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% Jet analy51s by means of the ordinary diff mrential’equa—‘
itions, obtained through 1ntegratlon of the goverming equations
normal to the jet trajectory, is an efficient amd accurate
technique for the evaluation of thermal discharges. However,
in certain instances some of tﬁe underlying,aéémnptions,'such;
as small spreading and negligible ; ressure gra 2dients, may be
violated and hence the dpallcaolllty of the analysis restrlct—‘
ed.. a) In the heated surface jet, buoyancy exeris a distort-
ing influence on jet behav1our, promoting lateral spreading.
iIt is shown that available te cnnlques are only campable to
ipredict the transition from non-buoyant to more: bmoyant‘beﬁavj
four. The limiting case of bdbyancy dominated £liow cannot be |
ipredicted reliably. b) Submeroed bucyant jets. im water of.
'flnlte depth may exhibit vertica1 instabilities follow1n° im~
pingement upon the free surfaee. In case of 1nsmab111ry,
recirculation of already mixed water into the jett zone w1ll ,
loccur. Criteria which determine the stable and wnstable range '

las a function of governing parameters are presented. Thermal |

imultiport diffusers are usually characterized by :an unstable,§

lrec1rculat1n° near-field and hence simple buoyamit jet analyse & R
are not valid. o - N I ‘
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:Introdudtion o mew o e

Temperature prediccion rodela lnvolve the dete*ntn°t10n
of the spatial and temporel distribution of the diechargs into
a water body of waste heat from electric power oeneratlon.
,Th1s distribution is ‘governed: by~ -different heat transport
mechanisms which are ‘aifunctidn sof i thezdischarge cnaracteris-‘;:
tics and of the hydrologic condltlons prevailing in the | .
disposal area. '

§
!
!
i

, i
; |
i The problem of tcmpcrature prediction for waste heat dis
posal is distinguished by the simultaneous occurrence of two
factors which add a degree of complex1ty beyond that for other
predictive models for effluent dlsper31on and water quality in
lakes, rivers or coastal waters or air quality in the atmo-
sphere. These two factors are a) the buoyancy of the dis- .
charge“and—b?‘t&e—cons1derable~volume and -—momentum—of—the —> ) - |
effluent. The buoyancy of the:discharge which is associated :
with the temperature change as‘the cooling water passes§
through the power plant condenser requires the simultaneous | '
determination of both fluid motlon (velocity dlstrlbutlon) and
heat distribution within the water body. - The volume and mo-
mentum of the dlscharge will in general affect the ambient
i flow field. Hence, it is not possible to consider the efFlu—
ent as a passive tracer introduced, into the ambient flow.
This is particularly thz case 1n a’ zone close to the discharge
area (near—-field zone) wiiere advectlon and free turbulence
created by the shearing action of the discharge with respect
to the ambient water causes. Jet diffusion of the heated water.
Outside this immediate near—field exists a comnsiderably :larger
far-field zone.in which the heat is distributed by buoyancy
driven currents and through dfffusion and advection by anblent

currents. : . |

Predictive models for hydrotherma] analy315 can broaoly
te classified into two groups:: complete models and.zone
models. In the complete models the governing equations iare
solved in their more general form over the whole region! {of
interest. These models promlse a 51gn1f1cant advance: through
the use of modern computers with high speed and large memo-—

‘' ries. Yet several problems have to be recognized: 1) The
state of the art in computational techniques requires many
simplifying assumptions regarding turbulent fluid flow and
heat fluxes. 2) The flow and temperature field induced: by a ;
thermal discharge exhibits distinctly different hydrodynamic E
zones. Consequently, the simplifying assumptions utilized in
the formulation of the complete model are not uniformly,valid : o
throughout the region of 1nterest. This may cause considerable e

— .
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error. and  thus restrict thé utility ofisuch compiitér: models.__
\\ Boundary conditions at the edye of the soluticn domain, |
notao;y oper fiuvid boundarviss, are difficult to speciiy.

