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Abstract
.\

··                                          · -i ype :·..'it!1in Sol c; 8!ue Lines                   ·                        -
Jet  analysis by means  of the ordinary differential  'equa-1

tions, obtained through integration of the goverming eq«ationg
normal to the jet trajectory, is an efficient anI 1 accurate    ·
technique   for the evaluation of thermal dischargeD . However,  1
in certain instances some of the underlying assumptions, such I
as small spreading and negligible pressure gradients, may be  
violated and hence the applicability  of ' the  anafy,Ais  reitrictt
ed..  a) In the heated surface jet, buoyancy exe·rit:s a distort- i
ing influence on jet behaviouri promoting lateral spreading.   
It is shown that available techniques are only espable to    1
predict the transition from nori-buoyant to more  uoyant behav-i
iour. The limiting case of buoyancy dominated flow cannot be 9
predicted reliably.  b) Submet-ged buoyant jets. im water of    1
finite depth may exhibit vertical instabilities. f,ellowing  imr-  pingement  upon  the free surface.    In  case  of  instability,          1
recirculation of already mixed water into the jeklt zone wiill.  1
occur. Criteria which determine the stable and. mnstable range 
as  a  function  o f governing parameters are presented. Thermal :
multiport diffusers are usuall) characterized by :an unstable, 1
recirculating near-field and hence simple buoyamit jet analyse
are not valid.
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Introduation Yo' rvo„:
.
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Temperature prediction models involve the determination
of the spatial and temporal distribution of the discharge into

a water body of waste heat from electric power generation.    i
This  distribution is -kovernad: by-:-differ.ent  heat  transpoit          !
mechanisms which are a..function Eofi theEdischarge  characteris-
ties and of the hydrologic conditions prevailing in the  

disposal area.

The problem of temperature prediction for waste heat dis-
posal is distinguished by the simultaneous occurrence of two !
factors which add a degree of domplexity beyond that fo  other

predictive models for effluentldispersion and water quality iJ
1                   lakes, rivers or coastal waters or air quality in the atmo-

sphere.  These two factors are a) the buoyancy of the dis-
«charge-rand-tj-76nf-considerib·1 6:'·19 of :-and Munx:iLdd of the · PI
effluent.  The buoyancy of the discharge which is associated
with the temperature change as I the cooling water passes :
through the power plant condenser requires the simultaneous

determination of both fluid motion (velocity distribution) and
heat distribution within the water body.  The volume and mo- :
mentum of the discharge will in general affect the ambient    

flow field. Hence,  it is not possible to conside'r the efflu-  
ent as a passive tracer introduced.into the ambient flow.    1
This is particularly the case in a'zone close to the discharge

area (near-field zone) where advection and free turbulerice    
created by the shearing actioq of the discharge with respect  
to the ambient water causes jet diffusion of the heated water:
Outside this immediate near-fidld exists a considerably Ilargef

3

far-field zone. in which the hoat is distributed by buoyancy  i
driven currents and through dfffusion and advection by ambieni

currents.

Predictive models for hydtothermal analysis can broadly
be classified into two groups:; complete models and.zone
models. In the complete models the governing equations are
solved in their more general form .over the whole region lof
interest.  These models promise a significant 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 miny
simplifying assumptions regarding turbulent fluid flow And

heat fluxes.  2) The flow and temperature field induced'by a
thermal discharge exhibits distinctly different hydrodynamic S===Cr--

zones. Consequently, the simplifying assumptions utilized in ..ir)26221:jilib

the  formulation of the complete model are not uniformly.valid               6
throughout the region of interest.  This may cause considerable ---

1=1
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eri:or_and · th.us Ires:trict.ith€·--utility_3:f.?such...2.oriA.ut&r.2.models ._
3) Boundary conditions at the edge of the solutic·n domain,
notably opan fluid boundaries, are difficult to specify.

In  the zone models the whole region  of  interest  is  divid-
ed into several zones-·withsdistinct -hydi:odynamic properties
(such as near-fie,ldiand·-'far-:field):HEFor. each zoime it is then
possible to·simplify the governing equations by dropping unim-
portant terms (through a formal scaling process).  This  gives
a considerable advantage in the mathematical treatment and
improved accuracy in the solution. Despite this advantage,
problems remain inasmuch as utmost care has to be taken  

1

whether some of the assumptiond which yield simplified *overn-
ing equations are not violated in the actual application.
Furthermore, there may be a lack of criteria on bow to estab-
lish a correct division of the whole region -into :zones.

