéf”lfsﬁva;'»éﬁtuf‘5ff
- . = dz - - ——

Lot aw a2
Tyt TTh

T, vt dwr o AT T -

(2.15.2)

aasy
B

4"“ax*,*{aYEftﬂBz;f_'thHE?¥T.j ?iaz;i1jﬁ{p’*f5’*¥': 'ffif?§}§?§2;55'7“

" The first terms on - the right in EquatiOn 2 15 2 and in Equation 2 15 3

L .between hydrodynamic and buoyant forcea.

?.fff{not determined. The‘technique used to develop h'iso-

behaviour., The assumed:’tructure is ahown in Figure 2.8

'j.represent the effect of buoyancy in the flow'equations and the coupling




e f3<5> = 5 - <1 n?’ 2> e s <2156>

B ~The authors do not appear to be correct in formulating Equation 2 15 3
L " - /‘. N
'g?which expresses a balance between the lateral density gradienc and

'~1ateral convective.motiona. In fact, the order of magnitude analysia .3;Q;5*“

’?l“"“d out: by the a“thors Yields.;._. ;.-'"_’.”-

.""

auv av vw SRR

S las)




S

r .

stresses is of the second order and so is neglected The author;) fgf

Sl {

argument here seems to hsve no apriori basis unless 1t is assumed that

increase in buoyancy 1eads to a. reduction in turbulence fluctuationa.

The turbulence terms thus attain a small order of magnitude._ But

then the turbulence terms in x equation of motion also become of a

g smaller order of magnitude as compared to convective terms.- This is to

 vherey @bl

be discusaed 1n detail in Chapter 3; where the Qovetning equatiJLs

have been classified under separate ranges of Richards'nanumbers. 5’i;3’

L

s

@19
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sheared in both directiOns (No. 4) ﬂ The.core regiona eventually dis—-:::;ﬁ
. appgar due to the advancing turbulent region and a single region, No.”4,_déigr ji
“1&3!5!' In reality, a Jet is more trough shsped than rectangular; and :
*.jeach of the above shearing characteristics may be found intermixed in {“-,
;:all.fourvregigns repreaented.A The 1ntegration of continuity and the |

x vmomentum equations is” ‘darried over all of the four regions yieldingie:=

' ﬂ:eight eqUatione. The y momentum equation is intesrated over the ﬂfﬂﬁfﬂii”"wﬁn

'b;}entire haif cross—section to yield the ninth equation.v In this manner;:?€4il

‘fthe coupled flow and heat conservation equations reduce to a syatem°of . fﬁ:u'-

,,_ordinary differential equations which are then solved numerically. Thefg;sn

( isolution of model equations yields three dimensionel temperature and
' A

‘1:{fvelocity predictions as, well as physical characteristics of the jet ﬁ”""’&‘F

s between jet end ambient wster. This ia tan"mount to'droppin‘~ h




68. .
s

i

‘u (BB/Bx), 1s added to its right hand aide._ The value ofisimilarity 3

.has now been chosen/by the help of Equation 2 10 l but with an approxi-.l;:“

'imation.

u - u cos B u - ua cos B

- uo= U “cos. B - s 3 f (E)f (n) (21510)

The form of similarity functions is aesumed to remain the same., There

“f are some minor changes in the boundary conditidns.- But tho ptocedure

"”7”ffollowed in integration and formulation of differential equationa ie

'."inumeriCal solution to the eet of otdinary diffetential equations. -Due i'ﬂffgyf

X

"'-l?to the complexity of the set, derivatives must be found by aolving a

qxactly the same as that of buoyant jets with no cross flow. Jiff

'.3 momentum equation. They inc!Lde the appropriate buoyant force term in ;f:;[lﬂy

“‘y;the x and z direction but neglect interfacial shear etrese if one

x f;exists., Besides he above comments moetly asaociated with analytical 1'ffjff;.

’ ;}jmodelling. there are practiqél difficulties in actualiy obtaining a

b'f;rinear set of algebraic equationa before applying the Rungerkntta:ffffﬁf

71;scheme (Paddock et al. 1973). For many caaee the‘matrix'wbich‘must be

1 v”'f;reduced is nearly singular and much precision is»fu

"derivativea.j'a]f¢£flﬂi?¥l¥

2,16 Phenomeriological Hode:

Stolzenbach and Harleman do not use: the’drag forcelin thei‘ffff‘?*¥i“




. g »‘ "i ‘: .
sis of an extensive set of measurements made near Lake View outfall on . .

Lake Ontario, with source Richardson numbers varying from O 25 to 0 027.
The authors ‘'set out . three objectives in the construction of the model.

’ 2 16. 1 Determination of a Relation Between ‘_ff,' 'f‘.\:-;”" i
Temperature and Area’ . T o

R L wfof?ﬁs§j. , it
Least squares analysis was used to determine a, functional ;.;;'

t"’elati°“3hip betweeﬂ temperature, T, and area. '.s=<sq,f:.).of,an;5* |
. ".isotherm of the. form._ f:l‘ '

e e -‘Ci“ o . DA e

AT (QAT ) ATty e i Ty (216:1)
Tho : e R U e

‘ ' ")‘.f"-"an

: where -Q is the cooling water discharge (ft /s) The term QAT ;is '

o

o proportional to the total heat outflow and 1s include’d to make thgse

. "c_

' expressions valid for arbitrary values;- However, the area enclosed by

B

,'an isotherm should also depend upon the initial momentum. aspect ratio
~h fand source Richardson number. Thus the chéice of QAT % alone to f[ﬂniuﬁfi’f

.

'ﬂ‘vcorrelate the data does not seem to be adequate. The available data

h‘have been classified under three groups,vwinteg, spring«and fall and

‘.fhvsummer The values of Cl' and C2 for these three conditions are

';_ffgiven in Table 2 l.. Asbury and Frigo (1971) present a:similar pheno'v

. /

Ihiﬁmenological relationship and the values of C1 and C.

‘f”are also given in Table 2 1: The variation in theuvalues of




9 70. »

Table 2.1 'V'alue_s of C. 8tld C2 "j L

Season . Temp. Range = . C ) LCZ | R
SN - N S el

| Wineer <3 F”Q‘f 0.307-  o.712{ . v

| Spring andgpep _gper 0,354 . 0.478 7
Fall . -+ . e TR

Summer '_ > 62°F . 0,336 . .0.364 |
Asbury and - B, ‘
| Frigo - - - . § '

(00456 . 0.207| ST

o

o

L R : Sy o . . ,:,”._?./

2;16.2-hDetetminationﬁofhMeaanidthdofeanéIsothermﬁ,ﬂ -y i

Elliot and Harkness report that the measured isotherm exhibit

a‘perplexing irregularity in shape that would seem to defy any BYBtEma—ffﬁi:j?ﬂ'
tization attempts.yueasurements taken under nominally identical a e
'}conditions produce radically different shapea. The plumes do@ howeVer,inf;ifhvgfo
occupy a certain region of 1ake surface near the outfall and tiey ;re' [

P

elongated in the direction of the flow away from the outﬂall“ It wae“_,:ff"jnfigi

therefore postulated that a shape factor and not the shape wae contained
‘1;:in;the,data.v The authorerthus defined e mean width ae,f3f;¥?g5¥;%t Y}Lh};.i-”'

w - A/x ar C [‘; ] ;. Q',_' :,::: R
ax 1/%5')1/2 T |

. .15.

G yhggg]sz is the-length of the 1sotherm along the axis and C3 - 0 7l7

f?{aédf“CA = 0552,

.v' ‘ _‘/ . : .:_
che teothern vith.




{ 710
. ’ , "
\ .
r = %, cos (r 8 v o (2.16.3)
: | _ L¢\ v , ; 7
The 1ength- §é here 1is the axis length of the lemniscate. Thus if
AT ‘am Ri are known, the lemniacate repgesenting thl isotherm 1s
. I I :
completely’ specified. o o S ‘ )

2, 16 3 Determination of an Expresaion for Plume
Centerline

. . ) ) . N . } -
. - . .. .

PR
LI

Elliot and Harkness chose ran analytical rather'than & statis-

tical: me thod to determine the trajectory of th# jet as the.locus of the’
;o
trajectory depends upon many factors such ag the: shape of the outlet

'structure. tgz outfall velocity, the source- Richardson number "the wind
» ot
speed and direction, the lake current and)the lake bottom topography.

However,'the.authors do not clﬁfify as . to hy'the effect'of these parametera,7

.

should not be considered on the area and mean width of ‘the plume.-

Although various effects are mentioned these are not consideted any '
where in formulating centerline Eectory.

-~ 7. e > o e
’ S
- The authors use essentially the method of Platten and Keffer :

'“(1968) to derive the jet: trajectory. To simplify the\problems they

n?/2

use a similarity assumption f (n) - e , thus 1(@1: ng the analysis'l

o only to very small cross flow velocities., The derivation of the tra— '

_jectory path (Figure 2 7) is formulariaed aa follows. :

4) M°ment“m of the. jet perpendicular to ambient current 1 pre- ‘.N-.‘fﬂ
' seryed, 80 that L SRR ‘_Qf SR :

d/dS-(bu; sinié)lliﬁ,Onh/“i - TIfi:*i{-h; t;Q(2}§6-4X'



st

oo,
The component of drag force due to lake cuxrent, wind shear

buoyant force, etc., on the right side has been ignored.

A1) Momentum-of the jet'in the‘ﬁlrection the ambient current is
increased by the mOmentum of the entrained flu&d Tﬁus.
NN
) DA 2u§ve o | . .
cog B) = —— = . . . (2416.5)

a | -
2 o

d
S :

o ‘where: .

N G S I
°In thi\\equation also, various forces as mentioned previously

neglected.

have been
iii) In£rease ;n\the mass flux of the jet is due to. the entrain~ o
ment of the free stream fluid L e o
v L, o <‘
%s" <b) = A el (2.16.6)
: I, . ) '
/e Lo T ’
where:.f o o o ' o
T - f (“"’) itn o= A

-1 4%5,‘1;.M

_»Solving'the'Euntions.2.16L4;”2.l6;5;and12;16,§,fve¢get;"'

PR AR : 7 ' , ‘
e . . <t SRR e
4a —. einzz- B : o _',,(2.1.6. 7)} :."__.- :

o l where v ia given by Bquation 2, 2 9b i.e..:_ r:fllii :_,‘_1: :
“‘Veff.“1§9ﬁ7_“af433'3)>+’°2“A‘94“ B-efnB) Q2w -

;\\.u RIS B S

o

Equations 2 2 9b and 2 16 7 have to be numerically solved to

: get the trajectory of the jet.- Elliot and Harkness find a value oﬁ// \

~



a‘ol and a2 by fitting the field data to the traj?ctory. The values of

oy and a2 80 obtained are, respectively, Q. 14 and 0 60. The corres-

ponding valuee recommended for nonbuoyant jeta by Platten and Keffer a

~

are 0.06 and 0.30. This indicates that entrainment velociﬁy for buoyant
(‘3 . 4
jets is’ roughly two times greater than thoae of nonbuoyant jeta."

LI AN

o

o2.l6,&3 Other Phenomenological Modela”:' )

Lt

s _ There are other phenomenological models developed similar To ,.Qf
% L .
~those of Ellidt and Harkness. Results of the model of Ashbury and FrigO'“

‘(1971) have already been discussed in Section 2 16 1. Palmer (1972) -

,1.

also used data from the Lake View aite but ?roposed an equation of the‘-

form: e S U '.f' o \,*“J' L .'livf
g e e e e S
1a (‘A ) = C1_+ G, 1o an L (2153) -

However, the scatter of the data about his prediction equations were . - B
very large.: o, o .4

ot

Kenny (1973) propoeed a model in Which the area contained
“within 1 C excess temperature isotherm, A1 , was related to the source1

'4strength S of the power plant.- The souree strength is’ the amount off :

- heat diecharged into the lake per unit time gxpressed as BTU/sec.tL‘f

" Data- from g number of surveys at various Senerating stations were e v
e
| corr_el'ated_.- and ihe following equation was obtained. :
e omLn s° s

7fThe equationsvli§ted:above;all-fitted.theidata’beqauae_thev'uerefdérivedf‘l



‘ ’»-;22l7 Review of Laboratorz Experimenta Done on\

74,

from regression analysis which enabled\thewexponentafand constants to be
. . A . . ‘ . . ’ ' : . . : . . N ' = . . ’

lvaried until a,fit'wae’obtained{

However, 1it'appears that these equationa cannoﬁ be appliCable r':

when extrapolating to a. different range of variables. Furthermore, the. eh

~ -

‘equations are not. dimensionally correct and the proportionality ion-- fA‘ »\\:
} stants andgempirical,exponentajincluﬁe the effectanof-parametera:not ;pl
considered in the.analyais. R ' f§&;':' i
Co L L L C . \.\.‘\-: e

"Surface Jets e ‘}: o ,‘J_V‘.\\,g‘

._‘-.- -

: Jen, Wiegel and Mobarek (1966) carried out an. extEnaive/}et‘of
.ﬁ_experiments with the heated jet discharged from a. pipe with denaimetric:.,‘""

Froude number varying from 18 to 180 Only temperature measurements
s S .

were carried out using a rake of copper-constantan thermocouples.'fhff[‘--’f

similarity of temperature profile in the lateral direction was estab--
‘!-‘ b

.blished Temperatures at different loeationa along the centerline werefei“

~meaaured for different values of denaimetric Froude numbers.- Unfortu-‘ﬁ:i‘hn

- ut‘.

i,nately, there ia no aet available which describes temperature mgasure*;*ﬁlaf“_

..ments along the whole length of centerline for one particular value of':T :?h

\"

“ deneimetric Froude number. However; the authors plotted their data ;552_
‘ I ) .
f;to show that centerline temperature decay ahows no trend of variation S
fwith change in densimetric Froude number and the best fit line liea

‘chose to thoae of Albertson, et al (1950) with an equation of.‘ti

iATQ p
T T 0% <
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: T(E,distribution of the temperature concentration at the surface on an

- -average can be expreased ag: ¢

e ew COMTRYL g
Cm . S e

. elthough considerable variation must be expected from the meen velues .

i

) - predicted by the use of the formula, particularly for X/D 100.

The mixing has been found to be Ieea in depth by a factor of
biabout 2 v The slope of the bottom of the.mixing jet beneath the axis of
fthe jet is between 1/8 and 1/5 5. The value of half width b ; wae

'ﬁ‘found to be given by.‘ ., : f o 1}f~f31'; 'L',~-';}bad’f'”ff':.3
s

f,jib ii"Q.§7"gx]?kRi ::~A»f dif{?tl?éZ)*f;ﬁ;

wOod. et dl\ (1967) reported measurementa of tetel;uidth.oﬁfghgﬁjeteqﬂac;'dﬁb;x
found an expreasion. ;"“3-':;» ' S ,

EI

CRmLs el
fori U000 <R <100 gyl

LT {,.//. S

{'Tamaigget'al (1969) extended Jen, ‘et al._s WOrk for a ranxe of Ri from ;ﬁfﬁ;
0 0078 to 0 147 They found considerable temperature fluetuatione along |
f: the centerline of the Aet.'~The fluctuations generally varied betweén _
| 107 to 302 of mean temperature.‘ Their experinents were carried out in ‘ ‘;;&&f

a narrow flume with considerable side wall effecte.' The authors could

'. not draw any conclusive results from their experiments. '_ﬁ:&}:d;fjfffﬁu7%r
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i

Hayashi and Shuto (1967) carried out experiments for Richard—
| son numbers 0 59; 0. 41 0. 27 0 147 and O. and plotted temperature o

o variations along centerline. They show the temperature profiles toﬂbe

| 'similar along the vertical section for two sets. The depth chosen~for

‘ ‘non-dimensionaliaing the vertical depthg{pr these sets is the value of :

=

h' where the. temperature is Sa\of the maximum temperature in the same

\

vertical sectioni usually this value chpsen is the jet half depth where ;;'f_},
.: temperature becomes SOZ of the 8urface temperature, There 13 also a :}*ug.gw

very 1arge scatter in the data. This prevents any qUantitative deduc-iif'7

':tions o be drawn from Hayadhi s data.i '(;;;ffi?lﬂgju'A‘ L

} A series of papers were written by Stefan.- Most of these »
' papers (June 1970 July 1970 and January ¥l72) pertain to two dimensional

P }‘.

- surface discharges 1 The author also carried out an experimental in-v;fanjgp

'~vestigation for a three dimensional discharge into a wide and deep;if”
' impoundment Centerline temperature decay was measured for Ri - 0 104
‘ fand 0 059 which according to the author, follow an exponential decay of
' d e—qxz{ Isotherms along few vertical cross sections have been\drawn for fﬁiacf;g
a very high value of Richardson number such as 2 6.:' The velocity :
| measurement was. done by a tethered sphere_. Theee also have been presented 4A ';
“"for a. few vertical sections for Ri = 2 6 The data presented by the B
’{»;author are again 8o meager as“to prevent any quantitative deductions to‘
hitbe made. :fi_ftl 'ilf}njja’_;ﬂ} 'fdhhdid}fziflh. f&éf”:i‘:..b

EETN

,.;:}:hYFlow was carried out in a 0 6" uide flume inhibiting lateral spread

::‘Aznf;An instrument which statically balances the'drag and buoyancy
ff-;iforces of a 1/16" diameter to 1/8" diameter plastic sphere against
*';the tension in g O 002" rayon tethering line.; S B T
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Stolzenhach and Harleman have done eome temperature measure-
ments primarily to verify their theory. The authors assume similarity

profiles for temperature but did not establish it experimentally.'ln most of

the experiments cnly centerline temperature, half width and depth were

]

Epresented. Table 2. 2 summarises the experimental investi ation done :
: I

,by various workers. This!ahort experimental review showa that experi— i

-‘,.mental data for Richardson number higher than 0 10 are lacking. None :

_jof the research workers have made any detailed measuremente for velocity

a

fd,distribution and similarity for velocity profiles. jyf?h

t"2517;111Reviewfof3Fi¢ldﬁWorkfhone onfSUrface Jets*_.jh

Most of the experimenta done in the field and data collected

:_~therefrom pertain to the far. field region, and as such are not relevant

,‘-.

';*fto the present study., Some of it which appear to be close to our study f,'?'

'Lare described below. 4‘-275

Paddock, et ai (1973) made simultaneous temperature and velocity
"tmeasurements in thﬁ near field region of the Surface thermal discharges
"i»at»Point Beach Unit l and Palisades Nuclear Power Plants on Lake

grleichigan., Data collected include measurementa of temperature and velo—f‘ o

’jCity at 0. Sm to 3 Om depth along with measurements of ambient lake and}f;"

. ’ : :
v.meteorological conditions. Bottom depth was also meaaured at various STl
The significant results der!ved from the jet characteristicaftf:;"-ﬁ
&L‘téjji'ﬁ

i

v“fedetermined after smoothening the data were given by the following
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.Igators were correlated in terma of @%g area enclosed by an 1sotherm to. ‘i.‘(h

. the total heat Outflow from the outlet and the temperature excbas -]'_ L

- o _ v - -
S .- u’ N . . o ) _
T A S O

1) T ., hj'_ f‘yiv:‘ T ..;A ' (2,17}5)-l

o - Lo
Field experiments conducted by Elliot and Harkneaa (1972),

.Palmer (1972), and Kenny (1973) were mainly concerned with temperature

. surveya of thermal plumes. It is not clear whether their data pertain

to- the far field but Elliot and Harkneaa 8 treatment of the jet tra-"A'

‘s'jectory, discuaaed in Section Z 16 3, indicatea that the field data fﬂiiif‘h”

-should belong to jet regime.v The data obtained by all of these investi—}r;v»

.

causing the 1sotherm.: These equations have been presented in Sectiog
2.16.4. :‘*ﬁ A '._‘_f;jg-~ﬂ¥j'g

o . T T S
Barr (1958-1968) made several studiea on lock exchange flow~’

| 'rf:and thermal wedge formations. For flow situationa where densimetric

’;_]_ibiénnqmbgflig’gggommeﬁqga-;p*sg'grgaégg';hgnjiboo in order to simulate -

| 'J;new non—dimensional term known as densimetric FroudewReynolda number

'Q;'(F R ) and difined as:. ”f:;}'V

Ad'fFroude number and Reynolds number are both important, he auggeata ‘a;

BL

1/2 1/2 3/2
o

- fKAo /p * 2y @

-



turbulent flows. ’ “ﬁ

L S | B . | -
o « Barr's ’he 1significant contributibn is”the.preparatiOn~of B

_ Y
‘a congruency diagram for the qravel of an overflow front such as the’

spread of heated water fri: a power plant outfall ‘or an underflow front
i

from a lock exchangey Th diagram represents the relationship.

—_— - b (FDR’ .L/ho'):‘:. o E . N (217.8) _

5where T (L/h ) - elapsed time after lifting the barrier for front

travel and L/h = relative travel.