In the zone models the whole region of interest is:dividé
ted into several zones withzsdistinct hydrodynamic propertles
(such as near—field; and-far-field)v-scFor each zome it is then
possible to- 31mp11f/ the governing equations by dropplné unim-
‘Iportant terms (through a formal scaling process). This gives
a considerable advantage in thq mathematical treatment and
‘{improved accuracy in the solution. Despite this advantage,
problems remain inasmuch as utmost care has to be taken%
whether some of the assumptions which yield simplified oovern—
ing equaticns are not violated iin the actual application.
Furthermore, there may be a lack of criteria on how to estab-
llSh a correct division of the whole reglon into =zones.

: Type witnin Soiid Siue Lines

In this paper jet dlffu31on models are discussed as one
class of zone models which are of particular 1mp@rtance.1n the
prediction of the near-field behaviour of heated discharges.
The simplifying assumptions pertinent to jet diffusion are

l
l

tions in the development of actual buoyant discharge mod 1s is
analyzed. This is done for two types of models: buoyant sur-
face discharges in deep rec01v1ng water and buoyamt submeroed

dlscharoes in shallow rece1v1ng water.

I
¥
!

|Jet Diffusion

hm

A spec1al class of fluld motlon associated with shear—
generated free turbulence is commonly referred to as Jet
diffusion. Dominating transport processes in jets are the
convection by the mean velocities along the trajectory of the
ijet and the lateral turbulent diffusion normal to the Jét tra=
jectory through the 1rregular eddy motion within ithe jet. The
convective mechanism is due to .the initial discharge momentum
and/or the vertical acceleration in the .case of submerged
buoyant jets.

| Main properties of the Jet flow fleld are deduced from
experimental observatlons.
|

1) Gradual spreading of the jet along the trajectory.
The jet width is small compared to the distancel from
the discharge. This allows the typical boundary
layer type approximations.

discussed. Subsequently, the restrictiveness of these assump-

| TR TRTI 1‘57 it ‘]’n’; Nﬁ\ﬂ




| Miznuserios

T ; . JIRKA AND HARLEMAN 1

7. Except forlan initial
tion ﬂne tbe ‘transversa nrcflLes of ve‘oc1t"
and temperature at different anial locations ave
similar to each other. Typically a bell- shaped dls—-‘
tribution is found. Local jet quantities can be
expressad as-a-function-of centerline quantltles and
jet widths vy Tvps oveER '

LAY Yo OVen THost AJth

3) Fluctuating turbulent iquantities are small comb?red
to mean flow quantitiés. - _ f

4) P*esaure gradients,- both transverse and longltudlnal
are small. This is true only for jets issuing into
relatlvely large uncoquned regions..

it ;

In general, the governing boundary layer type equations o -
.are_fonmulated_inua—ldcal'eboraiﬁéte=sYstem-ﬁoi&ewina—the—tza,
jectory of the jet. Exact 31m11ar1*y solutions to these equaJ
tions can be found if semi- emplrlcal mixing length assumptlons
are made (Schlichting (1)). For engineering purposes, however,
it is more practical to specify similarity profiles a priori.
By integrating across the jet the governing partial differen-
Jtial equations. are then easily ireduced to ordinary ones with
the axial distance as the Jdndependent variable. This iﬁtegral
technique (method of moments) has been found useful and suf-
ficiently accurate in many apulications. Examples 1nc1ude
buoyant jets in deep (unconflnea) receiving water, elther non-
stratified or stratified. A turther advantage of the integrall
technique is the possibility LO consider a flowing receiving
water by defining a gross force acting on the jet.  As in all
problems of turbulent flow, emplrlcal coefficients appear in
the ana1y31s and have to be determined from experlmentsw

It mist be expected that the jet diffusion analysis!will
break down as a viable predictive tool whenever one of the

underlying assumptions, 1) to 4), is severely violated.

