
SZrgonne Rational Zabora to~  
I 

PHYSI,CAL - (HYDRAULIC) MODELING - OF 

HEAT D1SPERSION IN LARGE LAX,ES: -v 

A Review o f  the State of the Art 

by 

Edward Silberman and Heinz Stefan 

- - 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



LEGAL NOTICE 

TM5 fep~rt  m ~ s :  pzep.sbrjr8 aa aewuttt mf we& spdn$w~eB 
by %he Un%*d Eta t~s  Qo~eolsrrzerit, IMeP$hr the Uz&ad States: 
iQir 'the U a L M  &&per Atmi6  Eaergy Gst.)arnfsl~lon, %igr my 
d their empl~yess, m s  my sf thak m?atrtrac.tera, s~Fasc&~~- 
taps, M Chis ,rrgpIoyees, m9b:eb arry w - r ~ r i w ~  *re ra ar 
impltecP, ar asaurnes aqy legal 1fabtDxy or rcwonsib.bWty for 
&(B a s s ~ i b ~ ,  compla%mmsa ar u&&uBwz B P d h ~ ~ ~ a t i s l a ,  
apparatacs, ptteduct r r i  pxocsss dis~lekea, DT represenks &at 
is% use walsld not tihfzbge pivat&hy o m d  ~Ight8. 



. . 

ANL/ES-2 
Spec i a l  

ARGONNE NATIONAL LABORATORY 
9700 South,  Cass Avenue 

Argonne, I l l i n o i s  60439 

PHYSICAL (HYDRAULIC) MODELING OF 

HEAT DISPERS.ION I N  LARGE LAKES: 

A Review of t h e  S t a t e  of t he  A r t  

Edward Silberman and Heinz S te fan  

Unive ' rs i ty  of Minnesota 
S t .  Anthony F a l l s  Hydraulic Laboratory 

Minneapolis ,. Minnesota 

August 1 7 ,  1970 
I 

Work performed under 
i 

Subcontract  31-109.-38-2404 
f o r  Argonne Nat iona l  Laboratory 

L t U A L  N O T I C E  
This report was prepared as  an account of work 
sponsored by the  United States Government. Neither 
the United States nor the  United States Atomic Energy 
Commission, nor any of their employees, nor any of 
their contractors, subcontractors, or their employees, 
makes any warranty, express p r  implied, or assumes any 
legal liability or responsibility for the  accuracy, com- 
pleteness o r  usefulness of any information, apparatus, 
product o r  process disclosed, o r  represents that  its use 
would not infringe privately owned rights. 

Center  f o r  Environmental S tud i e s  

DISTFUBUTION OF THIS DOCUMENT IS UNL-L)! y 



THIS PAGE 

WAS INTENTIONALLY 

LEFT BLANK 



Page . 
... . . . . . . . . . . . . . . . . .  Preface ' . . . . .  ' . . .  . v 

. . . . . . . . . . . .  I . PRINCIPLES OF THERMAL P L W  MODELING; 1-1 

. . . . . . . . . .  . . . . .  .A.  Hydraulic Modeling 6 1-1 

. . . . . . . . . . . . . . .  B Dimensionless Modeling 1-3 
C . Basic Modeling ~ e ~ u i r e m e n t s  f o r  .Thermal Plumes ., . 1-7 

D . Visual  Aids . . . . . . , , . . . . .  , . . . . . . .  1-9 

. . . . . . . . . . . . .  I1 . FUNDAMEWTAL LABORATORY STUDIES . ' 
A . Types of Problems . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . .  B . Non-Buoyant J e t s  

C . Submerged Buoyant J e t s  . . . . . . . . . . . . . .  
D: Buoyant Surface J e t s  . . . . . .  - . . . . . . . . .  
E . Lake Plumes i n  t h e  Far  F i e l d  . . . . . . . . . . .  
F; Nuherical Coef f i c i en t s  from Laboratory Models . . 
. . . . . . . . . . . . .  G Laboratory Instrumentat ion 

. . . . . . . . . . . . . . . . . . .  Figures 11-1 through 11.13 . . .  .II.37.. 46 

. . . . . .  . . .  I11 . CASE STUDIES OF HYDRCtULIC MODELS; i .'I1 1.1 . 

. . . . . . . . . . . . . . . . . . . . . . . .  . A In t roduc t ion  111-1 

. . . . . . . . . . . . . . .  . B Allen  S . King P lan t  111-10 
. . .  . . . . . . . .  Figures 111-B-1 through 111-B-5 111-14--18 

C . Madison Gas and E l e c t r i c  Company P lan t  . . . . . .  111-19 
. . . . . . . . . . .  Figures  111 -C-1  through 111-C-5 111- 24.. 28 

. . . . . . . . . . . .  . . . .  . D Indian  Point  S t a t i o n  .. 111-29' 

. . . . . . . . . . .  E . Chalk Point  Steam Power P l a n t  , 111-30 

IV STATUS OF HYqRAULIC MODELING OF THERMAL PLUMES . . . ; IV-1 
. . . . . . . .  . A General Requirements f o r  Plume Models I V - 1  

B . P r a c t i c a l  Considerations i n  Hydraulic Modeling . . IV-2 
. . . .  

C . What Can B e  ~ c c o r n ~ l i s h e d  wi th  Hydraulic . . . . . . . . . . . . . . . . . .  . Model S tud ies  - 5  
D . Requirements f o r  Future Model S tud ies  . . . . . .  IV-6 

ACKNOWLEDGMENTS . . . . . . . . . . . . . . . . . . . . . . .  V.1 . 

. . . . . . . . . . . . . . . . . . . . . . . . .  LIST OF REFERENCES VI-;I 

iii 



T H I S  PAGE 

W A S  INTENTIONALLY 

LEFT BLANK 



PREFACE 

The St .  Anthony F a l l s  Hydraulic Laboratory has undertaken t o  c o l l a b o r a t e  

wi th  t h e  Argonne National  Laboratory i n  i t s  survey of t h e  s t a t e  of  t h e  a r t  of 

hea t  d i spe r s ion  from steam generat ing p l a n t s  i n t o  l a r g e  lakes.  The phase of 

t h e  work t o  be.covered by t h e  St .  Anthony F a l l s  Hydraulic Laboratory r e l a t e s  

t o  t h e  prospects  and problems associa ted  wi th  physica l  o r  hydraulic  modeling 

of thermal plumes and hea t  dispersion.  The s tudy  i s  supported under Contract  

No. 31-109-38-2434 with Argonne National Laboratory,  which became e f f e c t i v e  on 

February 16, 1970. , 

This p a r t  of  t h e  work has been subdivided i n t o  s e v e r a l  t o p i c s  which can 

be  c l a s s i f i e d  broadly a s  

1. Physical  concepts of thermal plumes derived from fundamental 

experimental s t u d i e s  and c r i t e r i a  f o r  hydraulic  modeling of 

d ispers ion;  

2. Adaptabi l i ty  of  hydraulic  models t o  providing parameters f o r  and 

checking of mathematical models; and 

3. Case h i s t o r i e s  of hydraulic  models appl ied  t o  p red ic t ing  thermal 

plumes a t  a c t u a l  power p lants .  

This  r e p o r t  t r e a t s  t h e  above t o p i c s  i n  some d e t a i l ,  although not  i n  t h e  

order  c i t ed .  It i s  based both on t h e  experience of t h e  authors i n  t h e i r  own 

research  and on t h e i r  con tac t s  wi th  o thers  i n  t h e  f i e l d  through the 'pub l i shed  

and unpublished l i t e r a t u r e  and through d i r e c t  interviews,  mostly by long- 

d i s t a n c e  telephone. 

Recently s e v e r a l  reviews and summaries on thermal po l lu t ion  l a r g e r  i n  

scope o r  emphasizing d i f f e r e n t  aspects  than t h e  present  one have been pub- 

l i s h e d ,  They are :  

Engineering Aspects of  Thermal Pol lu t ion ,  Proc. of t h e  National  
Symposium on Thermal Pollut ion,  1968, ed. by F.L. Parker and 
P.A.. Krenkel, Vanderbil t  Univers i ty  Press,  Nashville,  1969. 

~ i b l i o ~ r a ~ h ~  on ~ h e r m a l  ~ o l l u t i o n  by t h e  Committee on Thermal Pol lu t ion ,  
Proc. ASCE, San. Eng. Div., June 1967. 

Biologica l  Aspects of Thermal Pol lu t ion ,  prod. of t h e  National  
Symposium .on Thermal Pol lu t ion ,  1968, ed. by  F.L. Parker and 
P.A. Krenkel, Vanderbil t  Universi ty Press, Nashville,  1969. 

Parker, F.L. and Krenkel, P.A., Thermal Pol lu t ion:  S t a t u s  of  t h e  A r t ,  
, Report No. 3 ,  Dept, of Environmental and Water Resources Engineer- - 

ing, ~ a n d e r b i l t  univers i ty ,  Nashvil le ,  1969. 



I. PRINCIPLES OF THEXMAL PLUPlE MODELING 

m d r a u l i c  modeling of engineering works i s  a long-established p r a c t i c e  

which serves  several purposes. These include t h e  following: 

1. Gual i t a t ive  v i s u a l i z a t i o n  of t h e  behavior of t h e  prototype is 

r e a d i l y  obta ined. .  Gross omissions i n  design of the work and 

over-refinement of d e t a i l s  becane apparent  i n  t h e  model, where 

changes can be made a t  a small f r a c t i o n  o f  t h e  cos t  of  corre- . . 
sponding changes i n  t h e  prototype, 

2. Quant i ta t ive  es t imates  of some of . t h e  flow quan t i t i e s ,  such as 

v e l o c i t i e s ,  depths, and pressures, can be obtained f o r  use i n  

designing t h e  prototype. If  t h e s e  es t imates  a r e  c a r r i e d  on siml- 

taneously wi th  t h e  design process, t h e  feedback between model and 

ca lcu la t ion  can produce a near ly  optbum design. (Not a l l  param- 

eters lend themselves equal ly  w e l l  t o  q u a n t i t a t i v e  evaluat ion i n  

a model, however, ) 

3, Observation i n  t h e  model.leads t o  b e t t e r  understanding of t h e  . . 

physical  phenomena inf luencing t h e  behavior .of  t h e  prototype.: 

4, Visual iza t ion i n  a model l eads  t o  b e t t e r  understanding of a 

posed p r o j e c t  by laymen. 

A s i n g l e  model of a given engineering work may n o t  serve a l 1 t h e s . e  purpos,es 

simultaneousJy. Sometimes two or  more models a r e  used t o  emphasize d i f f e r -  

e n t  aspects  of a p ro jec t  and d i f f e r e n t  purposes, ' usua l ly  a t  d i f f e r e n t  sca les ,  

The dispers ion of heated e f f l u e n t  from a steam generat ing plant  i s  an 

engineering work i n  t h e  sense used above, and it seemed n a t u r a l  t o  consider 

s tudying t h e  phenomena involved using hydraulic models. I n  f a c t ,  such 

modeling has been under way s ince  t h e  19fj01s. The modeling of t h e m 1  plumes 

posed severa l  new problems i n  b d r a u l i c  modeling, and some old  ones had t o  

be reconsidered a s  well ,  One of t h e  l a t t e r  was t h e  problem of d i s t o r t i o n  of  

hor izon ta l  r e l a t i v e  t o  v e r t i c a l  sca les .  Some new ones involved t h e  e f f e c t  of  

s t r a t i f i c a t i o n  on model-prototype r e l a t i o n s  and t h e  modeling of t h e  a i r -  

water  in te r face .  These and o the r  problems were recognized when model s t u d i e s  

were undertaken,. and they  have been. solved t o  a c e r t a i n  extent ,  , 



Given t h e  p resen t  s t a t e  of knowledge, it can be s t a t e d  t h a t  hydraulic 

models of thermal plumes are capable of serving t h e  same broad purposes a s  

ou t l ined  above f o r  models' of other engineering p r o j e c t s  . ~ n f  ortunate'ly , ex- 
per ience  i n  developing models of  thermal plumes has been much more l imi ted ,  

and no t  a l l  the  r u l e s  f o r  modeling have been c l e a r l y  established.  For ex- 

ample, thermal: plumes involve  a near  f i e l d  (adjacent  t o  t h e  o u t l e t )  and a f a r  

f i e l d ,  and how these  should be  joined i n  a model i s  s t i l l  open t o  some ques- 

t ion .  

J u s t  a s  i n  t h e  c a s e  of models of o ther  hydraulic phenomena, observation, 

v i s u a l h i t i o n ,  and comprehension a r e  f a c i l i t a t e d  by t h e  small  s c a l e  of t h e  

model as compared t o  t h e  prototype, The time scale ,  being r e l a t e d  t o  t h e  

geometrical  sca le ,  i s  compressed, and tb e f f e c t s  of changes i n  meteorologictal 

o r  o t h e r  input  condi t ions  can be recognized e a s i l y  i n  t h e  model, though they  

, a r e  d i f f i c u l t  t o  i d e n t i f y  i n  t h e  ppototype. F'urthermore, changes i n  t h e s e  

i n p u t  condit ions can be appl ied  a t  w i l l  i n  t h e  model, whereas days, weeks, o r  

months of wai t ing  may be required  f o r  experiencing a given set of inpu t  con- 

d i t i o n s  i n  t h e  prototype. Also, t h e  c o s t  of c o l l e c t i n g  d a t a  i n  a model i s  

modest compared t o  t h e  c o s t  of obtaining f i e l d  data.  A s  f o r  o the r  engineer- 

i n g  works, d i f f e r e n t  models can be used f o r  d i f f e r e n t  aspects  of a thermal 

plume. For example, t h e  o u t l e t ,  whether on t h e  su r face  or  submerged, can be 

modeled without d is tor tkon,  whereas the  spread of  t h e  plume over a l a k e  sur-  

f a c e  requ i res  a model of much l a r g e r  surface  area  which normally has t o  be 

heav i ly  d i s to r t ed .  

It might be noted t h a t  many of t h e  advantages claimed f o r  a hydraulic 

model of thermal plume dispers ion could a l s o  be claimed f o r  a mathematical 

model augmented by a s u i t a b l e  three-dimensional d i sp lay  ,device. I n  fac t ,  t h e  

phys ica l  geometry i s  u s u a l l y  s b p l e r  i n  t h e  thermal plume case, e spec ia l ly  

over a l a k e  surface,  than it i s  f o r  most o ther  kinds of engineering problems, 

and t h i s  tends t o  f a c i l i t a t e  mathematical modeling. The f a c t  remains, how- 

ever, t h a t  mathematical modeling y i e l d s  l i t t l e  physical  ins igh t ;  a l so ,  t h e r e  

a r e  c e r t a i n  fundamental physical  parameters which,must be obtained e i t h e r  from 

f i e l d  measurements o r  from a physical  model r epresen ta t ion  of t h e  prototype 

phenomena if mathematical models a r e  t o  be used. These p a r m e t e r s  inc lude 

mixing coef f i c ien t s  both  a t  t h e  o u t l e t  and between l ayers ,  i n t e r f a c i a l  f r i c -  

t i o n  between s t r a t i f i e d  l ayers ,  w i n d . s t r e s s  on t h e  water surface,  and other 



f a c t o r s  r e l a t e d  t o  speed of 'advance and spreading of a thermal plume. They 

m a y  va ry  not only w i t h  s i t e  geometry, b u t  a l s o  from point  t o  point  i n  a given 

r e a l i z a t i o n .  A physica l  model o f f e r s  g r e a t  advantages i n  both t h e  obta in ing 

of t h e s e  parameters f o r  s p e c i f i c  sites and t h e  understanding of t h e i r  funda- 

mental physica l  s ign i f i cance ,  as a l ready  outl ined.  Once a physica l  model has 

been constructed,  it can work i n  harmony wi th  a mathematical model through 

feedback t o  p r e d i c t  thermal plume'behavior much a s  more co.nventiona1 engineer- 

i n g  design p r o b l m s . a r e  solved through t h e  use  of hydraulic  models. 

Meaningful hydraulic  modeling r e q u i r e s  t h a t  r e l a t i o n s  be es t ab l i shed  

between model-and prototype. This  i s  necessary even i f  t h e  model i s  being 

used only  f o r  v i s u a l i z a t i o n ,  although t h e  exact  q u a n t i t a t i v e  r e l a t i o n s h i p s  

may not need t o  be  s o  w e l l  def ined i n  t h e  v i s u a l i z a t i o n  case. It i s  gener- 

a l l y  impossible t o  reproduce exac t ly  i n  a s i n g l e  model a l l  t h e  phenomena 

which occur i n  a given prototype, simply because o f  t h e  g r e a t  d i f f e rence  i n  

sca le .  It i s  t h e r e f o r e  necessary t o  determine which q u a n t i t i e s  need t o  be 

f a i t h f u l l y  modeled i n  a given s i t u a t i o n  and which can be  neglected. Consid- 

e r a t i o n  needs a l s o  t o  be  given t o  whether a s i n g l e  model o r  s e v e r a l  d i f f e r e n t  

models should be used. ~ h e s e  dec i s ions .can  b e s t  be  made using dimensionless 

r a t i o s  wherein lengths ,  v e l o c i t i e s ,  temperatures, and o t h e r  parameters a r e  

measured wi th  r e s p e c t  t o  f ixed reference  q u a n t i t i e s .  These r a t i o s  and t h e  

r e l a t i o n s h i p s  between them can be obtained i n  va r ious  ways--from t h e  equa- 

t i o n s  of 'motion i n  exact  o r  approximate .form, from ad hoc experiments, by 

t e s t i n g  i n t u i t i v e  hypotheses, o r  by combinations of these.  The methods of  

obta in ing these  r a t i o s  will not be discussed i n  d e t a i l  herein,  b u t  t h e  re- 

mainder o f  t h i s  chap te r  w i l l  be devoted t o  a d i scuss ion  of t h e  important 

dimensionless numbers and t h e i r  app l i ca t ion  t o  hydraulic  modeling of  thermal 

plumes. 
. . 