Ah2;18 ObjeCtive ot-Present Studzi

The objective of the present study can be divided into Ewo
parts. The first part deala with the objectives of theoretieal investi-‘w
‘gation and the second part with the objectives of experimental investi—’

?tpSation.,fi~7- v ' PR .

a8l .,('_)bjective ‘Sf:_-Th-eore_t'ical :_;m\;estigmm A

B B TR  FE TR SR S

i RN
A review of the existing literature shows that a mhjor part _j:;}aﬁ

'..

of the literature is devoted to two dimensional surface jet discharges.;}f"i f
tf‘The work on three dimensional surface discharge is'rather scanty. The: t; -
lstructure of three dimensional flow showa strong dependence on :
T"fﬁ_Richardson number.v For low Richardson number, the buoyant surface jetit: T

“T; behaves as an ordinary jet with temperature in the water acting 1ike a f%)%~ﬁf

\

“7tracer. For very high Richardson number. the vertical entrainment tfgff;if
e ' ' o S ' fV‘;f~frf;-.”1 R e
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' - 81.
y w | | |
stops and the jet»becOmes.two dimensional Fo;g;?e intermediate range, o ®
*
 to be classified as moderate Richardson number he-flow has yet another

character. Theoexisting work on three dimensional Jets does not study

the flow: problem in any systematic manner. A study, starting from ki h N
~ Reyno{d 8 equa‘ion of motion for mOmentum‘and heat is thus needed which ,A:
_carr yleld a.set of governing equations for the three ra:Les of Richardson : /
-number This needs a. different approach (other than that of Morton) for o

;looking at lateral entrainment velocity 1inking its evaluation with

changed governing conditions for the\three ranges of Richardson number.,

A similarity analysis of these equations of motion, combined with

;

~ experimental verification/of similarity, can yield parameters»needed'_

for an almost.complete‘solution:of.thehproblemr_
R . , _ .,,_ o S o
| . Some of th? phenomenological models have prOposed functional
relatiohships between temperature, AT \ and area, A b of an isothe&m.
This seems to be quite a practical apﬁroach for field problems.: None.‘”
. _of the existing/anaLytical models attempt to do it.» The equation of
isotherms is pherefore prOpoaed to be worked out along with areas

c0ntained in each isotherm for the three ranges of Richardson number as-

- /oo . R Lot b
va part of’ this investigation. }
iy

-2@18.23.0bjectives of'Experimental,Investigation.g-."
e o .. .-‘. '-_~Vv.-.' a .1... . ~,

/ '»'. A discussion of unresolved near field issues has been given B

,fby Policastro (1972) Based on. this and the previous summary the

' areas which need investigation and Verification are' H.“urf.»

S 1) , 1o establish similarity‘ of velocity'

o
di;trihutidn An - lateral
and vertical directions This has be

: assumed in the models v f;;;ﬁ



1)
’iii)

‘iv)

' 82.
. ﬂ~’
but, never proved experimentally, especially for higher ranges

of Richardson number.
IV

To dete(:j§§~fhe form ofppimilarity‘profiles;'as_tofwhether_
iaﬂ. a ! E . o

‘1t 1s Ga

v - ”

To determine the variation of centerline velocity vecay for L

higher ranges og Richardson number. | -

To determine the value of lateral entrainment coefficient and

to find out as to whether it depends upon buoyant or nonbuoyant _'

"factors.

V)

To determine the similarity of temperature profiles and their },_

form for excess temperature distribution“ both in the lateral

_and vertical directions.« Some evidence exists for the simi—

‘ llarity of temperature p files for the lower ranges of

Vi),
: ranges of Richardson number.

vii)

‘5fvelocity ~This’ value for buoyant surface jets-should be

- determined

To determine the centerline temperature decay for higher“

'7(:{11‘

To ascertain whether‘velocity and temperature distribution

'profiles are equal in the lateral and vertical directions.,,b;
.Most of the models haVe assumed that velocity and temperature ,
profiles are equal. However, experiments on tWO dimensional ;;“"
~afr jets indicates that a half-width of the. jet for heat is\)
.considerably greater than half-width of ‘the- jet for

) / R

e ‘

of .

,'Richardson number) but. no information 18 available for higher g:j,
7ranges of Richardson numbéf. \'.: o f_ﬁ.' 'IU;';Q;;Q R



_CHAPTER 3

v THEORETICAL ANALYSIS

o Coe » R T -
- & . ’*. "':- .2 . . o
3.1 Development of Governing Equations oL :

R 3.1.1 Reynolds’ qu'xntion
or turbulent-héated gurface dischaxgés infwhich the orimafy“
“flow is steady, the tensor . Equations 2 3.6 and 2 2. l can be,reduced

to the following equations in cartesian coordinates. o

Lang

o of dutwt 3u w' o oow't j,l-apd_> e
ERM L . + - =
:"ﬁyan*f;_'az S P

R T - R < P20 S

St e e e e
- The heat transport Equation 2.2.8 is simply written gs: "' .



3(uAT) , A(VAT) | B(AT) _
ox 3y Tz

. FRRT o Ty
. (3“82T + 9“83?_ p 2 )) C(3.1.5)

©3.1.2 Continuity Equations

<

In this ahid the next few sectipds, simplified forms of the .-»

continuity e&uation; the three Reymolds equatiohs»and the heat trans-

s

port equation using the order of magnitude analysis are developed, ° In.

this process, relevant boundary layer approximations have been made.

In & surface jet,'in‘generél, Vy';.w‘ ahd, u>>v and u >> w.

L : ' . : N L oo '
Fgrther,_it 1s reasonable to assume that: ' - /)/”b\
.‘v'l . N -

] P

\av Bw N . . 7 * . ) o . ’ ) . » . o .
3y dz . o “(3‘¥f6).! e
'Then, from the‘chtinuity equation, it follows that:

T By énd B '3;\~f:v"'.> _ .-.(3?1(2).

One *can now intfdﬁﬁce‘th:ee.cﬁaraé;eridﬁic.v 'bcitieQ' U;,va S

and ®Uz and,threevchéraéférist&c;lengthé_-ﬁx,'Ly ;gndgiL;T for the = .

v

x;,y ~and z directi&ns rQSpective¥y, ~Sin¢ewtheiélov;ihﬂa urface jet_,,~d.

(geherally)_océhpies‘a slender_tegipniin.thef y and 2 :‘gEEioné, ‘

' "_I;y'/Lx <<l apd L [L << 1., We select a quantity & such that: B

T ~““,6 o+ oand T o~ 6 R - S ('3..1..*8):» R
X X : S o . ;



From the continuity equation:

b

U T
~ 2 ~TE o (3.1.9)
y . * . .

-Ifx‘ -I:l.‘. .. . . - " - ._ ' ) . ) - .
S S X 3.1.100

., .Uz . Lz ‘A . . . . .

Te

3.1.3 Simglification”of.Réyhold's Equations

' . Gonsidering firstly i\f/Reynolds equation “in the X, direction.
one has: | (u | ' .

‘f_d?lb_‘- -;'{i.'v‘ A S

1'apd A

‘ V$Z§  :uiz" ;l;:3Ul5‘f"“ ‘:1£ A;fif:..-

“*-<%%-5%-f>~~. EEIEI6)

- -(5.i{lZZiyf;5:

|

" with the magnitudéidffeAch term-id termsof'thescalesiy itten directly

’ underiit,'whére_;U' is the scale ~for turbulent veloci fIUCtuatLGns.

. P L R e sl
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Further, AT* and Apd are, respectively, the scales for the tempera-.
ture- change and dynamic pressure Multiplying right -through by (L /U ),

the magnitude of the terms in Equation 3.1.12 become, in their reppective
j“

" order: .

BN

oo bo Cuz ogiLp 2
1+ 1. gtp z . Apd ,'Ut' . Ut' px : Ut 1
_;l;l; 3 ’ H : o) 2'3'

2, g2 o2 2
Ux A pUx Ux - ka L

i

st

3

y 'x
. . ‘ R o
Considering flowa in which the buoyancy forces are. negligiblef

and inertial terms are balanced by the turbulence terms in the - x

'direction equation of motion.. RN

(-—-) ~8§ or —~V and —L——n~§ " or 6° (3.1.13)
S o o e

Considering the equation of motion in the' y direction, One could write'lf -

'(following the procedure used for th x direction equatiOn)

L
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Following a similar procedure, ‘one could write, for the equation of

motion in the "z direction.-




mOtiOﬂ, 1f. . o » R . v

v
It could be'recognised“that (g —R Z / U 2) 1s some fdrm of Richardson E

number (Ri) and let us call the ‘case considered above as that of Small

Richardson’Number.

EN L

Consider now the other extreme case where inertial forces

P
.

“and buoyant forces are equally important in the x direction equation f-
and turbulence terms are negligible (because of the suppression of the o
<production of turbulence by,density stratification) in comparison. Fromj'i"

the- x direction equation, one could write. l:j:"7‘"'

“or: B (F; ';f“§i‘ . .for-2-36/§”f11_'r';ki'-fv5y¥ffj”f,13-1{l§).pif

"Assuming arbitrarily (u /U ) ~ 6 From the y ' direction equation of. @ ...

“fielli_;._.w b N G
g S

L then’it must be that unless L /L ~ 1 , thﬂle Uill be no term in the

ttty equation to balance the buoyancy term.; Thus undet this condtﬁion.“

'ﬁthe lateral extent of the jet becomes of the same order of magnitude as_'

/« M
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. thealongitudinal extent. From‘EquetiOn'S.l.lb. it follous that at the'_”
mosti |

pU £ ) . ) ; . . PR . .
One could call the case discussed above as the; of Large Richardaon

{
Number. v

For the intermediate case, which could be referred to as that
of Moderate Richardson Number._'}“f L f"‘.gf fif:“””iff ,“ﬁ-‘;flfif:'
For'this case, it is not unreasonable to set down the turbulence terma

. _ e |
-as U /U ~'63/4. With these stipulations, considering Equation 3 1. 14 LA

‘ for inertial buoyancy and (largest) turbulence terms to be of the same ::f

L T

order']:~ REE PR g;;f‘ S

”"fwhich indicates that the 1ateral eépansion beeomee smaller than that forvfftf

'd_:Large Richardson Number, and Equation 3 l 16 indicates thatflat the most.f§7‘}

"i
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édu'a'tions for the .threé ranges of>’Richard-s‘or_\' number afé'IQLVen_;-bél'éw: -

For: [g(Ap/p)z]) /.U)'(2 ~1 (Lafée -Rich_ardlndh_m.mxb‘ef)_' -

. ror‘[sKAb/9>zl/Ug2v~:6. (§$d€?5¢¢!k4¢h“fd85“'Fumbgr)"?_",'~ )

au .. au ‘_; au’-"; e lau"w'-: B

90, .

ATd;-'j_,_; (3123)

L R R TS

- u8x+V +/w az' ,».L‘:p

3 dvlwh
3y f A'I‘dz _,  T (3126) o
S s RO T LI TR

et 3 5—— TR e s G2y e

. ’F¢ff[g<Ab/p>¢1/u#2-e¢82;?(sm811,nighgfapan?uggbeiy;g;fv

TN
TN

_a.‘l Bu N - Bu'v : au W' |

RS )
? Ty

7. 3.1.4 Equation of Heat Transport =

‘"-’;{‘”3;IAssapxng*a'géa;g.f¢r,;Ar';ja§{n4i£€:gnaxiagttgg;fgxk

e

e
S GaLmy
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~

scale'for AT N the equation of heat trensport along with the order /

of magnitude of the different terms is written below‘f

20n) |, a(uhn) | 2t _ IOV b W‘Wz _AGTEY G
o T T3y ez T T ax T ay. I PR

: UXATX . UIATX ‘UZA‘TX;. o = UtArt T I‘_J,t.‘ATt». :'---ptATt . ,

ey z T oy

r
=
t
=
=

- BV . ‘;mTzUln AT. _UnL;Af:.;igﬂlfﬁideif Lo
o1 L ey =) sty by Ky by By Xy

b s L @G @QIGI NP GD )
, S : X XX xyx xz

‘Sv:}Qi; For the largest turbulent heat flux term to be comparable to u»;f L
,the7mean flow convection terms, and for small Ri' “f*;“:%

K=
D .
[}

- ‘:_(;___,_gf_is
' U A L

L __t_x
~Lter AT )

S wEP e

"‘sting the simplifications developed in the previous seetion, the heat
‘ﬁﬁtransport equation reducea to the following forms for the different f:'f

is ranges of the Richardson number.v_};;ﬁﬁf;?iﬁef'
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INTERFACE
CENTERLINE

71 FIGURE 3 1\ IDEAL MODEL OF A VELOCITY msmmunou IN
e A SURFACE JET FOR vsLocm u SR




Largefand Mbderate"Ri :

Q(uAtzf 3(vAT) a(wAT) .' aﬁiATf' L

CSmallRL TS

| a(uAT) a(vAT) a(wAr)-‘;a“_fév:AT-',::awiAri,f-:{”i;'=f“f;;?ﬁgff’v
% ey ‘T er. T Tay e (L34

.3.1}5nisimi1arity'of Veloéitfiand»TemperatureifrofiléSLi_V:}"ﬁt'

P T R T ,
Before proceeding with an integral treatment of the equations

derived in the previous section, similarity of velocity and excess 3,:ff'“

temperature profiles is to’ be assumed. The similarity assu;ptions for :igfiR:

| three dimensional models have been deacribed in Section 2 lO.ltf}:zrb .
Rajaratnam and Pani (1970) uaed a similar scheme in their study of three'
dimensional turbulent wall jets.~ The similarity assumptions are again
presented here in detail for convenience.- With referenee to rigure 3 1

3 3 for any non-central x—z plane:

| —— € <h)
f”‘

| f1<€> G

.

i - : __8_ jf.. - x s -
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7 centeriine~]

1. INTeRrACE~, |- |

FIGURE 3 2 IDEAL MODEL ron A VELOCITY ulsramsurxon xu'°“
> SURFACE JET ron VELOCITY v ;
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‘ where um = u (x,y-O) and b is a length scale taken as the value of

y: where us‘- 1/2 u .‘ Combining Equations 3.1. 35 and: 3 1.36:
TR ‘ B TS
o £ @) £, - g o S (3,1.27){ s

Regarding the velocity component in the y direction, it is

v

: assumed that#(see Figure 3. 2):- 37 ST --“Ai ’ f-.
v T T2 R T e T
For - the reoperacure.proﬁilesi L :'i- T 35; ;4d';“' 47._“;o‘y i?rf;::fi

AT

and hencer | Lo oLl
S

AT f (€) t (n)‘;;? .f.i:v3f1?ffv;1?;Liié?;}ﬁ?d_a?fdf(ggi;%ii:;ff};

; where AT .- AT(x»Y.O) 5 i AT(X 0 0) b AT (x,O) Experimental 'riﬁ:ti”

5;‘observations during the present investigations have indicated that

J

F“;tions The details are discussed in Chapter 5.
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3.2 Integration of Equations of Motion in the z Direc€ion . \

o
roe
i 5

i 3.2.1",Integrétion-of.Continuity Equation

S | oy
-'v-; .
Integrating the equation of continuity in the "z direction.

-from z = 0 tou'z = © ,‘we get:

du ’ o f o o B . N

w42t | aodz + | —=dz = ¢ ‘ (3.2.1)
o ) o ' o : o -
"Substituting for u and v from Equations 3 1 35 and 3, 1 38 and integ-

. {f) -~
Cw .o

rating.

‘g-;(ush).j_ fl(i)dé: + -g-; (v'sh.).j'jf fz.(é:ﬁdf& -.we S (3;2.’2)_ "
‘ o Lo o B p :

‘Where wé. 1s the éntfainhent véioéity in’tﬁefizf-difecfion: WLétfing:‘

Y o o T : o. .

A S

Equation 3.2.2 reducés~to£f

R AR

LIt shbul&ibefnotédjtﬁa€, Ii: and Iéi_éfo-oonéﬁnnto{‘[i T

. ®o,

3 2 2 Integration of quations of Motion fot Small Ri

Consider first flows wifn small Richardson numbers._ Théfeqng;jt!.}fff

::ti°n Qf}WOtion Equation 3 1 28 could be written aso ;

o .



‘b: Integratiﬁs Eqﬁation 3.2.4 with respect.to =z, we get:

e, e
C

s

Lver,

. K,
AT

Equation 3.2,5 could be-réduced to the form:

£y " ©ag + —2; ) J qEOLEE

hd& _‘—r—r '

98,

(3.2.4)

(3.2.5)

e

JAUEihg theVbbuqdafy chditiQng‘

‘o0 - Equation 3. 2.6 rﬁdUéeB' to: k

- x (99 hy * I dy (ugvgh) = I K vy )th€r

¢ uslnegee. |

Integrétiﬁg’the-eqhatidn_dfﬂﬁdtioﬁ.lnfghé:;y; dir?cgipn:ﬂz,

—~—dz ~.

san
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thch reduces to:
dy . | ’ 3_)’ . ‘ )
) Po '

-

Integrating the z direction equation (Equation 3. l 30) in a similar

way from z to o results in:

¥ . :

I3

Differentiatihg Equatiqh 3.'2.\1,0 with regwefgt.fo' x

T

?_?s;'a_Jasv_'ud,_
x. .3 ._ -

~ .J:. "jf?

o'lo—-a :

- ]

. . "5 L
X . N : .
RS .
SN

R

From this equation, one could see that the pressure gradieht term in the

T

o direction momentum equation 13 of ;he order of 6 ) compered to the~o*~"*

"dominant order of unity and hence its neglect is justified.e Differen-’:

tiating Equation 3 2. 10 with respecc to y.,~J;:'f“' A ‘?1'oof:f'f_rf§“;fv'

@eayt

/'_

- Since generally v'i~w'® , Equatfon 3.2;13 1s reduced to: . .

ey




B . Eﬁuhtion“3}2;16 cbdld:hetfﬁr;ﬁggf?e¢u¢‘d-tqg{*;‘;;,f

e S 0.

2

o T 2 ' R . v;.’.~;_' o .
- J[Jg?“‘".) hzdﬁ] €. = 0 B2
- >> g : ' ) . ." o -V 'A N . ’ . .

. 3.2.3  Integration of Equetiods,oftMotion4fer‘MgﬁérAEe.Ri.

_The equation of motion in the x direction being the same as .
g 2 i

that for small Ri s except for the absence of. the first term on the
'right hand side, the integrated form will be the same as Equation 3 2. 7
with the right hand side equal to zero. Considering the y direction\

' integration of Equation 3 1 , 26 giveg~. ' -  tf“;. o - tv~_:‘5 - ‘

Jégx dz»+

-.<

* The above equation could be reduced to:

O S 8 o . .
i I
<

a
[ ]

%‘ J (uv)dz %~ v dz + w l

:6.___‘8'A_;

‘o




b | SR ‘:“ . 4oL

o]

% (usvvshij NG (g)da + 55 G2

o \,.
g0
3y

‘:[

wherein the fbllowing;approximAtion has beeh made:,,’

. ?'f.'”
[AIGLIEES

1
.m‘bﬁ

(ATdE)h ] 5‘9{};?2;1?)_g .

O o ——38

A 1.

P, ~hAp 0 p

.

TN e
The above equation can be rewritten as: - ..

3 ST . g
(AT h ) —-jﬁ, . (3.2.19)
PR R T

‘I
E——(uvh)+-1--§—(v h)

_?’me

-whefeih? :; :K”Q':f;;‘# -i fH t”,.f:‘__

L e g T A
‘3)2;4‘jlhgeggggioqf6f]Eqpatibné,d£*uotipn:fpijdﬁgéfRi;”ﬁf}ﬁ};’;.‘fif

Considering the x direction equation, using the continuity

.4ﬁf?équation and Equation 3 2 18, one' could rewrite Equation 3.1 23 ass - W‘ag g”4”

BT L z :Ju,;>m_;1}: L
et duv B ﬂ 5 R
e =0 at;A;*.“~.»h.;

Ve e
Y A

' ‘Integrating Equition 3.2.20 with respect to z: - | -
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Lz L e
(LJ-‘A'T‘az)dz' T W YP 3 R
Q . : 4 . ‘ . . e L
" which could be further rédﬁ¢qd;t9:'A.':{f‘f \1  ,": -  L.;' 3v53;' ‘~i>; e

P AL, 2 EE SO Eﬁ.ﬁ_ Ry B L Tigig gy
' o 9x (uﬂ h) + 13 a_yi_(.k“},_,"stf) L pa Bx (ATsh)I3 (3'2'22) o

R

Similarly the equation of motion (Equation 3 1 24) in the y direction &

iv~could be reduced to‘x4i.];1_7.-.,'
o (u v h) 2 55, (Vg h) == —3-—- ( T =2 (3.2,23)
= LAy T T e By el T TR

.“"

~.3ri,5~:lﬂt§g;gtibq qfftﬁé"ﬁéat;Tiaﬁéppitngnéfidnff;«;?_'   2ff"fﬁ .

'vIntegrating Equation 3 l 34 with respect to z from 0 tOfM. ¢g”;g'}F

© , one gets._ t*{r-}»-37 '“

,\_»

which reduces to: . <o T




| In Equations 3.2.25 and 3.2.27, the integrals ', and I, ate defined

"Equation 3 2. 25 fOr smali Ri becomes.&_f.'- f'ff;5;

L S e T
ax (UghTh) + Eg‘3Y'(vsATsh)'“f'li; -
SR f'3’ ' / l_ o
C . . ' . .
o - %_,j (v AT 2 th AT

i-(?i?;zfi ‘:;“

.dne'eouid write:
A?:; E _iKe (Ts:_ rea. s o s fﬂp:_<3fzfg6)fj?

J

"where K is the surface heat transfer coefficient and T is the

quilibrium temperature (Edinger and Geyer. 1965) With Equation 3 2 26

3 (u AT h) + -—-——-(v AT h) + —-'(T = T ) TR e e de
. o Igidy s Ig BT s T

B CPRY

’2Q:Hin a similar manner resuhts in..;iihﬂf

(u AT h) +—-—- (v AT h) +-§ T
| 18 T



.'--3;2.6 5pimensibnless Fbrms'of Iutegfllnkguétidni ‘

The integral equacions derived 1n the previous cectione can
Anow be expreased in non—dimensional forms. The velocitinl aro mnde
»dimenaionlesa uging . che Velocity at the efflux acction U e $1m111r1y, ’fffi

L is used aa the langth scale for lengtha 1n the x and y direc- 3L:, 7\1

_cions and. o_, the depch of the hot water dia&harge at the efflux

';aection is used a8 the scale for‘diatancen 1n the z direction.- For

temperatures, AT . the exceea temperature at the efflux aection, 1: f.; S

.used aa the sce}e.