Buoyant Surface Jets

Three-dimensional predict%ve models of buoyant surface
jets which take account of the iunderlying transport phenomena
have been proposed by Stolzenbach and Harleman (2,3), Prych
(4) and Stefan and Vaidyaraman (5). The theoretical premises
on whlch theae models are built are examlned herein. i |

‘Governing~equations.’ Figure 1 defines the oroblem uﬂder con-

'sideration?:.: Discharge parallel to the free surface of the
 receiving-water whlch is deep and:quiescent. . A
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‘Following Stolzenbach and Harleman. the governing steady-state !

aquation can bz written as:
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iwhere ' %,v,z ="Cartesian”ccordinates u,;v,¥ = time-averaged - !

elecities in x,v,z; u’,V’,w' = *u;buLent velocdity LIMCLLaﬁ_

m

tions; T = time-averagad taaperature; T' = turbulent tempere-
.ture fluctuation; I = ambient temperature; Ap = localil density
difference; p_ = ambient denSlty, g = gravitatiomal accelera-
tion; B = coe%ficientyqﬁ,thermalfexppnglqn. The pressure
components appearingtinvtheuggverninggequationsAare of inter-
est: 1) The dynamic pressure, p,, results from the balance
with the vertical 1nert1al and 'diffusive terms in Eq. Au

-~ O
?) The pressure term, g J Aodz. arises from the buovancv of
: z s

the flow combined with the fact that the free surface prevents
any upward motion of  the flow, iunlike submerged buoyant Jets. '
This pressure force is the prlmary mechanism which signifi-
cantly affects the behaviour of surface buoyant jets as
compared to non—buoyant Jets. An additiorpal’ difference is due
“Hrothe buoyant damping of” vertlcal”turbuleqt fIuctnations, g
therefore reducing vertlcal upreadlng and entraimment. ! '

. l ;
Scaling: By 1nspectlon of the equations, the obv1ous scallng
parameter, which determines tHe importance of the buoyancy

term, is derived as a local den51metr1c Froude numbef*

i e, 12 . SR
R LV
[

where u.s Apc are values of ufand Ap at the jet axis on the.

[

surface and h is some measﬁre;éf the jet depth. A char%ctee—
istic feature of buoyant jets ©is the monotonic decrease of FL
S

along the axis. The most elementary 1nd1catlon of thls:

feature is obtained by using the axisymmetric non—buoyant jet
solutions for the limiting cas% of a slightly buwoyant (FL A
large) jet: u, v x-l, h ~ x, Ap v x—l; therefore FL m’%-li 
Hence, to describe buoyant Jets the dominant terms over'the

whole range of FL’ from FL + @ to. FL + 1, have to be'retalned. » o -

_ The dominant terms for these 11m1t1ng cases are derived- =
through scaling. For this purpose, s, b, h and u”, v“, ﬁ*
.are- taken as the characteristic lengths and velocities, |
respectivealy, in the x,y,z direéctioms. Ap™ is the character-
listic density difference. Furthermore, throughout the scaling
:process the following assumptions are made: -i)=the™ sc:’arle,oﬁ,,“x

‘iturbulent covariances is smalli comvared to the wmean convectlonf*“‘”*“ﬁﬁ”%7
| 1
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w'é, whlcn is consistent {ltb all t"rgu]ent
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FL + «: In this casey: thevbuoyant term: 1sepeg11g1ble, and the

typical jet dlquS’On pattern will result, cnaracterlzedlby
1
b/s ~ 8§ and h/s v § and, as a consequence, by v /u v 6 ! and
* -
‘w "/u 8. The governing equations are Eqs. 1, 6 and |
. . A . o i '

2 i

du” | duv - Juw Tau'v' Ssu'w' . j, 
+ + = - - R 1
dx 3y 0z 3y . 3z . BN COR) |
- - T‘,’QE '-:\Iiﬂ:\in Sriir! Blue Lipes o
‘9uT , ovT |, 9wT AV'T' ~ aw'T' ' | .
+ + = - Z _ .
‘9x 3y - dz Ry oz | {?)