Type ivithin Sotid Blue Lines                                         ,
In this paper jet diffusidn models are discassed as one

class of zone models which are jof particular impertancein the
prediction of the ·near-field behaviour of heated discharges.
The simplifying assumptions peftinent to jet diffusion are
discussed.  Subsequently, the testrictiveness bf these assump-
tions in the development of actual buoyant discharge models is

analyzed. This is done for two types of models: buoyant sur-

face discharges in deep receiving water and buoyant submerged
discharges in shallow receiving water.

Jet Diffusion

3 1A special class of fluid .motion associated with she:ar-
generated free turbulence is dommonly referred te as je 
diffusion. Dominating transpirt processes in jets are the
convection by the mean velocities along the trajectory o;f the
jet and the  lateral turbulent diffusion normal to the jet tra-
jectory through the irregular eddy motion within the jet.  The
convective mechanism is due to .the initial discharge momentum
and/or the vertical acceleration in the .case of siubmerged
buoyant jets.

1 1

Main properties of the jed flow field are deduced from

experimental observations:
4:
 ,·i

1) Gradual spreading of the jet along the trajectory. -.7...

···'.'-*14.41The jet width is small: compared to the distancel from -44

the discharge. This allows the typical boundary ;-#='ZE)
layer type approximations. :-*.49#48 f

- .      - 4=E  F=•441
*.,.„  .  s ,:......     ·' 'P, #,11),Triiili·ir..';             ''     .-4
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2)_.1 S el f.-similarity..· of i.ther-:flow.112.:.E:ccept. forlan..initial_ ;
transition zone, the transverss profiles of velocity
and temperature at different axial locations are
similar to each other.: Typically a bell-shaped dis- ·
tribution is found. Local jet quantities can be
expressed   as-,a ifunctign-oflisenterline quantities   and
jet   widt ru'  M.AY   2;PE  OVER  THESE  '..'··.''ORDS

3) Fluctuating turbulent  quantities are small comphred
to mean flow quantities.

4)  Pressure gradients, both transverse and longitddinal,
j

are small.  This is true only for jets issuing into
relatively large unconfined regions.

In general, the governing boundary layer type equations

.are-fo-rmulated-in-a--ldcal,·.coorilidite  system-fo-1-lewing-the-t-,sa-
jectory of the jet.  Exact similarity solutions to thesd· equa-
tions can be found if semi-empirical mixing length assumptions
are made (Schlichting   (1)). For engineering purposes, however,
it is more practical to speci·fy similarity profiles a ptiori.
By integrating across the jet the governing partial differen-

. tial equations are then easily lreduced to ordinary ones with
the axial distance as the independent variable.  This integral
technique (method of moments) has been found useful·and suf-
ficiently accurate in many applications.  Examples inc3ude

1  buoyant jets in deep (unconfin46) receiving water, eithEr non-
stratified or stratified.  A further advantage of the integral

technique is the possibility  , consider a flowing receiving
water by defining a gross force acting on the jet. As in all
problems of turbulent flow, empirical coefficients appear in
the analysis and have to be determined from experiments.

It must 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 predictive models of buoyant surface
jets which take account of the :underlying transport phenomena
have been proposed by Stolzenbach and Harleman (2,3), Prych
(4) and Stefan and Vaidyaraman (5).  The theoretical premises
on which these models are build are examined herein.    i

Governing·equaEions: Figure 1 defines· the problem under.con-  
sideration:. Discharge parallel to the free surface of the
feceiving water which is deep and:quiescent.

1=-1
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.Following')_Stol'z-erlbach-:and·  Hayleman:  Ehe-- governing'Istf.*dy-.state  !
equation can be written as:

3 u   3v.  3w
-+-+-=0 (1)8x   By   Bz

TYPE ARTICLE TITLE HERE                   1
YOU   R,·i A' '3:7 9-   8 ·, / S 2    -W  -E, -   ... ·-·  5 o r
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. where'- k ,y; z '.= 'Carte.s·ian" coordinates  .u,v, w · =  · time-a*eraged -._._..... f
velecities  in  x,y,z;  u', v',w'  =  turbulent velocity  fli.ictua-
tions ; T = time-averaged temperature ; T' = turoulent tempera-
ture fluctuation; T  = ambient,temperature; ap = local density

difference; p  = am{ ient density; g = gravitational accelera-
tion; B = coeificient. of .thermal·-expransi=qn. The pressure
components appearing :inythe-ggvernings-equat.ions are of inter-
est:  1) The dynamic pressure, Pd' results from the balance
with the vertical inertial and 'diffusive terms  ·in  Eq.   4.1

f- CO     2
2) The pressure term, g Apdz, arises from the buoyancy of

Jz  .                      1
,       the flow combined with the fact that the free surface prevents

any upward motion of the flow, 1unlike submerged buoyant Jets.
This pressure force is the primary mechanism which signifi-
cantly affects the behaviour of surface buoyant jets as
compared to non-buoyant jetf., - Anadditiona]P difference  is  due

-t-0-Th-e-bu-ay-an-raampittg ' 6 f' '4erti-car' turb'ule:ft-f-lxiEt- ri s,
therefore reducing vertical spreading and entrainment.