' The -diinehétio‘hlés_é ‘quantities are written below: . .

- ' g v ,
RO

e
]
o::lsc:

<
t:'.’m

’N

|
(21

(3 z 29).1.?,;"

.~_  Small Richardaon Number :ii¥i ?7 —r—

L az
R -a—x-*— (us* h*)-l- T, ---—(u Vs, D



R U

1 8., u'v' ,1f” - ;}" - - i
1 j'a_y:( v B dE 2

o o 2 J T LA
J[I 55 by dg] € e

sy*
“Momentum equations in the x and Y. directiona for
‘Moderate Richardson Number ' o ' '

et -vens (uB v h) = 0 - (3.2.31“)
SRR e D T s

R i S
(u v h)+—---- v LI h,) =
-fa"*_ _._8_*_“’*;. v 4 33’* ( * S

|b ar | ST e R
3’ —"‘2"'3 2 W (AT h 2) @23y

ol

TMomentum equations in. the x and ¥ direccions for S
“;Lar_e Richardson Number l‘ f" L e e
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‘Heat_transport equation for
Small Richardeoﬁ Number

\

' 5 : I} 3 ' KL
-———(u AT h)+——-——-(v AT h)+——-—£—-‘ T e
8 % Bx Is 9, 8, 8, L Uoho- o A

' o Ye Tal - l_ | 8 - w'AT! e Ay
[’”‘s’f‘: o I P

Heat transport equation for

Moderate and L343e Richardaon Numbers

s [AT =St 7 .:-(3..’:2-*33&’):**. 5

j.»"‘_Equations 3 2 30 to 3 2 33ML derived above are more general than dhose A
derived by Engelund and Pedereon (1973) These equationa have 1ndicated '@ﬁ?iﬁ
v5that the solution‘to\this problem depends upon the source Richardson

"number written as"ﬂ[‘T-

ey pr aiC U R N A Lk
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face disqhargéé‘with,smaii Richardsoh_numbgr,aréfp:eséhted,belbw:"

ContinuicybEQUétionA : ‘f ﬁ e

Lo Io - o : e
3 2. 9 Ch) m o .e 1 o
B, oM YTy, G g R 0 G

. Equations of Motion = . F f?‘f’\t)‘ 

PRI AT AT s T

e f J T2 el -0 o B3

'Equétion_bflﬂeathréﬁébbfff1; 1‘

L

{9 VAT
:“r‘;.SATfﬁ

ol .

' Integrating Equation
T gne e, darge vl of 5. one hratons



)

oo 1080

J 3Y* (us* s* ).éy* =
7% e o

4

B K «{, | L 1 . 3., uv R ij S ifﬁ
. -_-.-f;f J’é‘“‘ 'F;"‘*"“]dn.@:a.sw
o : : . . o e :

In’the term on the right hand side of Equetion 3.3;5 o :ET;T'_FT¥§/9&_.
vwhere T ? is the turbulent shear streas end : /U - T /p 2.'
.;'Integration of Equation 3. 3 5 with reversing the order of integration in ‘ighj
the last term Sives {i;"” -j.f_Ei7n£~itj§:i>;r:i;fe:ﬁ.h;eo.jlhiﬁ[ -
_J 5——'(" h ) dy* +. T;:.{;Bid PN (e i;;?hff’f‘f B

%-f_

‘The boundary conditions could be written ea at y* » bij_i»ﬂ—jo;jfj;;.‘df:,:;fF

. : ,3* S My * 3 * 7_*3-‘
"(which is the dimensionless entrainment velocity),v‘;;

/

-"“With these bOundary conditions and using the Liebnitz theoriﬁfliffl'ﬁtfi"‘““ 5

Ainterchanging the order of integration, Equation 3 35

'3; erved
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3.3.3 Integ ral Energy Equation

. . ‘ ./ .v . . .
- Multiplying Equation 3.3.2 by u ‘and integrating with respect .-
to y, from y, =0 to y, = . one gets:

HI

o * : S
‘ o 2 A Yy
“]u -—.—( h)d ‘—Iu —-—-(uvh)’d :

j 9x * y* *_q y*_:
° !

=]

“8*['[5}—; b(p\ud hy) di]r dy, o (333) o

LG

[
Term 4 = j
o o




..
1. % Wl . SR
- =) J u + (u h)| dy
{ I : [{luoho a** 8y X _.*

@ o [ weL ‘:, \
.[ us* [IlU h + (u h )] dy* o

-'Sinee_ u "is independeﬁt of §_, Term C could be.written'as{f‘

Le cooo‘ ' ’ ’ : - . . .
o » l~ ) d Tx h - e . R d' ) ‘~ S
Term C = -4-J f u dEdy P N :

. and_one'cou1d reduce Term C*to the fineliform;'

\

l ‘ 4 " a,' w @ . | a . .. : ‘b
| ferm Co= %;J [ [ (““Lr h, )de;] dy*

Combining the expressions developed for the terms Ag;B;'aﬁdj{C,fEddah’f»ife"'“
Jtion 3.3, 8 reduces to the form., ffﬁ}~ :'fiy'i:}ff;fgff3;if";‘ '

o ,S* a * * R ' *1‘* ax* * .7,~¥-'“ R

- E { s [I Uh * S (“ *‘*)] dy’*’}f’?

.y [ i (rz, " )ag] wi RS

e SR
L

”*f_Engﬁion;3;3.9g¢puldxbe.referredito:as»the:in:eg;al“Qnetﬁyféqﬁiefoﬁ;-f,:f';v S

334 An _'Ekg'féssidn foi the EntrainmentVelocitywem S

. .‘ ] .. ‘ ‘ ’7"7 N 'A_ {‘» . R - M

R L e T R e e T T Vo
..~ Equation 3.3,9 is rewritten .to provide an expression: for the .~.. - .°




11,
_entrainment velocity w_ in the z% direction as:

L ~ ) o "¥
o L o N
7 ‘ : u
J LR, % L1, ‘[1 I 'j o 7 M gy dﬁ)'dy*
o e 70 Yo : » . .

® : . w . - ! IR :
© _ , I , @
—2K - . 10).
+ f ug h, P dy, + (% T I ).I us*bax (u h )dyf] (3.3.lQ)h
.' : ‘ 0. . X .
To reduce Equafion'3.3;;d to a-tfactablg form, let:

e em
o 7(:}

¥/
(-1

- e *‘Z...g ‘ 3 _ 'f.a S S i w g
w W f(b) d vem f(ﬂ), R e (3.3.11)
where Vom is the vertical component of velocityrin thg-éehtfal_pléhe. .

p—gzr = & (n,8) L T & 1 3 £

| an

%

(3313
by = k 2 L o o f._~(3".,3].’.'14)’?“_]'.;]":»

*~ v_§héré h 18 xhe central value OI ‘Hf,“thét;isb';hii;’h(%gg);ﬁand?,klg:igﬂ: .{
| :ké and k4 ’ate independent of S S T

-

__*ﬁf:"""

Using Equations 3 3 11 to 3 3 15 and some of the equations

‘ ~i:introduced beforep and after a considerable amount of algebraic manipu- Z?QQj;jf

>ft1ations, Equation 3 3 10 could be reduced to the form.ijfyiﬁf,ﬂll".

o
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Vel ZI312 [I X atc-n i
U h I.I, I ’ :

-(3.3,15)

or: T TR AL o (3.3.17)

1 17

variant with x, and  19- to '1171 are défined,be10w$'

where the integyals' I, to I, are either constants br’simply.ip—

-4

.

;ﬁr‘,;.
g &, f'E, LE R L

— 8
P

11

Ly = j fl f4f1 k4k1nndn e e

[+ .
. T T= -—i—l-—'_ 3
SRR S _.‘1(21-1 ._¥) [ fl f4k4ck dn
s ' o o .
14 -

EEERRZ 7% SRR WA | -
o= __"____r__ B [
;15 '-p(zx : )‘ j fl kln (f1 f4 +E f1> K ndn e
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Ly = G- 1, 3% Thg7 I15)/ (100, /21,5T)

A3q3.5. An Expression for the Trénavegsevvelocity>vs

Substituting Equation 3 3.17 for W, into Equation 3.3.1 :'*'

' and simplifying‘

v = - %, T fdn +
8y o k4f4 1 ‘12 - -

- 1 . i) " o -
xﬁhd%[%lfﬁmfﬁmﬂ} o G318
o Lo e
R

Sl
{
1

whefei. ' S ‘
o 5 ,"n'?‘l B
- F () -é_[J £ f ckydn +.

L ?‘, __ - .>'._  L:i; :Asi"‘_ ;3}f;f 
"-'Vf-Jhﬁﬁfkﬁ%fﬂW@_;

flf k adn |

O‘h.:&

. o

_Equatiph.3;3,18>équ1&»be‘rewfﬂ}t§ﬁ<ﬁg; LR L f‘kff”

o

';ja-‘ S A
o - a V = F (n)x + F (n)x +ﬂ—l S '(‘3.’3“;1.9“)“_.

oy

TR
S
H

e |

9

Fu-

“_rz(ﬁ)'iéf = f(n)dn

:5:?153“_f

AR fmwn—FmJ

f,o~—;—\;ﬂno-~—\$ﬁ'
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" Dividing Equation'3.3.19.by u , one obtains:

Ve | F () N Fa(n)
cu ke ok,
S 1

= @
‘qu v /u . to be the'seme at'all 'x stations, n = 1. ' That 18] the
"jet should expand 1inear1y in the x-yl‘nlane. ‘In nthethﬁords,~-vs[nm

lwiil bei&imilar only when the jet expands»linearly;Z .

3.3.6 Sinilafityiof the'Egnations'of Motjon

‘The expressions developed in the preceding sections may now'be
substituted into the equation of motion in the x direction, that is, . : e

o Equation 3. 3 2.1 Performing this substitution and after some rearrange— o

]

A'~ment, one gets..”'V]e o

fx*?zl EZ& + e = l) k 12 4 k 2nn (f f4)' S

oo
.

‘i?i'Considering the integral momentum equation in the x direction L

”¥}.(Equation 3 3. 7), it could be rewritten as: 1;'f*'
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 ®_ B

a2 (oo, o PR SN
e
L L (33.23)
or: 2a+ é +n = ,O"“si ':T'i> ‘;. -~A :_.}< .'i E~_:j‘ QK3.3;§§)j"':

or: 28 = f‘(c‘ﬁfl),}'K 'f:;:i 3f; | if !>T A?"._;:-‘j' i(3‘3;z$) 'i"

" 3.3.7. Similarity. of Heat Transport Equations
Mssumtng: e ol

"'_'v.rhere € 1s‘ constﬁnt atlany .x station, that ia,, ind'ependent of ‘n ‘
.;nd E and on the basis of Prandtl 8 new theory of turbulence ia taken -ifi::

e, - RN Vo

LA LT s e

ey
i . » A _[', B LT A R OER R
i 'wher'e_ kis a ¢0ﬁstang-? , -qugtipn 3,3_27 t,_eduéeﬁl‘,':'t;.é "::fhe'ff.d_.x‘."‘m_:;f Ry o

kk ./'iZ 'U JL__ 2 + n/2 + c/2'

. Letf- :foAT-ffia ~Kgx




where k3 is another parameter independent of x* and d s an unknown;sT
: _exponent.' In this report, the surface heat trsnsfer term in Equation

3.3, 4 hss been neglected

With these assumptiOns and substituting for the various terms~f

.-.13 EquatiOn 3.3. 4, the exPressions developed in the preceding sections 1?:»'"
ik § ‘
and after some simplifications, one could write*ﬁ’,

PR

e I. BRI S R I
+2n l 7 8.{“ B ST
¥ (n) atinel L L k,F (n)x e
| R M R .
. 75h e T B :%;TﬁiT,€5;3;f ifl?::;3ff
- ’51.x*§ f n/? + c/2F (nyﬁ) o G

whefei .

»l; '._;= o .»14-“'-3:,,,4»v=v- s '.‘sfil”figsihtfi‘fshfx‘

F, (n) = k kK, (a+c+d)(f 4) kik, K, (f ’4)_'_'.;,'-_- BT B PR

4 1 3 1 3 4

e ":ﬂ;id~v '_ , e
| F (n) -7- k1k3k4 (F f3
SRR

N YR

4)

(n)]v"hs

'-;iF6Kh;§);;_i /E /E AT I [f (n)f (E)ft

| fr°ﬁ‘Equafiénﬂs;s;so;vfof;smmiiéticy;;@ae;ééaxd*ét;;e;, LT
a+2n -1 -a+ now

. from which n&r l and n = c..:;ﬁ ‘rﬁf{hiif'f;ﬂf”:’ﬁﬁ" atic

'~a-4/;ﬁ;q;e¢;;



’frbm Yy ™ 0-‘to fy;»' '{- Integracing Equacion 3 3 4 after neglacting
the surface heat trannfer term, one obtains':' R

'J. (u AT h ) d% + j ay*
AL S B .

ST ;"_O" ‘o ; 0‘ 0 : a8 e

(v AT h ) dy*ff

d:

J

e Interchanging the order of integtation. the laat term in Equhtion 3 3 32 % jf;

: could be reduced to zero.v After integration, the aecond term on the

. left hand side also disappears, leaving the final form of Equntion

3 3 32 as.ﬁf

. Ce e T R
e i i T e e
R :J_ G o

l,v

in thg x direction. This equation could again be rewri;tan n‘“

or: T x,

Loery,



with a = -1, CF 1 ..Va,n.d‘ 'n";;ll_, using Equation 3 3 36 d = -1. e B

With all the exponents evaluated, the ful; set of equations

| -& R [

is writteu ast ;fﬁ ‘.:'_ ;Af " f£: 4f."“ TR

N

[+
R
Mg
e
D>
-3
R

*
LW
=}

TR

e
R .
5
R

w Equations 3 3 3 and 3 3 38 are’ preciaely the_ aan’_ as thos fot the non

“abuoyant three dimensional aurface jet._if,A .

“.3.4 Surface Discharges with Large'Ri -
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A w . R .
A J 2 A
_ = u T hpdy, +—
L ‘_qu»' .?*'.* Tx 'I
R VAT

”.;'th¢h7?edﬁ¢§s ﬁo}f;‘;ﬁ" o

uszh*dy*._d_ e (3‘47)
PR PR

[ =N
2|
o8

[l 2 e

un
w

. fﬁﬁ&jff ;y"';.‘,w'

>
~3
Lo
=
*

[
(=%
<@
»

d__ ; (2a+c+n) e
1 kl ik, 1181 sl

el o (2c+d+n) ,
NN '*“'f,*f?¥3fE}Td¥*,£-?z, kzkakA 1193

"9:' kl k2k4I18 d x c.ff';lf

wmerer -f¥185f”j£§11(7)€ﬁﬁn?§n'33§?477‘u‘f**r‘

Ccoekr 2w oekde Y




- '>_3.'4'.3' Int‘égral Héat-."T.réhéi)bft ~'Eqﬁa't'iot:x"_"f'- S

Neglecting the aurface heat tr&nafer term and integrating the v
_ ‘_-remaining tems of Equation 3. T 4 with respect to Y* from y* _- 0 to
7* - °°,_ , one sets "j - - DR -'l T
SO j T <u AT h ) dy; f;*f's-* (Yg;érg;h§)74¥£;7_9-;-;(?fétl{)ﬁrf”

o ot . LB TR TR TR e T
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p ?f-th‘?ffT*ﬁqufxi*:fwfiin>£3<n>f4(n>qn;'
S B Y SR SR RIP T




obtain an :L‘ntegral of the y momentum enuntion. But for obtaining this e
integral in an usable form, an expression fot vs; 13 needed.»_ Thia is '
de,veIOped in this section using the 1ntegra1 energyiequation and integral
continuity eQUations--u";; ‘1“ ,ﬂ;mfj;;ﬁ}f'"f'~3fmfm5f,?ifmiggfgz; §gJf':'ﬁn

| Multiplying Equation 3 4 2 by us*?innngintégf;ting;migﬁn ;Iﬁ'H
:ﬂlrespect tv 'y* from y = 0 tol y* ‘ _t JETRI e |

“sg;ax*‘( Sx h ) dy* I3 J us* 3Y§f(ud*v§§pf2-ey*"ntf":5.:
i SRR e O T BT

T e a2y gl (AT--h-,.) dy, - (3415)
Integrating by using Equation 3 4 1 and simplifying, Equation ‘3 4 15 18

One couId further reduce}- fuation 3 ‘4"'16 to he}fom.



“where{

l?s<ﬂifa<nidn

$ §$ﬂ)£42Kﬁ)£1Fn)é?_ ‘i ._.. |

.Uaidzf%: ke ;!a.iz;'gbé'inéegialvcbnéinqity‘équgtiﬁnicoﬁla bejf§dﬁ¢edjw

. k n S o

: rf4<h>ff*‘1‘?’§4fn?4?]°
R T

S :q,



A3;;3I;1on‘3;4,10,indicatgs c + d - -2/3

o

~ Integrating aﬁd‘Biﬁl‘Plif?ing'ﬁithithel_aubstitut;:lon'of:-Eq't_xat-ioh 3.4,18: s

‘1% 4 ) +

I RO 4 Tndd a;-y,,' ‘.- g

. FromEquation3o4~20o oneget:s ”

ori o ZatIna2 = cAd LT @22

' Using Equation’3.4.20:° oA 0 S

ey
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o

with lerge Richardson number, one:haeﬁ-'

Comee G U3 ey =23+ ) : :

- ] *_ ‘ S ‘ * i

T . e

T e

(3.4.24)

G
o
. R
L
=
]

_From Equation 3. 4 24 one finds that ‘the decay of centerline temperature

depends upon e .which is the exponent of X assigned for the varia—h;h;‘f

‘v.tion of depth h . whereas the decay of centerline velocity does not’ .d';:if_:x

depend upon c. However, the decay of centerline velocity and tempera—t”‘j'

:l_-ture shbuld be closely linked Thus if the decay of u does not o
f{depend upon c the value of AT also should nos depend upon c., The

,only wdy this is possible is that the’ value of co= 0.. ; Thus assuming f:ift;j

c ?;0,' Equation 3 4 24 reduces to'“;‘l;' .‘mﬂ” fhf?f'}_hjdfgl

[~
=]
*
R
zl
W
R
R
N
W

-‘b””':dn-x*:}V»'. ;hv'LZuith'kjhfzeonefaht:'gf R

B A RS Vi R R S 7L S

ey

' b» o: X L S . _h A ,. constant
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the growth in the =z direction appears to be negligible. It may be

assumed that the'thicknese of the jet'in the =z *directi“h*i! cona

and equels h . Further if” as-an approximation one asaumes that th '
() . .
distribution of the ve10city and temperature in the z direction is :

.

uniform, then the distribution of the velocity and- temperature could be

predicted in:the y direction -as showndin this section.”

-

The relevant equations. of motion are writteh;as below: -

Continuity Equation ' -
b " n -

\_.
du’ v, . , . : o

Bx Sk = o . o ey
L, %, o . o (3.4.27)

Equatiohs of Motion in the .x and .y directions
(after integration in the z direétion).

3u  _5-'30 R VBAT'p
% . Loy 8

)
?

(3.4.28)

*
@
b
k.
o
Q2
¥
*

sk py 8. log Bk T (34.09)

\
=
a
»
*
(/)
Q
«
*
o}

:Equation of Heat Transport '

’ rfggt.“ki:..-‘:Li;_ -:t A;iz

su o+l oA Ve 00 (330
[ OXy 8, s, 9y s, sy 1R L e D e

A dimensionless stream function, ¥, , is now defined by: -
.”pg'véﬂi _f/f'.::ﬁ  '_m>i'é“L x"H- ;.p1fvyt357r;’.;‘p_r;&_:r
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and vy = - Wy S : : T 2 ; '(3.4;3lb).
Integrating Equation 3.4.3la:

Yk .
J u dy* _* u
o ) Lo

or: “P* = '“m'*b*_ Jl'(”) : ' .‘ o - ) R  (3°."'§32)
- S . : R RS o

where:  J,(n) = f_.f'l(n)vdn' S T A o

It is to be noted that’ "(h) = f (n) s where the prime on. :.Jlf." =
fdenotes diffErentiation with reapect to  n. Usini Equation 3 4 31b it

can be shown that
v = [nJ (n) - -J (n)] T (3,4_..33)} :

. 3*

Next, the following expressions are developed for substitu-
ftion into’ Equations 3 4, 28 and 3. 4 29 o

" .au"'; S | R
L o8k g g ¢ 5/3 g ' " ,
T, B, T kl.‘xt” 3 1 (An) + nJ (n)J (n) o
"' 'h'gi-‘lfi.x* 513 [nJ ™3, "(n) g (n)J "(n)]

S Mg .;_kyf* o [3 f3(n) + nf (n)]
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‘ av - ' ' 5/3 ot
“s,";‘”"tax* k) k £ (n)x [9 Jl(n) 3 nJ{ (n)
L . €

o v ., - Ny 1
vg —-—-*By* kl k2x 5/3 [n‘Jl' () - -§— Jl(n)] )
’ . . . . ': : .l - k n |

‘Substituting the releVant expressions “into Equations 3 4 28 and 3 4 29

i
one obtains. e

L F e sonon -

7 B kg Ly imentiml e T 3439

| | R L R T R TR
and: 3 12 ky [nJ 'Z(n) + ZnJ enn "(n)] 5-1--1;1 &' ) (4.36)

bivtetng Equstion 3.4.55 by Basation 3.4:26 and staplityings
kR f()+nf '(n)]+f Ty e 0 Ty

o or f (n)

2 ﬂ
2 2
l + kZ
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J A

Integrating and simplifying, qne_obtains: ?v”

e~ SRR VT R

(l + k
N

]

where7 Ci is a constant of integration which can be seen to be unity

.) -~ -. . '
because of the boundary condition f (o) = l 'Hence,,theutemperature, KR

o distribution is written as: f f  TR itl'“."-f:lt ;i"57 ;_f;;j1-~.