B. Mmensionless Numbers 

The study o f  the physica l  behavior of heated water discharged i n t o  a 

l a k e  involves both  hydrodynamic and thermodynamic considerat ions.  There is 

f requen t ly  s i g n i f i c a n t  feedback from one t o  t h e  o ther .  A list of t h e  many * 
v a r i a b l e s  which must be considered i n  genera l  i s  given i n  Ref. 1 A modi- 

f i ed  and supplemented ve r s iop  of  this l is t  i s  reproduced i n  Table I-B-1. 

* 
Numbers i n  brackets  r e f e r  t o  List of References a t  end of r e ~ o r t .  



TAELE I-B-1 - Parameters Influencing Thermal P l u m s  

Discharae 

I, Effluent cha rac t e r i s t i c s  

a. Flow r a t e  

b. Density .difference ( r e l a t i ve  t o  r e f  ereuce density i n  receiving 
water ) 

c ,  Velocity a t  o u t l e t  ' 

11, Outlet  cha rac t e r i s t i c s  

a , .  Location 

b. Orf enta t ion  

c . Submergenc e 

d. Shape 

e. Size (depth, width) 

Receiving Water 

I. Flow dynamics 

a. R e - e d s t i n g  ve loc i ty  f i e l d  (magnitudes and direct ions  of l o c a l  
ve loc i t i e s )  ' . 

, b. Tidal  currents  

c. Wind-induced and other currents 

d. Surface waves 

e. Free turbulence 

a, Pre-existing s t r a t i f i c a t i o n  due t o  temperature, solids,  and 
solvents . ..# 

b. Wind and t i d a l  e f fec t s  on s t r a t i f i c a t i o n  

111. Geometrical cha rac t e r i s t i c s  

a. Shape 

b, Size (widths and depths) 

c. Bottom configuration and roughness near ou t l e t  

Atmosphere 

I. Wind 

a, Velocit i  qs  (magnitude a td di rec t ion)  

b. Shear s t r e s s e s  a t  water surface 

11. A i r  

a. Temperature 

b. Relat ive humidity 

111. Solar radiat ion 



To f a c i l i t a t e  determination of modeling c r i t e r i a  t h e  v a r i a b l e s  a r e  

grouped i n t o  dimensionless numbers, The r e s u l t a n t  s e t  of dimensi,on%ess num- 

b e r s  must descr ibe  ( a )  t h e  geometry, (b)  t h e  kinematics, ( c )  t h e  dynamics, 

and . (d )  t h e  thermodynamics of t h e  plume and of t h e  rece iv ing water. The 

r e l a t i o n s h i p  between f low and h e a t  t r a n s f e r  i n  t h e  water  and i n  t h e  a i r  must. 

a l s o  b e  considered. 

The flow geometry can be  expressed by a humber of length,  depth, and 

width ratios--e.g., the '  r e l a t i v e  width of t h e  o u t l e t  channel, t h e  r e l a t i v e  

d i s t a n c e  a1ong.a j e t  a x i s ,  and t h e  r e l a t i v e  dep th .o f  t h e  impoundment using t h e  

o u t l e t  channel depth d a s  t h e  reference  length .  One o r  more angles  may be  
0 

r equ i red  t o  def ine  t h e  or ient .a t ion  of t h e  o u t l e t .  Other poss ib le  geometrical  

r a t i o s  inc lude  r e l a t i v e  roughness of t h e  o u t l e t  channel and r e l a t i v e  th ickness  

o f  the: . ,a ir  bou.ndary l a y e r  f o r  wind. There a r e  usua l ly  a g r e a t  maw more of 

t h e s e  geometrical parameters. 

,Kinematical r a t i o s  involve  flow p a t t e r n s  and r a t i o s  of c u r r e n t  veloc- 

i t i e s ,  e x i t  v e l o c i t i e s ,  and wind v e l o c i t i e s  r e l a t i v e  t o  a r e fe rence  v e l o c i t y  

which i s  u s u a l l y ' t h e  p lume 'veloci ty  a t  t h e  o u t l e t ,  U . Kinematical consid- 
0 .  

e r a t i o n s  include l o c a l  flow d i r e c t i o n s  a s  w e l l  a s  magnitudes. It should be 

recognized t h a t  t h e  form of t h e  v e l o c i t y  d i s t r i b u t i o n s  i s  important a s  w e l l  

and requ i res  i d e n t i c a l  r ep resen ta t ion  i n  model and prototype. 

The bdrodynamics of t h e  flow a r e  represented  by r a t i o s  meaiuring t h e  

r e l a t i v e  importance of t h e  var ious  forces.  For example, t h e  r a t i o  of  i n e r t i a l  

t o  g r a v i t a t i o n a l  fo rces  i s  given by a Froude number, ko = U /- i of 
0 .  

by a densimetrie  h o u d o  number 

of i n e r t i a l  t o  v iscous  fo rces  by a Reynolds number, 

. . 
R e  = ' U  d v Herein t h e  subsc r ip t  llo" r e f e r s  t o  r e fe rence  condit ions,  which 

0 0 of d o  
i n  t h o  oase of d e n s i t y  p and v i , scos i ty '  v a r e  usua l ly  taken a t  l a k e  am- 

0 0 

' b i en t  temperature 
TO. 

Also important,  and r e l a t e d  t o  t h e  d e n s b e t s i c  Froude 

number, i s  t h e  l o c a l  Richardson number, t h e  r a t i o  of  buoyant t o  i n e r t i a l  

fo rce  gradient ,  R i  = -,g * , where z i s  t h e  v e r t i c a l  coordinate.  
( d u ~ d s ) ~  

Forces due t o  t h e  Ear th ' s  r o t a t i o n  can become important when l a r g e  arias of 

t h e , E a r t h l s  su r face  a r e  being modeled. The r a t i o  o f  r o t a t i o n a l  t o  i n e r t i a l  



a L  
- 0 

f o r c e s  is given by a Rossby number, - , where no measures t h e  

angu la r  v e l o c i t y  of t h e  E a r t h  a t  t h e  given l a t i t u d e  and Lo i s  a reference ,  

l e n g t h  comparable t o  t h e  e n t i r e  l eng th  o f  t h e  heat  d i spe r s ion  area. Rota- 

t i o n a l  fo rces  can genera l ly  be  ignoped i n  a thermal plume model un less  t h e  

Rossby number i s  considerably g r e a t e r  than unity.  

The thermodynamic f a c t o r s  can be  analyzed by lumping t h e i r  e f f e c t s  i n t o  

an  equi l ibr ium temperature 
T~ 

of t h e  water. The equil ibrium temperature i s  

t h a t  water  temperature a t  which  t h e  n e t  h e a t  f l u x  through t h e  water su r face  

i s  zero;  i t s  value  depends on 'atmospheric condit ions.  .The d i f fe rence  be- 

tween TE and t h e  l a k e  ssufciac temperature a t  any p n l n t  Td,  (Ti - T ~ ) / T ~ ,  

i s  then  a measureof the  removable por t ion  of t h e  excess temperature a t  any 

p l a c e  i n  a plumeo and t h e  consequent heat  t r a n s f e r  r a t e  per  u n i t  a rea  i s  

measured by a c o e f f i c i e n t  o f  su r face  hea t  t r a n s f e r ,  K . It i s  use fu l  t o  
S 

d i s p l a y  t h e  surface  hea t  exchange c o e f f i c i e n t  i n  dimensionless form as a 

Nussel t  number, ~ ~ d ~ / k ,  where k i s  t h e  thermal conduct iv i ty  of t h e  water. 

The r e l a t i v e  d e n s i t y  d i f fe rence  bplpo, which i s  a reference  f o r  t h e  buoy- 

ancy fo rces ,  measures t h e  s t r a t i f i c a t i o n ;  it i s  determined by t h e  temperature 

r a t i o  (TA - T ~ ) / T ~  (al though it may a l s o  be Mfluenced by d i f fe rences  i n  

s a l i n i t y ,  i n  suspended load,  o r  i n  o the r  mat ter  present ) .  It i s  a l s o  u s e f u l  

t o  in t roduce  t h e  P rand t l  number, Pro, the  r a t i o  of  t h e  v i s c o s i t y  c o e f f i c i -  

e n t  ' t o  t h e  product o f  thermal conduct iv i ty  and speci.fi.c heat, o f  t h e  water.  

W i ' t  h in  a t u r b u l e n t  water  body t h e  hor izonta l  and v e r t i c a l  coef t i c i e n t s  of 

eddy v i scos i ty ,  uV/vO and vh/vO, and o f  tu rbu len t  heat  d i f f u s i o n  o r  

mixing, D ~ / v ~  Bnd D ~ / v ~ ,  respect ive ly ,  a r e  funct ions  of t h e  hydrodynam- 

i c a l  r a t i o s  and of n p / p ,  : t h e  r a t i o  of t h e  f a r m e r . t o  t h e  l a t t e r  forms a 
0 .  

t u r b u l e n t  P rand t l  number Prt.  

Another important r a t i o  which a lso .depends  on t h e  previously l i s t e d  

dimensiotiless numbers i s  t h e  entrainment c o e f f i c i e n t .  It i s  u s e f u l  i n  

measuring the cooling due t o  mixing wi th  ambient waters  a s  opposed t o  cool ing  
d(Q/Q0) 

t o ' " t h e  atmosphere; it' can b e  defined a s  E = 
do 7-m' t h e  dimensionless 

r a t e  of  increase  of discharge,  Q, wi th  d i s t a n c e  due t o  entrainment of 

ad jacen t  f lu id .  



C,  Basic Modeling Requirements f o r  Thernse1,Plumes 

Exact modeling would re4u i re  i d e n t i c a l  values f i r  a l l  dimensionless 

numbers i n  model and prototype,  and i n  p r a c t i c e  it i s  v i r t u a l l y  impossible t o  

achieve t h i s .  Only a s e l e c t e d  r&nber of  r a t i o s  can be  matched, Which num- . 

b e r s  a r e  s e l e c t e d  f o r  matching depends on t h e  problem being modeled. When 

t h e  r a t i o s  t h a t  a r e  deemed' important have been equated i n  model and prototype, 

s i m i l a r i t y  is  s a i d  t o  have been a t t a ined .  

I n  designing a hydraulic  model, only o v e r a l l  dimensionless numbers can 

b e  spec i f i ed  in advance. These inc lude  t h e  given geometrical  r a t i o s  and t h e  

Froude number, dens imetr ic  Froude number, Reynolds number, Rossby number, 

P rand t l  number, and o v e r a l l  removable heat  (Tea - T ~ ) / T ~ .  The o ther  numbers, 

both  o v e r a l l  a n d l o c a l ,  a r e  consequences of t h e  chokces t h a t  have been made 

and must be  determined, i n  t h e  model. Ackers [2, Ch. 61 d i s t ingu i shes  be- 

tween t h e  e f f e c t s  of  j e t  d i f fus ion ,  buoyant spread, convective spread,' mass 

t r a n s p o r t  by d b i e n t  cu r ren t s ,  ambient t u r b u l e n t  mixing, end surface  cool ing  
. . 

and gives  sca l ing  repuirements f o r  each of these .  ' Unfortunately, t h e  s c a l i n g  

requirements' f o r ' t h e s e  a r e  not  a l l  compatible . fo r  a 'iivsn plume; 
. . 

r e l a t i o n s h i p s  among t h e  various '  s c a l i n g  requirements a r e  discussed i n  Ref. 

2 For example, i f  t h e  same d e n s i t y  d i f f e r e n c e  a t  t h e  o u t f e l l  i S  used i n  

model and i n  prototype,  it i s  poss ib le  t o  model j e t  d i f f u s i o n  and buoyant 

plume behavior near  t h e  o u t l e t  i n  a geometr ica l ly  s i m i l a r  model of l a r g e  

s i z e ,  and mass . t r anspor t ' by  ambient cu r ren t s  c a n , a l s o  be  modeled co 'rrect ly.  

However, o ther  p r o p e r t i e s  w i l l  not  be sca led  c o r r e c t l y ,  and only if  t h e s e  

o t h e r  properties a r e  unimportant i n  t h e  given problem can it be s a i d  t h a t  t h e  

model is  adequate. 

It i s  genera l ly  agreed t h a t  buoyancy i s  one dominant aspect  of t h e  f low 

i n  modeling thermal plumes i n  lakes,  and thus  t h e  at tempt must be  made t o  

match densimetric  Froude numbers. Near an o u t l e t  i n  a flowing r i v e r  o r  t i d a l  

e s t u a r y , . g r a v i t y  i s  very  important i n  c o n t r o l l i n g  mixing, and t h e  Froude 

numbers have t o  be matched. Geometrical s i m i l a r i t y  i s  a l s o  required . in  a l l  

modeling. However, d i s t o r t i o n  may be necessary because t h e  hor izon ta l  ex ten t  

..of, a plume. i s  l a r g e  compared t o  i ts  ,depth, and i f  the , .dep th  were c o r r e c t l y  . 

modeled, surface t ens ion  and contaminants on t h e  su r face  would completely 

des t roy  _ . -  . , 
. kinematical  s i m i l a r i t y ;  it would a l s o  be d i f f i c u l t  t o  measure depths 

,. , 8 .. . ! , . '  . ' 

cor rec t ly .  . , . . .. . . . 
. '_i . . .  . 

. . 



Reynolds numbers 'are r a r e l y  matched, bu t  t h i s  i s  genera l ly  not  consid- 

e red  a se r ious  handicap a s  long a s  t h e  Reynolds nwaber i n  t h e  model i s  suf-  

f i c i e n t l y  l a r g e  t h a t  t h e  flow i s  turbulent .  If  t h e  flow .is tu rbu len t  i n  t h e  

p ~ o t o t y p ~  a s  it usua l ly  is, and laminar i n  t h e  model, shear  on t h e  s o l i d  

boundaries w i l l  p lay  t o o  important a r o l e  i n  t h e  model and mixing may be in-  

h ib i t ed .  Once t h e  flow becomes turbulent ,  eddy v i s c o s i t i e s  and mixing co- 

e f f i c i e n t s  a r e  u s u a l l y  considered t o  be s u f f i c i e n t l y  defined by t h e  dynamics 

a t  t h e  boundaries of t h e  flow, but  t h e  adequacy of  t h i s  assumption i s  one of 

t h e  unsolved problems i n  thermal plume modeling. Thus, another reason f o r  

d i s t o r t i n g  t h e  model i s  t h i s  requirement t h a t  flow i n  t h e  model be turbulent ,  

I n  a model whose hor izon ta l  s c a l e  i s  flared by other  considerrrti.ons, t.i~rhi~.- 

l e n c e  can usual ly  be obtained only by a r t i f i c i a l l y  increas ing t h e  depth i n  

t h e  model. Barr [3] and o t h e r s  have proposed methods f o r  ca lcu la t ing  t h e  

requ i red  d i s t o r t i o n ,  b u t  t h i s  i s  another problem requir ing f u r t h e r  study. 

S t i l l  another reason f o r  d i s t o r t i o n  i s  t h e  r e l a t i v e  magnttude of t h e  

r a t e  of heat  l o s s  a t  t h e  water  surface  compared t o  t h e  heat  content  of t h e  

plume. I n  models which do n o t . c o n t r o 1  t h e  atmosphere'above t h e  water  sur- 

face,  t h e  heat l o s s  may be t o o  l a r g e  i n  a geometrical ly sca led  model; an 

i n c r e a s e  i n  depth w i l l  ad j u s t  t h e  r e l a t i v e  heat  l o s s  r a t e  t o  a more accura te  

value. 

Modol d i s t o r t i o n ,  though a v i o l a t i o n  of ,Ure~ requirement f o r  geometrteal  

s i m i l a r i t y ,  thus o f t e n  f a c i l i t a t e s  thermodynamic and hydrodynamic modeling 

and has become r a t h e r  common pract ice .  A l l  t h e  models discussed i n  Chapter 

I11 resor ted  t o  geometrical  d i s t o r t i o n ;  t h i s  involved increas ing the depth 

by f a c t o r s  i n  the . range  of  5 t o  16, t h e  l a r g e r  f a c t o r s  accompamng t h e  

smal le r  horizont a 1  scales .  

The Richardson . . number i s  a d i r e c t  measure of t h e  s t a b i l i t y  of a dens i ty  

s t r a t i f i e d  flow. If it. is  of t h e  order of c l o s e  t o  u n i t y  o r  l a r g e r ,  la rge-  

s c a l e  mixing across  an i n t e r f a c e  i s  inhibi ted .  I n  tu rbu len t  flow small  o r  
nega t ive  values a r e  assoc ia ted  wi th  considerable mixing and entrainment. 