Scaling:  By inspection of the,equations, the obvious sdaling

parameter, which determines th€i importance of the buoyancy
term, is derived as a local densimetric Froude number.,

Ap     -1/2

FL  =  uc (-f  gh:1 1 .(7)

a     \

where uc' Apc are values of u gnd Ap at the jet axis on the
surface and h is some measure ic; f the jet depth. A charicter-
istic feature of buoyant jets is the monotonic decrease of FL
along the axis.  The most elementary indication of this i
feature is obtained by using the axisymmetric non-buoyant jet

solutions for the limiting casd of a slightly buoyant (FL

large)   jet:      uc   4  x-1,   h   0   x,    apc  0 x-1, therefore   FL  #  x-1.
Hence, to describe buoyant  j ets the dominant terms  over   the
whole range of FL'  from F  + -ito. FL + 1,  have to be..retained. :

The dominant terms for these limiting cases are derived .Y:..

through scaling.  For this purpose, s, b, h and u*, v*, ,&* ......Ir'.

.™ -/ 94.Al
are· taken as the characteristic lengths and velocities,

| 1= N
../.-·..SE'H

respectively, in the x,y,z directions.  89* is the character-   ze»,3104·1'.--99
istic density difference. Furthermore, throughout the scaling ...... -...:..S=

process the following assumptions are made: ·i)*the-seal:6'p K.K.<-PMA*'1         9'1
  turbulent covariances is small  compared  to  the Inean convectionit.f...#'4 ,y- i»"4*1             .3(

'         --.I--1-'
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e.g., U.  U /1 1 % 6, which is consistent with all turbul.ent

*2
·shear flows, and ii) the dynamic pressure scale is pd 0 Paw  .

-r I ·'·/ C
: 1[ :..+ir. i ,:,i.i: ·; i: Lr= ;1=r,·_

FL  + 00:     In  this  case,  1.thevbgloyant- term':.issnegligible,   and  the
typical jet diffusion pattern will result, characterized by

b/s 0 6 and h/s % 6 and, as a donsequence, by v /u  0 6   and
:  *w /u '6 6. The governing eqtiati.ons a.re Eqs. 1, 6 and  1

a u 2       3 u v        a u w   =    _    3 6'v' _ .a u'w'
(8)

3x    gy    az       ay      ez
..

Type within S·-·iir' p.lue Line<

auT   3vT.   3wT _ 3'v 'T' 3w'T'
- -        -                        (9)

3x    By  ·  Dz      py     .az

These classical isotharmal j-et 'equations express simply the
balance between convective transport of axial velocity, u, or
temperature, T, and transverse 'and vertical diffusion.  The
temperature acts here like a tracer substance, without dynamic
effect.  The other momentum Eqs. 3 and 4, reduce to a trivial
balance between dynamic pressure and diffusion, and have  not
been written.                                          1

i

FL + 1:  In this case, the buotant term is of the same order
-11

of magnitude· as the convectivi iterms.   As the buoyant prussure-,
gradient acts in both horizontal directions, the flow fibld
will behave as b/s 4 1 and thus v*/u* % 1.  A problem remains
regarding' the relative magnitude  of  h/s.     As an initial  I
assumption, one might take h/s 4 6, i.e., the vertical extent
of  the flow field  is only graddally varying, hence  w*/u*  0  6.
The validity of this assumption is discussed later.

 ,- T
3 u2        3uv       3 uw   -   +  6.   : 1 f.6.2  dz -- (10)

3 u' wt

3x   gy   az     p    1 3x        gza
'Z

00
-

3uv   3v2 + avw = + i     134   dz _ av'w'
3x    ay    jz      p      ay         az

(11)
a

.Z
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.. (12). 32      Dzox    37

The vertical momentum· equation  4, can be neglected.  In: con-
tr·ast to the equation. fpor«FBI: 31,7,-only=the vertical diffusion

...--.....,-

terms  are  significant'.1 for FiE 3·.5.3.-rThus Mincahis limiting  case,

the transverse flow velocity and temperature distributions

will not have a jet-like shear d profile.  Furthermore, £he
shear term, 3v'w'/31, which acts on the lateral flow eme rges

'      as a dominant term.