To solve for the velocity distribution function f (n) i the procedurevffi'
| used previously 1is applied so that Equation 3 4 30 could be reduce& to i

the form. -
! R

gk .["f';3zf(:n»)~31'-.'..’,‘:(n.v)l RERULN ;‘(n’)_.-,];;é 0

AU RO R RO IATO R

IR 1-S

FlEORE =0 T by

or:

e

! 'Inteétatingﬁ‘*

HORO -

iwhefé}icz

f (n) > “one could show tha;

is a constant of integration., ﬁéingfﬁqﬁationjngQQO?fnt
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In this particular form it is not possible to satisfy the important .
- boundary condition of f (o) ~-l 0.“ Hence, Equation 3 4 44 is left in

T this incomplete form.‘ﬁﬁ

© 3.5 Surface Discharges with Moderate Ri c e e

'1ff73{5;1i~Sunmeryvofithe-Equerions~for:Modera£eﬁRi;;;f'

: R S
. ‘o . Lot R F L

For the convenience of further development,.equations governr
’_ing the behaviOur of surface discharges with moderate Richardson number

'fare reproduced below‘ngf':if_;;}:¥7~,-_;35;3”“7f4ﬁ_n‘fa?$l»-;i;'eo}?;f," &

. "_-u]jw~u;,; T

jgggafionsiof'Motion;rilif o

I..



- Equation of Heat'TrangOrt ‘ ; 3

¢

S @rj; (u AT h ) + I; 5%;*(VZLATf h*)lf'ﬂfpfrf.ffﬁff ﬁii§(3;5;4)¥:;,;'

_ wherein'the'sﬁrféeejheat'tranéfer”terh1hes~been,drop§edy O

‘ T3t5;2t;inteérel:Momeﬁtum qugiion‘inetheiijbirectieﬁf el

' Using our earlier results of articles 3 3 and 3 4 one could

"_;;erte the equation of motion in the x direction integrated with
-ijrespect to y* from y* - O to ty*\ | for the moderate Ri:gir&sen ‘

: number as"r'f?:.A: A an ot ». | th

a‘i‘; [sdmonim 0 s

NN TR e . :

n S . ...

A

;‘.tfrer»EQuetibﬁt3§$}6,}pﬁefcpﬁldiﬂtite€7fﬁé?};;

';g, write the following expressions~
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RN
B Sy

The 'in‘tv;legrai,_?_.',yf direction equation '_ij)ye‘éldjﬁg‘s: i o i

L]

where:.

N

B KA
'-,,rgg'j‘vs'vé;h*dy*;+ T

e . a¥el

CEE ot IS e T gy

RO ey

W AN
: L - E

Equation’3.5.10 {s further reduced to} . . -

v k1k2k4 j £, (n)f (n)F (n)dn] L
S B o\ , ’

2 o ]

. Erom Bquation 3.5.11, one gets:

374

SRR R & o
L Sukkﬂ

_4.

U tatletmz el 2ed



L 3,504 Iﬁtegtai‘Heat'Tfaﬁgperﬁ"EQuation';};e~}5;fe'f.f:;efi},fe_f*
vty B ‘“Y,;é"f}.%f:" R

Since Equation 3 5 4 19 the eame aa Equation 3 4 4.vthe reault =

_:3of integrating Equation 3 3. 4 with respect to y* from y* - 0 to

»'I_Ty* = o could be reptoduced from article 3 4 as"“”‘t“

L w :,.:

. d J (U AT h )dy* \ _18 J a (v AT h )dy* (3.5.13) |
e e T S N AT

R

* .which could be further reduced to:

© from which:

: ;}f far been developed Similaricy analysis
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| ex?onengsﬂwiii"reoain uﬁknown.‘-'Let s be the unknown exponent. R
iSolving Equations 3.5 7, 3, 5 12 and 3 5. 16 one 89t§r '-ffy:“i-;t‘o 3e‘.\
'ag;é&é)}wwfké}ﬁiiﬁm?é*ff.f.fiiﬁf7 
ST T R S

(=N

]

[

I
N
BRI

wle

o mEgsi s 3R (323,397 5z

iy e

e

1”eﬁ3.6seéoﬁﬁefyéof‘Conélusiooé:andaéomMehtéofl"

In this chapter, the hydraulics(of surface thermal diséharges:ee:ufﬂ

5'ffﬂhave been studied By performing an order of magnitude study of the

'5:’»relevant equations of motion, it has been possible‘to?diyide the flow

“’ﬂ Vinto three regimes referred to as small, moderate or large}_ichardson ;jwfl

'fij.number (Ri) flows. Then assuming that the velocity and excegg tempeta

?5ture profiles in thac direction.;iyfﬁj}



o st
A similarity analysis of these equations'hss shown that for
small Richardson number, the scales for velocity (u K excess tempe;h—

ture (AT ), 1ateral width (b), and depth (h) are given as.iiiife {*f“*'llvlbﬂ‘“ﬁ

Cu m _)l; L : ; i (36la) S
- : _‘ o b :_m x l_ - -. | . : .. (3‘6. lC)

h - x : L : (3-6-ld)

where x vis the longitudinal distance from the outlet (or the relevant

L virtual origin)

For large Richardson numbers, assuming that h « x X it has ';3‘7C1;'

K“* been found that' ‘ :.f.
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uqu2]3+c 9 ATm “;‘-—27-5——*7—0‘ ’.

If ¢ = i_, qugtibh_3:6;5;;eGQEeS-£o:‘

\ o
0

If ¢ = O,Equation 3.6-3reduces 'to'i:. '

1.\'.l36.
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'~baccurate1y.,

. this chamber to msintsin constant head over the V notch;;

'deep tsil gstes._ These were consttucted from marine plywood'and their:

‘”:iwalls fixed to the floor. A 6" diameter pipe was fixed st the flo"

gg,eer o o
CHAPTER 4

: LABORATORY EQUIPMENT AND METHODS

E

‘The laboratory experiments were performed in a model basin at

lpthe T. Blench Hydraulics Laboratory at the University of Alberts._ The

A),exPerimentsl objectives have been described in article 2 16 2 f,blfi‘*'ﬁ*”

4.2 Experimental Equipment

-fgd;ﬁ.i_1Mbde1'nsgiﬁ*ahd'Flow_syétémj7ﬁgfﬁ’

The model basin was a 50 ft. long, non-citculating basin,

o15'- 0" wide and 2'-0" deep with a horizontal floot. A genensl view 19 fffi'
~‘shown in Figure 4 l. The basin wslls were conatructed from 6" wide _thfiﬁi

’%ffhollow concrete blocks mortared to the floor.p The thermel effluent was

“Vhiiet into the basin by s head canal 5'-0" 1ong. l’—k“ wide snd_l’-é" deep f:ﬂ

A 2" diameter telescopié pipe for overfloﬁuwas_fixed 1

dfﬁ _ At the basin outlet, the water flowed over 3' 7" long an

’1zﬂheight was. adjustable. The tailgatea rested on' 8" high 6" vide conc:etef







“, inlet to outlet, becomes equal since the evaporation from the surface "

e 139,

below the. tailgates to dewater the basin. The water GVEr the tailgate
‘or through the pipe passed on to the sump. The basin could be filled

‘ with water either from a. laboratory sump through a 6" overhead pipe ‘or

from the city water supply. '

1 .
s s

Sometimes the plume was found to meander or- veer to one;side.ip'

}To counter this and make the flow central 1/2 inch diameter holes wé%e

az

'made on the side wall of the basin 16 inches above the floor and 7 ft._-

and 9- ft. away from the- inlet.v These holes were connected to a copperg:d

o~

_ pipe 1eading to the drain.f The holes could be. made to fldw or not

' depending on the requirements of flow conditions.'73:

"4:2,2 Water Heater~forcGeneratiﬁB:ThermaliEffiué“t"Zl‘»

o

The heated discharge was supplied from a<zater heater (Delta:tfflf

' ¥
‘Hot Water Blast Cleaning System, Delta Manufacturing and Engineering

o’

'5Corporation, Deltas Texas) . This had a burner input of 900 000 Btu ,".

.

and coupled with a pump, had a capacity of up to 60 gallons per minutef;‘m'le

o’

,of Water at ‘a constant temperature of up to 130 F. A flexible hose
'e’connected the‘water boiler ta: the inlet of the canal., A schematic'“d:~"

7,f diagram of the hot water discharge syatem is shown in Figure 4 2

SRR 'hgz,él7cooligg;waéerfsappiy{jafi1f"7*“?"” T
R ",f,fj’ a~ﬂ‘ { R T D

Without the supply of cooling water, steady state conditiona

;cculd be attained only when the temperature of the entire 1ake from

jet was negligibly small . Stolzenbach and Harleman (1971) paseed a: cold._-

| fwater discharge of 50 gallons/min in their tank irrespective.of the ‘.
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| inflow discharge.of heatediwater. étefan (1970) does'not“mention:the
quantity of cold water discharge passed through the tank The amount of
cold water .to be discharged in the present case was obtained by doing
-preliminary experiments to establish steady state conditions in the
flume. A dicharge of 0. 05 cusecs of cold water sa&isfied this.require-
ment for all the runs. This cold water was discharged through three
.copper pipes . (1/2"/diameter placed 4 ft. c/c) running along the length :"
of the basin. These pipes were placed in l 5' wide and l" deep groove"
made in the floor, with the holes in the pipes pointih‘.downwards._ This
arrangement is shown in Figure 4, 2. The cooling water first flowed
'downwards and then had to rise up and gently spread on the floor. The r
excess outlet temperature varied from 2 5° F for smaller discharges to -
>'4 5°F. for larger discharges through>the inlet.. Steady state conditions Q
were obtained In all the runs. Experimental measurements were confinedp

only to the first quarter length of the flume and an injection of dye

showed a clearly defined jet regime in this 1ength

;,4.2.4»-Experimental‘Instrumentationii

&
‘d
v

o The instrumentation was developed for (1) simultaneous deter- REEEE
mination of temperature of water at various points, and (i) velocity o

1*:0f water at a given location

,-’4;35 Instrumentation.for,Thermal'Measurements,.f:

4.3.1 -ThermistorvProbes‘ . ‘

" The temperatuteﬁof;theiheated;jetfwas\measured pyfaﬁ Ariay'ofj'czl'“



25

_'VOLTAGE in volts —>

05 ¢

o
N =)

. FIGURE 4.3 TYPICAL CALIBRATION CURVE ° .

200 a0

"o :
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'{._Because the quartz thermometer converts temperature into frequency

o3

1'thermistor'probes. Thermistors are resistors with.a high negative
"1temperature coefficient of - resistance.1 As the temperature increases,
the resistance goes down and vice versa.. They are manufacture from o
*semi—COnductor materials made by sintering mixtures of metallic oxides
,1such as manganese nickel cobolt, copper, iron and uranium..';3 | |

l.-"

Tl

The thermistors used in the present experiment were: glass
- probe thermistors supplied by Fennel Electronics. The specifications
5;for these are given An Appendix B. ,Qui'= o

y -

- 4;3.2}}Prosé5caiibtatidn'1

Calibration was carried out in a water bath. The bath tempera— ;*fAE;

'ture was measured by a "Quartz thermometer 'y model HP-ZBOlA.» Such

\-"'thermometers monitor the frequency changes of quartz crystal oscillation._.,_¢ ii

B rather than into resistance or voltage. it was frgf of the problem of

;5 i

v._jlead resistance and noise pickup inherent in q;her typee of temperature

xrmeasuring systems.. The thermometer can read to a reaolution of 0.001’0. ';jﬂua3“

A typical calibration curve for the thermietors is given in Figure 5;771 :

"54 3

4;3;3 .uoun:ing]of1rhe£ﬁis:oryrfasapfyiﬁ"”

. Sixteen thermistor probes were used in the present experiments.

“b’Fourteen of these were mounted on a: rake trolly. The remaining two
:were mounted at the inlet and outlet of :us baain.-,?"f7;t~"'l'f”“

./«. e
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Thelrake trolly was powered by a- D C‘ electric motor and could
:be moved in the lateral and vertical directions. To allow positioning ﬁ
‘_along the jet this trolly was- mounted on another trolly which could .
be shifted manually in the longitudinal direction.< The location of the .

rake was sensed electronically and the coordinates x y and z

punched on. the paper tape alon with thermistor probe readings.
, | %

A L e ,'-57 o e
The probes were mounted on brass tubes spaced 3" c/c. Limit DR

switches were installed in both 1atera1 and vertical directions for B

safe operation of the thermistor probes mOunted on rakes.‘

'Fa.dﬁdffbdtﬁtAéguisitiond89stem Qo

”ﬂ,'; The thermistor leads were connected to a thermistor condi--i»h'y |
,»tioner which in turn was connected to the following elements. }}jpjt

100 Channel Scanner - Digitec Model 635.. o
4.(United Systems Corporation) _”Eyan.igvﬁ

L2, Scan Counter._f,;‘7

'7f,j}"3.1f1ntegrating Digital Voltmeter. .hb.i e S L e
L (Hewlett/Packard 3480B Digital Voltmeter) ffﬂ,f;“ R I

.J4;tfPunch Controller.:' : ' *;
- ‘(United Systems Corporation - Model 623)

'35,'d5,1fPapertape Punch Lo o . ":<g.gﬁ';'w’_'n'"-"7ffﬁ
;‘b(United Systems Corporation - Model 671) ,'Zhif.fffl ﬁ'-*» 2

~"A general view of the data acquisition system is shown in Figure 4 48. “f;hlrffﬂ

Each thermistor was assigned to a. particular channel scanner.,-.:

htdln addition x, y and cOrdinates,were also assigned a channel eachgyﬁwhfflv

ﬂi;The scanner sequentially sampled from 0 to 19, routing the analogue

'signal to an analogue/digital converter where they were digitized and
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STV

' converted to binary coded decimal (BCD) signals. The papertape punch
controller formated the BCD signal to ASCII (American Standard Code for

- Information Interchange) and routed it to the papertape punch. ‘ The

papertaée was then read by llASFEBD processor tape resder and data

was, recorded 1n a computer file.;"

;1fi** ’i'; The scan counter was set for 10 cycles. The scanner there—’agﬂ:;s"
fore went through all channels 10 times before each reading.x‘vslf,ﬂfj”
:%4,},5_.Reduction:of;Data&to Temperature,:;v;._g*pp_,,ﬂgi,t~‘-> L

An equation for the calibration curve ﬁas worked out by a -
.-W nonlinear least sguare fit to the data.~ Each of the voltage readings
was first converted into corresponding temperature and their mean and

standard deviation determined thereafter. The error in measurement

R ariSing due to nonlinearity in calibration has thus been avoided.:bhiff{f“i5”
R 0 T ’Stjr_i.i'ctiéfe'.-R'eéar‘aar: R

The first two thermistors on the rake were also conuected to Lt

1 a Two Pen Strip Chart Recorder._» The pen recorder used‘waa type

PM 8221/18. It had a range from 5 v to:20v and a chart‘speed'from

2 cm/hr to 18 cm/min.: The recorder permits continuous recording»of : 31“3;'7:

be eesily measured by this recorder, Whether or not steady state

conditions existed throughout the experiment_could be verified by f7"b

Do

tqgrng ‘a’ continuous record at a given point. _An example is shown‘in ;

Fisure 4 5. The recorder was manufactured by Phillipa-Dsnmark ST
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A :'_4;3;7 bigitec ThermistOr.Thermometer"Plugfihhzggule,.
- This thermistor thermometer gave a digital display of tempera—i‘:'

ture in C.- The thermometer was: capable of reading from -30 0 € to hh
‘ +100 C., The calibration was checked with the quartz thermometer.- The
”'-:inetrument had connections for two probes and wae used along wlth the |

o other thermistor probes to maintain 8 check on: thermietors performance._”-F

1}.4;41'Measurement~of”Ve1ocityw.

v &.;4‘.'1 .Inéfddixctidh REEERR

The experimental range of velocity was lees than 0 325 ft/sec.hfi

Schraub et al. e (1965) detailed study of theihydrogen bubble tech-‘ ‘~‘ﬁsz
L k
nique suggested that this could satisfactorily be used for this range

ff;aof velocity measurement. ,y'if-§ﬂ~”

The hydrogen bubble method is primarily a v19ua1 method
"ﬁn;similar to the observation of flow field with the aid of dye etreattks.y_:-f;'1 )

f'However, these generally prOvide only a qualitative interpretation. Afjfﬁ_f"ﬁ

1

.‘”'iIn an. unsteady flow therefore, the interpretation of the reeults‘;'ﬁe '

I

‘“inbecomes difficult. An improvement in this flow visualization technique 13'“:

0

-i;was brought about by the introduction of the so—called time lines.e The 2
ijtime linee give the time intervals between two locations but do not
”".féprovide information about the trajectory oi.timeldines.i ThusitheV’
'pquantitative determination éi velocity, especially in transien .flou

,jh}is not posaible by these methods.,f{



field to evolve the hydrogen bubble method into its present form. They,i‘_
N
| o
-however, report that the hydrogen bubble methed in its present form is
. a direct outcome of the mEthod evolved by F. X. Wortman, who applied an

electric current to a wire to release telerium for the generetion of

| time linea.”

o Schraub Kline Henry, Rustadler and Little (1965) employed

several variations of the hydrogen bubble method to provide different
1

. patterns of combined—time—atreak—marker and have presented detaila of f »

an uncertainty analysis of the method. fj;

N Y

Davia and Fox (1967) gave an evaluation of the hydrogen

. ‘bubble technique for the quantitative determination of fluid velocitie.'in.;;»"i'_‘{‘t
‘Nagib et al (1969) utilized the hydrogen bubble technique for calibra—'t':f’
: tion of thermistor probes for the measurement of low velocities.' Jonys:'f

.'(1972) uaed the hydrogen bubble for velocity measurement in a. sediment-égf;ﬁ

g carrying flume. ” o ‘. ', a

:"7‘A review‘of the existing literature showed.a‘wide variety of

.::voltage supply, current supp1y34mire and lighting arrangements that

"hﬂhaVe been used so far~ these are given in Table 4 l

Y 2. 2 cenétal' _ﬁgscmuoa 'fo'f._' this : htetho"d-' i

The method utilises the electrolysis of water at a very fine

‘5.fwire to introduce hydrogeu bubblee into the flow., The hydrogen produced

v

};yat the wire is removed by the drag of the flowing water-and break;“it
”)"into very small bubbles._ These bubbles act as a tracer and can be made

V:ffvieible_byllighting,. If the negative electrode is subjected to

. i '."_\ .
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~h,;:iwithout appreciable flow disturbance._fd'x“ﬂ
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_pulsation, rows of hydrogen bubbles are produced. The distance between .

htwo rows’ on.a photograph, corrected for scale factor and divided by the :

K

time between pulsation, gives the velocity of the point. The method

possesses certain advantages as reported in the literature, namely'

S

.l.' Tracer particles are easily placed in the flow at any desired 1oca—

tion and the quantity of tracer particles is easily controlled

2. Hydrogen bubbles do not contaminate the . water as- much as dye,

tellurium or other‘tracers.

, d

3. Hydrogen bubbles do not lose their identity in wakes or. turbulent

flows as do filaments of dyes tellurium, etc., because of

4

'diffusion.‘ LA l‘:i' B L '-f“i '-.j L ”"f!;

'{4, The wires are of Sufficiently small diameter so as not to create , '_ ff"’

iany noticeable wake effects._

s, ;It allows simultaneous measurements over a whole plane at an instant

(‘ . ‘. A

"6.]’It provides simultaneously the velocity field and a visual imase :.~T""‘

_,of the flow structure.;

.‘¢~

d-7.‘ The angle of divergence of the flow can be easily measured and as

l:fsuch the velocity v in the lateral direction can be easily

g determined.v . ‘“;],3jij;x,,yﬁ§,5;, "

400

Jonys (1972) reports that the method yielda instantaneoua

'@rather than mean velocity of flow. However, Shraub et a1 (1965) report

‘lh“that the technique is unable to detect fluctuations whose physical scale

N

*ﬁis small compared to the distance over which averaging takes place and

’£“ the bubbles are unable to respond to fluctuations whose physical acale
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| . . L
1s small compared to 'their diameter. Thia point has been further clari-
fied in the limitatione of. the method, yherein it has been inferred :
-that the techniqué,does not yield instantaneous velocity caused due to

4
smaller eddies but does réspond to fluctuatiOns due to large’ eddies.

4,5 Description 0f the Agparatus

vThegapparatus consisted offthe,following‘Equipment:

,l}-;Buhhle generating_wire and:treme.
' 2..'Pulse generator unit,‘:j | |
3. Power supply unit.dhil »
4, _Fiberﬁlight for illumination.'iiu

S.hfPolaroid and Pentax 35mm cameras for photogrephy.