Hence, heat  spread i n  a model w i l l  represent  t h a t  i n . a  prototype only i f  t h e  

Richardson number a t  va r ious  po in t s  i n  the-  model is near u n i t y  when prototype 

va lues  a r e  near u n i t y  o r  l a r g e r ,  and v i c e  versa.  

Thermodynamic parameters have r a r e l y  been modeied accurately,  al though 

t h e y  have been given some a t t e n t i o n  i n  many of  t h e  models t o  be discussed i n  



Chapter 111. Attempts a t ' a c c u r a t e  modeling inc luding atmospheric e f f e c t s  a r e  

described i n  Refs. [4] and [5]. Modeling of t h e s e  parameters appears t o  be 

more important f o r  t h e  f a r  f i e l d  than f o r  t h e  near  f i e l d ,  because mixing i s  

probably t h e  p r i n c i p a l  mode of cooling i n  t h e  l a t t e r  case. I n  arry event,  it 

i s  probably npt ,necessary  t o  model a l l  atmospheric parameters  a s  such a s  long 

a s  t h e  equil ibrium temperature and t h e  corresponding su r face  hea t  t r a n s f e r  

c o e f f i c i e n t s  ( s t r a t i f i c a t i o n  and removable excess heat ,  a s  defined.previous-  . 

l y )  a r e  modeled. 

I n  addi t ion  t o  cooling e f f e c t s  which may be  included i n  equi l ibr ium 

temperature, wind a l s o  causes a su r face  shear  s t r e s s  which produces c u r r e n t s  

i n  t h e  rece iv ing body of water  and curvature  of  a t  l e a s t  t h e  upper p a r t  of 

t h e  main t r a j e c t o r y  of t h e  plume. Ekperimental f i e l d  s t u d i e s  of wind e f f e c t s  

on t h e  thermal p i ~ m e  have been c a r r i e d  out  a t  e x i s t i n g  thermal p l a n t  s i tes ' : :  

i n  Holland [6] and i n  Lake Ontario [7]; they show t h e  importance of  wind i n  

plume migration. However, l i t t l e  fundamental work has been done on modeling 

wind-produced currents .  Attempts t o  simultaneously model both t h e  cooling 

and t h e  wlnd d r i f t  e f f e c t s  a r e ' u s u a l l y  doomed t o  f a i l u r e ,  because it i s  

genera l ly  impossible t o  pGod&& s u f f i c i e n t  wind s t r e s s  without producing t o o  

low an  equil ibrium temperature over t h e  .model. 

D. Visual  Aids 

It might be pointed o u t ' t h a t  a number of  f i lms  a r e  a v a i l a b l e  which can 

b e  u s e f u l  i n  f a m i l i a r i z i n g  completely inexperienced persons wi th  some phys- 

i c a l ' a s p e c t s  of thdrmal plumes. On some occasions experiments have been 

undertaken .for no o the r  purpose than t o  show dynamical a spec t s  of  phys ica l '  

mechanisms. Unfortunately, l abora to ry  f i l m  c l i p s  a r e  seldom ed i t ed  or 'avai l -  

a b l e  ou t s ide  a s p e c i f i c  laboratory.  However, t h e  fol lowing motion p i c t u r e s  

dea l ing  wi th  s t r a t i f i e d  flows and buoyant o u t f a l l s  have been located:  

1. " S t r a t i f i e d  Flow," by R. R. Long, , . ESI Educational  F lu id  Mechanics 

. .  film. 

2. ~ ~ r i m e n t s  on Turb id i ty  Currents," by G. V. Middleton, 16 mm 

co lo r  f i lm, approximately 700 f t ,  20 min, filmed a t  t h e  W. M. 

Keck Laboratory of Hydraulics and Water Resources, Ca l i fo rn ia  

I n s t i t u t e  o f  Technology, a v a i l a b l e  from t h e  Ca l i fo rn ia  I n s t i t u t e  

of Technology Bookstore, Pasadena, Cal i fornia .  



3. 'Warm Water Flow i n t o   impoundment^,^ by H. Stefan,  16 mm c o l o r  

sound f i l m ,  approximately 550 f t ,  16 min, filmed a t  t h e  St .  

Anthony F a l l s  Hydraulic Laboratory, Univers i ty  o f  Minnesota. 

The second o f  t h e s e  f i l m s  shows t h e  head of a t u r b i d i t y  c u r r e n t  ( o r  

d e n s i t y  c u r r e n t )  formed by sudden r e l e a s e  of  sediment-laden water i n t o  a 

s t i l l  rese rvo i r  i n  t h e  labora tory .  A v a r i e t y  o f  condi t ions  a r e  demonstrated 

i n  t h e  f i lm.  

I n  t h e  t h i r d  f i l m  t h e  behavior .of an i n t e r f a c e  between heated and cold  

water ,  made v i s i b l e  by dye, is  shown. The i n t e r f a c e  was photographed nea r  

t h e  o u t l e t  and a l s o  a t  some d i s t a n c e  downstream. Surface spreading p a t t e r n s  

( t i m e l i n e s )  of a thermal plume i n  a wide t ank  a r e  a l s o  shown. Some e f f e c t s  

of  turbulence  and buoyancy on t h e  shape and smoothness o f  t h e  contours o f . a  

thermal  plume a r e  v i s i b l e .  

Some v e r t i c a l  motion p i c t u r e s  were- a l s o  made during a s tudy reported.  

i n  Ref. [8]. Three' types  of  flow were obs erved: 

For low i n i t i a l  jet v e l o c i t i e s  t h e  f low appeared t o  be  
e i t h e r  laminar f low o r  simply a spreading of  t h e  warm 
water over t h e  surface.  For higher j e t  v e l o c i t i e s  a 
meandering occurred which was of  npprooiable magnitudo. 
For s t i l l  h igher  v e l o c i t i e s  the meandering became much 
smaller  and t u r b u l e n t  mixing occurred, wi th  r e l a t i v e l y  
l a r g e  eddies  s w i r l i n g  throughout t h e  mixing j e t .  Large 
eddies formed a t  t h e  edges of  t h e  mixing j e t ,  entrap- 
ping water  from t h e  surrounding rece iv ing  water. 

Another series of  f i l m  c l i p s  was produced a t  t h e  Engineering Experiment 

S t a t i o n ,  Oregon S t a t e  Universi ty,  Corva l l i s ,  Oregon, by L. .S .  S l o t t a  and 

o t h e r s  dur ing  a s tudy  on s t r a t i f i e d  r e s e r v o i r  currents .  These c l i p s  show 

t h e  evolut ion  of o r i g i n a l l y  v e r t i c a l  t ime l ines  through a r e se rvo i r ,  repre-  

sented  by a t i l t e d  g l a s s  flume, which i s  s t r a t i f i e d  throughout its depth  a s  

t h e  degree of s a l t  concentra t ion  i n  t h e  water  i s  varied.  The flow p a t t e r n  

i s  caused by sur face .d i scharge  of f r e s h  water  from a channel a t  one end of  

t h e  r e s e r v o i r  .and simultaneous s e l e c t i v e  withdrawal from var ious  l a y e r s  a t  

t h e  o t h e r  end. 



11.. FUNDAMENTAL LABORATORY STUDIES 

A, Types of Problems 

A thermal plume discharging i n t o  a body of water i s  i n f l u e w e d  by t h e  

many f a c t o r s  l i s t e d  i n  Table 1-B-1. A s  was pointed out  i n  Chapter I, not  a l l  

b f 2 t h e s e  f a c t o r s  a r e  equa l ly  important i n  every case, and even those  t h a t  a r e  

of considerable importance cannot a l l  be  s tud ied  i n  t h e  l abora to ry  i n  t h e  

same model a t  t h e  same t ime because of t h e  l a r g e  geographical a rea  t h a t  a 

plume covers. To f a c i l i t a t e  l abora to ry  s tudy of thermal plumes it i s  conven- 

i e n t  t o  consider  a plume a s  cons i s t ing  of t h r e e  sequen t i a l  elements. 

The f i r s t  of t h e s e  i s  t h e  near f i e l d  o r  o u t l e t  region,  t h e  region sur-' 

rounding t h e  point  of emission of  the.plume. The emit ted flow can be  gener- 

a l l y  c l a s s i f i e d  i n t o  submerged buoyant jets and semi-submerged o r  su r face  

buoyant j e t s .  The former a r e  t y p i c a l l y  represented  by a submerged pipe out- 

l e t  and the T a t t e r  by a su r face  canal ,  The emit ted flow could be  f u r t h e r  

c l a s s i f i e d  by other  geometrical  proper t ies ,  such a s  angle  of discharge,  bu t  

it i s  not necessary t o  do so  a t  t h i s  time. The advantage of sepa ra t ing  t h e  

near  f i e l d  o r  o u t l e t  region from t h e  remainder of  t h e  plume i n  a l abora to ry  

model i s  t h a t  t h i s  region can then be modeled on a reasonably l a r g e  and un- . 

d i s t o r t e d  s c a l e  which f a c i l i t a t e s  measurements .and observations of those  

f a c t o r s  which a r e  most 3mportant a t  t h e  o u t l e t .  1n f a c t ,  s e v e r a l  such model 

s t u d i e s  have been made. The disadvantage i s  t h a t  t h e  feedback from t h e  re- 

mainder of t h e  plume i s  l o s t  and has t o  be  represented by a r t i f i c i a l  boundary 

condit ions.  Sometimes, such a s  when considerable  mixing occurs a t  t h e  out- 

l e t ,  t h e  requi red  boundary condi t ions  a r e  obvious; b u t  under o the r  condi t ions  

s e v e r a l  p o s s i b i l i t i e s  a r e  open, and it is not  easy  t o  choose t h e  c o r r e c t  one. 

Some of t h e  completed s t u d i e s  have n o t  recognized t h i s  problem. Severa l  d i f -  

f e r e n t  boundary condi t ions  may have t o  be  used i n  a given o u t l e t  s tudy t o  

r ep resen t  a whole r ange .o f  f a r  f i e l d  condi t ions  produced by wind, cu r ren t s ,  

and l a k e  thermodynamics. 

Regardless of t h e  geometry of t h e  near f i e l d  problem, t h e  plume eventu- 

al ly 'becomes near ly  hor izon ta l  and spreads i n ' s u c h  a fashion t h a t  t h e  i n f l u -  

ence of t h e  near  f i e l d  has 'completely disappeared--i t  makes no d i f fe rence ,  

f o r  example, whether t h e  jet was i n i t i a l l y  submerged o r  semi-submerged. This 

region can be  c a l l e d  t h e  f a r  f i e l d .  The important cons idera t ions  here a r e  



r a t e  of cooling t o  t h e  atmosphere, convection by mean flow, t i d e s ,  wind cur- 

r e n t s  and other cur ren t s ,  and boundary conf igura t ion of t h e  water body. The 

f a r  f i e l d  i s  much l a r g e r  than t h e  near f i e l d  and i n  l abora to ry  s t u d i e s  gener- 

a l l y  has t o  be represented on a d i s t o r t e d  sca le ,  Therefore, it cannot be 

modeled according t o  t h e  same laws a s  t h e  near f i e l d ,  .By de f in i t ion ,  how- 

ever, t h e  near f i e l d  i s  unimportant, and it m a k e s ' l i t t l e  d i f fe rence  f o r  t h e  

f a r  f i e l d  s t u d i e s  how t h e  plume i s  produced. One problem i s  t h a t  of recog-' 

n i z i n g  where t h e  f a r  f i e l d  begins and reproducing t h e  i n i t i a l  condit ions a t  

t h a t  point ,  Far f i e l d  problems i n  1 a k e s . a r e  genera l ly  more d i f f i c u l t  than 

i n  r i v e r s  o r  e s t u a r i e s  because i n  t h e  l ake  case t h e  s e v e r a l  forces  c r e a t i n g  

motion and turbulence--buoyancy, wind stress, n a t u r a l  currents--are a l l  of 

t h e  same order of  magnitude and have t o  be  found a s  p a r t  of t h e  solut ion.  I n  

r i v e r s  and e s t u a r i e s ,  on t h e  o ther  hand, t h e  d r iv ing  f o r c e  due t o  g r a v i t y  f a r  

outweighs t h e  o the rs  and es tab l i shes  t h e  flow p a t t e r n  almost independently of 

buoyancy, temperature becoming merely a marker of f l u i d  p a r t i c l e s .  

The t h i r d  element of  a plume i s  t h e  region.  jo in ing t h e  near f i e l d  and 

t h e  f a r  f i e l d .  Its leng th  may v a r y  considerably from one physical  r ea l i za -  

t i o n  t o  another. I n  the.submerged jet case  it includes  t h e  region of t h e  

' v e r t i c a l l y  r i s i n g  plume, The laws of modeling involve both mixing and en- 

trainment problems. a ssoc ia ted  with t h e  near f i e l d  .and su r face  cooling and 

convection problems assoc ia ted  wi th  t h e  f a r  f i e l d ,  An undistortbd l abora to ry  

model i s  des i rab le  i n  t h i s  joining region, but  t h e  laws of  modeling a r e  con- 

s i d e r a b l y  more complicated than  i n  t h e  o u t l e t  region because of t h e  increased 

number of important f ac to r s .  The t r u e  joining region has, i n  f a c t ,  been 

l i t t l e  s tudied i n  t h e  l abora to ry  because of t h e  l i m i t a t i o n s  imposed b;y tank 

w a l l s  and by t h e  d i f f i c u l t y  of properly represent ing t h e  feedback from t h e  

f a r  f i e l d .  

Severa l  processes a r e  a t  work i n  spreading h e a t  from s warm water  out- 

l e t  through a body of water. I n  one group a r e  those  processes associa ted  

with t h e  spread of j e t  momentum--convect_ion and momentum t r a n s f e r  as,measured 

by eddy viscos i ty .  If  t h e s e  were t h e  only processes, heat  would a c t  a s  a 

marker of f l u i d  p a r t i c l e s  and heat  spread could be ca lcu la ted  once t h e  veloc- 

i t y  p a t t e r n  was known (allowing .for su r face  cooling). I n  another group a r e  

processes associa ted  wi th  t h e  large-scale eddy s t r u c t u r e  of t h e  flow, which 

mixes masses of warmer and coo le r  f l u i d  almost independently of momentum 



t r a n s f e r  (although momentum t r a n s f e r  i s  p a r t l y  responsib le  f o r  t h e  l a r g e -  

' s ca le  eddy s t ruc tu re ) .  These large-sca le  mixing processes are i n h i b i t e d  

when t h e  densimetric  Froude number is  smal l  o r ,  more properly,  when t h e  . 

' l o c a l  Richardson numbers a r e  large--small v e l o c i t y  g rad ien t s  accompanied 

l a rge ,  s t a b l e  dens i ty  gradients .  This l a s t  s i t u a t i o n  usua l ly  p r e v a i l s  a t  t h e  

thermocline i n  t h e  f a r  f i e l d ,  and the re  i s  l i t t l e  mixing across  it. Hence i n  

t h e  f a r  f i e l d ,  i f  it were not  f o r  hor i zon ta l  mixing, t h e  h e a t  spread could be  

ca lcu la ted  if t h e  v e l o c i t y  f i e l d  were known, and v i c e  versa. Since t h e  hori-  

z o n t a l  m i x i n g i s f r e q u e n t l y  s m a l 1 , i t i s  not u s u a l l y  necessary t o  measure both 

s t reamlines  and d i spe r s ion  p a t t e r n s  i n  model experiments i n  t h e  f a r  f i e l d .  

Nearer an o u t l e t ,  however, t h e  la rge-sca le  mixing processes a r e  u s u a l l y  

much more important, because t h e  v e l o c i t y  g rad ien t s  a r e  l a r g e  where t h e  

d e n s i t y  g rad ien t s  a r e  large--near t h e  edge of  t h e  jet--and t h e  l o c a l  Richard- 

son numbers may become considerably l e s s  than u n i t y  ( o r  even negative, a s  on 

t h e  upper s i d e  of a warm, submerged j e t ) .  Hence i n  t h e  near f i e l d  and i n  t h e  

jo in ing region it i s  e s s e n t i a l  t o  s tudy momentum spread and heat  spread to -  

ge the r  i f  f u l l  understanding i s  t o  be a t t a ined .  One cannot usua l ly  be ca l -  

cu la ted  i f  only t h e  o the r  i s  known. Early i n v e s t i g a t i o n s  have sometimes ig-  

nored t h i s  f a c t  i n  model s t u d i e s  of o u t l e t s  where t h e  l o c a l  Richardson num- 

b e r s  were small  i n  t h e  model and l a r g e  i n  t h e  prototype o r  v i c e  versa,  

Small Richardson numbers are ,  of  course, c h a r a c t e r i s t i c  of non-buoyant 

j e t s  (Ri  _= 0). Hence it can be  expected t h a t  near  an o u t l e t ,  f o r  l a r g e  

enough densimetric Froude numbers (so t h a t  i n e r t i a l  fo rces  a r e  l a r g e  com- 

pared t o  buoyant fo rces ) ,  experimental r e s u l t s  and ' .analys is  f o r  non-buoyant 

j e t s  w i l l  be app l i cab le  t o  buoyant jets. For smal ler  densimetric  F'roude 

numbers where buoyant fo rces  a r e  important t h i s  cannot be  t h e  .case, and in-  

, dependent experiments on t h e  e f f e c t  of  buoyancy a r e  necessary. I n  any event,  

what i s  usual ly  requi red  i s  t h e  entrainment c o e f f i c i e n t  E, which w i l l  meas- 

u re  t h e  r a t e  of d i l u t i o n  of t h e  emitted warm water,  The entrainment coe f f i -  

c i e n t  i s  a function o f  Richardson number, a s  w e l l  a s  of geometry, and t h e  

r e l a t i o n s h i p  has been d iscussed a t  some l eng th  by E l l i s o n  and Turner [ 9 ] .  