Integral analysis:  Profile asiumptions on the lateral. and
vertical distribution of u,.v and T (or Ap) bave to be made so
that the preceding pa«ial:.dif. erentialteequations can be
Peduced to·· ordinary differential equations (jet integrali analy-
sis).  However, as the equations should describe the typical
transition in surface buoyant j'ets from large to small values
of FL' the following difficulties will arise:  a) Only the

vertical jet profiles are trul$ of shear type.  The trans-
verse profiles change from shedr type to a more uniform
distribution (shear acting only at the edges).  b) The distri-
bution of the lateral velocity,. v, is not readily specified in
terms of centerline quantities.  Some hypothetical assum tions
have to be made in this respect.

0
Despite these theoretical  restrictions  it may be useful

to retain the assumptions of jfft-like lateral profiles ip
order to describe the deviation due to buoyancy from thei more
non-buoyant behaviour, withouS)'attempting ·to describe   the
limiting case.of strongly buoyant behaviour.  The utility and
range of applicability of such.:an approach have te be demon-
strated mainly by comparison to experiments. If this pro-
cedure is followed and the distributions for velocity and
density

u/uc = f(n,C), AT/ATc   80/8Pc = g(n,C),
.1

where n = y/b and C = z/h and f and g define bell-shaped jet
*.

distributions, are assumed, then after transverse integrhtion .r>:

the governing equations acquire the following general form            --'-r*44.-, id
....':te

                                            ..U .e= =c a u h+c a u b (13)
dx loc 2 v c -, ---1.-Fra

.....=,7....=7.,-rt.-7- f..1,;lkmlipTjZW 1-31.--:t-jil7--*.1-KW«,j-·'  1/-.  ZDS 
i     '        P.     '    '    I.    - 1(,f

<            1-.1    .                 .
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dH
Iii = -clkATIb

1
..

(15)3

7-'/Do AC·-ICLE 1 1 1-[.S HEEff                       1
vdb,V,4 j  dh).'ER. tHEsE WbROS

t (16)dx dx B

where cl' c2 and c3 are profile-dependent coefficients, k is a
coefficient for surface heat loss and. E is the rate of spread-

ing for a non-buoyant jet.      
The above equations are well amenable to numerical solu-

tion using appropriate initial conditions at the discharge
point. The integral quantities are defined As follows:

i :                                      : '/pe w.inin Solid diue L:nes

Volume flux Q= f Ldndc (17)
Al

Momentum flux M = f P  u2 dn dc    .            (18)la
AI

Pressure force p = f [fc gap dc]dn dc (19)

Al--,
Temperature flux 3 = f MT u dn 44 (20)

Au

where A is- the cross-sectiona]  area of the jet.  -
The continuity Equation, 13, udes the entrainment concept  pro-
posed by Morton, Taylor and Turner (6) which relates the
normal velodities at the jet boundary to the centerline Veloc-

ity by means of a proportionality coefficient. a  is the0
constant coefficient for lateral entrainment, and a  is the

V.         1variable coefficient for vertical entrainment which is a
function  of the local buoyant damping  o f turbulent entra,inment,
characterizedby FL' so that

av = aof(FL)

as indicated by the data of Ellison and Turner (7).  Eq ation
14 expresses the balance betwedn longitudinal momentum and
buoyant presstire force.  The heat conservation equation, 15,

6,52,/*Mallows for excess heat decay to the atmosphere.  The jet
spreading equation, 16, represents the realization that the »,3/ --9

i

1                 4.-„=-I---
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: buoyancy ·-of ··· the--jet-·causes   spreading·-of-the-jet- p,idth-·(-,-9.-2-;--
.-,       16.-.

ant turb:ilent spreadirig, e..in ana].tl.un ro Ii'te usual non-buoy
/Closure of the equations requires specification of (db/dx)B
 

through  the  use  of the lateral F,omentum..Squatioa. Different
hypotheses are possible:·

i)  Stolzenbach and Harleman (2,3) assume the local lateral-  9
velocity, v, to be proportional to thelocal lateral density E
gradient, 389/Dy, and the local longitudinal velocity, u, the  i
proportionality constant being equal to (db/dx)·19"  This spec- :

1           ification allows integration of:Eq.  11 and thus:the jet spread-
ing Eq. 16 is in fact replaced .by a more complex equation.

ii)  Prych (4) and Stefan and Vaidyaraman (5) exp.licitly solve
-the-latei;al-momentum- Equation, .under'- simplify-ing-as·stimp*i·ens----M
which reduce the problem to ont of unsteady buoyant spread as I.
shown in Fig. 2. 1  .l

Z
/\

The governing equa-
tions for unsteady
spreading.have.been                                       3