These classical isothermal jet ‘equations express simply the

balance between convective transport of axial velocity, u, or
temperature, T, and transverse ‘and vertical diffusion. The

temperature acts here 1ikq a tracer substance, without dynamic|
effect. The other momentum Eqs. 3 and 4, reduce to a trivial
]balance between dyqamlc pressure and dlfqulon, and have.not
ibeen written. - . ' ! o S B B S
( L : o : : : - A

. FL + 1: In this case, the bu&&ant term is of the same order ' <

of magnitude-as the convect1ve§terms. As the buoyant: pressure;
gradient acts in both horlzontal directions, the flow field
will behave as b/s ~ 1 and thus v¥/u® ~ 1. A problem remains <
_|regarding the relative magnitude of h/s. As an initial ; o
assumption, one might take h/s n §, i.e., the vertical extent
of the flow field is only gradually varying, hence w*/u* ~ §.

The validity of this assumption is discussed later

au2 duv , ouw g -T-T 3Ap ~.éu;w‘ L
+ + =+ i dz - —/——— . (10)

3x 3y oz i 9x dz :
. aJ : -

z

Juv 8v2 dvw g [ raAo | -av‘w‘ -
: + = 4+ 2— i —— dz - ——— (1)

ax Yy oz pa dy ) a9z .

‘ Jg ,

i




,.w1ll not have a jet-like sheared profile. Furthermore, the

" .ishear term, av'w'/3z, whlcn act¢ on the lateral flow emerges

‘itransition in surface buoyant jets from large to small values

JIRKA_AND HARLEMAN ' : i

R I R T T =z

R RTIE  E Cay n anTmie
= - 29
T 5y dz Jz B - (12 )

, : - g _ ;
;The wvertical momentum equativn, 4, can be neglected. In con-
trast to the equation for F, = «, only the vertical diffusion

!'H_.: L{\J._._l..""h:n i
terms are signifiecant. for‘Fizj'l,quhus,,in ‘this 1limiting casd
{

the transverse flow velocity and temperature dwstrlbutlons

as a dominant term. ‘ . §
integral analvsis: Profile aséumptions on the lateral. and
vertical distribution of u, v and T (or Ap) have to be made soi
that the preceding papt1a1 dlfferegtlal\equatlons can be j
reduced to-ordinary dlrferentlal equations (jet imtegral, analy-

sis). Bowever, as the equations should describe the typ;cal

of F L’ the follow1n° d’LflCUltleS will arlse. a) Only the

vert1ca1 jet profiles are truly of shear type. The trans-—
verse profiles change from shear type to a more uniform

distribution (shear acting only at the edges). b) The dlstrl-
bution of the lateral Ve1001ty, v, is not readily soec1f1ed in
terms of centerline uantltles. Some hypothetical assumptlons
have to be made in thls respect. ‘

[

Despite these theoreticalfrestrictions it may be-useful
to retain the assumptions of Jet like lateral profiles in
order to describe the deviation due to buoyancy from thesmore
non-buoyant behaviour, without® attempting to describe the
limiting case of strongly buoyant behaviour. The utlllty and
range of appllcablllty of such ‘an approach have to be demon-
istrated mainly by comparison to experiments. If this pro-
icedure is followed and the dlstrlbutlons for velocity and
density

1]

u/u, = £(n,2), AT(ATC Ap/Apc = g(nszc),

where n = y/b end z = z/h and f and g define bell-shaped jet.
distributions, are assumed, then after transverse integration
the governing equations acquire the following gemeral form

: i

-dx lo¢c 2 v e

4Q ccauh+c.cub 4 (13)|

l
]

o
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IRLESIN :‘!".:."-:. .';"‘.?;:-‘T'dl’f\'“."ﬁ“ o5 s inomy, b :
P LI R L2 i (14
dx r=(14)
dd -
dx sy .
. as)

,where Cl’ c2 and cé are profilé—denendent coefficients, k is a

coefficient for surface heat 1oss and. € is the rate of spread-
ing for a non-buoyant jet.