I n  t h e  fol lowing s e c t i o n s  t h e  work on non-buoyant jets wi l l  be reviewed 

f i r s t  because of its a p p l i c a b i l i t y  t o  t h e  near f i e l d  and t h e  jo in ing reg ion  . 

bf  buoyant jets a t  l a r g e  densimetric  Froude numbers. The resea rch  conducted 

on t h e  two bas ic  o u t l e t  geometries, submerged and semi-submerged ( o r  s u r f a c e  



buoyant) je ts ,  a t  smal ler  densimetric Froude numbers w i l l  then be reviewed i n  

s e p a r a t e  sect ions.  I n  each case t h e  near f i e l d  and much of t h e  joining re- 

gion w i l l  be t r e a t e d  together .  (Chapter VII of  Parker and Kr'enkel [I] should 

a l s o  b e  r e f e r r e d  t o  i n  connection wi th  this research.) A sec t ion  on t h e  f a r  

. f i e l d  w i l l  follow. F i n a l  s e c t i o n s  w i l l  summarize t h e  numerical c o e f f i c i e n t s  

a v a i l a b l e  from laboratoqy experiments and desc r ibe  l a b o ~ a t o r y  instruments- 

t ion. 

B. Non-Buoyant J e t s  

Only  a b r i e f  review of  experimental work on non-buoyant j e t s  will be 

undertaken i n  view of t h e  v a s t  l i t e r a t u r e  which ex i s t s .  Simple geometries 

have been used f o r  t h e  most p a r t  i n  these  experiments: two-dimensional jets 

discharged from s l o t s  o r  c i r c u l a r  j e t s  discharged from c i r c u l a r  nozzles, E k -  

periments have f requen t ly  been ca r r i ed  out  i n  a i r ,  .but t h e  r e s u l t s  a r e  the .  

same f o r  water a s  long a s  t h e  f l u i d  i s  homogeneous. 

The e a r l i e s t  measurements were f o r  time-smoothed v e l o c i t i e s  i n  c r o s s  

s e c t i o n s  perpendicular  t o  t h e  axis of a j e t  i s s u i n g  i n t o  f l u i d  a t  res t ;  

t y p i c a l  papers which have now become c l a s s i c s  a r e  those  by Albertson, e t  al .  

[ l o ]  and by F o r s t a l l  and Gaylord [ll]. ' With t h e  .advent of newer instrumenta- 

t i o n ,  such a s  t h e  hot-wire anemometer, and b e t t e r  analyt ica l~methods ,  turbu- 

l e n t  v e l o c i t y  f l u c t u a t i o n s  could a l s o  be measured and momentum and energy 

t r a n s p o r t  evaluated; t h e  r e c e n t  work of Wygnanski and F ied le r  [12] i s  typ i -  . 

ca l .  J e t  experiments show a developing region of  t h e  j e t  about 5 t o  1 0  s l o t  

widths o r  nozzle diameters long i n  which t h e r e  is  a l i n e a r l y  narrowing region 

of constant  v e l o c i t y  across  each cross  s e c t i o n  a s  measurements proceed down- 

stream; t h i s  region can be equated with t h e  near f i e l d  of buoyant j e t s .  

Fur the r  ;long, t h e  c e n t e r l i n e  ve loc i ty  decreases and turbulence from t h e  
' 

mixing a t  t h e  j e t  edge b u i l d s  up i n  t h e  core  u n t i l ,  60 o r  so  s l o t  widths o r  

diameters downstream, complete s i m i l a r i t y  p reva i l s ;  t h i s  l a s t  region i s  

equivalent  t o  t h e  f a r  f i e l d ,  and t h e  region between t o  t h e  joining region,' of  

buoyant j e t s .  Ambient f l u i d  i s  ent ra ined i n t o  t h e  j e t  i n  both developing . . .  

and f u l l y  developed regions.  

Experiments have a l s o  been made on j e t s  discharging i n t o  flowing co- 

a x i a l  o r  p a r a l l e l  streams. [l3] and on j e t s  discharging normally i n t o  moving 

streams [lb915]. Abramovich [I61 ' ind ica tes  t h a t  fo r '  coflowing a x i a l l y  



symmetrical j e t s  t h e  spreading r a t e  i s  dependent on t h e  r a t i o  of free-stream 

v e l o c i t y  U t o  j e t  mean v e l o c i t y  U.. Spreading o r  entrainment decreases 
s J 

f o r  1 < U./U <' ao and inc reases  f o r  u../u < 'I .  When an &symmetrical 
3 s J s 

j e t  i s  i n j e c t e d  a t  an angle i n t o  a crossflow ( u .  >Us), not  o n l y  i s  it 
.-l 

def lec ted ,  bu t  t h e  r a t e  of  mixing o r  entrainment-is  increased,  Concentration 

and v e l o c i t y  p r o f i l e s  a r e  skewed, a s  a r e  t h e  pressure  p r o f i l e s ,  and maximum 

c e n t e r l i n e  v e l o c i t y  decreases more rap id ly  than  i n  t h e  p a r a l l e l  flow case,  

F igure  11-1 i l l u s t r a t e s  t h e  t y p i c a l  kidney shape of t h e  jet c ross  sec t ions .  

Entrainment' of ambient f l u i d  occurs l a r g e l y  i n  t h e  wake of  t h e  jet i f  t h e  j e t  

v e l o c i t y  i s  not much l a r g e r  than t h e  current ,  b u t  entrainment becomes more 

. l i k e  t h a t  of 'a jet ' i n t o  ambient f l u i d  a s  t h e  j e t  v e l o c i t y  increases.  

Tracers  such a s  dye, smoke, o r  heat  (with n e g l i g i b l e  change i n  dens i ty )  

have been used t o  s tudy mass t r a n s p o r t  i n  jets [17]. It i s  found t h a t  these  

t r a c e r s  spread more r a p i d l y  than does,momentum i n  t u r b u l e n t  j e t s  f o r  t h e  

reason given i n  Sect ion  11-A. 

Many more s t u d i e s  than a r e  c i t e d  have been presented i n  t h e  r e c e n t  

p e r i o d i c a l  l i t e r a t u r e ,  and most have been undertaken f o r  f a i r l y  high Reynolds 

numbers. . A l l  b u t  t h e  most r e c e n t  work i s  summarized i n  severa l  books, of 

which Refs. [16] and [18] through [21] a r e  p a r t i c u l a r l y  useful ,  and i s  ap- 

p l i e d  t o  buoyant problems i n  Chapter VII of Parker and Krenkel [I]. 

C. Submerged Buoyant J e t s  

Experimental and t h e o r e t i c a l  s t u d i e s  o f  buoyant j e t s  o r ig ina ted  f a i r l y  

r e c e n t l y  and were i n i t i a l l y  concerned wi th  i n d u s t r i a l  processes, hot -a i r  

plumes such a s  those  a r i s i n g  from chimneys, and fresh-water flows i n t o  t h e  

ocean. A n a t u r a l  extension of t h e  non-buoyant j e t  experiments was t h e  con- 

duct ing  of  experiments wi th  jets of one d e n s i t y  discharging i n t o  homogeneous 

' '  f l u i d  of  another  dens i ty ;  papers by Chr iss  [22] and by Uberoi and Corby [23] 

a r e  typ ica l .  For j e t s  'discharged a t  l a r g e  densimetric  Froude numbers, papers 

such a s  t h e s e  r e p o r t  t h a t  ' t h e  genera l  behavior  i n  t h e  developing region i s  

not  t o o  d i f f e r e n t  from t h a t  i n  t h e  non-buoyant,case. The outstanding d i f f e r -  

ence f o r  hor izonta l  j e t s  was found t o  be  an i n h i b i t i o n  of tu rbu len t  mixing o r  

,. entrainment between t h e  jet f l u i d  and t h e  surrounding f lu id ,  a  r e s u l t  o f  in- 

~ r w a s i u g  Richardson number accompanying t h o  donoity d i f ferenoes .  



A s  t h e  c e n t e r l i n e  v e l o c i t i e s  of a j e t  decrease  wi th  d is tance ,  buoyancy 

fo rces ,  i f  present ,  w i l l  a l s o  a f f e c t  t h e  main t r a j e c t o r y  of  a jet i f  it i s  

discharged a t  an angle  t o  t h e  d i r e c t i o n  of  t h e  a c c e l e r a t i o n  o f  gravi ty .  The 

p o i n t  from which such e f f e c t s  can b e  noted moves c l o s e r  t o  t h e  point  of  d i s -  

charge  i f  t h e  dens imetr ic  o u t l e t  Froude number i s .dec reased .  For va lues  of  

t h e  densimetric  Froude number of t h e  order  of 20 o r  l e s s  such no t i ceab le  

e f f e c t s  have been shown t o  exist from t h e  ve ry  po in t  of discharge onward 

[29 ] .  Furthermore, r a t h e r  than  flowing i n t o  homogeneous f l u i d  (of  a d i f f e r -  
' 

e n t  d e n s i t y  than t h e  j e t ) ,  t h e  jet may discharge  i n t o  f l u i d  wi th  a d e n s i t y  

g r a d i e n t - o r  i n t o  f l u i d  wi th  two o r  more l a y e r s  of d i f f e r i n g  d e n s i t i e s .  A 

buoyant ,jet d ischarging i n t o  homogeneous [ isothermal)  water  of lower t8mmpras 

t u r e  would normally be  expected t o  r i s e  t o  t h e  surface ,  However, i f  t h e  

r ece iv ing  water i s  s t r a t i f i e d  due t o  s a l i n i t y ,  f o r  example, mixing of warm 

wate r  from t h e  o u t l e t  may be s u f f i c i e n t  t o  produce a dens i ty  s t r a t i f i e d  

layer seeking a l e v e l  in te rmedia te  between t h e  bottom f l u i d  and t h e  s u r f a c e  

f l u i d ,  S imi lar ly ,  a s a l i n e ,  heated j e t  discharged i n t o  less s a l i n e ,  c o o l e r  

water  may.become a non-buoyant j e t  under t h e  proper conditions. It is a l s o  

.necessary  t o  consider  whether t h e  j e t  flows ' i n t o  f l u i d  a t  rest, i n t o  f l u i d  

moving p a r a l l e l  t o  t h e  j e t  ax i s ,  o r  i n t o  f l u i d  moving a t  an angle t o  t h e  j e t  

a x i s o  Near an o u t l e t  i n  a l a k e  s i t u a t i o n ,  a s  opposed t o  r i v e r s  o r  e s t u a r i e s ,  

t h e  f i rs t  case  o f t e n  p r e v a i l s ,  although pre-exis t ing  c u r r e n t s  may be o f  some 

importance. ' 

The problems of  mixing and entrainment of  a buoyant j e t  a t  a submerged 

o u t l e t  a r e  sub jec t  t o  experimental s tudy i n  l abora to ry  models much a s  i n  thm 

c a s e  o f  a non-buoyant jet. However, i n  o rde r  t o  account f o r ' t h e  a d d i t i o n a l  

phenomena jus t  out l ined,  proper modeling laws must b e  followed. The t r a n s i -  

t i o n  from a r i s i n g  plume t o  a hor izonta l  plume can u s u a l l y  be s tudied  i n  t h e  

same model, but  t h e  eventual  t r a n s i t i o n  t o  t h e  f a r  f i e l d  i s  a more d i f f i c u l t  

problem no t  e a s i l y  s tud ied  without  going t o  d i f f e r e n t  models and model laws. 

The d i r e c t i o n  and magnitude of  t h e  momentum of a j e t  a t  i ts  o r i f i c e  

a r e  two of t h e  j e t ' s  main fea tures .  According t o  t h e  impulse-momentum 

p r i n c i p l e ,  t h e  i n i t i a l  momentum w i l l  be  modified try ex te rna l  and i n t e r n a l  

forces .  These a r e  e s s e n t i a l l y  of two kinds, f r i c t i o n a l  f o r c e s  .and buoyancy. 

Most jet s t u d i e s  make t h e  assumption t h a t  f r i c t i o n a l  fo rces  can be  ignored, 

whi le  buoyant f o r c e s  cannot. Under t h i s  assumption t h e  j e t  i s  considered t o  



. be independent of t h e  Reynolds number a t  t h e  o u t l e t  i f  t h e  Reynolds number i s  

l a r g e  enough. Ekperiments l a r g e l y  support t h i s  assumption f o r  non-buoyant 

. j e t s .  I n  buoyant j e t s  only t h e  hor izon ta l  component of t h e  i n i t i a l  momentum 

can remain unal tered;  t h e  v e r t i c a l  component w i l l  be  changed by buoyant 

forces .  Veloci ty d i s t r i b u t i o n s  and temperature d i s t r i b u t i o n s  i n  b o t h  buoyant 

and non-buoyant j e t s  a r e  genera l ly  found experimental ly t o  b e  q u i t e  s i m i l a r  

t o  normal p robab i l i ty  d i s t r i b u t i o n s ,  although d i f f e r e n t  from each other .  

While t h e  t h e o r e t i c a l  t reatment of  mixing i n  t h e  developing region of 

t h e  flow from non-buoyant s u b e r g e d  j e t s ,  a s  summarized i n  such references  

a s  [16], [20], and [21], l e a d s  t o  q u i t e  s i m i l a r  r e s u l t s ,  it appears C241 

t h a t  the  cons tants  used i n  t h e  equations a r e  influenced by turbulence  va r i a -  

t i o n s  associa ted  wi th  i n i t i a l  and boundary condit ions.  Buoyant e f f e c t s  can 

b e  expected t o  be important i n  t h i s  connection, a l s o ,  and t h e  cons tan t s  a r e  

n o t  d i r e c t l y  t r a n s  f e r r a b l e  from non-buoyant t o  buoyant j e t s  . Abraham [ 251 

gives  numerical r e s u l t s  on t h e  l eng th  of  t h e  zone, t h e  shape of t h e  a x i s  of 

t h e  j e t ,  t h e  v e l o c i t y  along t h e  cen te r l ine ,  and o the r  parameters i'n t h e  zone 

o'f flow establishment of  a hor i zon ta l  j e t  i n  s t i l l  water. The l eng th  of  t h e  

zone of flow establishment f o r  concentrat ion,  f o r  example, v a r i e s  from zero  

t o  5.65 t imes t h e  d iameter .of  t h e  o u t l e t  pipe, depending on densimetric  

Froude number, according t o  Abraham, and t h i s  i s  considerably s h o r t e r  than 

f o r  t h e  non-buoyant j e t .  

The v e r t i c a l  buoyant j e t  from a point  source wi th  ze ro  i n i t i a l  momentum 

(hence no developing region)  was inve~tigated'experirnentally~by Rouse, Yih 

and Humphreys [26]. I n  t h i s  case  t h e  v e r t i c a l  of t h e  momentum f l u x  

i s  equal  t o  t h e  buoyancy of a hor i zon ta l  s tratum of u n i t  thickness.  The 

experimental stu* showed t h a t  l o c a l  dens i ty  d i f f e r e n t i a l  and v e l o c i t y  d is -  

t r i b u t i o n  i n  t h e  j e t  followed normal p r o b a b i l i t y  d i s t r i b u t i o n s  i n  a c r o s s  

s e c t i o n  and t h a t  t h e  ana lys i s  could follow a p a t t e r n  f a m i l i a r  from homo- 

geneous j e t s .  It was shown t h a t  t h e  volumetric f l u  Q and a l o c a l  s p e c i f i c  

weight increment Ay changed wi th  v e r t i c a l  d i s t a n c e  s from t h e  source a s  

. follows: 



where W i s  t h e  o r i g i n a l  f l u x  of t h e  incremental weight, p i s  t h e  average 

dens i ty ,  and r i s  t h e  hor izonta l  d i s t ance  from t h e  cen te r  of t h e  jet. 

Figures  11-2 and 11-3 show t h e  d i s t r i b u t i o n  funct ions  and convection pat- 

t e r n s .  (1n t h e .  f i g u r e s  t h e  d i s t ance  s i s .  designated by t h e  symbol x. ) 

The spread of t h e  v e l o c i t y  p r o f i l e s  i s  l e s s  than f o r  a  homogeneous j e t .  

Jets. which a r e  discharged with a h o r i z o n t a l ~ v e l o c i t y  component i n t o  a 

homogeneous denser.ambient f l u i d  a t  r e s t  a r e  bent  upward buoyant forces ,  

a s  i s  shown i n  Fig. 11-4. The axes of such j e t s  a r e  curved. It has been 

shown by Abraham [25] and by Fan and Brooks [28] t h a t  t h e  l o c a l  coordinates,  

t h e  mean veloci ty ,  and t h e  mean dens i ty  of  t h e  j e t  .depend on one dynamic 

dimensionless va r iab le :  t h e  densimetric Froude number a t  t h e  o u t l e t ,  Fro. 