1 1

1
.., i -

flop 1.  ydiscussed by Koh             1
and  Fan  (8).     In                             L - - -  -  -I- .-'M< t.ti
general, three flow
regimes are pre-              -f«                 <i t.O

sent, a time-
dependent inertial Fig.    2: Uns teady One-Dimensional Buoyant
regime, a convec- Spread with Constamt Volume

tive inertial                 -'                         1
51                              

           1re*ime and a frictional regime.  The first regime is important
only for small initial times, the.· latter one only for large
widths                        1

b 2 h/A. (21)1

where
Ai2is

an interfacial friction factor defirred by Xi
- v'w' /v  .      In the intermediate range the instam.taneous front
velocity, vf' is given by                                                   -'

db 1/2 .E..,

vf  =dt  =  c4 (Ap; gh) (22) -777€an
- , -...·,2. 

where c4 is a drag coefficient of order unity.  This time- -,1 .
... -.--*---. Cf,ff.

.de"*c,-44&*dependent spread  may be translated  to  x-dependence,.:.liy-.Alpin.8....a.., --914: .12.21'2.1*3E&1551
.     ...1.:t,11.1,11'*:&6*/24'«..1/'lizilgi
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1 ttans fonnatic-n'.,_clt   ---  dx/u  i --where-:.u  .i.s. some   repr€s-entitiva.....
longitudinal  velocity,  such  as  average  or  centerline  velocity.
Thus Stefan and Va:Sdyaraman derive

·

db
(-) =cl·F

1

(23)
: 'i  :dx...B FiC'-3  r; k. E  :- ;E:3 2

YC:j  '.PY  T':'PE  OVER  TH·ESE V.:OPUS                                                      I
and Prych, somewhat differently,

db         7  2(-)  = c /4 F -1 (24)d x B    4    L

/ due   to the argument  that   the spreading should occur nor' al  to   
the jet boundary instead of normal to the jet axis.

i

The success of any spreading assumption, such as         I
St-0-1.ze·nbaeh-and-Bar-le[fiani si apo·itoach:Joi: :Eqe·.-23--or-24-rhas-to-=4
be seen by comparing to experimental data. Practically, J any
assumption leads to an overprediction of jet spread whenbver

FL becomes small.  As an example, see Fig. 3: good agreement
is obtained for centerline temperatures and jet thickness

while the jet width prediction strongly deviates from data at
a.certain downstream distance. i This overprediction is prob-
ibly due to two facts: 1) The retention of lateral jet-like
prof-iles at small FL' 2) The neglecting of lateral shear,
v'w', in the lateral momentum Eq. 11, .which is done by all
authors.  In fact, most experimental data indicate that 8is-

agreement between theory and experiment arises at a distance
when the local ratio b/h % 1004, which is also indicated from
Eq.  21,  as  Xi is  in the order -6.f 0.01.                             i

31                                             1
Conclusions:  The vertical buoyant acceleration coupled bith
the  density-discontinuity  of  the free surface gives risei to
horizontal pressure forces in surface buoyant jets.  These
forces 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 been shown that modifications of the classical jet
diffusion equations, such as Eqs. 13 to 16, adequately dh-
scribe the transition in surface jets from more non-buoyant to .:

more buoyant behaviour.  Yet the limiting case of strongly
buoyant behaviour is not predicted with required accuracy.  It

. .......fatz#rappears, however, that some additional refinement is possible
through the explicit incorporatton of a lateral sheat term in -,341 1

T.»&'pz,SEEthe spreading equation.
. I..1  203 1

Another restriction is giv en as follows: . irr»'rh-e- 92 59!lifigit:.1.i ,lf„. 
process it has been assumed that the depth of the buoyant  Te.t_-126'.'r jr-,-„-  It::-,-ifi#:

LI -i.*.



i &10::L:i;C'r .J   ·    '
1 P 5..a No.       / 2

JIRKA_AND_HARLEMAN_

1 typt
, I.....,

'. ., C·.23·
.r
-.
-'-.

 ·./     h     b

1                 10 100 0 0 500
1.0 '>'"T---'t -C-4--1._ 1 1.-79-4 , 1       111 l i l i 1 / , --1 +01.-
O.5                                                         -0,4 ,

AT »\ 0           -
\

C                                                                                                          .-                                         -- o   Experiment Ref. 2
AT ---- Theory Ref. 2.