. } A _
The above equations are well amenable to numerical solu-
tion using appropriate initial conditions at the discharge
point. The integral quantltles are defined as follows:

LTI ATON Solic diuve Linss >
Volume flux Q = f;u dn dg ¢Y))
‘ : Al -

" . Momentum flux _ M= fipa u2 dn dc ) - (18)
A . _ 4 -
Pressure force P = f [f_ gho dgldn dz . (19)
A -coi . : R
Teﬁperature flux = f AT u dn ac - - (20)

A{_: .

where A is- the cross~sectlonaﬁiarea of the jet.

The continuity Equation, 13, ﬁées the entralnment concept pro-

'posed by Morton, Taylor and Turner (6) which relates thel
normal velocities at the jet baundary to the centerline velocH
ity by means of a proportionality coefficient. o 1is the
constant coefficient for laterel entrainment, and 8 is the
variable coefficient for vertical entrainment whichvis al -
function of the local buoyant damping of turbulent entrainment
characterized by FL, so that
o, = aaf(FL)
- y
as indicated by the data of Ellison and Turner (7). Equatlon
14 expresses tha balance between longitudinal momentum and
buoyant pressure force. The Qeat conservation equation, 15,
allows for excess heat decay to the atmosphere. The jet
spreading equation, 16, represents the realization that :ithe

. . | |
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+ S - db
tne jet—c1vhps SDLe adis ng-of-the-jet width (dv)ﬁj"
on to the usual non-budvant tuvbulant spreading, e.

o9 - ..
,Closure of the equations rsquires specificaticn ©f (db/d()B

through the use of the lateral momeﬂtum equatiom. Different
‘hypotheses are p0331ble{" ' ’

T

. i

ti) Stolzenbach and Harleman (2,3) assume the lowcal lateral
ivelocity, v, to be proportional to the local lateral density
igradient, 94p/3y,and the local :longitudinal velecity, u, the .
:proportionality constant being equal to (db/dx)E This ;pec—'

¢
'
5
i

;ification allows intesgration of :Eq. 11 and thus the jet spread—
l1n0 Eq 16 is in ract replaced by a more compleg requation. !
ii) ~ Prych (&) and Stefan and Vaidyaraman (5) explicitly SOlvé
rthe-lateral-wmomentum €quation .under: 31mp11fytpu~assunpt10ns—~«
iwhich reduce the problen to one of unsteady buoyant spread as:,
shown in Fig. 2. P o i

:The governing equa-

jtions for unsteady - P - S—

spreading have .been

discussed by Koh . i, —l-&7 Pu - 05 i y
and Fan (8). In — N DO .~__J*\f:tl
ggengral, three flow : o |‘ - 20

regimes are pre-
isent, a time- :
dependent inertial | Fig. 2: Unsteady One-Dimensicnal Buoyant
regime, a convec- ! ‘ ~ Spread with Constamit’ Volume
itive inertial CE o I
»reglme and a frictional regime. The first regime is 1nportant

only for small initial tlmes, the latter one only for largv '
“1widths C . . . ! P

'1 Lo )
b < h/Al - - {21)

where Ai is an interfacial friction factor defined by Al

2
- viw'/v©. In the 1ntermed1ate range the 1nstamtaneous front
velocity, Ve, 1 is given by ' . . -

H

4 ‘ ' : [

| | db L1720 o |
. = £ | ah) |

|

- (22)

where c, is a drag coefficient of order unity. ‘This time-

dependent spread may: be translated to x—dependeggembywpﬁéh%ma
. : ! gLt
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', whers U is some représentative_

centeviins velocity.

% (23)

Hy 3

rand Prych, somewhat d1f erently,

db, _ )2
Cg;)B = c4/: rL -1 o (24):

b . :
due to the argument that the spreading should occur normal to
the jet boundary instead of normal to the jet axis.