The s i m i l a r i t y  p r i n c i p l e  f o r  mean v e l o c i t y  prof i les , .  w e l l  known from non- 

buoyant jets, is f requent ly  applied t o  buoyant jets. However, t h e  e f f e c t  of  

buoyant fo rces  on t h e  turbulence pa t t e rn  i s  d i f f e r e n t  a t  t h e  upper s i d e  and 

t h e  lower s ide  of a  hor izonta l  j e t ,  and t h e  assumption of s i m i l a r i t y  of 

v e l o & i t y  and concentra t ion p r o f i l e s  i s  not completely j u s t i f i e d  f o r  smal l  

.values of t h e  angle  between t h e  main t r a j e c t o r y  of t h e  j e t  and a hor izon ta l  

plane. 

Experimental evldence 'of  f a i r l y  good s i m i l a r i t y  between t t e l o c i t ~  and 

concentra t ion p r o f i l e s  .was given by Bosanquet, e t  a l .  [27]. It was sug- 

ges ted  by Abraham [25], Fan and Brooks 1281, and Anwar [29] t h a t  v e l o c i t y  

and concentrat ion i n  t h e  f u l l y  developed buoyant j e t  be described using t h e  

Gaussian d i s t r i b u t i o n s .  Abraham used t h e  forms 

and 

respect ively ,  where t h e  c o e f f l n i e n t s  k and p were found expertmentally 

and by spwcu1.a tioii equal 

and 



and where u i s  t h e  l o c a l  flow veloci ty ,  Um i s  t h e  c e n t e r l i n e  ve loc i ty ,  

r i s  t h e  coordinate i n  t h e  t r ansverse  d i r e c t i o n ,  s i s  the.  d i s t ance  from 

t h e  o r i f i c e  measured along t h e  axis of t h e  j e t ,  p i s  t h e  angle  between t h e  

tangent  t o  t h e  a x i s  of  t h e  j e t  and t h e  hor izon ta l  plane, c i s  t h e  l o c a l  

concentrat ion,  and Cm i s  t h e  concentrat ion on t h e  c e n t e r l i n e  of  t h e  t r a j e c -  

t o r y .  This  t r a j e c t o r y  i s  derived from t h e  l o c a l  values of t h e  s lope  B, 
which can be found from 

gJ d s  J (pa - p ) d ~  
0 A t a n  B ' =  ,. 

A s i m i l a r  approach was used i n  o ther  s t u d i e s  on t h e  same subjec t ,  f o r  example 

those  by Fan and Brooks [28] and by Anwar [29]. Huwever, t h e r e  i s  disagree-  

ment on t h e  r a t e  of entrainment between Abraham [25] and Fan and Brooks [28]. 

The l a t t e r  follow t h e  concept proposed by Morton [30,31], which makes t h e  

r a t e  of entrainment d ~ / d s  a funct ion  of t h e  l o c a l  maximum flow v e l o c i t y  

U and t h e  nominal r ad ius  b = a of t h e  jet where a i s  t h e  var iance  m 
o f  t h e  Gaussian d i s t r i b u t i o n  of ve loci ty .  

where a is  an entrainment c o e f f i c i e n t  which can be obtained from.experi-  

mental work such a s  t h a t  reported i n  [26] and [lo], wherein a = 0.082 has 

been given f o r  a buoyant plume and a = 0.057 f o r  a non-buoyant j e t .  

The ana lys i s  by Fan and Brooks i s  c a r r i e d  out  i n  dimensionless form 

wi th  t h e  p o s s i b i l i t y  of  s u b s t i t u t i n g  var ious  va lues  of t h e  entrainment coef- 

f i c i e n t  i n t o  t h e  so lu t ion ,  which i s  obtained numerically from t h e  dimension- 

l e s s  equations. It i s  recommended, however, t h a t  0.082 be  used a s  t h e  en- 

trainment coe f f i c i en t  i n  a l l  c ross  sec t ions ;  t h i s  hypothesis i s  supported by 

t h e  experimental work of Morton [30] and of Lee and Emmons [32]. The veloc- 

i t y  and buoyancy p r o f i l e s  a r e  Gaussian, bu t  have d i f f e r e n t  spreads because 

t h e  d i f f u s i o n  c o e f f i c i e n t s  f o r  mass and momentum a r e  found experimental ly t o  

b e  d i f f e r e n t .  The dimensionless -spread r a t i o  i s  l e s s  f o r  v e l o c i t y  than f o r  



buoyancy p r o f i l e s  by a f a c t o r  se lec ted  a s  1.16. The theory  i s  a l s o  r e a d i l y  

app l i cab le  t o  jets discharged i n t o  a s t r a t i f i e d  environment. The t h e o r i e s  

of Abraham [25] and o f  Fan and Brooks [28] produce very s imi la r  r e s u l t s  f o r  

main t r a j e c t o r i e s  and d i l u t i o n s  along t h e  cen te r l ine ,  both of which a r e  

func t ions  of t h e  o u t l e t  densimetric Froude number a s  t h e  s o l e  dynamic var i -  

able .  Resul ts  i n  terms of these  var iables  a r e  expressed i n  graphical  form 

i n  t h e  o r i g i n a l  references. Figures 11-5, 11-6, and 11-7 reproduce t y p i c a l  

d a t a  wherein t h e  densimetric Froude numbers a r e  various* given a s  F o r  

F'r.. 

Anwar [ 29 ] ,  whose work has been c i ted ,  a l s o  used a constant  c o e f f i c i e n t  

of entrainment, though some reservat ions  were expressed based on experimental- 

observations.  An e labora te  discussion of t h e  entrainment p r i n c i p l e  f o r  buoy- 

a n t  j e t s  and i n  support  of a non-constant entrainment parameter was presented 

by Abraham i n  a l a t e r  paper [34.] based on experimental da ta  from Ricou and 

Spalding [33]; Fig. 11-5 shows t h e  data. It i s  f e l t ,  however., t h a t  f o r  prac- 

t i c a l  applicat&n a constant  c o e f f i c i e n t  may b e  acceptable f o r  t h e  low 

densimetr ic  Froude number range. 

A comparison presented by Anwar [29] of experimental da ta  on plume 

t r a j e c t o r i e s  i s  reproduced' i n  Fig. 11-6; it shows agreement among var ious  

experimenters' d a t a  [29, 34, 363 f o r  t r a j e c t o r i e s  t o  wi th in  a few percentage 

p o i n t s  and i s  probably s a t i s f a c t o r y  f o r  most p r a c t i c a l  purposes. The densi- 

m e t r i c  Froude number range covers values from 4 t o  20 a t  t h e  ou t l e t .  Other 

s t u d i e s  on forced plumes [37, 38, 39, 43, 461 which. have not been discussed 

i n  d e t a i l  e s s e n t i a l l y  support  t h e  above conclusions. 

While t h e  previously described s t u d i e s  of hor izon ta l  buqyant j e t s  

d e a l t  wi th  j e t s  i n  f l u i d s  of i n f i n i t e  extent ,  a t  l e a s t  two experiments by 

Anwar [Z9] were c a r r i e d  out t o  examine t h e  e f f e c t  of proximity of  t h e  bot- 

tom on t h e  buoyant plume. The nozzle was placed t o  discharge horieont,nlly 

114 inch above t h e  bottom o f  a tank. Concentration measurementsshowed no . 

s i z a b l e  f l o o r  e f f e c t  f o r  o u t l e t  densimetric Froude numbers from 4 through. 16. 
Density d i f fe rences  i n  t h e s e  experiments were 0.016 t o  0.028 and nozzle di- 

ameters were 112 inch and 1.0 inch. It i s  repor ted  t h a t  t h e  plumes were de- 

f l e c t e d  upward a s h o r t  d i s t ance , f rom t h e  nozzle. The l ack  of information on 

bottom e f f e c t s  po in t s  toward a need f o r  f u r t h e r  research i n  t h i s  area. 



~ x ~ e r i m e n t a l  d a t a  taken i n  a harbor a t  semi-industr ial  s c a l e  (nozzle 

diameters from 0.6 t o  5 cm,  depth of submergence 4 m) were provided by Racou 

and Palmer [40] and a r e  reanalyzed i n  Ref. [41]. The d i l u t i o n  r a t e  was 

evaluated spec i f i ca l ly ,  a n d  no appreciable . inf luence  of  Reynolds number was 

found i n  t h e  range between 5000 and 40,000. Ekperimental values of measured 

concentrat ions along t h e  c e n t e r l i n e  were found t o  be  l a r g e r  than those  pre- 

d i c t e d  by Abraham's theory  [25]. Laboratory experiments by Cederwall [36, 

423, on t h e  o ther  hand, i n d i c a t e  t h a t  measured concentrat ions were below 

 brah ham's predicted values. Values of Cm ,g ranged from 1.5 t o  2.0 for '  

dimensionless d i s t ances  Y/D F r  ' I 2  from 1.0 t o  8.0 where y i s  t h e  v e r t i c a l  

coordinate  of a  po in t  on t h e  j e t  c e n t e r l i n e  measured v e r t i c a l l y  from t h e  

cen te r  of t h e  o r i f i c e ,  Measurements by Frankel and Cumming [43] gave some- 

what lower values of Cm % ranging from 0.8 t o  1.4 f o r  values of Y/D F r  
1 /2  

from 6.8 t o  15.0. Any disagreement between Abraham's theory  and t h e  d a t a  of 

Frankel  and Cumm5.ng and of Cederwall was a t t r i b u t e d  t o  "confusion regarding 

terminology" i n  a review by Burdick and Krenkel [@I. It i s  a l s o  suggested 

t h a t  t h e  concentrat ion d a t a  of Racou and Palmer should be correc ted  f o r  sur- 

f a c e  e f f e c t s  and t h a t  t h e  cor rec t ion  would b r i n g  t h e  d a t a . i n t o  b e t t e r  agree- 

ment with Abraham's theory. 

Surface e f f e c t s  were a l s o  c i t e d  by Frankel and Cumming 1451 t o  expla in  

t h e  d i f ferences .  Plume widths were s a i d  t o  be l a r g e r  i n  t h e  experiments than 

i n  t h e  theory  because ,of  t h e  l imi ted  depth. Consequently; it was proposed 

t h a t  values o f .  p = 0.80 and k = 77 (such t h a t  ~k = 0.61) be used i n  

t h e  t h e o r e t i c a l  ca lcu la t ions  r e f e r r i n g  t o  Frankel 's and Gumming's experi-  

ment s. 

Only a few i n v e s t i g a t i o n s  have d e a l t  wi th  t h e  discharge of buuyant 

plumes i n t o  a l ready s t r a t i f i e d  waters. . Brooks ,and Koh s tudied t h e  sub jec t  

i n  connection wi th  ocean o u t f a l l s  [47]. The purpose of t h e i r  t h e o r e t i c a l  

and experimental inves t iga t ion  was t o  p red ic t  t h e  maximum r i s e  of t h e  plume 

i n  t h e  s t r a t i f i e d  environment and t o  prevent t h e  buoyant jet from r i s i n g  t o  

t h e  surface. It was found t h a t  t h e  maximum r i s e  ymax above t h e  o r i f i c e  

could be calcula ted  from t h e  . re la t ionship  . 
. .  . . 



where qo i s  t h e  volumeflux per un i t  length or  r a t e  of discharge, pl i s  

t h e  ambient water density a t  t he  l e v e l  of discharge, pd i s  the  densi ty  a t  

t h e  point  of discharge, dpo/dx i s  t h e  v e r t i c a l  density gradient, and a 

i s  the  constant.mixing coefficient.  It was found t h a t  f o r  most p rac t ica l  

purposes t he  coef f ic ien t  f could be approximated by. a value of 2.7, max 
r e su l t i ng  i n  e r ro r s  of .no more than f 10 per  cent. Forced plumes i n  s tab ly  

s t r a t i f i e d  water were a l so  t r ea t ed  by Hino [48] and by Rahm and Cederwall 

[@I . . 

%en heated water is  discharged a s  a f r e e  j e t  i n t o  colder water it w i l l  

parely  become so wel l  mixed t h a t  it does not upwell a t  t he  water surface, 

and one must be pa r t i cu l a r ly  copcerned with t h e  surface spread of t h e  heated 

water a t  t h e  surface of t he  lake, Some experimental work on a f a i r l y  la rge  

sca l e  i s  described by Abraham and Brolsma C.501, but 'it i s  d i f f i c u l t  t o  gen- 

e r a l i z e  t he  r e s u l t s  given. A more detai led experimental study of t he  surface 

spread subsequent t o  t h e  r i s e  of t he  j e t s  has been reported by Sharp [51]. 
A spread diagram i s  shown i n  Fig, 11-8 representing essen t ia l ly  t he  radius  

of spread . L  versus a reduced Reynolds number 

i n  which . Qi is the  volumetric flow rate ,  g* i s  the  reduced acceleration 

of gravi ty  g and i s  the  kinematic v i scos i ty  a t  the  source of SUP' 
P 

face spread. Time of spread T appears a s  a parameter i n  t he  experimental 

r e su l t s .  Spreading pa t te rns  a re  circles.when seen from above. The s tudy .  ' 
presents  unsteady flow r e s u l t s  with no heat t r ans fe r  a t  the  water surface. 

Therefore the  r e s u l t s  must be viewed with caution .when they a re  applied t o  

t he  steady s t a t e  spread of heated water on a lake. Surface e f f ec t s  on j e t  

mixing were a l so  discussed by Burdick and Krehkel ['-&I with t h e  cbnclusf on 
t h a t  d i lu t ion  i s  inh ib i ted  near t h e  surface; a s imilar  comment occurs i n  

Frankel and C m i n g  [45]. 

I f  heated water discharges i n t o  smaller lakes  i n i t i a l l y  f i l l e d  with 

water of constant temperature, a temperature gradient gradually bui lds  up 

and a s t r a t i f i e d  flow problem develops. There have been no d i r e c t  experi- 

ments on t h i s  phenomenon, but experiments on t h e  inverse condition of 



convection from a small source of negative buoyancy i n t o  a tank have been 

c a r r i e d  out  by Baines and Turner [52]. , S a l t  water  was re leased near t h e  

su r face  i n t o  a . t a n k  of f r e s h  water  a t  very smal l  densimetrie Fsoude number. 

The receiving water  became s t a b l y  s t r a t i f i e d  wi th  a dens i ty  p r o f i l e  f ixed  

i n  shape, changing wi th  time a t  a uniform r a t e  a t  a l l  l e v e l s  a s  t h e  s a l t  

water  descended. The e f f e c t s  of i n i t i a l  momentum and buoyancy on c i r c u l a -  

t i o n  i n  rese rvo i r s  of l imi ted  depth and width were inves t iga ted  by I m a n d i  

. and Rouse [53]. Mean streamli'ne p a t t e r n s  and l i n e s  of equal turbulence in- 

t e n s i t y  a r e  given g raph ica l ly  i n  dimensionless form f o r  various length-to- 

depth r a t i o s  of t h e  tanks. 

To increase  t h e  i n i t i a l  mixing of a t u r b u l e n t  buoyant jet, var ious  

types of de f lec to r s  placed a t  0.5 t o  1.0 Do 
from t h e  o u t l e t  nozzle were 

inves t iga ted  by Hansen and Sc hroder [*I. A maximum d i l u t i o n  improvement 

f a c t o r  of f = 2.19 was found f o r  a 120' b e n t  sheet  d iv id ing  t h e  jet, f 

being t h e  r a t i o  of  d i l u t i o n  obtained wi th  t h e  s p e c i a l  device t o  d i l u t i o n  ob- 

t a ined  without it. It i s  a l s o  noteworthy t h a t  t h e  mixing without  d e f l e c t o r s  

was observed t o  produce 1-45 t imes l a r g e r  d i l u t i o n $  than  a r e  derived from 

Abraham's theory [25]. 

The e f f e c t s  of cu r ren t s  on buoyant plumes a r e  covered i n  t h e  l i t e r a t u r e  

concerned with waste discharges i n t o  r i v e r s  [W] and a l s o  t h a t  concerning 

smoke plumes [55]. Reference [55] repor t s  on a f i e l d  study, b u t  conta ins  

a l s o  severa l  references  on plume models. Experiments on j e t  i n j e c t i o n  i n  a 

two-layered p a r a l l e l  flow were ca r r i ed  out  .by Burdick and Krenkel [W] f o r  

densimetric Froude numbers from 27.5 t o  55.5 and r a t i o s  of j e t  v e l o c i t i e s  t o  

r i v e r  v e l o c i t i e s  from 20 t o  85. The j e t  discharged hor izon ta l ly  below t h e  

i n t e r f a c e  p a r a l l e l  t o  and a t  angles wi th  t h e  center l ine .  Time-smoothed 
. . 

c e n t e r l i n e  d i l u t i o n s  ranged from 28 t o  55 per c e n t  and were a l s o  found t o  be 
. . 