Centerline  Temp.
0 -

----Theory ;Ret. 4 Rise: AT far
-C         0

0.1

0
,.r·-

-

e. O                               -
e

0
0

-1 93
Z

,/hb- o  Experiment Ref. 2.
0 0 -2 - Theory Ref.. 2

---- Theory Ref.'. 4

Half Depth: -h// hib
00

-3                                            x
0       50 100 150 200 -qh b

100 0 0

80 -    f  j,
1

60 - 1         /                                                                                                       -
_1    -.-- ".--      i J e      Exp. -. Ref. 2

/hb 40-
/ ,

Theory  Ref.2_1/
0 0 ---- Theory Ref. 4/,6..20_   10

6/ Half Width: b//hb
4:U

0 0

Fig. 3: Comparison Between Experiments 'and Theoretical
Predictions for a Surface Buoyant Jet

29       -1/2
Fo  =  Uo (-32  g ho) , h /b  = 0.87 and0 0a

k/Uo = 6.2 x 10 (adapted from Ref- 2)
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is only s].owly·yarying. .This is permissible . for- the .gradval._
transition from large to small EL.   For discharges with
initial small FL, however, abri.:st changes in jet depth in con-
·junction with strong vertical acceleratio:is cart occur, in
particular for jets with high aspect ratio, i.e., narrow· and  i
deep exit discharges.: ·:In.this,.case·,-neglecting the dynamic  :
pressure term and..·the. vertical·,momentum equation is no longer ;
justified and the integral approach appears not feasible'.    1

1

Buoyant Submerged. Jets in Shallow Water

Recirculation phenomena are of frequent occurrence for
jets discharged in confined surroundings. Examples inclhde
the homogeneous (non-buoyant) jet impinging on a wall.  Pres-
sure gradients which exist in the fluid are the agents

responsible for such recirculation. Whenever recirculation
into the jet proper occurs,..simple: jet,analysds cannot be used
€6--DrEdict  jet  behaviori                

Submerged buoyant jets ris6 to the water surface unher
the influence of buoyancy and as a function of the initial
discharge angle. Upon impingement on the free:surface the
flow spreads horizontally. The tendency for recirculation in
the vertical direction is inhibited due to the stabiliZiIlg
influence of buoyancy.  This qualitative difference between
non-recirculating ("stable") and recirculating ('»unstabld")
jet discharges is shown in Fig.i 4.for the case of a vertical
discharge.                     1                         1

9                                                                                                             .-
-

: The que>,tion of near-field stability as1«» 1

a function of jet parameters is impor-
tant fo  both three-dimensional (round+ 1 k  "         4

I

jet) and two-dimensional slot dis-
.:.,  "'ll '3<\,  "'   i  '., i-'.. charges., To date, no analysis ha§ been

proposed,for  the  three-dimensional  case.
5)  High-Buoyancy

The two-dimensional case has beenlana-
7 --·    lysed by Jirka and Harleman (9) and is-.

1/
-

r-, - 24 -; of particular interest in the prediction

1,"(111, C..I  t  ft-111-1,       ilst:t :tg:i"ll:::::pi:te::1:t:: :;1 aA
/  <                             pipeline,   laid  at  the  bottom  of  the                                          .4

// ,/'///A Y /,///////
receiving water, with many nozzles of

b) Little Buoyancy ,· . - -.xb- 1,1" diameter, D, attached at a regular .-·p:- ·....n..1:

- EFig. 4: ·Effect of   spacing,; i.   The individual round, jets .....»r 3 ..

<Buoyancy on the emanating from the nozzles interfere .:--.-.. 2::5, ....    ... 1Stability of the Jet after a short
distance . an,dt..for:Il=*t:·BYHXT/ 2 &< ' 5   4   Tr iIDischarge dimensiohal jet zone.   It has been .-- ,-

.-&.....1.
0--1....

' shown conclusiyely._(9)__thaut_the_j..e.t__z 2  -,«1--'./.--

. L



_.l.-1 ....

JIRKA_ANDi:.HARLEMAN._

parameters·  .in'  thif'. two-dimensional. zone  .are   equal i.tq· .those..of;
·an  "equivalent  slot  diffuser"  with  slot: width                   :

9
D-Ti

B= -
4£

I '71'c ».i-: ; : ,i.-c ' : : i--c .·:'Ir. z                         i         v
and equal discharge. velocity,:,U8: i-:Using:.the: concept  of  the      
"equivalent slot diffuser" reduces the number of dimension-  !
less parameters characterizing a multiport diffuser andithus i
provides a means to compare different designs.                t

Stability analysis: The distinct flow regions which r,n be  !
observed in an experimental investigation of a two-dimedsional

buoyant jet in finite water depth are shown in Figure 5 for  f
the case of a stable near field. These regiond are (i) a
buoyant jet region, (ii) a surface impingement region, (iii) 1

. . .  . . .    Ii                                 :.an-inter-nal,-hydr-aul-ic-- j.·ump•,7 ari·o,:·liv.,p a.:strat-if-ied-eountew-f-low-:
region. These regions, each with different hydrodynamic     1
properties allowing simplifying approximations, can be ana-  1
lysed separately.  Successive·matching of the individual     #
solutions yields a descriptioniof the total flow field.' Gb- 1
jective of the analysis is to determine the limiting condition
of a stable flow field, that is, the criterion line between
stable and unstable regimes.