.The "success of any spreading asSumptionJ such as
Stolzenbach—and-Harleman si apDLoacH Joy 2 ch——23—or—24~—has—t
be seen by comparing to experimental data. Practically, iany |
assumption leads to an overprediction of jet spread wvhenever f

l

F_ becomes small. . As an example, see Fig. 3: good agreement
is obtained for centerline temperatures and jet thickness !
while the jet width prediction strongly deviatss from data at-
a.certain downstream distance. | This overprediction is prob=-
ably due to two facts: 1) The retention of lateral jet- 11keA§
proflles at small F Fr» 2) The neglecting of lateral shear, |
v'w', in the lateral momentum Eq. 11, which is dome by all
authors. In fact, most experimental data indicate that dis-
agreement between theory and experiment arises at a distance |
‘when the local ratio b/h ~ 1005, which is also 1nd1cated from |
Eq 21, as Ai is in the order of 0.01. !

. , ‘2

Conclusions: The vertical buoyant acceleration coupled w1th
ithe density discontinuity of the free surface gives rloe;to
Ehorlzontal pressure forces in sprLace buoyant jets. These
iforces exert a distorting effect on the jet and thus theo-
retically restrict the applicability of boundary-layer type
jet analysis with the convenient integral technique. However,
it has bezen shown that modifications of the classical jet ;
idiffusion equations, such as Eos. 13 to 16, adeguately de- ‘
'1scr1be the transition in surface jets from more non-buoyant to N
nore buoyant behaviour. Yet the limiting case of strongly
‘buoyant behaviour is not predicted with required accuracy. It
lappears, however, that some additional refinement is possible%
lfhroug‘n the explicit incorporation of a lateral shear term in
ithe spreading equation.

Another restriction is given as follows: -in~th& §ETVIHE

I
l
fprocess it has been as>umed that the dopth of the buoyant: ]et
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‘io only s]oalv varyln
itdon from larse

).-:

T
i
-

‘junction with st

ideep exit discharges.:

i
s
H

to small T
BOWRToY “abrun .
vertical accelerations cag occur, in
iparticular for jets with high aspect ratio, i.e., narrow and
JIn this case,:neglecting the dynamic
ipressure term and--the vertical -momentum equation is no longer
{justified and the integral approach appears not feasible%' '

2
rong

i : . ;
‘Buoyant Subinerged. Jets in Shallow Water

Tnls ‘is peLmlsqlole for the, cradvaT
For cu.:*m“"’*s with

L 2ilil

Recirculation phenomena are of frequent occurrence for
ijets discharged in confined surraundings. Examples include
i{the homogeneous (non-buoyant) jet impinging on a wall. Pres-
§sure gradients which exist in the fluid are the agents
iresponsible for such recirculation. Whenever recirculation
;into the jet proper occurs. swmple Jet anal]ses cannot be used
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b) thLle Buoyancy

Fig. 4: “Effect of
Buoyancy on the
iStability of the Jet
Discharge
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ito predict jet behav1or.

Submerged buoyant jets Tlso to the water surface undor
the influence of buoyancy and as a Lunctlon of the initial .
discharge angle. Upon impingement on the free. serface the
flow spreads horizontally. The tendency for reclrculatlon in
the vertical direction is inhibited due to the Stmblllalng
“iinfluence of buovancy.

lnon-recirculating ("stable") and raecirculating (“unstable')

jet discharges is shown in Fig.; 4 for the case of a vertical
- HE H

discharge.

jet) and two-dimensional slot dis-
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This qualitative differemce be tween
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The qué%ﬁion of near-fisld stability'as;'

H

a function of jet parameters is impor- |
tant for both three-dimensional (round
charges., To date, no analysis has beem
proposédiforlthe three-dimensional casel