1.4 t o  1.8 times l a r g e r  than instantaneous minimum c e n t e r l i n e  d i lu t ions .  The 

l a t t e r  r e s u l t  is i n  agreement wi th  t h e  da ta  of  Frankel  and Cumming [43]. 
Concentration measu.rements were taken where t h e  j e t  plume in te r sec ted  a 

standard measurement e levat ion,  This e levat ion y , was chosen a r b i t r a r i l y  a s  

y/do = 27.5 o r  Y/db = 41.3, depending on t h e  nozzle diameter 
do* The 

e f f e c t  of j e t  o r i e n t a t i o n  upon average c e n t e r l i n e  d i l u t i o n  was a l s o  i n v e s t i -  

gated experimentally. A s  an example, t h e - i n c r e a s e  i n  average c e n t e r l i n e  . . 

d i l u t i o n  was between 40 and 50 pe r  cent  when t h e  j e t  axis a t  t h e  point  of . 



discharge  formed a 45' angle  with t h e  current ,  t h i s  a n g i e  being measured i n  

a h o r i z o n t a l  plane. The s t u d i e s  a l s o  showed c l e a r l y  t h e  skewness of  t h e  

conc e n t s a t i o n  p r o f i l e s  i n  oblique je ts .  

Some experimental r e s u l t s  r e f e r r i n g  t o  a s u b e r g e d  manifold sewage 

disposal. system i n  a r i v e r  were a l s o  reported by Burdick and Krenkel. An 

. experimental  &udy of  t h e  multiple-hole d i f f u s e r  system f o r  t h e  TVA Brownls 

Fer ry  P l a n t  condenses cool ing system was c a r r i e d  ou t  by Harleman, Ha l l  and 

C u r t i s  [56]; Obtaining information about t h e  d i spers ion  of t h e  heated water  

i n  t h e  r i v e r  was one ,of t h e  main goals  of t h e  inve.st igat ion,  The d i f f u s e r  

des ign i s  d e s c r i b e d ' i n  g r e a t e r  d e t a i l  by Vigander, st a l .  [57]. 

Very low cross-current  v e l o c i t i e s  were employed i n  an experimental 

s tudy  By Bosanquet, Horn, and Thring [27], and t h e  e f f e c t s  oh t h e  buoyant 

je t  t r a j e c t o r y  were evaluated.  It i s  doubtful  whether t h e  r e s u l t s  a r e  a l s o  

a p p l i c a b l e  t o  high c u r r e n t  v e l o c i t i e s .  It i s  s t a t e d  t h a t  cross  cur ren t s  i n -  

c r e a s e  t h e  i n i t i a l  d i l u t i o n  of a buoyant jet, b u t  t h e  v a l i d i t y  of  such a 

statement,  i n  general ,  must remain suspect, a t  l e a s t  u n t i l  more d a t a  a r e  ac- 

cumulated, It i s  more l i k e l y  t h a t  d i f f e r e n t  e f f e c t s  w i l l  appear depending 

on t h e  combination of  r e l a t i v e  v e l o c i t i e s  of t h e  j e t  and t h e  current ,  densi- 

me t r i c  o u t l e t  Froude number, and Reynolds number. Pearson L581 presents  some 

schematic r epresen ta t ions  o f  t h i s  e f f e c t  which a r e  reproduced a s  Fig. II-9. 
E a r l i e r ,  d ispers ion of a boundary source without  i n i t i a l  momentum i n t o  a 

crossf low had been examined by Rouse [59]. Pearson [fj8J, however, suggests  

t h a t  t h e  r e s u l t s  might not  be appl icable  t o  o u t f a l l s .  There i s  a need f o r  

more experiments on buoyant j e t s  i n  c ross  flows, b u t  t h i s  need has r e l a t i v e l y  

low p r i o r i t y  fo r  t h e  lake  s i t u a t i o n .  'the l i t e r a t u r e  on nsn-buoyant jets i n  

c r o s s  flow previously r e f e r r e d  t o  [14, 15, 161 i s  a l s o  use fu l  i n  t h i s  connec- 

t i o n .  

The labora tory  work reviewed tierein shtikis that fori subme~*ged 'buoyant 

jets a t  a l l  but t h e  smal les t  densimetric Froude numbers t h e r e  i s  n a t u r a l l y  

considerable  mixing and entrainment near t h e  o u t l e t  whether t h e  j e t  be hori-  

z o n t a l  o r  v e r t i c a l .  Mixing and dispers ion can be  increased by severa l  means, 

such a s  c o n s t r i c t i n g  t h e  o u t l e t  t o  increase  ve loc i ty ,  providing mechanical 

d e f l e c t o r s  a t  t h e  jet e x i t  [541, o r  using mul t ip le  j e t s  [57]. The e f f e c t  of 

c r o s s  cup.~-ep?ts i s  not y e t . w e l l  understood and r e q u i r e s  f u r t h e r  inves t igat ion.  



. . 

Mixing can be reduced only by inc reas ing  t h e  l o c a l  Richardson numbers (de- 

creas ing t h e  densimetric  Froude number), which can b e  done by reducing j e t  

v e l o c i t y  gradients  o r  inc reas ing  dens i ty  gradients. .  

D. Buoyant Surface J e t s  

A t  high enough densimetric  F'roude numbers the 'buoyant  su r face  j e t  i s  

much l i k e  t h e  lower h a l f  of a non-buoyant j e t ,  and t o  t h i s  ex ten t  t h e  in fo r -  

mation reviewed i n  Sect ion  11-B i s  applicable.  The inf luence  of densimetric  

Froude number on t h e  surface  spread o f ' d y e  i s  w e l l  i l l u s t r a t e d  by photographs 

i n  t h e  paper by Kashiwamura and Yoshida [603, whi,ch..show t h e  narrow, j e t - l i k e  

na ture  of t h e  spread f o r  high Fro a n d  t h e  widening spread which occurs a s  

Fr i s  decreased u n t i l  a t  t h e  smal les t  Fr  t h e  spread i s  r a d i a l  from t h e  
0 0 

o u t l e t .  No v e l o c i t y  measurements were recorded, so t h a t  t h e  r e l a t i o n  be- 

tween spread of dye and spread of  momentum cannot be obtained. 

The experiments by Kashiwamura and Yoshida were conducted f o r  another 

purpose using f r e s h  water  flowing i n t o  s a l t  water.  But such experiments a r e  

equal ly  appl icable  t o  warm water  discharged i n t o  coo le r  water a s  long a s  . 

su r face  cooling i s  not important,  a s  i s  t h e  case  c l o s e  t o  t h e  o u t l e t .  Thus 

o the r  experiments on f r e s h  water  discharge i n t o  s a i t  water  can be drawn upon 

t o  ga in  information about s u r f a c e  buoyant j e t s  near  an o u t l e t .  A number of 

experiments app l i cab le  t o  surface  discharge of warm water  plumes a r e  summar- 

i z e d  i n  s able' 11-D-1. 

The experiments repor ted  by Jen, Wiegel and Mobarek [61] were conducted 

a t  l a r g e  F'r and measured t h e  spread of heat  d i r e c t l y .  A s  can be  seen from 
0 

Table 11-D-1, t h e  rece iv ing experimental tank was rec tangular  i n  shape, w i t h .  

v e r t i c a l  s ides ,  and deep compared t o  t h e  th ickness  of  t h e  heated water  layer .  

Heat l o s s  through t h e  water su r face  was ignored because t h e  dominant e f f e c t  

nea r  t h e  out ' let  was one of tu rbu len t  j e t  mixing. ~ h e s e  experiments took 

only a few minutes, and presumably a quasi-steady condi t ion  was reached f o r  

t t ~  o u t l e t  region. . A t  t h e  ' l a r g e s t .  Fr t h e  spreading p a t t e r n  was v e w  much 
0 

l i k e  t h a t  of ha l f  a submerged,jet.  Some temperature p a t t e r n s  a r e  i l l u s t r a t e d  

i n  Fig. 11-10 f o r  l e s s e r  
Fro. 

The v e r t i c a l  spread of t h e  . j e t  was measured 

by in t roducing dye i n t o  t h e  . je t  and photographing t h e  flow. It was found t o  

h ive  a s lopez+argihg~from 5.5 t o  8 hor izon ta l  t o  one v e r t i c a l  wi th  only  weak 
, ' 



TABLE 11-D-1 - -es 

Ref., Yeax- JET - RECIFEWT 
Fro 

3e 
of Re 01% Eimensions __D_ p~elocity L e n ~ t h  Wiith Depth o Instrumentation and ,- Rema~ks 

Xashiwmusa Channel - 
and Yoshida < I5  cm dbep 
[6€1], 1967 ky 4 cm an6 

8 cm wide 

2.05 m 3,PO m 0.15 m O,O5 PO0 Fresh water- into s a l t ;  
t s t o  camera above water surface 
PAO* '?OOO photographed dye streamlines. 

Jen, e t  al. Fipe - 26 f t  .15 f t  1.5 ft 18 5300 Copper-constantan thermo- 
[61], 1966 Co = 5 mu 7.24 fpa t o  t.0 couples; null-point. recsrd- 

= 8mm 3.62 fps . . 180 Zl,000 ing potentiometer; no 
= 1 1 m  1.74 fps velocity measurements. 

Wood and 
Wilkinson 
1623, 1967 

Tamai, 
e t  a l .  
181, 1969 

Hayashi 
and Shuto 
[@I, 1967 

I 

Tamai 
1643, 1969 

Pipe - 
= 0.125 i w  
= 0.25 in. 

Pipe - 
Do = 0.58 in. 

= 1.0 i n ,  
= 0.45 in. 

Channel - 
5.3 cm deep ly 
5+3 cm wide 

Channel - 
4 cm deep by 
1 3  cm wide 

Fresh water in to  s a l t ;  
#camera above water surface H I 

photographed dyed fresh water. ';-' I 

Y m 
Copper-constantan thermo- 
couples; no velocity 
measurements. 

~ h e m i s g o r s ;  AT from 0 r n 0 . 2 ~ ~  
t o  28.0 C; velocity by in ter -  
mittent dye injection. 

Fresh water in to  s a l t ;  conduc- 
t i v i t y  probe and hydrogen 
'bubbles . 

40 ft 17 ft '1.6 f t  0.62 '1600 Thermistor and tethered Stefan and Channel - 
,to 

. . 
Schiebe . 0.16 f.t deep Q t o sphere probe fo r  temperature 
[66] 1970, 0.5 f t  wide 7.2 9 0 0  . and velocity. 
[6?1 1968 

*Obtained from values of R e  and a s t a b i l i t y  parameter 0. 



dependence on Ap, This  observation toge the r  wi th  those of Kashiwamura and 

Yoshida [60] seems t o  i n d i c a t e  t h a t  because of  t h e  l a r g e  magnitude of  t h e  

densimetric o u t l e t  Froude number, buoyancy had only a' small  e f f e c t  on t h i s  

flow. The v e r t i c a l  spread was d e f i n i t e l y  l e s s  than t h e  l a t e r a l ,  however. 

The.authors compared t h e i r  r e s u l t s  with those  of hal f  a  submerged c i r c u l a r  

j e t ,  

Analysis of t h e i r  measured surface temperature d i s t r i b u t i o n s  l e d  Jen, 

e t  a l .  t o  propose, f o r  surface  spread, t h e  r e l a t i o n  

and f o r  j e t  width, 

f o r  7 < X/D < 100 where Ti is t h e  l o c a l  temperature a t  a point  i n  t h e  
0 

surface wi th  coordinates x along t h e  c ,enter l ine  and y norxnal t o  it, T 
0 

i s  t h e  heated water discharge temperature, 
Tw 

i s  t h e  co ld  water temperature 

of t h e  lake,  D i s  t h e  diameter of t h e  o u t l e t  pipe, yc i s  t h e  va lue  of 
0. 

Y where 4 - , - - 1 
- 2 ,  and F r  i s  t h e  o u t l e t  densimetric Froude number. 

To - T, 0 

The equations irid5oate t h a t  t h e  surface  heat  sp-exl was Gaussian i n  t h e  

l a t e r a l  d i r e c t i o n  and t h a t  t h e  developing region of t h e  jet  was 7 diameters 

i n  length  with t h e  c e n t e r l i n e  temperature t h e r e a f t e r  f a l l i n g w i t h  X, a l l  

much i n  agreement wi th  t h e  non-buoyant case. Their b e s t  f i t  l i n e  f o r  a x i a l  

temperature d is t r5but ion,  along with da ta  from s e v e r a l  o the r  sources, i s  

reproduc.ed i n  Fig. 11-11, taken from t h e  l i t e r a t u r e  review of Tamah e t  a l e  

[81. (These da ta  f o r  a x i a l  temperature d i s t r i b u t i o n  should not  be confised 

w i t h  axial momentum d i s t r i b u t i o n ,  which was not measured.) 

..' Wood and Wilkinson, i n  t h e i r  d iscuss ion of t h e  paper 'by Jen, e t  a l e  

Af621, c i t e d  t h e i r  own experimental r e s u l t s  using f r e s h  water plumes i n  s a l t  
7 4 

-water a t  comparable values  .of t h e  densimetric Froud6 number. They v e r i f i e d  

t h e  equiition of Jen, e t  al., f o r  j e t  width, b u t  found t h e  coef f i c ien t  1.25 



i n s t e a d  . o f .  0.97, i n d i c a t i n g  more rap id  l a t e r a l  spreading. The Wood and W i l -  

kinson measurements were a l l  i n  t h e  v i c i n i t y  of X/D = 50, and t h e i r  
0 

boundary.conditions, too ,  probably permitted only a quasi-steady flow t o  be  

achieved. 

Flows a t  in termedia te  values  of t h e  densimetric F'roude number have been 

i n v e s t i g a t e d  by Tamai, Wiegel and Tornberg [8]. The surface  temperature pat-  

terns found could not  be described p rec i se ly  using t h e  equations given ear- 

l i e r  by Jen, e t  a l .  [61], nor was t h e  l a t e r a l  d i s t r i b u t i o n  of t h e  su r face  

temperature Gaussian a s  i n  t h e  l a t t e r  work. The temperature p r o f i l e s  were 

only  roughly . - s imi la r .  

A study a t  smal ler .densimetr ic  Froude numbers was a l s o  made by Hayashi 

and Shuto [63]. It was predic ted  and experimentally v e r i f i e d  t h a t  a s  t h e  

o u t l e t  Froude nwnber approaches zero (Richardson number approaches un i ty ) ,  

t h e  spreading p a t t e r n  ( t imel ines)  becomes c i r c u l a r .  The experiments show a 

more j e t - l i k e  p a t t e r n  a t  t h e  h ighes t  densimetric Froude numbers. A s imi lar -  

i t y  hypothesis f o r  t h e  temperature p r o f i l e ' a s  a funct ion of  depth was postu- 

l a t e d  i n  t h e  paper, b u t  not  conclusively v e r i f i e d  experimentally; ac tua l ly ,  

it appears d i f f i c u l t  t o  f i n d  s u f f i c i e n t  physical  j u s t i f i c a t i o n  f o r  t h i s  . 

pos tu la t ion .  The p l o t  of temperatures along t h e  jet axis shows t h a t  t h e  

temperatures do not decrease l i n e a r l y  f o r  any of t h e  Froude numbers, b u t  

r a t h e r  decrease a t  an acce le ra t ing  rate.  The authors attribute t h i s  be- 

havior t o  t h e  v a r i a t i o n  i n  Richardson number, which i s  small  near t h e  out- 

let--promoting mixing and i n h i b i t i n g  surface  cooling--but about u n i t y  o r  

l a r g e r  f a r t h e r  along, i n h i b i t i n g  mixing and enhancing surface  cool ing. .  

Tamai's experiments [64] were two-dimensional i n  t h a t  t h e  surface  d i s -  

charge channel was t h e  same width a s  t h e  tank. They concerned . v e r t i c a l  d is -  

t r i b u t i o n s  of v e l o c i t y  and dens i ty  a s  we l l  a s  a x i a l  var ia t ions .  The v e r t i c a l  

v e l o c i t y  p r o f i l e s  were found t o  be  approximately s imi la r  and Gaussian f o r  a 

given densimetric Froude number, but  t o  have a g r e a t e r  width i n  t h e  buoyant 

c a s e  than i n  t h e  non-buoyant case. The d e n s i t y  p r o f i l e s  were roughly 

Gaussian and s i m i l a r  only i n  t h e  developing regioh ( f i v e  o r  f&r channel 

depths  from t h e  o u t l e t ) ,  being near ly  uniform t h e r e a f t e r ;  this would i n d i c a t e  

a s t a b l e  s t r a t i f i c a t i o n  between plume and ambient water beyond' the develop5ng 

region.  One of Tamai's goals  was t o  measure an entrainment c o e f f i c i e n t , . b u t  

he was .unable t o  do s o  because of t h e  l a r g e  v a r i a t i o n  i n  local,Richar.dson 

number. 



Two-dimensional were a l s o  conducted by Wada [65] (not  l i s t e d  i n  

Table 11-D-1). He measured values of t h e  entrainment coe f f i c i en t ,  bu t  found 

t h e s e  var ied  not only w i t h  Richardson number, b u t  a l s o  wi th  t h e  s lope  of t h e  

i n t e r f a c e ,  which ' in  t u r n  was a f fec ted  by entrainment. 