0
|

4.5.1 Bubble Generati;giw1re- The wire at. which hydrogen

BN

bubbles ‘were generated was made of 0 002" tungsten wire which acts as . ‘
‘a cathode. The wire was insulated (By Rid Arc Spray Paint) at a erw
points to get streak lines.: Haywood and Tory (1967), and Swanson (1967)
advocated that the rise of hubbles due to buoyancy is appreciably

lower if the’ wire is placed horizontally in the flow field Thia .i Q'

- appears to be due to the absence of cumulative effect of buoyancy in"'l:5

case of,yertically suspended wire..; Accordingly the wire yas inatalled

perpendicular to the direction of the flow in the horizontal plane. -}?'f if;

The wire wae,held tightly in position by the arrangement ahown in

Figure 4, 6 . The assembly of the wire and the plastic frame was mounted
| e T

on: the moving trolly. . The frame could Ee moved vertically by an ;;;f*f; o

electric motor.. The wire had a length of 9" The flume floot acted
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«'as the.anode_in'these'experiments. A general view of the hydrogen

bubble apparatus is shown in Figure 4 7 and Figure 4 8a. '

ﬂ4.5{' Pﬂlae Generator Unit w‘A circuit that has worked

satisfactorily in providing unifd‘m bubble production is shown in
Figure 4, 9.. Layout of electronic equipmént is given in Figure 4 8b..}l_pt

£ |
The)voltage required was about 400 volts. This voltage could be _

1&

pulsed at a rate of l to lO pulse/s with a pulse width of approximately iﬁ.;”‘

LN
. T

x 15 milliseconds.,'ir

| "§}5;3' Power Supply Unit'i Ihis unit supplies power at a

variable working voltage from about 10 to 400 volts._ The.ﬁg’Fent_ul

obtained at 400 volts is 1ess than 0 1 8mperes,, i . .. - |
— b' . RN "- . _lj),}if‘f'fliil'.”.“

A "4;5.4~ Fiberg_ight for Illumination. censiderable tine

f was spent in finding a suitable light source which could be suspended.’ B
*i 1under water to- provide sufficient 1ight for photography, snd which |

:'would not create any disturbance in the flow pattern. Fiber light

'-ultimately provided the solution. The light source was suspended by
:Qiythe side of the frsme carrying the wire and the light was then bent

‘1>underneath 80 as to light the bubbles from under the plane of bubble‘<‘ A

L.

'1ight was thrown up at an angle approximately 65° tosffvfﬁf'@

o

_~generation. :t”

B ”the verticaﬁ'ﬂf The light source was a high intensityiillumination
. s t‘-‘f

'r5.(#150 supplied by Donald-Jenner Industries) and a projection 1I.R of _

'H:b150 watt at l20 volts was.used.Jiifmjff -'-ETLTf' L

‘:;]' ;35-5~ Photogrsphy Two cameras, one pentax and #he other
'Aipolaroid were used for photography.l The polaxoid camerakhad an

r“?iadvantage in that it gave photoprints immediately so that it could be

# , B
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determined if the bubbles appeared in the photograph , It had the dis—'
' fd’advantage that the photographic record could not be taken in quick

succession._ on’ the other hand the 35mm pentax camera gave better
. v : | N LR
: pictures and was used where photographs were required.in quick succes-'

. siou.- Polaroid type 47 ASA3000 and Tri-X Kodak 2475 with ASA1600 e

: films were used with these cameras.;"

‘f:4.6 vDetaila‘of:ﬁethod'and.Operatihg;ﬁkperience:jjffd‘gl S

The hydroéen.bubbles were produced at a uniform'rate h&
h.applying a constant voltage of 400 volta acrosa the wire.: In order to:
ensure good results,,the wire waa cleaned with a cotton swab dipped 1n fd!fﬂ.fa
': legroine and acetone solutions.: At the beginning of measurementa. the

7fvoltege was applied by reversing the polarity for approximately 30 Pﬁ;fjfgi '%_

RG]

7jifseconds and thereafter the electrolysis waa started with proper fdd;t
ﬁvf~polarity. Usually the wire required aome time before the bubble pro— if,fff?!f

fduction started at a uniform r:at:e.r This time lag between awitching
~ ( S S _

,wsfaging time.‘ As the ?ire became older, the agiug‘time red':ed.ﬂ;uif;;x



I S S 37,_;;'16.1.__’
_during operation.. Such a high voltage haa not been used by other in-
,vestigators.“ Schraub, et al (1967) recommended that the\voltage be

-~

‘f”kept below 100 volts during operation as a safeguard against operational
nhazards.' However at a 1ow voltage the bubble production was found to 1f_f¥’?ﬁ
'be nonuniform.‘ The equipment supplying power was properly enclosed

-jfhence there wés no operational hazard experienced in the present case.cfiririfﬂf
The current utilized for bubble production was alwsye below
f"O l amperes and thie did not create any problems with the density of :;'h{jlw.f

’fbubble production._'

The use of the tungsten wire proved quite succeesful.
(1973) reports that d’set of three wires was used for the entire experi-'L 5 L

“ment.. The tungsten wire in the preeent case never corroded and generally

.
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where. Ax - aversge‘distance-in the 1ongitudinal direction‘betgeenitwolo o
successive TOWS on-. th%.film in feet and Sf -‘scsle%factor in the _>
longitudinal direction where the - scale factor‘ Sf is defined as '

,the ratio of average distance on the film between two ‘rows to its

jﬁ%tual distance in the water body. The scale factor takes into account

s the correction for refraction through water. any lens distortion. and

' 1size reduction on the film. ;It was determined by photographing a.
scale st various levels below water surface, coinciding with the’ plane
\eof the wire. The scale factor for different depths is shown in ,

| Table 42, - 3T',t"”;~5‘.[ RN

¥

’

. 4.6¥2" Measurement of Lateral Veloecity v . .7 .. .. . " o0

-

- Due to the insulation of wire at different intervals,;streak
'Jflines were obteinedq .The distance AS was measured along a streak

'°>line and then resolved into longitudinsl and transverse directions. e K
Thenf. ey T R e B f':n'zﬂf”357'f
I TR T i e

V.= gg 0 Number of pulses/sec = . .o

CY ML T

A :_F'-~:' i »,_“r;.-'

<
K
mF<>
3 3

fi;iwhere Sfy'- scale factor in the lateral direction. The value of Sf

. J

jtv“encountered in measuring velocity by this technique.v These uﬁcertain—

R

V;ties are listed below* 7.} jff.\f}? ;ii15=ff'ff¥5;TV:i;v”‘



166.

. TR ‘:'_t . ]
B Meeaurement of Ax on'the‘photograph,
2.. Averaging effects in changing velocity field,

'.3}. Possible displacement of the bubble out of the horizontal
plane of the wire due to bubble rise. .

4. Response “of the bubbles tb fluctuations.-

5. Resolution problems due to finite bubble size and due to
finite averaging interval .

6. Velocity defect behind bubble generating wire. e o

Details of .these - are described in the‘following sectionSa

‘4.7‘lv Measurement Uncertainty»'

In determining average distance between two rows, the error
involved was reduced to a minimum by measuring the distance on the photo—:
s graph through a magnifying lens of 10X magnification._ Thia lens is
fitted with an’ eye piece and a acale graduated to 0. 1 mm which could be

‘¢

\interpolated to Ol mm, A typical underteinty of aboqt 2 SX in Ax

c.

from these measuremente may be assumed.,;y;;ﬂgl~’”x' o

4, 7: 2 Averaging Uncertainty B
The velocity field in the jet is changing., Hence the velocity - >?§

e , 2 : S
-r;obtained at a point would be the aVerage velocicy over a région on which ._4-5-

‘the measurement was made.” A typical diatance over which the averaging

;'Pwas recorded in thia experiment waa 1eea than 0 l ft. Consider for the 7Vh.i

| 7}present, a caee of aubmerged circular jet for analysie of uncertainty,
‘;;The circular jet has been choaen as the decay of centerline ve"’ity in'“

»fﬂthis case ie maximum.u Asauming that the average centerline velocity

ov"’

.f*over a region xl to x is u and a typical velocity enywhere ie u 1. then.niﬁ””ﬁ
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“»
hutzlet ‘um/Uo - kl/x , then: .

u ’ X :

1 ’ . . - Lo
1 o’ U kl 1n_xo¢>b | - : [

|

0. )
° S ‘ .

Hence percentage uneertainty,wigh respect. to u at .x'“‘feptegented

um(36)' ig,g&yen‘as;-

“nixg) " ¥m o X (g, = %)) "k PR A

“m(xo) o b.n "1' %o

“ Q2 tn ) x 2008 @)

-In a typical case like the preaent experimental setup with an inlet T

n X .°_
wi&th of 2", the minimum length of potential core is1'= 0" ' Heneexin S
, , R v4;~f”';¢ g
.this ‘case x) = l l' and % _- 1 0' PR RE SEREE e LT .

% Uncertainty” = [l -myople ol =000 © o

"i;"::‘fv.gidhA?j,;'l t'5¥1‘f1(e‘}_'hihhw;:;-fflifj‘d“ el |

,1'4,'.»'

.The Percentage uncertainty worked out ie the maxil”ﬁ

(‘

'5having width 2" and higher and for any type of :hghthe'fhfeéﬁwt;”

f.dimensional jet being tteated in the present case._*'*

- L
5

., The 'er'rq‘: ‘cppld. [_bé ';nu(:h , l'arg'ér 1f '.v;h'_er b_ubbl_es'ff__gof,c";‘ﬁ‘ft‘_:_.rdf the

‘//' ot T




,~ N |
X=z ‘plane due to predominant'v ve'g.ocity prese‘nt. ghe 'analysi's can be -
done similar to the (zne done previ\ously. This is illustrated“ as: follows.
©

v Referring to- Figure 4,11, let the velocity in khe’ direction of the

St‘neak line be . U and this direction be} represente‘ as S.“ If U r.i's
Sy :

the average velocity over «S . to 'Scf , one can write:

. ~“, . o »_’.. .. ‘ B . ‘ o .ﬂ‘ , . f'.

alse,- V.= lfm (gs a rough approximatipn)

| "o .
FIGURE .4, 11 VELOCITY ‘
A}.,ONG A STREAK .,I_,I.NE _

~Then: = U

]
=
R
<
/n
[=

o : G

‘Substituting for- U ' 1in Equation 4.7.3, it may be written that

See gpmlgfrmigfieon 0, 0t
g Ve f12 et > S

(cos. 6)(s 5. Iﬂ—s—-
B

Hence, percentage un.certé,i'rity»:' o

/ T SRy v 'cqs,elr' 2 E"-',co'éle- ‘ ‘U L
[« . . R L 0"

8X e S D, S s (X) D

LA



Also (S_1 - So).eosneve‘x - X and’ Sl/so_: xllxo, ;-Heece ;he,peeeeqt-e.

age uncertainty:

. "1 - ?\\S X 2 = 2 In "']; ( ! (4'7‘5) ©
: 1 Tof \a" + £ oo T e
B L B

' Because of a very small -averaging diStance,A*fli.is‘:flv.and_Equetiqnf
- 4,7,5 teducesite Equetibp'4.7,1,'Or:1:'

Ca Péreentege'

Uncertainty - "~3§4ﬂ?‘1)’,f~

’§-4:7;3j'uﬁ§e£taincies:Assacigied;withendbkievniéefﬁ.ijee, i
‘:T The“evefage size of tha bebele determinee by.a mieroscope‘wes ;.l'
 found to be 0 001" in diameter. For bubbles of this size 1n water w%"
vf‘kinematic viscosity of 10 5 fe /sec, the rising velocity works out to be
;Q'O 0012 fps, as approximateg\by SehraQb et al (1965) on the basis of
Z’eStokes soly tion.e The measuremeete Qefe usually made over: four or\five ff
Erogen b;giles. The frequency was 5 c&cies/sec hence thé,time . };i

~'rows of hy
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B
. .

l .
interval between. the first'rowAand:the sixth :oﬁ(was one second. The -
bubble’s‘ mighc have risen by 0. 0'0'12' ft dnring this time Anterval. 'The‘ S
gradient-qf velocity aS/az is large, hence this could contribute a

signifiéant error, i . B
P2 | T

In a typical case, let the half depth h = 0. 0425 ft and the
measurement of ‘velocity be performed at 0 075 ft., Then let ul equal
the velocity at z = 0 075' and u2 equal the velocity at ‘g - 0 0762 JF

The velocity distribution profilé in.vertical direction has been i0und
. , SO R A

to be closely represented byt

u ;0-693 'f(_'z/,h)_?.--j.

c

u = uE 0. 693 ( 075/0 0425) G 1155 . B

e

Hence:

also: o ) | |
e w 30:693.C 0762/0 0425) - 0.107 W
Average Veloeity u = 5 () + u,) 0.1116“un}1_

£

| Thus percentage uncertainty equalg:
LT e 3,377
Ry -
However, this‘sicertainty will' go on reducing for the velocity measure- -1_2fﬂ'

ment done above this level.



o

4.7, 4 Uncertainty Caused Due to a Slip Between Bubbles
and Surrounding,Fluid .

David and Fox (1967) mbke an approximate analysis of the slip

" --_.l_..

‘ of bubbles/on the basis of virtual mass and deduce that bubbles are

b
-
accelerated very rapidly to’ the fluid velocity The response time for~\\

attaining 98% of Fluid velocity by the bubbles was found to be 1 ms.‘j",f\ic-

,

Swanson (1967) points out that this value is 30 ms. However. because R
P R N v

of the lubricated wire surface, the bubbles do not. start with zero ‘:x\
"~velocity, and this tends to: reduce the Calculated response timeu There4 hgﬁﬂ

fore, the error caused due tolthe slip is likely to be small and can be ;3

\

B easily neglected. o : '.:1l'j1‘. :f- .i” | "‘c"if{?;{ ‘;fh';;»b

»r'? 4.7;52wuncertaintygDue'to:Turbulsnt,Fluctuatioﬁs‘;~¥,f*_ij ey
“f-Schraub;‘etval (1965) pointed out that the mabhod cannot g

"detect fluctuations whose physical scale is small compared to the distancev‘"

: over which averaging takes place and a bubble cannot respond to fluctua-.*ﬂi'b
. tions whose,physical scale is small ¢ompared to its diameter. Soo (1967)

) states that if the particle is large comgared to the scale of turbulence,?|'

R ¥

'»‘the main effect of the turbulence will be on the drag coefficient and

ﬁ: the particle will follow the slower large scale turbulent motion of the ,-4.7._.-;_j

o fluid._, If the particle is small compared to 4the smallest scale of

L turbulence, it will respond to all the turbulent COmponents of the fluid.x. o

In the present example, bubbles are of O 001" diameter and the
‘i mean speed at source varies between 0 156 to 0 323 ftISec.t Hence, _i*fif“

B the minimum cycles of turbulent fluctuations to which the bubbies may Ty

start responding is'l







.' ‘.{ ! “\‘Q
. - Yé‘ ’
- ;o-.o323»-x-'3'1__f2 ,,.f:sa?;éf" e |

AR

..\ v ’ ! : N " . .\]\,
: It is obvioua that this goes on- reducing further as the centerline

» velocity decays.‘ nb_lﬁf-i , .~.*f N

{\*\ pr b'fh';',.:"h; :.' ;: |

Another factor which limits the frequency ef fluctuations is 1]

| the averaging time AT.v If the velocity is averaged over time AT

' fluctuations occurring in smaller times will not be observed even f*"

o

. .

thOugh the bubbles may follow faithfully to much higher frequencies.nff]_w"

The photograph in Figure 4 12 shows the turbulence pattern in

<. the jet. The size of_the 1argest eddy appears to be 0 062 ft.r Thus 1

the time scale of this eddy iS‘ hj-T?“&?‘p,rff 'if -;‘_:pg':;gi? ft?hnffa

N

.h'}?f : J.tfhé héf 0.062 062 ' 0 37 seconds fi’"

0.168

S

‘ 'Averaging was dbne over a period of one second 1n the present case and “iﬁ;

f'thus the measurement appears to represent a fairly good average.f:“‘x'

o M

vd, Further, the centerline velocity was measured by taking an

“average of velocities obtained from five photographs, the velocities so

L obtained did not differ fr0m each other by more than 5% It is thus

‘fhfanticipated that the velocities obtained in the present csse represented

.TQan average velocity.‘3,‘i :I:.fﬁ:”éif45' R

A 4

4 7 6 Uncertainties Caused Due to wake Effects ‘p'

o A. hydrogen lubrication sheath tends'to form around the wire,

.

“=_hbut is highly surface»tensiOn-unstable and breaks up into bubblep,very

=



close to the wire. This will decrease the drag coefficient because of

'::wery low viscosity of hydrogen. The decrease in drag would result in*
| “a smaller wire wake -and "blockage effect. Another effect that tends-
Vto reduce the wake effect is caused by the hydrogen circulation in the
bubbles giving a £low fegime such that th)e liquid flow around sphericel '
: :Vbubbles can be considered somewhere between potential and Stoke s flow._\!.
f.Schraub _et al. féghrt that the bubble velocity reaches the free stream
't;;elocity in less than 70 wire diameters for all cases tested L‘Thus the -
— - S L L SRR :

bubble displacement in the present case has been measured*onlg after y;ufE

: points greater than 709wire diameters downstream from the wire.if;fj4

_,}4;5;777Totai>ﬁncertaintyd
Total uncertainﬂy can be obtained by taking the square root of
the sum of the squares of individual uncertainties. Thus.v"hf;f'ff;”‘;i";
) ]1/2 :O;jpfn

V1fTat*eliﬁu;mefg‘a’_i_;;;y]:.:.ie-x e meas) + (a ) + <6buo

u'?g«;°7hi{_7:f;?77ﬁff§ [(o ozs) 4+ (o 0469) + (o 037)2]1/2 fibo f"f?*;f_‘;”

ﬁf6;472;'7'i}“-'"ﬁ;f’hu{rujijl;}j;w;:fje:{fﬁ»}igtfs.;':v

: . .?:”0: i””"_' 'h'i(dﬁ'f j' 1 & f‘h RO

‘ i”The rEsults should thus be relied upon within 7 percent of the actual

E “ival“e' h'fli‘iih,'ﬁsh'?iyif fizi’f'ffilicﬁﬁ‘_?{r}fﬁiﬂ%f}fii“?*°° |
To check for any unforeseeﬁ uncertainty, velocity measuypments e

.h: were made very close to the nozzle by hydrogen bubble te hnique and

compared with average Velocity calculated by dividing the volumetric fﬁ;ifﬂd”



AN

- flow rate through the nozzle by }thgvhdzzle area. The reghlt’a_we.rq found

. to be very clbsé‘,

: vgf )

}

PR

e

T

~ L
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.5;1 General ST .1 *\'.

ks | CHAPTER 5

PRESENTATION OF TEMPERATURE AND VELOCITY MEASUREHENTS
AND DISCUSSIONS .

. N - E . ! Lt Do ’ R

ThG objectives of experimental investigations have already

~

"been described in Chapter 2 Five sets of experiments for a range of

'”-ﬂRichardson numbers’ Ri from 0 15 to 1 14 have been carried out.. The

e i
details of the initial cOnditiOns are given in Table 5 1. .

e

Detailed velocity and temperature measurements have been

"made*both in lateral and vertical directions. The pr0cedure for velo-;"’ :

_city measurements by hydrogen bubble technique and temperature measure-h-"'

Aments by thermistor probes have been described in Chapter 4.. Two sizes -'7'

' experiments (Run Nos. 3 to. 5) were carried out with an inlet,having

' ¢*5;2ffVeloeigy Measurementer17{:7""‘ E

. sured close to the nozzle, approximately 0 3 feet aWay., This surface :

- 0

of rectangular inlets have been uﬁ%d.» The first series of thnee

b /h = 3 16 whereas the last series of two experiments (Run N°5‘11J |

,and 2)*were carried out with b /h = l 06 The values of, Reynolds

B nuﬁber in these experiments remained approximately in the range ofr

7000 to 7500

- Velocity profile measuremﬁnts were made at nine cross-sections -

separated by one foot from each other. Surface velocityﬁéZ} alao mea~ : ,”’

. for Run Nog. 1 to 3; but for Run Nos. 4 and 5 with "Ri =.0.79 and ‘1.14

Cwe
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the difference was significant due to the f};rﬂtion‘of floating plumes
. L i B o
das discussed in Section 5 4 l IR R T
- | ( ; | | e
For some of the runs, the jet tended to: meander\ Measurements ‘;

!

oincident with flume centerline.» The vel city pnafiles
f,.

'measured on the surface had a maximum velocity at center hnd minimum

weée recordid only when the jet centerline followed a strsight line T

' trajectory

! towards the edges. The profile in the verticalqplane showed the same

o : - 7

'-trend with the’ maximum velocity at the surface or close to it and

/

reducing to smaller values at increasing depths below water surface.

/

Typical velocity profiles for Run No. 2 are shown in Figures 1 to. 5.3,

'The shape of velocity profiles for other Richardson numbers were of

the qame nature and the corresponding data are tabulated in Appendix : ;i;;:f

/
e

C (Tables C-l to: C 4) : ‘p.’-1:»=]n,\v | “:,'» ﬁ;j?a ""Jule'q

5.3 Velocity Distribution on:the Surface (Transverse Plane)-
L e e T we IR

For all runs; the’velocity profiles on the surface-were checked -
rxdfon similarity by plotting u /u ‘ versus ii;- where. n} = y/b and b
E Tﬁis the half velocity width of the jet.u These profiles have been found ,r5l~?~
hto be similar for. all.Ricﬂardson numbers tested A typical plot of v?}:’h;i
‘l':ifsimélarity for two values of Richardson numbers, large (0 79) and B
'l';moderate (O 35), are shown in Figures 5 6 and 5 7 The length of poteﬁ—sri»f
:ii// tial core has been found to be small and theyvelocity distribution o

"i-?similar all along the lensth of measurement from apProximstely 6 S'timesfj;f:ﬂ.