1          -<
ti  .   ....                         i.    --- I

fo_ii   i

-_-4--1-1-      ''    -/R\.' C
i.\                           -
|i |

H -    ®-7---»   1  ' (T)   -  1   (13> 1        -i l.2'1      1,1   --»
1. -    -   .  +.l........

1//   \\   //    \\ ... //.  \/  // 77» \\   //    \\   //   3\   //  ...\\.
-B

1: Buoyant Jet Region 2: Surface Impingement Region.   

3: Hydraulic Jump· Region 4: Stratified Counterflow Region

Fig. 5: Vertical Structure of a Two-Dimensional Slot Jet Iin.
Finite Water Depth (stable near-field)-

Stability is primarily dependent on the regions (i),
(ii) and (iii).  Dimensional analysis of the problem gives the

following governing parameters:                         1
1 -1/2

Ap o                      =€S *Slot densimetric Froude number:  Fs = Uo(-r gB) 3-1./-- .
a (:- --1.I .        2=.'.

L

-1
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...*Relati.Ye·-water ..4.ep_th.:.-=.211-8. 1

Angla of discnarge:    9
0

where Ap  - initial density difference and Il = water dapth.
r·  , - · -    I  ,··  v :r     ·     ·-· i -:· ;   r      . : - ·.  -
. $ /'= »·t'.  ,-·.·.Z f, : ·_Z -:C :·Z

,.

(i) Buoyant Jet:  '-A' hydrohtitid· pressure-distribution is       i
assumed in. this region.  This is tantamount to the assumptiod
that the pressure disturbance.Bue to the rise in surface ele-
vation as a result of impingement is limited to the impinge-  
ment region.  This assumption is essentially verified by     j
experiments.  A buoyant jet analysis, utilizing.the entrain-
ment concept, is performed to give predictions of jet dilu-  1
tions and trajectories.

(ii) Surface Impingement:.The. surface. impingement region
-"providds--266  transitiod-b'etween  the" jet  floiC--iditii--67--dE/6-fig--1
vertical component,  and the horizontal spreading motion: The

process is a complex flow phenomenon, which is most conve-    
niently analysed by means of a control volume approach,i using
a continuity equation, a horizontal momentum equation and two.
energy equations (account is being taken for the energy lossl
in the flow transformation).  Results of the analysis give

the thickness of spreading layer, hl' and thus the elevation i
up to which effective jet entrainment occurs. Furthermore,
the dynamic characteristics of the spreading layer, repre-

sented by a densimetric Froudd number                  i

Fl = ul(r gal)31                          1  (25)
'0

where ul = layer velocity, Ap = relative density difference
between upper and lower layerJ can be calculated.  Fig.1 6
summarizes the results over the parameter range for the case

of vertical jet discharge.  The layer thickness is about 1/6
of the total water depth, only weakly dependent on. FS and
H/B.  The Froude number Fl is,strongly dependent on Fs and
H/B: high values of Fl persist in the shallow water - high Fs
range.

-i

(iii) Internal Hydraulic Jump:  Experimental observations ».
indicate that following the surface impingement the thickness

--:ACAlof the surface layer suddenly :increases in form of an inter- -fgae

nal hydraulic jump. In analogy to free surface flow a
.-- 3---*f  ashydraulic jump provides a transition between a supercritical
.,1 -...#ait:3

upstream section and a subcritical downstream section. The .:.I-;=&*m/VA

criticality   of a stratified system is def ineki-  6.*e.'e:.-=.1,1.,1. IRTAb il';5., 
»'"Pf·: (/-.-3--.Re ./ ./\S  -
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·2'·2· '  ·     'r
-- F.J.- +--F2

-=-1- -(-26)
3-

=»                .                  l.i....,1           1         1.    i.     1.     1following Schijf and    -
SchBnfeld (10), where - li  Ililli-

F,1.'is  thelorver.-'saye 1       -      21     1          1      1       1       1     j           1densimetric Froude-:

«/  *1       1    1    1    i   1  -1       1number analogous to

1."-L 1    41  1     1Eq. 25. A super-

critical stratified.  1/6 - /   / f ..0 lili 1    1-

flow section is  then    scol     /    /   4/ o  . 1'-
characterized by

-          1          1         ISS        '121                                          r

1-2   2         -|1'      le eF +F
, 1    (27)    1

,/

112

b                                                    ./ ./// el kl
and a subcritical one   mo             / /                    /   /   -

by                                                                          ,  /     «    ».'OI"a  '  / ,//     '..   2

cPZ

F12 + F22 < 1    (28)   '°     a.90· 50   100     F.
50

500           -KO

Fig. 6:  Thickness hl/H and Densimetric
That the flow section
.following the surface Froude Number Fl of the Surface

impingement is indeed Impingement Layer (Vertical Dis-
supercritical can be
shown by using the charge)

values for F from             I                         :     1

Fig. 6:  ine uality 27 is satiffied over the whole parameter   
range.