Three-dimensional experiments i n  a somewhat s i m i l a r  range of small  

densimetric  Froude numbers and Reynolds numbers were conducted by S te fan  and 

Schiebe [66]. . Both v e l o c i t y  and temperature p r o f i l e s  were. recorded through- 

out  t h e  plume. Data have not been reduced s u f f i c i e n t l y  y e t  t o  determine en- 

t rainment coe f f i c i en t s ,  b u t  s ince  t h e  p r o f i l e s  a r e  mostly non-similar, it i s  

expected t h a t  t h e  entrainment c o e f f i c i e n t  w i l l :  vary from point  t o  po in t ,  per- 

haps a s  a function of 1ocal .Richardson number, These experiments demonstrat- 

ed how t h e  boundary cond i t ions  i n  a s teady flow experiment f requent ly  c o n t r o l  

t h e  s t r a t i f i c a t i o n  condi t ions  i n  t h e  experimental tank,  a s i t u a t i o n  which i s  

probably p a r a l l e l e d  i n  prototypes,  so t h a t  t h e  heated water i s  discharged 

i n t o  an alroady . s t r a t i f i e d  reservoi r .  Reference [h7] i s  a more d e t a i l e d  

vers ion  of  [66], 

I n  t h e  high-momentum j e t s  associa ted  wi th  high densimetric  Froude num- 

b e r s  ' a t  t h e  o u t l e t ,  t h e  su r face  discharge cana l  i s  f i l l e d  wi th  more o r  l e s s  

homogeneous warm.water, and a l l  t h e  mixing occurs i n  t h e  rece iv ing body of 

water ,  On t h e  o ther  hand, a t  t h e  lower end of  t h e  Froude number s c a l e  buoy- 

. ancy becomes s o  dominant t h a t  l a k e  or r e s e r v o i r  water  may a c t u a l l y  penet ra te  

. in to  t h e  o u t l e t  channel and form an a r r e s t e d  cold  water  wedge beneath t h e  

warm water  with a s t a b l e  o r  s l i g h t l y  uns table  i n t e r f a c e  between. 'There have 

been severa l  experimental s t u d i e s  on t h e  r e l a t e d  phenomenon of s a l i n e  wedges 

beneath f r e s h ' w a t e r  i n  connection wi th  t h e  problem of sa l t -water  i n t r u s i o n  

i n t o  r i v e r  mouths and locks. References t 6  t h e  wedge can be  found i n  

S t r e e t e r g s  handbook [ I91 and i n  Ippen's book [ 68 ] ,  f o r  example. D. F. 

Harleman is t h e  author of  t h e  p e r t i n e n t  chapters .  A more recen t  s tudy 

d e a l t  wi th  wedges i n  curved channels [69]. Whether a wedge forms depends 

o n , t h e  densimetric F'roude number a t  t h e  o u t l e t ,  and t h e  mixing depends on 

t h i s  and o n , t h e  l o c a l  Richardson numbers. 

I n  t h e  experiments described t o  t h i s  point ,  t h e  su r face  d ischarge  

cana l  has entered t h e  r e s e r v o i r  normally t o  a v e r t i c a l  wall. I n  f i e l d  s i t u a -  

t ions ,  e spec ia l ly  i n  l akes ,  i t  of ten  happens t h a t  t h e  cana l  jo ins  a s loping 

bottom, and t h i s  -can have s i g n i f i c a n t  inf luence  on'mixing a t  t h e  o u t l e t ,  



V e r y  few experiments have been performed t o  s tudy t h e  e f f e c t s  of t h i s  geom- 

e t .  Some of t h e  b d r a u l i c  models t o  be described i n  Chapter I11 were 

b u i l t  wi th  canals  on s lop ing  bottoms, but  no d a t a  were obtained on t h e  ef- 

f se i  of the slope. - The d i f fe rence  i n  a c t i o n  between t h e  o u t l e t  i n  a v e r t i c a l  

w a l l  and t h e  0.111 a s loping bottom is t h a t  i n  t h e  former case  abrupt  separa- 

t i o n  of t h e  outflow i s  u s u a l l y  forced a t  t h e  end of t h e  canal,  while i n  t h e  

l a t t e r  case  these  is a va r iab le  point' of separat ion.  Only i f  a cold  water  

wedge forms i n  t h e  c a n e l  does it make no d i f fe rence  how t h e  cana l  terminates. 

A corresponding experiment i n  t h e  non-buoyant case  would be represented 

by t h e  lower h a l f  of a f low of homogeneous f l u i d  through a p ipe  d i f fuser .  I f  

t h e  densimetric Froude number i s  l a r g e  enough, t h e  buoyant jet can be expect- 

ed t o  behave s'amilarly. I n  t h a t  case, i f  t h e  d i f f u s e r  angle is  small, t h e  

f l u i d  follows t h e  bottom f o r  g r e a t  d is tances ,  whereas i f  it is large ,  separa- 

t i o n  occurs e a r l y  and t h e r e  i s  much more mixing. This point  i s  i l l u s t r a t e d  

by some experimental r e s u l t s  obtained by Wiegel, Mobarek and Jen [72] which 

a r e  reproduced i n  Fig. 11-12. I Here x i s  t h e  a x i a l  d i s t ance  along t h e  jet 

and y i s  the  l a t e r  d i s t a n c e  from t h e  c e n t e r l i n e  i n  t h e  water surface.  The 

W repor ted  temperature concentra t ions  fo r  s lopes  ranging from 1:50 t o  
I = T 

0 . w  
1:200 f o r  a given x show t h a t  t h e  beach reduces t h e  j e t  mixing consider- 

ably,  and consequently higher temperatures a r e  .found a t  i d e n t i c a l  loca t ions  . . 

a t  t h e  water  su r face  when t h e  beach i s  f l a t t e r .  Another e f f e c t  of t h e  beach 

appears t o  be t h e  wider spread of t h e  plume on t h e  f l a t t e r  beach. The re- 

por ted  range of densimetr ic  Froude numbers a t  t h e  o u t l e t  was from 5 t o  50 

wi th  most experiments i n  t h e  ,range from 20 t o  30, Out le t  Reynolds numbers 

were mostly from 3000 t o  6000.- Some experiments w i t h  o u t l e t  channels c u t  

i n t o  a beach wi th  a 1:100 s lope  were a l s o  made. 

Larger d i f f u s e r  angles  i n  t h e  non-buoyant case  involve fluw separa t ion  

swingtng from one w a l l  t o  another, and t h i s  could have no d i r e c t  counterpar t  

i n  surface  buoyant jets because of l ack  of symmetry. The separa t ion po in t  

from t h e  bottom might be expected t o  make l a r g e  excursions wi th  t ime in t h e  

analogous s i t u a t i o n .  More l abora to ry  .work is  needed on t h e  e f f e c t  of s loping 

bottoms on canals ,  

It is a l s o  poss ib le  f o r  a .surface cana l  t o  e n t e r  a water body making a 

h o r i z o n t a l  angle wi th  t h e  shore, The proximity of a boundary t o  one s i d e  of 



t h e  emerging plume could  be axpected t o  d i s t o r t .  t h e  plume i n  t h i s  case,  but  

i t s  general  d i rec t ion ,  which i s  determined by the.momentum of t h e  jet, i s  no t  

l i k e l y  to' be affec ted  much. T h i s  can be i l l u s t r a t e d  by reference  t o  some of 

the'.model s tud ies  described i n  Chapter 111. 
, . 

A buoyant surface  j e t  f requent ly  discharges i n t o  an a l ready s t r a t i f i e d  

' n a t u r a l  reservoir .  . . Ekperiments do not  usua l ly  represent  t h i s  s t r a t i f i c a t i o n .  

which e x i s t s  because of t h e  annual temperature cycle. ' However, experimental 

! tanks  a r e  l imi ted  i n  s i z e ' a n d  a r e  'usually equipped wi th  some overflow mech- 

anism remote from t h e  o u t l e t  which maintains constant  volume. A s  a conse- 

quence o f . t t i i s  and of t h e  uncontrolled surface  cooling i n  many models, 

s teady s t a t e  condit ions i n  an experiment a re  usua l ly  associa ted  wi th  s t r a t i -  

f i c a t i o n  i n  t h e  experimental reservoir ,  which may be d i f f e r e n t  than t h a t  i n  

nature  [663. To. avoid boundary e f f e c t s ,  experiments a r e  sometimes c a r r i e d  

out  under unsteady flow condit ions,  and t h e  r e s u l t s  a r e  t r e a t e d  a s  quasi- 

s teady a s  was done i n  t h e  work reported i n  Refs. [8] end [61]. 

The miiring processes near a heated water, o u t l e t  w i l l  be influenced W 
t h e  kind of s t r a t i f i c a t i o n  found i n  t h e  reservoir .  ' Qual i t a t ive  aspec t s  of 

discharges i n t o  a two-dimensiona1,"two-layered, non-viscous system have been 

discussed by Stefan and Schiebe [70, 71). Various types  of flow and flow 

phenomena inf luencing o u t l e t  behavior were considered f o r  two-dimensional 

condit ions,  including cold  water  wedge penet ra t ion  i n t o  t h e  ou t l e t . channe l ,  

i n t e r f a c i a l  wave formation, t h e  i n t e r n a l  hydraulic jump, and turbulent  j e t s .  

Figure 11-12 shows some of t h e  p o s s i b i l i t i e s .  The bas ic  .mechanisms which 

cause var ious  types  of flow near a warm water o u t l e t  a r e  pr imar i ly  con t ro l l ed  

by buoyancy and i n e r t i a l  forces ,  a s  shown by S te fan  [70], and t h e  important 

: dimensionless numbers a r e  t h e  densimetric F'roude number and t h e  Richasdson 

number, However, t h e  e f f e c t s  of v i s c o s i t y  and t hree-dimensionality have not 

been f u l l y  inves t iga ted  and requ i re  f u r t h e r  study. 

I n t e r f a c i a l  s t a b i l i t y  between a warm water l ayer  and ambient water  i n  
* 

. two:dlxnensions has been t h e  subject  of much research and experimentation. 

' T h e . r e s u l t s  of t h i s  work on i n t e r f a c i a l  s t a b i l i t y  a r e  re levan t  t o  mixing in 

t h e  near f i e l d - a n d  joining region of surface buoyant jets and t o  t h e  la t ter  

p a r t  of t h e  joining region o f '  submerged jets a f t e r  they reach t h e  surface.  

The ,work has some, . tholgh n o t  a s  much, a p p l i c a b i l i t y  t o  t h e  f a r  f i e l d ,  - 



Helmholtz was' probably t h e  first t o  s tudy t h e  i n t e r f a c i a l  s t a b i l i t y  of  

non-viscous two-lwered flow assuming uniform b u t  d i f f e r e n t  v e l o c i t i e s  and 

d e n s i t i e s  i n  t h e  two l a y e r s ,  Esch [73] has s tud ied  t h e  same problem assuming 

t h a t  t h e  upper l a y e r  is bounded above by a f r e e  surface  and is s l i g h t l y  less 

dense and a l s o  a s i m i l a r  problem h h  a sheared v e l o c i t y  p ro f i l e .  Numerous 

works have been published on t h e  n6n-viscous-flow s t a b i l i t y  problem wi th  

contiP?uous dens i ty  p r o f i l e s  s ince  t h e  problem was f i r s t  d e a l t  wi th  i n  t h e  

c l a s s i c a l  works of  Taylor [74] and Goldstein [75]. 

The s t a b i l i t y  of  viscous s t r a t i f i e d  flow first received a t t e n t i o n  i n  

connection with s tudy of gas-liquid i n t e r f a c e  stability, Je f f reys  [76] was 

t h e  first t o  s tudy t h e  viscous e f f e c t  on t h e  s t a b i l i t y  of uniform flow. The 

s t a b i l i t y  of t h e  gas-li 'quid l n t i r f a c e  has .  s i n c e  been s tudied by many people, 

notably  Miles [77], us ing a more r e a l i s t i c  v e l o c i t y  p ro f i l e .  Tchen [?8] 

der ived an  approximate s o l u t i o n  f o r  t h e  viscous s & b i l i t y  of t h e  i n t e r f a c e  

between two f l u i d  l a y e r s  of d i f f e r e n t  f l u i d  p r o p e r t i e s  moving with uniform 

b u t  d i f f e r e n t  v e l o c i t i e s ,  and many.others have worked on s i m i l a r  problems 

~ 5 t h  d i f f e r e n t  boundary condit ions,  

I n  general,  t h e  densimetric Froude number i s  of primary importance i n  

s t a b i l i t y  c r i t e r r a  for two-layer flow. Ktjulegbn [79] and others havo in-  

cluded t h e  e f f e c t s  of v i s c o s i t y  from empirical  da ta  by in t roducing a new 

parameter based on t h e  r a t i o  of Reynolds number t o  t h e  square of the  densi- 

metric Froude number. The cube r o o t  of t h i s  r a t i o ,  ,called 8, . was found by . 

Keulegan . t o  have c r i t i c a l  va lues  of 0,127 f o r  Re  < 450 and 0,178 f o r  

If t h e r e  i s  no i n t e r f a c e ,  b u t  ins tead  a continuous densi ty  and Velocity 

gradient ,  stibif i k y  depends on t h e  l o c a l  Kichards6n number, previously' t a r o -  

cluced i n  Section I-B. Thorpe [80] repor ted  t h a t  i n s t a b i l i t i e s  of a  d i f f u s e  

i n t e ~ f a c e  between two miscible  f l u i d s  were not  observed a t  l o c a l  Richardson 

number values g r e a t e r  than 0.25. The minimum number a t  t h e  onset  of in- 

s t a b i l i t y  was est imated a t  0.09, I n  a f l u i d  of constant  dens i ty  gradient  no 

i n s t a b i l i t i e s  were observed. Buoyancy e f f e c t s  appear a t  Richardson numbers 

c l o s e r  t o  un i ty  according t o  o ther  t h e o r i e s  and measurements, those  of  El-  

l i s o n  and ~ u r n e r  [9] fo r  example. 

Rzrbulent l o c a l  d i f f u s i v i t i e s  f o r  mass and momentum a r e  funct ions  of 

t h e  Richardson number.  orr relations have been sought t h e o r e t i c a l l y  and 



experimentally. E l l i s o n  and Turner [81] ,proposed an a n a l y t i c a l  r e l a t i o n s h i p  

between R i  and t h e  r a t i o  of mass d i f f u s i v i t y  t o  momentum. d i f fus iv i ty .  Ac- 

cording t o  them, fi buoyancy has a neg l ig ib le  e f f e c t  (Ri I o), t h e  r a t i o  

is  equal  t o  1 I . b ' .  ~ o m e ' e f f e c t s  of buoyancy and turbulence begin t o  appear 

a t  ~ i c h a r d s o n  numbers a s  small  a s  0.01 i n  s t a b l e  dens i ty  gradients .  

Ins tead of using t h e  r a t i o  of d i f f u s i v i t i e s  t o  de f ine  mixing i n  con- 

nect ion wi th  l abora to ry  experiments, an o v e r a l l  e n t r a i m e n t , c o e f f i c l e n t  E 

f o r  p a r t i c u l a r  flow s i t u a t i o n s  i s  f requent ly  used. The c o e f f i c i e n t  was de- 

f ined  i n  Fection I-B a s  t h e  dimensionless r a t e  of inc rease  of d ischarge  wi th  

d i s t ance , ' bu t  may a l s o  be given a s  t h e  r a t i o  of two v e l o c i t i e s ,  a s  was done 

by Kato and P h i l l i p s  [82], 

where u i s  t h e  entrainment v e l o c i t y  and u, i s  t h e  shear v e l o c i t y  of t h e  
e 

cur ren t  which produces t h e  mixing. The o v e r a l l  entrainment c o e f f i c i e n t  is a 

funct ion of an o v e r a l l  Richardson number which i s  obtained by replacing t h e  

v e l o c i t y  and dens i ty  g rad ien t s  i n  t h e  o r i g i n a l  d e f i n i t i o n  with f i n i t e  values  

of veloci ty ,  dens i ty  d i f ferences ,  and lengths ;  f o r  example, Kato and P h i l l i p s  

used 

where Ap i s  t h e  dens i ty  jump across t h e  entrainment i n t e r f a c e  and D i s  

t h e  depth of t h e  mixed.layer. .The o v e r a l l  Richardson number may be i d e n t i -  

f i e d  'with . the  inverse  square of  a densimetric Froude number. 

Kato and ' P h i l l i p s  [82] experimentally applied a constant  s t r e s s  a t  t h e  

surface  of an i n i t i a l l y  quiescent  tank of f l u i d  with a uniform d e n s i t y  gradi- 

e n t  and studied t h e  development of t h e  t u r b u l e n t  l a y e r  by entrainment of t h e  

underlying f lu id .  The r e l a t i o n s h i p  
. . . - .  

was found t o  descr ibe  t h e  experimental da ta  q u i t e  well.  



The experiment was stimulated par t ly  by a s imi la r  investigation:..by El- 

l i s o n  and Turner [ 9 ] .  concerned w i t h  a surface jet. I n  t h a t  e a r l i e r  case t h e  

ove ra l l  Richardson number was defined'using t h e  overa l l  depth h- of t he  sur- 
. . 

face current  as the .  cha rac t e r i s t i c  length and t h e  average veloci ty  V, of ,  t h e  

cur ren t  instead of t h e  shear velocity. The .entrainment coeff ic ient  used by 

El l i son  and Turner i s  the  one given, i n  Section I-B, adapted t o  two-dbensional 

flow, 

.. . 

and i s  found t o  vary from E = 0.075 for  R i  = 0 t o  E = 0 fo r  R i  = 0.83. 