. a;jthe inlet depth Similarity plots forhdther Richardson npmbers are o o

-f:given in.Appendix C (Figures C-l to C-j)

R



i ‘":F‘}GUIRE 5.1 LATERAL DISTRIBUTION OF- LONGITUDINAL VELOCITY"\

179,

y .in_'fe-"e"t'."—;ih .

-

SURFACE (Z/F "0) 0 35



A L) S,

«—2Z in feet

0SS

02l

 oos

Ty
g

e

“ B ) .

 rascam——

FIGURE 5 2

(\ -

e ;._u,;in:«'m:;/'.{c'c’%;-’-‘;' e

CENTRAL PLANE (y//Af‘. -»0)

Yo e o

VERTIQﬁL DISTRIBUTION OF LONGITUDINAL VELOCITI AT

R1A= 0 35

(

L e "

- 180.



T(\ . ‘ . . | . | 181‘ |

<—Z in feet -

'_« 015

00S -

Coisk

o2l

“ Q}hrfaéf/site-;ge_ *i

FIGURE 5, 3 VERTICAL DISTRIBUTION oF. LONGITUDINAL VELOCITY l o
- SECTION. y//ﬁ“ = 6.41, Ri = 035 S



015

-

<4 Z in feet

‘ 0.05

ols

01}

0
0 -

T

——

0025 0050 Q04 008 O
, - ‘ -4

005

. FIGURE:

- 02t

N
5.4

"U'in¥ft/so€‘f—-;E'

VERTICAL DISTRIBUTION OF LONGI UDINAL VELOCITY

SECTION y//A—‘ 12 82 R‘l%

0 .

"~{_u':,t_'-" R

182.°




183,

0 002 004 0 002 004 0 002 . 004
' N ’ . T A . I35 . .

ook

<—2Z in feet
o
1

: 0.:’5' L X

' ;‘ ‘,'0'.’2 L

-8

U in. h/uc ->.-j B ,

<A._’ . e

 FIGURE 5.5 " VERTICAL DISTRIGUTION OF LONGITUDINAL VELOC}TY o
LTI SECTION. y/«ﬁ*‘- 19,23, Ri-= 035



184,

Various forms of similarity functions have been used by dif—

ferent investigators in the jet regime.' Theae'are.listed in Table 5.2.

!

'TABLE 5.2 krpnns OF VELOCITY DISTRIBUTION -

. Type of Distyibution  {. o Equation

LI

Tollmien’s‘Equation_for].4‘ _ ]dNumerical solution available. - Co-.
| Axigymmetric Jet * -~ - .- .| ordinates of similarity ptofile are
' o I S 'taken fron Abramovich (1963)

. > ~‘ ’ J ‘ = - = [ .
'Schlichting's Type Solution ! | =, :
for  Turbulent ‘Axisymmetric Jet | "8’ m [l ¥ 9. 41 (y/b ) ] N
: ———— — : - : "P_ 1
T .
._,Exp [-'Q§693‘(y/bu)_]it£: o

,).

=

~
[
L

‘Q Lo ETT

ExponentiallDistribution '

£

S~
gl
1]

| Abramovich's Wake'Solution o -
‘Used by - Stolzanbach and S '.us/u '
‘Harleman.f . SN K

v[ " /5 )3/212 o

SR

. T ﬁ"_ T
Distribution used by Anwar w4 Su s D At TN Y4 =N
Lamy - T ey =32 (Y/b)“_,;/zs(y/Puéf.:}f

(]
~
e .
[

Exponential Distribution Used

by Motz and Benedict . m .~E*Pa1*.(¥/bu’r1

[
o .
e

|

Ry This solution for turbulent axisymmetric jets was obtained by N
j.Goertler by applying Prandtl's new theory of turbulence, however,fz~u<"i
" the solution was identical to: that of Schlichting s solhtion for

axisymmetric laminar jets. JECR - s : -

2 Also. popularly known as Gaussian distribution._: ~d" R f{f
| - -Note _Eu is ‘the full velocity width of the jet from centerline toﬁ' .
1% the edge where u £;0 L ] R A ;

b‘j]_5;3;li‘SinilafitylprofileﬁforfLatgg;Riehafdsonfﬁunbetfbrﬁ,v.,.ffi}{?

As discussed in a later section,. Ri = 0 79 and 1 14 have

: been found to belong to large Richardson number range., The first tﬁree

forms of the similarity function .as listed in Table 5 2 have been com— ?fif.?“f
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.l'_ . : . ’. : ) * . . ‘ . 1 ’ . . ) ) e . .
pared with the present data as shown in Figure 5.6 for QRi’,é 0.79.  The

compatison'in&icates'that°eny of these fb:ms.is euitable up'to ‘nf= l.O;f R

. \ .

- but for! the value of n >'l, 0, the exponential distributibn given by

- exp (- 0. 693 n ) is/more suitable than the other two.. This eXponential
distribution is definitely more pveferable to that used by Motz and
Benedict. {- B e 1'“ | ,: : y '_.‘. 5_f » j'*e[°: :_i:; -
-Abramovich e.wake solutien can be modified;by assuming b
totbe'prqpottionai~to!”ba .and evaluating the proportiénality constant .”';“ ‘
,‘ “Sd es £a'yi;£d<,ps/aﬁ equal to 0. 5 when n equals l 0. _ The-mgéif;?4"7~
_euuatioﬁican beEWritten as.i€? . S | ST R
‘ | o .' a_/;? o . “ﬂ, | : ‘ | ; .,,’ V,lﬂf
’This equation lies close ‘to the Tollmien s curve up toi n < 1.0 .and

'<.‘close to the exponential distribution for n > 1 0 and hence is not Q.i}

own in Figure 5 6. Similarly the distribution used by Anwar can be_
. e .

: _Changed tor L o £ F

sy

hgf/uf 1-- ( L o il
| ‘?t,,:fgf.:eﬂ,-"--

' T 5 76 ”.‘”47 75 n ) -

.":1.4

r'lehiehféugéeets thet“°5'=?§7887b The distribution lies much belov the 537’*7

; .',{&até'uﬁ ﬁb n < l 0 a“d much aque the data for n > 1 0 and thus does L

'f,inot(ﬁ}ovide a good fit._;;-f:'

_g5f3.2.¢Form$ of'Similarity}for'MLderateaxiehatdsonfNulhenF3

ThefSiﬁilerity‘ﬁotmE‘iothmedetatewgichatdseuiﬁu@hefs Qﬁéﬁhfiﬂ:.
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c -

. L Figure 5. 7 are practically the sane as those for lstge Richardson

' .'LF»‘. ..

,numbers with a small difference towards the tail end.' The similarity

-~

: form for moderate Ri near the tail end 1s closer to that of a three
‘--dimensional nonbuoyant jet than that of large Ri ' Although sny of At.!.\ﬁ,
thhe profiles can be taken as. a good approximation, Schlichting s type:"t‘
.curve fits the data better towards the tail end xHoweverl.exponentialf;;::“

. »distribution is simpler to use in practice.

R

T

5.4 nvelOcity,Distribution~dnﬁthe‘Central’Vertical“Planeiilg{i}Qp

B
. B c o R
. R ol . B
[FAE AP

5 4 l Large Richardson Number

N

‘fﬁifsif‘ The velocity distribution in the vertical plane for large

'Rithardson number is shown in Figure 5 8. The distribution has been 3ﬁfa?:

Y

;found to be simi}sr along parallel verticgl planes over the whole

L X
",\length of measureme This distribgtion has been compared with the

""“0 693(2/h ) The exponential distribution no longer fits the data Qlkigff

. fschlichcing 8 type c rve and the exponential distribution given by

"flclosely as it lies above the experimental data up to z/h < l 0 snd

“‘fftype curve is mhch better.

.Lgvjffclearly shows that the profiles are similar and have spproximstely

| ';f;fsame form as for large Ri The data could be elosely approximated by v

T-aFigure 5 9., There is some scatter in the datsxghowever the plo

RN

s R sl i G

The distribution for verticsl velocity varistion isfthWn in

\_

5g'below the data for 'z/h > l O . whereas the sgreement with Schlichtins 9 f;ﬁi
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Schlichting’s.type‘curve, B
’ ‘ L

.5;5' Decay.of‘Maximumjvelocity

v,

.'-f.MarimUm velocity has been found to- be on the: centerline of the g
't'jet;. Pani (1972) - showed that decay of the centerline velocity for a"
"t jet should gi\plotted as u /U . versus x/Vr~ in order to eliminate ;:ﬂt'
o the effect of aspect ratio h /b . 'A plot of u /U versus x//r~

'19 shown in Figure 5 10(a) The data show some systematic variation :if;gfv.
vl,With RiChard56“ numbers.b Fbr Run Nos. l to 3 the surface velocities

observed near inlet U were the ‘same- as. the calculated average velo-';f;{T/ff

'ihcity out of the inlet U but for Rud Nos. 4 and 5 the surface velo— if;

"f,f cities observed near inlet U were higher than the average Velocities.;ﬁfh;:

’{A plot of u /U f versus. x//_q is shown in Figure 5 lO(b) The data

ﬁf?f*fstill show the systematic variation'with RichardSOn numbers.. At this

::“’f;StaSe it is not clear whether various values of source Richardson u>.fltf'fhﬁ

A

.Tf’fknumbers used in the experiments pertain to s moderate or a large Richard~fgffg,

vb.ithnumber (for c = 0) shows that u v“ (l/x
iﬁ}?;S 6 5a.. Therefore, all the runs have been plotted as (U /u )
;jff-iversus x//r* and the slope of thevstraight lines so obtained havev _f;;uihﬂbil
‘ﬁfﬁtlbeen determined. Ehese plots are shown in Figure 5 ll(a) and Figurejfiliflf}wa

ffS 1l(b) The value of these sIOpes are shown in Figure 5 12.. The plyt b

'-son number range.-, The theoretical analysis for moderate Richardson x:lﬂ;vffz

) /3 4o ae given by Equation

2;;ff1"1:""

‘hsshows that the slope first decreases and then increases with an increas '

'5*in Richardson number.: A discussion on this change ‘f hehaviour 13

'”““given in the next paragraph.; This change occurs near ‘Rij=}0 84.i The
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3
[

”'Richardson number R = 1 16 is thus considered to belong to aidiffer;.h
" ent group,. vhereas Ri.- Q 79 appears to be a border case’ Half widths :'i
:of temperature and velocity for‘ Ri =0, 79 plotted with respect to X )
(Figure 5 13) yield a straight line with practically no- scatter in the 1f :

"dats. As discussed in Equation 3 6 2b the value of b for high Ri
:A_yis linearly pr0portional to F'an Hence the values of Ri = 0 79 and
higher are classified as large Richardson number and the lower values .x
- ate treated as mod;rate Ri.' lhis has been further discussed in the
.‘section dealing with centerline 4ecay ot temperature.. | B

The reasonbfor change of the b!&aviour of thevslope variation

;cannot be stated very precisely.‘vlt appears that for moderate Richard-
.son number the jet goes on- thining as the Richardson number increaSes ; ,i'
.'and 80 the decay of centerline velocity reduges.f As the Richardson
gnumber approaches 0 8\ the formation of a floating plume starts whereby .
.the surface velocity near the inlet becomes larger than average velocityv |
from the inlet. This provides a larger velocity gradient for diffusion :?giﬁ
:in 1atera1 direction, further this increased surface velocity consi— »fdj*lt?d

"derably inCreases the Iateral entrainment (v - au ) and thus leads

“to a rapid decay of velocity as: Richardson number increases.f:i?ktf':f2{~hi.

.»:.

7ff5.5_’.p1_: | Deéay'f,-‘of f Maximum 'v¢16¢1tﬁy,.’,fa—;i'f-no'd'efaéé ~' Ri TTIEPER

N SN

L The thsoretical analysis for moderate Richardson‘numbé"'d
-:fact indicates the value off u . as,;pllows.;_,fffff-l e

o R
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’The.value Of c s the exponent of X for Variation of h f in the
1ongitudinal direction. The variation of h ia shown in Figure 5 16(b),(1_
\The variation of'rh« for moderate range from 'Ri = 0 15 to 0 56 |
cannot be considered anything but constant hence c= 0 Thus. Equa—‘ o

_-tion 3. 6 3 becomes

A study of ‘dix_nensiOnall ‘analysis" of the problem -ngicrgeg; the -éame -r*e‘ant-.,: L
S R TR ﬁ?,t. ;j . S PR P L
i”‘ Experimental data have been plotted as per Equation 3 6 5a.:’17_‘i45:

The constant of proportionality in Equation 3 6 Sa haa been found to be dg};:'

1

a function of Ri as ahown in Figure 5 ll(a) The experimental data o

' _can be merged together by plotting (U /u )3/2 l

vrrsus x//r_' for;:fiitf*

several values of ml The value of ml that yields the best fit to

1 the data works out to be l/2.,j There could beivarious othex forms as f5;'7“'

'f‘well to represent this variation of Ri but itwhas CO be empiriealkyf”ﬂ"°"”

e

' choéen. A polynomial variation of Ri to merge the scatter:in thev ata
o seems to be. convenient and hence has been adopted in all fu_ther ;ormuf

. ’lations.."z

- The ‘above equation’can also be rediced to the simpler foi
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(5.5.2)

'"uwhere X//_- 15 measured from virtual origin, or, if measured from the z -

inlet, should be true for 1arge distances fLom the outlet.

»

. 5‘-.5'.[2'?.';bééaiof'-ﬂaxhhnm‘Vglié,éitj_':fdr‘i'Lagie RL.
The theoretical analysis for large Richardson number range
'1ndicates the value of Um{ é5’ﬁ:f:; i~ | s
BRI TR ] B I e

-:depended on’ Ri In the case of Equation 3 6 2&, the proportionality
ff:constant should also¢hepend‘upon Ri The experimental results have

'3.:cherefore been ploeted as..w-t:{ Lf,3ff

aPP““blefor x//f*:> 125 and
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'apb-lic,.ablé'.f-ofrz“ﬁc./’/?;: 1250

Equation 5 5 3a indicates a large virtual origin correction

in this case.. Such a large virtual origin correction perhaps can he

| - explained as resulting from the formation of the floating plume as

ffdescribed earlier in Section 5 5 Due to this, the surface velocities”'lh?ff
"ahnear the inlet exceeded the average by 14 lZ for Ri‘- 0 79 and 34 4% |
‘r*;for Ri = 1 14. o This formation of a floating plume presumably leads i;;ff;
\.:to a large origin correction. Such an increase in velocity has also  . .
f;been Qbserved in the field Paddock et 31. (1973. page 69) measured”“?i;f'n

‘;ffvelocities as: hizh as 602 above outfall VBlOCities at the Point BQGCh

i

5.6 Length seale . .

-?119 shown in Figure 5 l6(a) Variation fbr other runs ‘foll



NON DIMENSIONAL HALF. VELOCITY DEPTH hy/hg'

.203.
RUN NUMBER 4

F‘3233 L

04 |- R
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,' The half depth of the jet remains approximately constant after
: ?x//'“ > 14 36.,, For x//“’ < 14 36 , the half veloeity depth of the jet

on the side appears to be thicker than that at the center. It appears f,,;;”

that the buoyancy force at the central plane neaE the inlet is much

' higher than that at parallel plazes in the lateral direction away from*_fighﬂ

[

"xthe center. Due to thie uneven dist ib

’h n of buoyan y force, the

; reduction of half depth seemsrto be naxinuf in the ceA%Lr.. Hence,.the_ff?'
.depth ‘on the. side planea becomes more as stated earlier._ As one movegi’fi‘}5j

' Ldownstream along the length of the flume. the buoyancy force/decreasesyfff“ﬂw.:

) land its difference between the central plane and side planes becomes f,‘;}eri

'-fless pronounced, therefore, the half depth tends to become more uniform.,'ﬁ!ff}

- 5 6 2 Variation of Half Velocity Depth in the .”_@V;u J’
: Long tudinal Direction R ,,un»"

The variation Ef half velocity depth is”ihown in Figur

'.a(b) The value of cente line half depth ie more or leas‘constant fori,k _

'1.31 - o 15 and o 35. For Ri = 0 56 ; the parffete"

‘Hiincreaee after an iniéial abrupt decrease.‘ The ,,e rend continueebin'

lopthe case of large Richardson number as wellfi"nvf’\:tiff

f_not yery systematic. fjavgfjjf
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e»state that for Richardson number greater than 0. 25 buoyant spreading is’

u_quite important only for Richardson number 1ower than 0. 04 could a R

substantial amount of vertical entrainment be expected.<."si?.‘tl‘ir.r;?‘T_v"
It may be pointed out that there is an ihitial decrease in
depth then the jet becomes constant in depth. The value of (h )/h
also decreases .as the Richardson number increases. The data thus has S
been correlated by treating Ri as a variabler The value of jy: L‘-gflifﬂni’
(h avg/ho) Ri /§\~versus x/h is plotted i Figure 5 18 Agmean;iine"?_fii’
S 3 T
.‘can be drawn through the curve: and its equation is.»ffp .
(havg 'u--/h‘o_)' RLTT =026 e e T (561)
- 556.37'Variationvoffuaif'Velocity"Width;obeetgff"'-' S

oot

.1-'ﬁThe variation of half width of jet plotted as b /b versus

‘, i

"d/b‘. is shown in Figure 5 19._ Near the end of length of measurement
approximately 9 feet away from the inlet. the side effect seems to |
affect the growth of the jet a8 the rate of growth of half jet aeems to
decrease near this point : The data have been segregated for 1arge andif

E moderate Richardson numbers and plotted separately in Figure 5 19(a)

Do and Figure 5 19(b) The data show a very smalITeffect of Riehatdson ffﬁ;ﬂ i

number on widths whiﬂh can normally be neglected but an incre _e*in:i

source Richardson number leads to. an increase in*the buoyancy ”orc' in

the jet with a corresponding_hncrease in 1atera1 pressure thus causing
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. o (b /b ) .'Rif??‘ versus x/b and the value of m

‘its'effeCtJCQuld‘he small, .

_ For moderate Richardson number the theoretical analysis gives
: EE SO '
b~°§x*4/'_3 when' C-F»O » a8 given by Equation 3 6 5c. The influence of

'“RichardSOn number can be considered to be contained\in the proportiona—.5n7"
Y . )

‘leity constant. Accordingly the experimental data has been plotted as

1 which gives a
‘,-better fit with the data is found to be 1/8 The data are shown in :f
:;,Figure 5. 20 The equation of Mean, straight line passing through the
i"data is given by - | . .
;> _'j'htg‘f*“v'“ o /. . o 4}3 A?ﬂ:'ftf itﬁl,}irgljl o
1bu/bov'=“}9?296'[3?- (x/b + 3 5)] RS :Eif‘sif{z?]ft

. For large Richardson number,-the theoretical analysis éivesur;.ﬁ.{;ﬁif
‘tb 1o x as given by Equation 3 6 2b.: The constant of proportionality

":There should contain the influence of Richardson number. A plot of
.r(b /b ) / lléj versus x/b is shown in Figure 5 21. The cor-

.relation of data appears satibfactory. The equation of mean straight

i:' 1ihe passing through the experimental data ia given by'--uv ilr;:vrkslnw;.

R AP
-

R f-/bf". o 4935 R1" / (x/b + 1 7)

LU0

' '5.7 Measuretent of Lateral ,'.vg1¢-¢1fg_'z e

The lateral velocity, V. 2 has been measured in most“ofithe

distribd fon
i

:'similar to that of nonbuoyant jets. A £ew typical plots for‘run No.,

‘1.'experimenta1 runs. The value of v component followsu’
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‘”~]are ehown in Figure 5 22 The value of lateral velocity obaerved in
4

:Q“the early regions of meaeurement has been found to be large.i For thiofi" '

J-run, _v;A*/uﬁ: waa found to be about 0 5 as comphred to O 019 for non-.}lfaf'
,buoyant circular jets._ This substantial difference in sptead eppeera SRR
”to be induced by stratification and buoyancy. This\value of v/u

'n_ffrises as " Ri increases reaching 0 576 for Ri 1 14 Stefan (1972)

"';ffinds this value as O 40 in his experimente. Values of lateral velo-f§5

PN

:dz'city v measured for other runs are given in Appendix C (Figure C-gter

";Vland Figure C 10)

s, lnum Ghettictenen

Cw

Fluid jeta have the characte( stice‘of-;entraining" th' au
A“jerounding fluid. Several different metho s . uf

5~f1the Value of o defined as the ratio of'v
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S Chamber. o ,
The entrainment velocity in the preeent experiment was mee-l;ﬁu“”
sured directly by means of the hydrogen-bubble technique,' The Value :‘Jeif_

*fﬁ is equivalent to the value obtained fot a plane jet. For Ri - O 56 f{:i'”“

.

a obtained atarts from a lower value in the beginning and risee toi AR O

0 052 after x/b _- 8 0. Thia tendency;oﬁ entrainment.coeffieient

'd*‘rising from lower to higher values are exhibited byiaxieymmetri 3etsfﬁffﬁl:
f s " . .

as found by Hill (1972) The value of arlmeaaured for:“Ri ->0 354d

rose from 0 02 to 0 067 at x/b " 21 57;iand; o for “Ri- 0 lSicould

be measured only up to‘0.0kB at x/b - 22 29.; The experimentalgv

-f@; results are shown inv;igure Mfﬁﬁ The data shows'eome seatter:which

is difficult :o explai ;at the present;‘i .