=!

The governing equations fdr internal hydraulic jumps havei

been derived by Yih and Guha (11).  A simplified solution for 1
small density differences has been obtained by Jirka and'       1
Harleman (9). The equations·indicate that for certain upstream
conditions no solution is possible,.that is, a stable sub-    
critical downstream condition does not exist.  In general,     
these upstream conditions are characterized by strong super-  i
criticality, namely high values  for  (F12 + F22) . The crite-  
rion line between those conditions where an internal hydraulid
jump is possible and those where no jump is possible and' hence 
tecirculation occurs is shown in Fig. 7 for various discharge  

 

angles, 0 . The shallow water - high F  is generally charac-
iterized b  near-field instability.  FurtRermore, for decreasing

|discharge angles (more horizontal discharge) the instability ,

1

is enhanced.                   ·---.4
Dilution prediction: The variable of major importance in the !

I.  -

evaluation of submerged discharges is the resulting surface  

--.

<157.     -       ·
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--    -*   -  '  -'-  --   - --    -'- -1 .dilution, ' S -. ':--2-or.-.Eh-e  :000 .              ,        '     .    .   ,  1  ,  .i  .1      .1       , / .    ,   ,  ,  ' .            1-
i i i I ca32 :f a stable ..- ':'.   t

..    '...,-:...
':EA.2.FiELD 11.1  

fi.eld S  ca'n De di-
S

.

-44L 9  

rectly.obtained from·;i
..,t-he buoyant jet ana-  2-A'J:__ 2

1000 zi               .iv C'

H/ -    69 J

/8 -
..e ic                thickness of the2     SOC) -- 0 0 .2 impingement layer.    i-  4 49 0

S-BLE       _    ilysis; if account is  1

0

being taken for the   2

,    rl 5-AR -FIELD                                                                                                                                              '

-1  1 001
··' Whenever the near-

field is unstabl6 and 1

/     /0 0              - . ''J,/               recirculation  into  thei

'.

%0 +          
;     jet zone occurs, then ,1 2 /'                        -    a simple buoyant jet  i

.       I , / , / ' . ,1 ''/ -·:ana-»s·is·-i-s-·not-vaflild·r50
10 50 .100 5CO 10CO

4               In this case the;near-1

 
field dilution i6 di- 1

 
Fig. 7: Stability of the Near-Field  rectly del)endenti on the "

Zone as a Function of Dis-   stratified counterflowl
charge angle, 0

I

system'in the far-
..9...      . .      ...1  field. This counter-

flew presents a balance between buoyancy forces and frictional
1forces (dependent on geometry, boundary and interfacial rough-
iness).  A variety of three-dimensional flow conditions can
result in the far-field, depend ent on geometry and horizontal

,momentum input  by the diffuser.. Values  for Ss, evaluated
Ithrough analysis of these diffarent far-field conditions have
 been obtained by Jirka and Harliman  (9) .    It  is also shown  in
.that reference that thermal diffusers for cooling water dis-
:charge are usuallf characteri*62 by an unstable near-field..

'Conclusions                                              i
1 „-                                                                                                                                    1

While jet models certainly  present one of the most impor-
it ant techniques for. thermal analysis, their application is
0-imited whenever some of the underlying assumptions are vio-
lated.    In  case of buoyant surface jet models. buoyancy will
4ltimately cause strong lateralispreading.  Retention of;jet-
 ike profiles and neglecting of lateral shear leads to ibaccu-
racies in the solution in comparison to available data. While
 xisting·models are capable to predict the transition from
Initial momentum-dominated behavior to more buoyant beha9ior,
the limiting case of strongly b6oyant spreading is not adequa-
 ely predicted.                 1                         1
1

7

Pressure disturbances occur whenever a submerged buoyant
jet impinges on the free surfacd.  When the jet is stron ly
buoyant, as indicated bv a low_.densimetric_Enoude_number-and--

4
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Ihigh-  re.lative 'fgater  devth:  'then   the .buoyanci·is  s«fficient..to.
prevent any vertical recirculation into tne Jet zone and

-.buoyant jet models are adequace for predicti.ve purposes. .CL

in case of recirculation, which is typical for cooling water
· discharges, different approaches  have  to  be  used  for  predic-
tion, ·such as outline.cL by.-Jir.kaE and,. Han]:eman  (9)..             1
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