The two-dimensional case has been! ana-
lysed by Jirka and Harlemam (9) and is
of particular interest in the prediction
of submeiged multiport diffusers.’ A
multiport diffuser is essemtially a
pipeline, laid at the bottom of the
receiving water, with many nozzles of
diameteri, D, attached at a regular
spacing,: £. The individual round: jets
emanating from the nozzles interfere

after a short distance and.- formﬂuwg§ml
‘”h\

dimensinnal jet zonme. It has been ... ¥

i

shown_conclusively (9)__that_the jet =
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iregion. These regions, each with different hydrodynamic
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paxamefsrs 1n'*hls two- dlmenqLohal zone are equal to hqsg‘qfﬁ

-an "equivalent slot diffusar with slot width

i
t

equlvalent slot dlfTuser leduces the nuwber of d1m°n31on~
less parameters characterizing:a multiport diffuser and; thua
prov1des a means to compare dlIIe ent designs. :

! !
i . . . . 2 s . o 4

! Stability amalysis: The distinct flow regions which ran he
}observed in an experimental investigation of a two- dlmsn31onal
buoyant jet in tlﬂlte water depth are shown in Figure 5 for
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i buoyant jet rebion, (ii) a surface 1mp1ng»ment region, (iii)
§an_1nternaL_hyd -aulicT jump,s andii({vy ‘& straLlfleu~countetflew
i
properties allowing simplifying approximations, can be ana—
lysed separately. Successive matching of the individuai
solutions yields a descriptioniof the total flow field.! Cb-
jective of the analysis is to determine the limiting condition
' of a stable flow field, that is, the criterion line between |
gstable and unstable regimes.’ ) 4 oo
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1: buoyant Jet Region P2 SJLLaLe Inplnoement Raglon

3: hydraullc Jump~Reglon  §‘ 4: Stratl ad Countarflow Re01on
Fig. 5: Vertlgal Structutv of =& Tdo—Dlmenslonal Slot Jet in.
' - Finite -Water Depth (stable near- £1=ld) T
Stability ié primarily dependen; on the regions (i),
(i1) and (iii). Dimensional analysis of the prcblem: g1v=s the
following governing parametersi
' ~1/2

Slot densimetric Fréude number: FS = Uo( 5

the case of a stable near field. These regions are (i) a !
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(i) Buoyant Jet: TN h/d*ostatlc préssure-distribution is
assumed in.this region. This is tentamount to the assumptlo
that the pressure disturbance ‘due to the rise im surface ele=

vation as a result of impingement is limited to the impinge- |

‘ment region. This assumption is essentially verified by %
xperiments. A buoyant jet ana?ysig, utilizing the entrain- .
ment concept, is performed to give pred;ctlono of jet dilu-

tions and trajectories. !

H

(11) Surface Implvgement .The_ 3urLace 1mp1ngememt reglon , §
“provides the transitiod ‘between the jet flow, - with a sfron6"§
vertical component, and the horl ontal spreading motion. Th°
process is a complex flow pnewonencn, which is most conve-

niently analysed by means of a control volume approacn,‘u31ng

a continuity equation, a horizontal momentum equatﬂon and tw0~

. .. ]
energy equations (account is being taken for the ener gy loss |

"in the flow transformation). Results of the analysis give

the thickness of spreading layer, hl’ and thus the elevation%
up to which effective jet entrainment occurs. Eu*thermore, ;
the dynamlc characreristics of the spreading layer, reore—
sentbd by a densimetric Froude number !

(25)
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where u, = layer velocity, 8p = relative density dlfforence
between upper and lower layer, can be calculated. Fig. 6
summarizes the results over the parameter range for the case
of vertical jet discharge. Tﬁe layer thickness is about 1/6
of the total water depth, only weakly dependent on. FS dnd
H/B. The Froude number F; is strongly dependent on Fg and
H/B: high values of ¥q per51su in the shallow water — high F
range. i

]