\laﬂS;sfkfemPEraﬁutefMeaauféﬁeﬁﬁsx
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.;lftemperature exceae for other Richatdson numbere follow e eimilar pat*-f}f

f_gftern end correeponding data are tabulated in Appendix G (Table C-9 to
'"-f'JC-IZ) The variation of temperature excese 1n vertical plenee for the B
'Q:Asame run 18 ehown ip F18ures S 25 to 5 28. The data for other valuee Lifii

3,i}“;of Ri are given 1n Appendix C (Tables C-13 to C-16)..

‘ ﬁlf75‘é;ilt?ﬁpefafure*Dietfibhtloh:bngﬁheQSutfaeefll

For all the rune, the temperature Qxcesa profiles on the ffff,fiﬁfﬁl

;},isurface were checked for Bimilarity by plotting AT /AT vereua n-:,g:l*’;h

-—\

‘>97chﬁ“érOfiiéfhﬁsfbéeﬁ.?bvndﬂ£6}§¢;étm£i’[?fo: all the Kicherdaou numbere
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TABLE 5.3 ~ FORMS OF TEMPERATURE DISTRIBUTIONS -
y Ry L

+ .

‘Name:of Distribution~ SRR "'t.Fofh th$imiierit§i:’

—T

Exponential Distribution AT /AT = Exp [~ 0693 (ysz)?1;;'

Abramovich's Wake Solution .| RS
(Used by Stolzenbach and N ATS/ATﬁ:
Harleman . T

w-empYh

Exponential Distribution Used
by Motz and Benedict Lo

- o ‘e}.';exvgn.,z'_.} R
_QATSZAIW- -Efpf(f y/bT)EHC;"' ' ,

Schlichting‘S'Type Equetidn. "‘:t'ATé7ATmhfetl + b;41:(?]6}i2]-?

Distribution Obtained in the . n _." ”'i hff' itbf>: ~‘;G2f*i73, 1;:
Present Theory o ,A_,f'_;A?SIAIﬂ ‘[1~f:7ﬁ0 (y{PT> ]f"f |

7Note that b s the haif temperature width and b 1é‘ch§,:ulxﬁ,'; o
temperature width of ‘the’ Jet.” Sl R S

Abramovich's wake solution xan again be modified as waa done f' o

'»Afor Equation 5. 3 1, by assuming b : to be proportional to bT and

/

» evaluating the proportionality constant so aa to yield AT /AT ‘.equal

=K:'/to 0. 5 when n equals 1 0 The mpdified equation can be written as.
AT

i '; AT »(ﬁll f_l/?‘<¥/br}ﬂ'f]..A ~'; .-f 3ﬁ”;':_rk71;¥:igs;§[%é)i.’”

Coamds B e bsen e (s 8. n»)

: These equations have been compared with the data.u Only three curves,

ve\ponential dlstribution, Schlichting type curve and the diatribution :Lﬁ A
I

'f .‘.‘ Ll 4‘ o j- .'- - B . :..,‘A ‘ 4.: .. it g



5ifldvertical planes."
.‘-'Ri - 1 14 and Figure 5 ;2 for Ri = o 35

.“-lbeen compared with Exp [- 0 693 (z/h ) ]

225,

{deVeloped in the present theory, are plotted for compatison in Figure

E 5,29 showing the similarity profile for large Ri.“ The exponential
V.distribution and Schlichting type distribution developed in the presentb.
theory, are plotted for comparison in Figure 5 29 showing the simila- ;hjy‘”

| rity profile for large Ri.» The exponential distribution and Schlich—

I ting type distribution show good fit up to n = 1 0 but, of the two, Q%dxiif

the Schlichting type curVe shows a better fit.p Abramovich's wake) %i*:'
‘solution Equation 5 8 1a (not shown in the figures) lies inbetween);zpif’zl"
| 'Schlichting type curve and exponential dietribution up to n -], O.l;h:a}”"
'Beyond this, all these curves 1ie considerably lower then the experi—vi{dh
mental data.' On the other hand the function developed in the present ~lf:?t
o theory for large Ri (Equation 3 4 40) fits the data for n > 1 O Bpn
but 1ies somewhat below for n < 1 0 The value of kz in Equation -
jv;3.4..40.-‘is.chosen as 7 0 so that the value of f (n) - 0 5 ’ when o
];n;g¢1;q; The s. same findings hold good for the similarity profile for A
"i'7mod££a£;'fni (Ri - 0 56), as shown in Figure 5. 30., Equation 3 4 40
":{ffita somewhat better here even though 0 56 is not really a large

e Richardson number.:,r'h%' '

.

s, 8 2 Similarity for Tenperature Profiles in [filh\;yu IO
R Vertical Planea I e

Temperature distribution has been found;to be sim mar in:’

@

' Schlichting s curve plotted aa a full line on bothfthe curves.f

7',-3A1though the fit of experimental data with exponential distribu io'
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18700t bad, Schlichting's curve seems to fit the dats batter,

“;“1 The centerline temperature exceaa haa been plo;ccd .. ff{‘ "7”

.:_1(AT /AT ) veraus x/#r_ and plota for all the rung are nhovn in Fis.ﬂa-_;;:_

":wure 5 33. The data do not fall on any one line and the scltter

n'the Width of the jet. Thus the influsnc
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_ ;?:variation of h in the longitudinal direction. This value for velo_ Eku_,

. ;i33 6. 3 becomes.,:;

- _fﬁaximum ~te‘?‘b‘er.a't€liié' isgivenby :

i ATm ‘xx ;2. 3 + < o (3' 6'3) o

,3 The value of RS as siven in Section 3 3 4 is the exponent fot the ?;F_”fJi.

. \, R l?‘-‘--.

;fi;fcity was. shown to be zero as shown in Section 5 6 2-> Thgstqutiqn_»;i;:;e;n

‘30 5 f o

L)
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e »‘_‘ \_,A> . -@ . | BN . . . P . .
5 9 2 Decaz of - Maximum Excess Temgerature o
i for Largg Ri ' e

T

P The value of centerline temperature excess for this range of

1‘?

°Ri is also predicted by Equation 3 6 2b to decay as':iif:“_';?,'f';j,juffiﬁ””

- ;'41':, PP

E The value of h } for Ri - 0 79 a8 shown in Figure S 16 can be{}'nt"

“r,a_treated as approximately constant but for Ri l 14 it first decreaaes

”7considerab1y and then slowly increases.z

‘;The value of h ; fet ':;f !1?{5j;u
g u R

b ;; both of theae vuns, as shown 1n Figure 5 17 remains qu1t  ‘onstant, SRR

" as shown in Section 5 6 2. : Hence the value of c for this tange of*‘ .

[RNN
!

;}ii Richardson number can"be considered to be zero._ Thia waa alao logii

cally derived under Section 3 4 5.

_Thu:fthe valuheof AT ) 13. 4Y¢n;

by EquatiOn 3 4 26 as. o
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. befnoted} The constant in Equation S 9 l is multiplied by Ri :
_'whereas in Lquation 5 9 2, it is multiplied by Ri 1/3( Thia change ~ﬁa
> of behaviour from moderate to large_ Ri has already been diacuaaed

b.under Section S 5 d Although the correlation of data to formulate :faﬂm e

'1”written a""7.:1:"jffr L ﬁij[tf:?Jﬂ*;77

© hencer RLTw 061 L

li!fThus we find thet Ri - 0 79 indeed can be taken as large Richardson

"f;inumber. The 1imiting value at which Richardaon number;ehangee‘from :

R A 236.

. . . T B -

. 31664 ri7L (x//"+1795) 2’3 - T (5.9.2)
(o) : )

 The difference bécwe'en Equmeh 5.9.1 and 'Equation 5.9:2 may
1/3 "{'

[sV)

/ - ’ - iy --

"thqpe equations ie purely empirical, yet it appeers as though the

'vfloating plume formatioa at large Richardson numbere 1eads to a greater

trensverse diffuaion and 1ateral entrainment, and the temperature exceae

¢

~'aterts dropping faster as: Richardeon number further 1ncreaees.u~“vﬂ‘

‘ 0;_. 5, 9 3 Determinatigp of‘Eimiting Ri Between '#:?f;.'; R
L Modefate and La?ﬁ_,Richardson Number ‘f;.i'rﬂ BN

"Qusf,'.‘

..~%? : S : e e
The virtuel origin for both sete of data lies close to the ;Q,;1'

‘o .',' R )
.

;lﬂﬁinlet and is the same. Equationa S 9 l and 5 9 2 can be compared to if%jfj-dfwii

ii»get a value of Richardson number which ie the border caee. Thia can be

a.,’
e el

aare o

S

RS R
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- moderate- to large,'therefOre, lies‘in'the range .0.61 < Ri < 0.86}

AY

5.10 Variation of Half Dapth of the Jet

5.10.1 Variation of Half Temperature Depth
- in Lateral Crbsaésections, : o

*

Variation of half temperature depth for Run No..4 is shown

in Figure 5. 36 Variation of half temperature depths for other runa L

. ‘follows the Same pattern and their Values are given in Appendix c .'

(Tables C—l3 to C-l6) The trend shown for temperature half depth are
Quite similar to those for velocity. Half depth on central planes has

_been found to be somewhat less than on side planes. This appears to
[

be due to the presence of 8 higher buoyancy force at the Central plane f

and has already been discussed in Section 5 6 1 Half depth for

s -ﬂcv~.7

temperature appear to be more uniform along the crosa—section and are
in general thicker than those of velocity._xi.g.
f . - 'g"

- 5 10 2 Variation of Half Temperature Depth R
, in the Longi udinal Direction Lot

-

The variation of half depth of jet for temperature on the

: chntral plane for Ri - 0 35 -as. shown in Figure 5 37(a), remains fairly SR

0

li:constant.- For other runs, the value first decreéses and then incresses.]

-Q

iIt keeps on continuously decreaaing for Ri = 0 15. The value of

”hﬁu? was shown as constant in Section 5.6 l and the same form of simi-‘ 72'

G

. .larity function, namely Schlichting type, aatisfies both velocity and\.fxfhi’th"

’temperature distributions hence the conatancy Qf h fmplies con— o

;}stancyvin-“hﬁT.. The variation in the value of h Aalso,;afterg 1i-’

T.
!,on .
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o '_;_ngure 5. 38 (b)

o Ei'quite obvious but the width should go on,increasing

B e,
. ~ ‘. : Lﬁj:-‘ I , N
-_f<tx/h > 20, cnnnot(&r conoidurod to bi llt.. nnd nay thua bo tro&tqd qa
| ”~_,Ayproxim‘tuly conatant. The valuc of hnvg T]h:' lhowl ch.e 1: tnnninl :igf.*,
‘fnirly conotqnt with diltnnce for x/h > 20 » thil in lhown plotecd 1n

s ;Figurq 5 37(b) The scatcer 1n thc datn lhOWI a trcnd of. 1:- dcpon- -‘i:ﬁw
‘ % ,

]ldonca on Ri.- The valuc of (havg T/h ) ki / vcrnuo x/h 1. plotcod

;in Figure 5 37(c) All the cxpcrimnntul dltl. cxcopt !or Ri - 0.56
”1c1uster around a mean line wh05c equntion ia givon l-; J‘EJf:?;v"f."?¥»&f
' The experimental data for Ri - O 56 111 lownr thnn oth-r

: *‘axparimnntll data which fit Equation 5-10 1.; Thc dilcr H|ncy cnnnot bu

'fﬂ explained lt thil stazo.

Thc daviacionwcnuld ll vtll b “

(for x/b > 20)

§different type of vatintion. The effact of kichaxdro'

: *l;because of the greater buoyancy force in the centerlf?."-ﬁ*”"

. .,;‘..for Ri - o 35 18 higher than R:l o 1 14.._.:;..;._:‘
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T

of the aspect ratio. However, before drawing any firm concluaion, the

i 6.;data for moderate and large Ri are segregated and are plottﬂd

'_;Qson numbers are. plotted in Figure 5 39 as’ (b /b ) /

"Qaccording to- variations given by Equation 3 6 Sc and Bquation 3 6 2c., 734;QT5¢

» The half width varies as x ‘for large Richardson numbcre and I;y; s
x*{fee;fx4/3" for moderate Richardson numbers. Date for moderlte Richard-*sl af.

1/8 VB!S\IS

-

'fff~;iyb; The exponent of Ri is empirically fitted which ahows a ver'eiﬁ"”ijff

‘l~'ffsmall effect of Ri ‘on;: the width. The plot ahows that the dat =f0r'

'-Tl'i/B;‘ 1n Figure 5 40 The plot of exp fg

and Velocity Distribution
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“'f?lfequation of exponential curve for temperatur

"*l*ﬂs 1. 2</ 5{ .1, as b hence y/b

: A compa:ison °f 31“11arity PrOfile for temperatggf and ve10* ;frjﬁfi
'_.fciey distribution on" surface, for Ri - 0. 79. is shown in Figure 541,

| ;fThe temperature profile 18 found to be wider than the velocity profile.;q;;;%ﬁ
“1'.The data prove that the asaumption of the aame similarity function for

‘“?temperature and velocity distributiona is not prOPer.ro 2»9»7'*

'l‘he exponential distribution, Exp [_ 0 693 (y/b ) ] aatig.. .. R

’Iffies the. similarity for temperature exceas a:‘an upper envelope. The ﬁ.

zvdistriBUtion can be ¥:#i3 w{

i"ﬁworked out in terms of y/b .. For lar'ejRi

ﬁtemperature dis7p

-
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l

5.678 R:I. (x//— + 1) 2/3 IR (5'--.:5..1-,'1)} ‘

et
l. '

a: - °

44178 Ri (x//"+1795) / : EEUEREEN X RN

>
-3

. and:

O

R AR SIS ?{~ ESRTERE v.ug'u S ,~-;\-;_; v
 ;dak1ng the distances to’ be meaeured from virtual origin and neglecting

-vthe small differencee from the origin, we can determine"j.a '“'
o U T QT AT = 128 "__: /(5 13 1)

:fieThis ratio for*circular aubmerged nonbuoyant Jetn 1a 1 371 and for ii‘&“f'f

.1plane nonbuoyant jets 1t is l 153 (Abtamovich, 1963) Thus the presene';ﬂi
':ﬂ,ratio liee inbetween a plaue and a circulat aubmerged nonbuqunc Jgt,?_:;;;
ei This seema to be logical as the jet is not fnlly three dimensional due:~¥;;
,”iito a considerable inhibition of vertical mixing for the range of g

' iiRichardson number considered in the present case. Equation 5 13 1 also

- :shows that the temperature and velocity are affectad in the aame otdet

5;.bY an inctease in buoyancy.. The comparieon.cnnnot be don .

AR VT TR




o This ‘Value for vel_of:itx is given-by: o I R E : AP L

hy

== = 0,206 Ri (x/bo + 3‘5)4/3 - s (5.6.3)

Neglecting the virtual origin correction, we get'> 3 :
5T 196 T foo (541401 T
' For large 'Ri , thé value of half width of temperature is given as: .. oF

R O P

“ 0.9145- Ril/ 8 &/b + 1) Q S ey

l"‘ |

a0

a2 e oues M vrn o Gen

S && . . n . N .l u S .-'
' Neglecting again the virtual origin correction, we get: . -~ . y)

T
| fl

Lyl

o

. The vatus of by, for. veloctty 1 givka by:
\’ ' ‘ .. : » S / } _ 4 ‘~Q h' o :
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(havg)u ‘4 0 26 h_ /Ri R ‘5'6°1b)f
.Aand‘that for temperature by: =~ - s : ,\ e

| ot -
. A
v

A - /8 R e 101y
, Bag T o 29 h gt o Gaen

@hue‘the_retio:t

i N s e e
. . . el :

LR

L ST | ?
iy Yy e ims o N o ers1y
gy ) /gy ) = LIS T (s, .

; : : S N . o
Hence, although the temperature half width becomes much widar than that S

for velotity, the ratio of half depths generally remains small as the o

vertical mixing is inhibited

'.v.‘ R
H , e
4

e N

5 16 Explanation for s<ﬂider Temperature Half Width _1_'T_>rh. -;-"__
than Velogity Half Wideh '“'_j;.arf SNSRI

‘.x LT e

At this,etage a diseuasion as to why_h%at or tracer diaperses
L more- than momentum in a fluid ié?appropriate. This question cannot be

"fanawered in a definite way.,l Many investigators. e.g., Townaend (1956). g;:ff
S . ,: .
e Schubauer and Tchen (1961) Abraham (1963), Lumley and Tennekea (1972)

RO -._e

have tried to explain the phenomenon and - theee are eummarised ae :ﬁji,;"'
: 4] RS B . . RN )
. R O T O A
’ fOllOWG. : ’ _ v‘ ‘Al‘,'"_ ’ '. o . .n.‘ )
‘ ' »_;:4 S ',z 'f”f’f;vf'-f"'i L -

According to Abraham. "Collision occura between lumpa of

,”fluid in a turbulent motion which affects the momentum of the lumpa ;7étfffﬂ,r

l’ inyolved while the lumpe max retein their indentity.. Thua the iffet-'<
. y . : R
'ence in mean concentration of a tracer or temperature ure leoc pro-, f'

Ll
- RO 1 ’9 oL e T i A
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.nounced thanfthe corresponding'differences-in a momentum", ~Why should -~
momentum alone be affected by collision*andqnot'the concentration of
-a tracer is not clear in his argument '

T
3

Schubauer and Tchen explain it in a more logical mannerr
bThey argue that any pr0perty that has been in the flow for a consider— C.
able length of time should be mixed to a fair degree of uniformity |
) when it has arrived at a particular cross—section. Dilution occurs at
B ;the sharp boundaries and also new fluid haa recently become turbulent 1f'_f, ;
»_theret Therefore, one should not expect complete uniformity everywhere
within sharp boundaries.‘ Experiments show that turbulent energy, .
jtemperature in the d;se of heated jets or wakes and concentration of~a: _:-iid‘
.dtracer in a jet are nearly uniform over the fully turbulent core and |
: .Lidecrease gradually in the turbulent bulges as the boundary is approached.f |
:‘The overall average decrease towerds the boundaries is faster than that
, :in turbulent parts alone due to the abscence of any- contribution from 7"14‘

: nonturbulent parts."‘

The foregoing behaviour does not apply in the same degree‘to
"axial momentum._ The mean velocity difference decreases considerably

;?: across the core and continues to decrease in the protfﬁding turbulent

-:”bulges. This is obviously why the mean velocity distribution is leae

‘;.braod than the mean tampfrature distribution, but it ie only a.super~<;7'“

ficial explsnation since it leaves unexplained why the momentum should

d‘fhave been given preferentiei treatment in the mixing process.,difﬁf;#7i?“*f

[ Lumley qnd Tennekesk.explanation to the phenomenon ia as ;f5f
’”follovs, "Some mdlecules travelling faster than average carry more ‘f}

BRI
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thermal energy with them and ‘make mmre colliaiona per unit time.‘v
4 Enersetic molecules thus do more than a proportionate ehare in trana—j‘

"_porting heat. Further bUOyancy generated eddiea cauae relatively -_7.

little momentum transport but they are quite effective in tranaporting

' ‘4heat" .

7f Perhaps a better explanation of the phenomena can be offered
',-, a A
e _with the’ help of\"Double Structure of The Flow" enumerated by Towneend. ,“:.gi_l

'5»_The fully turbulent fluid is bounded by a contorted surface, creating

o 31ength of time dua to repetitive proceesea.: The momentum or. vorticity

-‘a 1arge surface area for entrainment.p This contorted surface ia ao

1arge as to approach centeral plane of the flow in aome casee.i The .

.variation of intermittency in a jet ahowa that it ia equal to 1 0 only i7§¥j;b;h
-n,fin a. very thin zone near the central plane. the flow'ﬂiing turbulent '-~bl'lbu'
"_jand nonturbulent elsewhere. At a particular aection where a large :
A?hamount of fluid has become tdrbulent at one inetant heat ia apreadlall
b>ﬁlover. At ano‘her inatant, the extend of fluid encompas:ed by the

"“;Sturbulence is smaller but a part of heat which has been apread on the :;’7 !dnf'

'r.previous extent ia retained there. poaaibly due to conduction over a

rcould not be retained in the part of fluid Whigh haa now become non— :alin;_.w

*jturbulent. .
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Townsend, thetotal rate of JtranSport is a combination of gradient .
diffusion by smaller eddies which contain most of the turbulent energy. :

and bulk convection by 1arge eddies. Since the gradient in scalar

‘ quantities like heat and x,natter hav’ been reduced it would appear that B o

. these quentities have been transported laterally more by bulk convec-i

N
Lo

_ t:ion than By gradient diffusion._’-‘ the other hand ’ prospect for

'gradient diffusion for momentuﬂ is be ter. -

5,17 Equation of isotherm:
) . The equstion of isotherm can he easily worked out f various ‘ o
.stages of Richardson number if ‘the form of similarity-and tem%sture -
| “decay scale are known.,‘ ‘I'his s shown separately for the three ranses .",'?

in the following sections. o

sas sgnation'oflxsotﬁerﬁ~fci Sﬁallﬁniahafdaahfnunbér;; S

R
RN

Experimental d‘ata of Jen and Wiegsl sre utilizsd here to work

L "out the equation of isotherms. | The temperature decay scsle and fom : |

- _Iof similarity, from Chaptsr 2. sre.

1/4

| T
L RS

,}‘;j\ zxp [_ 3(,/,) (1/Ri )]

| vA'T.“m; SR
T 0

candy. i 'Sl o -,0 57 x/b ' 1/8
AL . B
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quation55;18tla1end.Equetionhs;iS:lbLdahfhete52§inedﬁehdjwritténQin'at1h:
L ST e
- more general form”as: L

AT, = x Exp [- 3(y/x) (llRi ] (58,2

Jen . and Wiegel R Equation 5 18 la reduces to a more familiar form “hich .5?{
- .can’ be written as'@T Ny T : *ﬂ\‘ ,7" :

' ‘ . .. RV . v
:"ATs :f'ﬁf j:;ﬂ R rffj'5zi.f:h'\f};jf*',fj7f§7 R

"’,%fyThis equation does noﬁ satisfy the boundary condition when y - b

\rffAT - ;2 AT ;f Thﬁrefore. their experimental data (shown in Figure
5. 43) has been compared with the equation that sattsfies the boundary ;f;;

R B A S ,,_v;,~>ap}.

’vfgfconditions. This is the general eQuation‘;f';f]-ia~f,f‘ FREERN

-
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o e 5,18,1;'Loca;ion~6£.Maximum»Sptead‘dftthe-lsotherm; ‘7;‘;Tq:57;;§'_ O

L i  The 1ocati$n of ehe maximum‘spxead of ﬁhe isotherm ean be i
:‘J-f:,easily obtained by differentiatins Equation 5. 18 5 with respect to x; ﬂ{_e;a“
;'! ':The algebraic manipulation there&fter yields. eff”'ei-i‘ff§fﬁ7;a}i.eif;~;7"13r

COEEY. A z.zz.sm L e sase

The locatiOn where 1sotherm 1ntercepts ’x axis can. be pbtained by

putting y - 0 in Equation 5 18 5, so that.

oSl T L

ontainelfwithin the

A 18 the aren:



5 18. 3. “'Eriuéti'on f‘bf“'Isﬂc_ithe'_rti iti,-‘V.e"r.tiea]‘."Plgne.é o s .

The similarity form of vertical profile for all Our range of f’ﬁ¥~

.”iffexperiments has been approximated aa~ ﬂi{f!_z".ff~»"{‘»f7 o

AL Umep [- 0,693 (z/nr‘) ?1.,’??' Sl 810)

E"'

‘ 7:{As reported in Jen and Wiegel's experiments the slopei;f the bottom of

i{{ of the

f‘_writ.e.] - :} e
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‘___,u"u-, 7. O ( ) SR e e (5,18,18)
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'wfj_k‘equating aylax to zero. The final solut:lo ha "“be_ ot

[T .

- 260,

SEpe oy o 404 Ri/ (x/b * 2)"/3 sy

o -"I"hg‘“‘a_bbfré_..vth?,eéf,‘edﬁhti_b_ﬁag_dah-bel combined and .rearranged 'to“"_y“iel_déi}_ s S -

. f‘ ° 4853 Ri / (x/b + 2)‘/ 3. A
CoTe o g . Sl e

A AT X + 95 5 e et

5 19:1 S Locafi'oﬁ* of Maximum "'Sﬁfé&& ». ‘a“fiﬁthé‘-.i-sacrtiafﬁ

_"_‘Thia can be obtained by differenti ”'1ng uation 5 19 1 and el

 ij + 10795 v’— The aolution then,




Substituting for y from Equation 3. 19 l varying the limits of inte— :
gration frpm [(x//~) + 1 795] - 0 to x //- - simplifying it :
considerably, and using Gamma function, one geta S
o fi" - 1/3 ’4/3‘74.1.[551{5f:*??'?:flf*,fezf;,;;;i.
R 35 71 (/‘ /b ) —~———7— R I (5194a)
S0 T (AT ) S e
o -'p’,‘-(m )= 2 777 (/_/b )° 095 ° 381 (A /A ) -o. 2857 (s 19 4b)$

©5,19.3 Equation of Isotherm in, Vertical Plapes’ -~ '

| According to the present series of experimentst. .

1/4]

o Exp [- o 693 (z/O 29 B, ) Ri




%&

d

:ESubstituting for z from Equation S 19 6b, eimplifying and using

::&5;“;  {f

The location where the isocherm intercepts the X axis can be obtained

bY P“ttins z = 0 in the above equation. Thia yieldi-'-lf,{r f.jj
PREE - St el bl

1

f?’*”~"‘}f"

5,194 Area Contained Within the Isotherm = -

s in the case of Section 5.19.3, the valuei . . - .-

T-Gamma function. one gets.;;‘hf”‘“

e erantones o s
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Alﬂ X+ b . x + 1 795 /"

- and:’

LS
. These can.

equating

- /

b 1/8

B R EECE R
B {1“ [ AT, R =

=== 3, 1664 Ri (x//; + 1 795)

A

o 0 9146 Ri q}_}+_1):  :  1£ u._4 :1£; ? ;»ﬁ,(siiigz){
o , DRI '_0_'j A Cen T e

[
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Bylax to zerOa;
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- '5‘29/3 ‘Area Under the Isotherm

S M e T

1'02 Substituting for y from Equacion 5 20 2 varying the limits of 1nte—-'ff;;L;’ ’

,gration x//r_ + l 795 - 0 to X /J"— { simplifying 1: Considerably, ‘>4i5:‘
' assuming (x + b ) = (X + l 795 Vr—3 “ and using Gamma fungtion, one can ;f ffff5

) ﬂe;ive,

'p.’,

0 291

Lot o ,:>,;-~-»;<513 DN

8
o 73 (AT*)

. Ay/Ao ‘: =' 17 80 Ri B (i-ZO.Sb) -

’_ . ’- . e
. gl s
EETE R I
. e LT

"Jffﬁ‘:[S?éO.?fﬂggﬁépidﬁ~3§7Vétti£§l*iSQ€heﬁ"_ f;f'ff"“ ERTIE

V'QV*;7Q'7A¢C°?3i¢8*to”#hegﬁiééﬁﬂfJéefiéﬁféi:?*béfi%éhfééifi?‘“*~4%v”

AT

e

3 155 RE 1/34——* +‘1 795) / '
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or:

2y

\

Z

Further simplification yields:

, ) . . ) .vJ

h"

- 5~§7 R1 1/ﬁ { [o 1664 Ri™ /3<AT0/AT) '3

-
A

L ©

==+ 1. 795)

VA .
o} : Q

» .

R 4
N ———— - ] X y/b L8
2/3] e rioL/ 0

. \ *)
. \ :
. ) .
) s .
. . . )

T
On the central plane y = 0 so:

-

3 2 =

- _
The location where the isotﬁ\fm intercepts X . axis 1is given by
, | )

© X, /VE = 5.63 Rif”’?(Afré/M)-"’/J—lJ?s B

Following the procedures described earl}er, one gets.- (QT>

'AT'

AT -
0.

A

Q..

. . .\
" h
o _py1/8 )y

PRy { [3 1664 R; (AT /A'r)

S |
6——- + 1. 745)‘273] 1(2 -
= S PO

n

t L]

. . —

-\'\4'

.-

e o

“zdx .
2 .

o

AR AL -2/3
= L 268 Ri’lO/z“(-——iE-«>

/,

2 o~ 1 43 Ri™ (AT/AT )

i
°

(x/b‘ + 1
o,

¥

2' 12
) } . (5.20.§a).‘

£ . . .
i

»

'.'?; (5.20.6b) .
& o

.

-

(5.20.7)
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5.20.5 Area Within the Vertical Isotherm - -
. — - - Ly = o . “_
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: - ;,igkirazi»ahd Davis Formula:

4

.- -v Steﬁin's Formula:~ N . A -. | ‘ B ‘ Y

e The length of the zone. of flow establishment can also be derived from

< RN ' 7 S - 266, ¢

A plot of Equations,5.20.2, 5.20.5b, 5 20. 6b andg5 . 20, 7b are shown in .

-~

' Appendix D.

s \
‘ e » , v/ .n\‘u_.” ' -
2+21 Measurement of Length.of-Zone of Flow Establishment k{.

Various investigators have calculated the length of the zone-_

-
of flow establishment notabl®: amongst them are Shirazi and Davis, and

Stefan (1975) Their ormulat®ons are listed below:'

La~]

L = 54A 2/3 M6/ *(5.21.1a)

37

; or:

io;ql*f

. e : S S

L .

PO h_P - 6.05 A 0.'46(1 0.50 Ri 1/21 5o)e,. 0.9 R .. (5.212a)
S e B OloRi - o

t?'h.eré R is the ctoss flox/:rel_ocity tatio. ‘This: equation _ca‘:,i;".'b,e"x.nd'di‘-:' HET
| fied for jet flows with R=0 as: o o
050Ri 1o\ L
77 ) X 15Y B
EERRES ERIE B
oA

Xg oo
N (1 ¥
- 0.

a -



the present analysis as given in Equation 5 9.4 And 5.9.5.

Xﬁ /AT

'Tsking

= 1 0 we get the length of the zone of flo&-establishment es: -

S

o
/it
0

= 9.285 R4/2 395 (5.21.3)

for'moderate Ri, and: . . ‘ '_' S L B v

e T SRR et g v
A - ) SR R | - ¥

Vo . : y S -A - . . o e
for large Ri.

!

All these formulas are compared with the actual length of the
”flow establishment measured in the experimene for a centerline tempera-f
~‘ture decay of 9OZ ' The comparison is shown in Table 5. 4.,:"“'

'fTABLE's.a_’ 'LENGTH OF FLOW ESTABLISHMENT ;.1~a'~gj:,v;:'**ﬁgcj.-.»

R4

Length of Flow
Establishment
Obtained in

EJ!:.‘

. Length Given

“Length Obtained

From Shirazi'
Formula

“Tength Obtained | -
. From Stefan's |
. Formyla -

.x //——

v

Present rgz“/; .

7; x /7L_

ﬁ'*P/ZE;

x VK

‘7 . Pi:‘qﬂxi“d

0415
o.35-
056
1o.79
11,14 |

LA

3. 20 FT_ Jo

- ;f..ajz._.-'- |
. 2,60

s 3552» o

R R B

Cosas

A‘ifl 805f]l .
51150

-l.f~3~93
< 4,53
5,88

6,23

6.62 .-

5 """.5;.6_-0 :_ S o

oy
CoLrs

i It appears, therefore, that the determination of the zone of flow estab_ _;.-2 .

Llishment by the present theory may be satisfactory beyond Ri = 0 35.»,:l,

Fon
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CHAPTER '6 -
' ' »

SUMMARY, CONCLUSIONS' AND RECOMMENDATIONS - |

[ . o O . ¢ \ \

‘ E e e R o

-~ 6.1 Summary and Conclusions o o I
AT | . . . B . L‘ . . ‘

: The discharge of thermal effluents into natural waten bodies

fis an important engineering problem dué to the enormous ecological
. B L
'effects that might follow., The waste heat is usualry discharged into

A

. a lake as'a three dimensional heated surface jet. Such a heated surface ‘t S

'jet flowing into a quiescent lake was. eonsidered for theoretical and

-experimental study in this thesis.-} - :V"..f:w “r’d‘ e 'f4.n?11‘-

B

' The theoretical work started with an order of magnitude study
'.tof the equations of motion. This study vas based on the;argument that t}'; B

-AA
'_‘increments in the buoyancy force suppressed the production of turbulence

1.

fterms due to denaity stretification and increased the importance of

. ”fbuoyancy terms in the equation of motionr‘ The order of magnitude study
_”of the Reynolds equation of motion (Section 3 1) indicated three
u;regimes of flow characterised by small moderate and large (source)
;Richardson number Ri. For each of these cases, the equation of

.:motion end the heat transport equations were integrated nondimensiona—i_;';ij

'f;lized -and subjected to . a similarity analysis.fff"f-,“""

el Re'sul:ts for Small_Ri
S From the similarity analysis for small Ri oy the centerline,f7:" :

“velocity, temperature excess and length scales were given by the fol-“?,- L

B

-'fl'lowing expressions.: 1-



ATm'ﬁix- jou  ® X ;.blm k + h &ux ‘1U-‘ I(Grl}l)

' Expressions for vertical entrainment velocity we' and lateral

velocity v were derived by combining the energy and continuity equa—

‘tions. The values of v and we were found to vary 88‘

- B R . . - ) - C oy
: . . . .

Experiments were carried out only for moderate and high
eRichardson numbers as _such no experimental verifications for Equation
6. 1.1 could be made. However, the results of Jen, et al (1966) for thiﬁ,\

ranze of Ri were in agreement with these expressions.i. R

v ‘-‘*6.152, Resuits;forfLaggéfnii

f Similarity analysis on the governing equation of motion for T
”:,large RichardBOn number gave various scales as f°11°ws"5;f3};y_ﬁﬂ_l“

. O

e e e ey e NP (S 1

EOURRLE - .- A
- . . . 4

Lwe

Expressions for vertical entrainment velocity'TVéT and.lateral*i
‘-velocity v were derived again and these are~*-l' “riHlffﬁi";- S f;ty:;af‘

S

g :Q[-¢i*-§/§rj‘;v*_ezé;xfl/a,-_:*;jwif”rffeft*;:f;pifj;}';(6;1;4)7tﬁ?;?i';v

5 _mTemberatureQdistriﬁutionfinﬂlateralgdireetiOnjvaslthedfééifif}ilﬁ=*f'-"‘
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cally found to vary as:

) . \ : i R m ‘ . . o ’ . » B L P
D _'Experimental'résults for lsrgeviRi ‘iudiceted thsgz .
‘ . . : N . ., . ,“ ‘ A‘-- .
1) Profiles of velocity and excess temperature distribution were -a—v’
. i .

similar ih both lateral and vertical directions.» The[similarity
-profiles can be closely approximated either by Schlichting type SRR

- curve given asy.

T

L ‘or:bv}expoﬁehtisl-distributioh'giveu'ss:""""

N - Exb (— 0.693 ‘n?;) _o ‘ ‘ l (6.1.7)

AR
L

_Lwhere'fh“#_y/b for lateral velocity profiles [

a z/h; for vertical velocity profiles

Sl e T y/b - for lateral excess temperature profile

z/hT for vertical excess temperature profilek; M’ﬁfffx;f;fﬁﬂ;f

m"‘.(iii The similarit? profila of excess :Emperature distribution 1“ _;fﬂ*hf;ifr

w lateral direction could also be satisfactorily approximated with {ff?*ﬂff

o the theoretically pr’“dicted curve [1 +7 (y/b > 1'1/ 3, Ll

(iii);TransitiOn from:modéFéﬁeftO"largea

. AR R




(iv}

f(v) N

o7,

~ a value between 0.61 to 0.84, -
. V K . . . ‘ c‘g\ » A" .

'Decay of the centerline velocity scale confirmed the theoretical s

deductions and u - was found to vary as.v. , . o _
e U 1.43LjR1“1/6 - 10, 5)'1/3 L e

Tﬂe value of average half depth of velocity for all Richardson -

.numbers decreased very rapidly to about 26% of the Outlet depth

o and then remained constant.‘ The exper;mental result Was given as

'v(!i)

i)

| '_‘;._.,ivifm ‘

‘The value of half width scale of velocity also confirmed the e

theoretical analysia and was found as'f;ll;:%:f..eiJLtffj;:_:ffimuf E:-;
' n,;b;/b = 0, 4935 w8 (x/b + 1 7) e

')'.

Decay of the centerline temperature excess, AT i was given by .‘;J,.: .
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¢ SR |
.—3 0.9146 R11/8 Ewny s =
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i

b,

_!

-~ . . . .

. ,j(x> llrhe\ratio of half width of temperature to. that of velocity was .

- found to be l 86 which is quite significant.»_i:iy'.

» . "

~\ 6.1.3 'Results for Mbderaté,ni“,j o 'rlz'i.px~fi'.“;".f'j_"j~f-j;

»

TN ‘- .. SRR B

. ; v gsimilarity analysis on the - governing eduation of motion for .
moderaqé{ Ri indicated various scales as -

o
R
»
=
R
o

'_The expressions for vertical entrainment velocity w ‘ gﬁd;ﬂlgtérélrﬁ{f -
‘:velocity v were derived as.{_u"'“ ' o

-:«>3{;71 9{%1* ;“;*:lifﬂ;.“‘;j'fs;fo,ff;?:f(5}1a§);ij{f;}.

E"i’e?i‘“‘ent#'l?fem,té; for .moiii‘é"riaté; Ri indicated that: .
- :(i)pu There is no significant vertical mixing for a buoyant surface
. ﬁa¥iijet for Ri > 0. 15... The value of c was found to be zero fOr ;i?fifﬁ

| ?iyfthe range of experiments done during the present investigation"

gguﬁgi)f P ofiles of velocity gnd temperature distributiou in both che

Vi.ulateral and vertical difeCtions vere: found to be similar and r?f;



_ the experimental data lie close to the similarity curves found

LA

for large Richardson number.

. (iii) ‘Decay of the centerline ;e1ocit?, u ;'confitméd the“theoreticalf
5 geductions with c = 0 and vas foundito'vsry ési |

VI
X

- 5. 678 Ri

. u _‘: o AT
L2 - Ril/3 X 4 gym2/3 ,
o g :{x— R

o .
l"and‘the‘value’ofihalf width offvelocityf
0 206 R1™

C0 - C T IR

RS - b,-f. e S
e e _u 1/6 +'3'5)4/3:"‘“‘t

“\(1v)  Deeay of the. “Cente’rlﬁ‘inef'_temp'eria'ture "'Q*C*?.S'S.i"‘ATn; ® ws;g\'f found to e,

.‘vary as: = ,i":_°77f_.‘"‘i.bf.?iﬁfjif e {
e R T S T e
ov-,..'.:"-’.- )

' :”and,half:teuperagi’e,wicth'ss{" ;aﬁ»ilﬂf.«“:” .

L o 404 R11/6 (b

v_;,'

AL L S = L ot te e
/.

"(6jf;”<‘ \\age half depth for both temperature and velocity varied in “5513tlih

ahthe same way ac those for the large Richardson number.;_
‘, o.,, T

. .‘iAll the above results confirmed the theoretical resulta f.r :;[T

=i

o

',_l(vi)ff"Foruuodersteﬂ*Ri" the ratio (u /U )/(AT /AT ) was found to

"fequal 1 285.V This value lies between that for a circular non-_vfjf'lﬁ’fl

_;-buoyant and plane nonbuoyant JEts"”f{;l*"

[



.-

- For Moderate Ri: - AT « (A /A )y

Erlamens ey

’ regimes of flow based On the results described in previous articles. _-" '

[ S ,.//:(‘ / e e
. For Small Ri: "ﬂT « (A /A ) e

‘v ‘ . | ) / R . - . . . '.‘ 27‘4.1‘

-

t

(vii) The ratio of half width of temperature to tham of veiocity was
7 oo o
fougd to be 1, 96 which 1§ quite significant. ”' .

.

(viii) The rstio of half‘depth\of temperature to that of velocity was

: ‘L"{\ - - _ A ‘

found equal to l 115 for’all Richardson numbers.‘,j
! ' 5' -‘. ) B n’ . ) A' ;’. :.;‘ . - ~

¢ R
'9’6:1.4 . Isotherm Equatipns'and Their,Areas-.w

' The Equations of isotherms were worked outﬂfor all three _

~

- Areas of the. isotherms were then worked out from these equations. Somevgihd-

-of the siginficant results were as follows.

4-—_.)7‘
. {

P

-2/7 s .

@
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- The ‘lengths of the zone of flow establishment were worked out: ..
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“on the basi of the results 4!rived'earl‘l ;These'are:‘.

AR

- 1.795 for Rt 79‘.35' o

e

q

| For Large Ki;: = P o 5.’634/1&;1/{- 1.795 .
_ | ' ‘v"x /A-: . . //l;'. . B

‘ ;6;2 Reconéendations;forlFurtherﬁStudy-5

- / : v S
- The present investigation dealt wtéh all/the regimes of flow s
- in- the near field region for the surface discharge in a: water body i

" ’ ‘ v ’ " . . N -
R with stagnant surroundings. Future studies may consider'5 c}_,qu~“ e

_EA(i) ' Surface discharges with cross flows and wind shear acting on” the x
/

system.. The wogk done on this subject 8o far deals only with

very small cross flows, the results of which might as well be

o

aﬁproximated by the present analysis without any cross flow. The

- / N

equatiOns of motion should therefore be written in the curvi- :
' I
1inear coordinate system and the present analysis then extended

'"Sf c¢ this situation.*th"-

o (ii)/ Transition region or intermediate region with surface heat loss
e
/

_ from the plume surface. A large amount of work has already been
/// ’ } '

done in the far ield region but the transitiOn between ;his and

o /?[lf ' the near field considered here has been lardkly ignored.; Further ”"fh,jt”
: ','/; % 'I ,_‘\‘ B

vf',;f work is required to fill this gap.._T
R . : Yoo
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TABLE B-1 - tDETAILS}oE’TuERMISTOR‘rRoBEs_ IR IR

***

]
-

'U[ 57to e

‘o

<k

3,8n,"Time constant T fif: ' 25 5¢°°“d9 ‘?t -

1';Length of glass probes.:,'fZ:inoheetA.

. ‘Lead diameter S f>o”oﬂ2"“”f‘
3' Lead material -,,fn.glit_'v'Dumet"

_Rof at ' 25° c R 22000 ¢ 2oz Q
:’Code number },g';g*{k': GB32 P2 SaT
o e (Glass coa_gd beaﬂ 2 x 10351

. resiatance at 25°C, probe N
V‘ mounted individual unit No. .
22y ;

" Resistance at: b°é ’ 19'7.5;fff
e Resistance at 50° _ l’a»~

Z.efDissipation constant ftl‘ l O

.~ to change its. .own temperature 63% of the’ way from its.

"ff?forigiual value .to- the’ ‘value impressed. pon’ it in 8 step’

. change, "It will take 5 timea the time constant to change
-mits value 0. 982 L S v .

Amount of power in milliwatts whigh
ise the thermistor 1 C: above its surroundings.v_}7fg}

constant' Time required in aemonds for the thermistor -
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