(iii) Internal Hydraulic Jump: Experimental observations
indicate that following the surface impingement the thickness
of the surface layer suddenly increases in form of an inter—%
nal hydraulic jump. In analooy to free surface flow a ' ‘
hydraulic jump prcvides a transition between a supercritical |
upstream section and a subcritical downstream sec 1on., |
criticality of a stratified system is deflned by T
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following
:Schonfeld
.F, is the

Schijf and-
(10), where

lnumber analogous to
‘Eq. 25. A super-
‘critical stratified.
:flow section is then
fcharacterized by

(27)

and a subcritical one
by

(28)

That the flow section
ifollowing the surface
impingement is indeed
supercritical can be
shown by using the
values for F from
tFig. 6: inequal
irange. -

Harleman (9).
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-The shallow water - high F
iterized by near-field instability.

The variable of major importance in the
fevaluatlon of submerged discharges is the resulting quLace
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Froude Numpber F., of the Surface
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The governing equatlons for 1nt°rnal hydraullc JmeS have
been derived by Yih and Guha (11).
small density differences has been obtained by
The equations indicate that for
conditions no solution is possible, that is, a
critical downstream condition does not exist.
these upstream conditions are characterized by
criticality, namely high values for (F 2 4
rion line between those conditions wheYe an ¢nternal hydraullc
|jump is possible and those where no jump is p0351ble and hence;
recirculation occurs is shown in Fig.

A simplified solution Lor§
Jirka and: i

stable sub- {

i
In general, '
strong super-

F,2). The ciit»—!

7 for various discharge |

is generally charac-

{

.

1

' i
certain upstraam

Turtﬁormore, for decr3351ng
ge angles (more HOY17ODtal discharge) the 1nstab111ty
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rectly cobtained from- '
::the buoyant jet ana-
1lysis, if account is
being taken for the i
, thickness of thej

4 impingement laye%.
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' Whenever the near-
field is unstablz and !
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HCC/:‘Q D) recirculation into the
‘,wqé = jet zone occurs, then
a simple buoyant jet .
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{. Fig. 7: Stability of the Near-Field| rectly dependent|on thea}’

7on2 as a Function of Dis- stratified countérflow
. chaLge angle, O : system'in the far-
- . . o ...} field. This counter—:
nflow presents a baldnce between buoyancy forces and fchtlonal
iforces (dependent on geometry, boundary and interfacial rouon-
*ness) A variety of three-dimensional flow conditions can
result in the far-field, deoendeﬂt on geometry and horlzontal
momentum input by the diffuser. Values for Sg ‘evaluated
ithrough analysis of these dlLroront far- Ileld condltlons have
been obtained by Jirka and HarTeman (9). It is also shown in
,that reference that thermal diffusers for cooling water dis-
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cnarge are usually charactarlzed by an unstable near-— fleld.:
Conclu310ns ‘ : . . i
AL DL L e

While jet models certainly| present one of the most impor—i
itant techniques for thermal analysis, their application is §
llmlted wnenever some of the under lying assumptioms are 7io— i
lated In case of buoyant surface jet models. buoyancy Wlll
ultlmatol] cause strong lateral; spreading. Retention oL.Jet—
like profiles and neglecting of lateral shear leads to inaccu-
Fac1°s in the solution in compar*son to available data. While
Fx1st1n° models are capable to predict the transition from
initial momentum-dominated behavior to more buoyant behav1or,
the limiting case of strongly buoyant spreading is not adequa-
tely predicted. i ’

1

4
Pressure disturbancas occur whenever .a submer ed buoyant §
Je“ impinges on the free surfacé. When the jet is strongly §
buoyant, as 1nd1cated by_a_low_ daqs*metrlcﬂEroude_numoeb—and—-
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‘high relative water depth, then- thn buoyancy is -QM}ICLeﬂt to |
prevent anv vertical recireulation into the i€t zone and
buoyant jet medels are adequate forv prediciive purpesss.  Yet

in case of recirculation, which is typical for wooling water

Lo - 1 . !
idischarges, different approaches have to be used for predic- |
tion, -such as outlined by Jirka: and Harleman (%). i ‘
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