Wada [65] ver i f ied  these values approximately for  two-layered flow.. The 

value 0.83 i s  considered a mean f o r  the  ' c r i t i c a l  Richardson number. The shape 

of t h e  plotted. curve suggests a form 

but  n has not been specified.  I n  a more recent  study by Turner [83] a 

s t i r r i n g  mechanism was used i n  t h e  experiments instead of flow and n ' m s  

found t o  be equal t o  one f o r  t he  t ransfer  of heat and .1.5 for  t h e  t r ans fe r  of : 
s a l t .  The difference may be due t o  molecular effects .  The length sca le  t o  

be used i n  the Richardson number was f e l t  t o  be most meaningfully t h e  s i z e  of 

t h e  l a rge  eddies r a the r  than any overal l  scale. 

A s imilar  experiment had already been carr ied out-by Rou,se and Dodu 

[W] .  Ekperimental invest igat ions  of t he  mixing of two pa ra l l e l  streams of 

d i ss imi la r  gases were car r ied  out by Baker and Weinstein [85] lnvest lgat ing 

t h e  i n t e r n a l  turbulence mechanism which produced t h e  apparent exchange. 

Both j e t s  had an i n i t i a l  ve.locity d i s t r ibu t ion  p r o f i l e  and'xero veloci ty  a t  

t h e  point where the  j erts made .contact. Velocit ies,  turbulence in t ens i t i e s ,  

and dens i t i e s  were measured across the  flow a t  various distances from the  

ou t l e t .  Velocity r a t i o s  a t  the  ou t l e t  ranged from one t o  nine. It was found 

t h a t  measurements did not  s a t i s f y  the  s imi l a r i t y  hypothesis and t h a t  the  

disagreement was pa r t i cu l a r ly  la rge  when the  f r ee  stream ve loc i t ies  of t he  

p a r a l l e l  j e t s  were about equal. 

Evaluation of eddy d i f f u s i v i t i e s  from experimental data often proves 

d i f f i c u l t  [8]. Methods tha t .  can be used a r e  given i n  Chapter .VII of [I]. 

.. . . 



A summaiy of eddy d i f f u s i v i t i e s  obtained from f i e l d  measurements i s  contained 

i n  Ref. [86]. , 

Horizontal  dens i ty  g rad ien t s  a r e  genera l ly  much smaller  than v e r t i c a l  

dens i ty  gradients .  Therefore d ispers ion  i n  t h e  hor izon ta l  d i r e c t i o n  can be 

expected t o  resemble t h a t  found i n  homogeneous waters.  This  may be l a r g e r  o r  

smaller  than v e r t i c a l  dispersion;depending on Richardson number. Generally, 

the'  v e r t i c a l  d i spe r s ion  o r  entrainment becomes very  important a t  some place 

I near  t h e  o u t l e t ,  and hor izon ta l  d ispers ion  becomes more important i n  t h e  f a r  
1 

f i e l d  [65]. More research  i s  needed, however, on t h e  r e l a t i v e  importance of  

hor i zon ta l  and v e r t i c a l  mixing a s  r e l a t e d  t o  p o s i t i o n  i n  t h e  plume. 

Wind forces ,  too,  have t h e i r  major in f luence  i n  t h e  f a r  f i e l d ,  and t h e y  

w i l l  be discussed under t h a t  subject .  However, wind can a l s o  inf luence  t h e  

t r a j e c t o r y  of  t h e  emit ted j e t  nearer  an o u t l e t ,  e s p e c i a l l y  f o r  smal l  densi-  

me t r i c  ~ r o u d e  numbers. Wind shear  produces a momentum component i n  t h e  wind 

d i r e c t i o n ,  and t h i s  can c r e a t e  cu r ren t s  even i n  t h e  absence of a  plume. 

Since t h e r e  i s  l i t t l e  time f o r  shear  s t r e s s  t o  a c t  c l o s e  t o  t h e  o u t l e t ,  

l i t t l e  d i r e c t  e f f e c t  can be expected the re ,  bu t  f a r t h e r  along i n  t h e  joining 

region wind can produce a curved t r a j e c t o r y  or r e t a r d  o r  advance t h e  a x i a l  

motion of t h e  plume, depending on wind d i r e c t i o n .  No l abora to ry  experiments 

have been reported on t h e  e f f e c t  of wind on t h e  near  f i e l d  o r  jo in ing region.  

E. Lake Plumes i n  t h e  Far F i e l d  

A s  observed i n  Sect ion  11-A,  t h e  f a r  f i e l d  problem i n  l akes  i s  d i f f e r -  

ent from t h a t  i n  r i v e r s  and e s t u a r i e s  because i n  t h e  l ake  s i t u a t i o n ,  buoyant 

fo rces  produced by temperature d i f ferences ,  along wi th  wind and other  cur- 
, r e n t s  when present ,  a r e  responsib le  f o r  t h e  motion and spread of heat ,  while 

i n  a r i v e r  o r  es tuary ,  temperature i n  maw cases i s  only a marker of  f l u i d  

p a r t i c l e s  c a r r i e d  by . t t i e  main, flow. For t h a t  reason; only t h e  l a k e  s i t u a -  

t i o n  w i l l  be discussed here. Many of t h e  model s t u d i e s  t o  be reviewed i n  

Chapter I11 d e a l  mainly w i t h  t h e  f a r  f ie j .d ,  b11t unf ortunatexv, only  a few of 

them d e a l  wi th  lakes.  

An '&nportant c h a r a c t e r i s t i c  of t h e  f a r  f i e l d  of a  thermal plume i s  t h e  

ex i s t ence  of a t h e r m o c l i n e  along which t h e  l o c a l  Richardson numbers a r e  usu- 

a l l y  of '  s u f f i c i e n t  magnitude t o  i n h i b i t  mixing a s  discussed i n  Sect ion  11-D. 

A t  t h e  present  s t a t e  of  knowledge, entrainment and mixing can be taken a s  



n e g l i g i b l y  small along t h e  t h e m k c l i n e  (Wada [65]). The thickness of t h e  

plume, therefore ,  i s  determined l a r g e l y  by i t s  th ickness  a t  t h e  end of  t h e  , 

jo in ing region and by i t s  l a t e r a l  spread. There is usua l ly  l i t t l e  d i f f i c u l t y  

i n  modeling t h i s  no-mixing aspect  of t h e  f a r  . f i e l d ,  s ince  a11 t h a t  i s  neces-. 

s a r y  i s  an adequate thermocline i n  t h e  model. 

~ o r i z o n t a l  spreading i n  t h e  f a r  f i e l d ,  i n  t h e  'absence of wind and o the r  

pre-exis t ing  currents ,  i s  determined by severa l  ,,fa.c+or s.-. The;- r e s i d u a l  mo- 

mentum i n  t h e  j e t  i s  one of them, bu t  it has been a t tenuated by viscous 

shear ,  .spread, and mixing i n  passage through t h e  near f i e l d  and t h e  joining , 

region.  The dens i ty  g rad ien t  i n  t h e  hor izonta l  d i r e c t i o n  now becomes of s.ome 

s ign i f i cance ,  i t s  importance r e l a t i v e  t o  jet momentum being measured by t h e  

densimetr ic  Froude number, which i s  t h e  important modeling parameter f o r  this 

phenomenon. A s  t h e  densimetric Froude number decreases, t h e  spread becomes 

more and more c i r c u l a r  because of ttie importance of buoyancy forces  a s  de- 

sc r ibed  by Hayashi and Shuto [63]. I n  modeling it i s  s t i l l  necessary t o  have 

an adequate Reynolds number, and t h i s  r equ i res  model d i s t o r t i o n ,  a s  a l ready  

observed, Barr [3] .has  determined empirical  curves from two-dimensional ex- 

periments which can be  used t o  est imate when t h e  model Reynolds number i s  

l a r g e  enough t o  avoid viscous e f f e c t s  i n  spreading. 

Turbulence and mixing do, of course, occur wi th in  t h e  plume. These 

t r a n s f e r  hea t  i n  t h e  v e r t i c a l  d i r e c t i o n  t o  compensate f o r  surface  cooling. 

.There i s  a l s o  t u r b u l e n t  mixing i n  t h e  hor izon ta l  d i r e c t i o n  which t r a n s f e r s  

h e a t  much a s  i n  a g rad ien t  process t o  t h e  limits of t h e  pluqe and i n t o  t h e  . 

ambient f l u i d  surrounding it. Heat t r a n s f e r  wi th in  t h e  plume is measured by 

t h e  eddy d i f f u s l v i t y ,  and t h i s  i s  of ten  l e s s  i n  t h e  v e r t i c a l  d i r e c t i o n  than 

i n  t h e  hor izonta l  d i r e c t i o n  because o f , t h e  v e r t i c a l  dens i ty  gradient .  Many 

of  t h e  experiments described i n  Section 11-D had a s  an ob,jective t h e  obtain-  

i n g  of eddy d i f f u s i v i t i e s ,  Examples can be  found i n  t h e  work of Jen, et  a l .  

[&I, Hayashi. and Shuto [63], Tamai, e t  a l .  181, Tamai [&I, and S te fan  and 

Schiebe c673. However, t h e  present  s t a t e  of knowledge does not provide con- , 

s i s t e n t  numerical va lues  f o r  t h e  d i f f u s i v i t i e s ,  and t h e  b e s t  t h a t  can be done 

i s  t o  assume t h e  values  f o r  non-buoyant tu rbu len t  j e t s  given i n  Section 11-B 

f o r  hor izon ta l  d i f f u s i v i t i e s  and t o  use smaller  v e r t i c a l  d i f f u s i v i t i e s .  The 

l z t t e r  w i l l  involve guesswork, with some guidance provided b.Jr t h e  values  of 

l o c a l  Richardson numbers. 



. ~ a r  f i e l d  models should usual ly  opera te  i n  t h e  stea* s t a t e .  This  i s  

bo th  a p r a c t i c a l  mat ter  and a necess i ty  a s  a  consequence' o f  d i s t o r t i o n .  I n  

a  p r o t o h e  t h e r e  i s  a c e r t a i n  r a t e  of cooling t o .  t h e  atmosphere from t h e  - 

plume surface , .and th i s , changes  slowly a s  t h e  hours of t h e  day pass. Simi- 

l a r l y ,  'kind ' d r i f t  cu r ren t s  a r e  f requent ly  subjec ted  t o  -changes. which occur 

wi th in  hours. The d e t e c t a b l e  l i m i t s  of t h e  plume w i l l  expand o r  c o n t r a c t  

and w i l l  a l s o  be d isplaced due both  t o  changes i n  t h e  hor izon ta l  d e n s i t y  

g rad ien t  and t o  hor izon ta l  mixing .as  t h e  su r face  cooling r a t e  and t h e  wind 

shear  on t h e  water su r face  change. These changes i n  t h e  plume a r e  s o  slow 

a s  t o  be p r a c t i c a l l y  unimportant, and it .is n o t  r e a l l y  necessary t o  know how 

they  occur. It i s  t h e  average 'steady pos i t ion  o f  t h e  plume under given.  me- 

t e o r o l o g i c a l  and p l a n t  operat ing condi t ions  t h a t - i s  needed. I n  a  model, 

t ime periods a r e  shortened by a f a c t o r  of a t  l e a s t  t e n  and usua l ly  by consid- 

e rab ly  more. It would be both d i f f i c u l t  and c o s t l y  t o  operate a  model s o  a s  

t o  reproduce plume f luc tua t ions .  

There is, never the less ,  a  c e r t a i n  f a s c i n a t i o n  i n  examining t h e  unsteady 

spread of a  buoyant plume over a  water  surface ,  and r a r e l y ,  probably, has an 

occasion t o  do it been missed. There i s  one good reason f o r  doing it: 

During t h e  unsteady spread period t h e  e f f e c t s  from those  unrepresenta t ive  

edges o f - t h e  model where it has had t o  be "cut  o f f w  because of s i z e  l i m i t a -  

t i o n s  a r e  f a i r l y  small. 

On t h e  o the r  hand, many experinients t h a t  a r e  run i n  t h e  unsteady, ex- 

banding blume model to  take  advantage of r e s t r i c t i d  boundaries usua l ly  h ~ v e  t o  

be completed i n  minutes, a  much more rap id  t ime than even t h e  modeling s c a l e  

requi res .  I f  t h e  f a r  f i e l d  model i s  d i s t o r t e d ,  a s  it frequent ly  i s ,  t h e  

hor izon ta l  densi ty.  g rad ien t  becomes much l a r g e r  i n  t h e  model than i n  t h e  

prototype, '   h he time s c a l e  i s  determined by v e r t i c a l  d is tance ,  whereas t h e  

g rad ien t  i s  determined by v e r t i c a l  over hor izon ta l  d is tance ,  a n d - t h e  l a t t e r  

i s  r e l a t i v e l y  foreshortened.) I n  model da ta  so  obtained t h e  too-large 

hor izon ta l  d e n s i t y  g rad ien t  w i l l  produce both  t o o  l a r g e  a m.omentumflow and 

too. l a r g e  an apparent hor i zon ta l  eddy d i f f u s i v i t y .  A t  t h e  moving f r o n t  of 

the,plume.. t h e  mixing may b e  reduced. 

. . '- 'The'argument j u s t  presented can a l s o  be used t o  show t h a t  it is des i r -  

a b l e  t o  model su r face  cooling cor rec t ly .  I f  t h i s  i s  not  done;the hor izon ta l  

' . densi'ty g rad ien t  will, be  incor rec t ,  wi th  t h e  consequences j u s t  s t a t ed .  More 



important, ' t h e  s i z e  of t he  area affected by a temperature increase w i l l  be 

a l te red .  The d i f f i c u l t y  i n  obtaining. consistent values of d i f fu s iv i t i e s .  i s  

probably i n  par t  a t t r i bu t ab le  t o  t h e  f a c t  t h a t  so many of the  experiments 

described i n  Section 11-D were conducted f o r  unsteady conditions o r  f o r  in- 

co r r ec t  surface cooling. The pr incipal  shortcomings of models of the  f a r  

f i e l d  have been. t h e  f a i l u r e  t o  model surface cooling and the  f a i l u r e  t o  pro- 

duce cor rec t  steady s t a t e  'boundary conditions. 

Another cha rac t e r i s t i c  of t h e  f a r  f i e l d  i s  the  ease with which s ign i f i -  

can t  momentum can be added t o  the plume by hoririontal windshear a t  the sur- 

face  (or  by pre-existing 1ake.currents) .  This i s  t r u e  because of t he  l a r g e  

surface areas  open t o  wind and the  small forces produced -by horigontal d e b  

s i t y  gradients. The wind s t r e s s  produces a 'iiertlbal veloci ty  prof i le  near 

t h e  surface, a l t e r s  t h e  t r a j ec to ry  and t h e  shape of t h e  plume [ 6 , ,  73, and- may 

produce waves. It a l s o  p i l e s  up water against  t he  windward shore, creat ing 

excess head a t  t h a t  point  which forces a re turn  flow a t  lower depths. I f  

t he  water reaching t h e  windward shore i s  s t i l l  warm, t h e  warm water may be 

ca r r i ed  t o  depths well  below the  depth of t h e  thermocline i n  t h e  main portion 

of t h e  plume .by t h e  re turning flow. (see Sections B and E of Chapter 111 

for e x u p l ~ s .  ) 

The v e r t i c a l  veloci ty  p r o f i l e  produced by t h e  wind mey reduce the  l o c a l  

Richardson number, t h u s  enhancing ve r t f ca l  mixing. Waves may a l so  contribute 

t o  enhanced.mixing. It i s  possible f o r  two or  more warm l ayers  of d i f f e r en t  

temperatures t o  form, depending on the  depth t o  which t h e  wind-generated 

ve loc i ty  p ro f i l e  penetrates. The depth t o  which wind-generated p ro f i l e s  

penetrate,  a s  wel l  a s  t h e  s t r e s s  on the  surface, depends on the  length of 

'time the wind has been blowing on the  water maes, end t h i s  is dependent *on 

the fetch,  the dis tance over which the wind has contact with the  water 

S U F ~  ace, 

' 

Unfortunately, t he re  has .been no laboratory experimentation on t h e  ef- 

f e c t  of wind on thermal plumes. Experbents a r e  needed t o  obtain some idea 

of how deep the v e r t i c a l  veloci ty  p ro f i l e  penetrates and how much momentum is 

t ransfer red  for  a given fetch. Also, it i s  necessary t o  learn  how wind 

s t r e s s  e f fec t s  can be represented i n  a model. Experiments have, of ,course ,  

been performed on wind blowing over uns t ra t i f ied  water surfaces, and repor t s  

from t h a t  research can be resorted t o  f o r  some information. The oceanographic 



l i t e r a t u r e  conta ins  genera l  -information ' regarding wind e f f e c t s  on c i r c u l a t i o n  

pat terns .  ,Books by Robinson 1871 and Wiegel [88] can b e  consulted. A paper 

by Baines and Knapp C89] r e p o r t s  on experiments. i n  a two-dimensional channel 

f o r  obta in ing v e l o c i t y  p r o f i l e s  and turbulence proper t ies .  Other l abora to ry  

stud%& were c a r r i e d  ou t  by. P l a t e  and Hidy [90, 911 and by Shemdin and Hsu 

[92], t h e  l a t t e r  conta in ing a b r i e f  review of e a r l i e r  experimental work. 

The shear exer ted  by wind on a water  su r face  i s  o f t en ' ca lcu la ted  i n  

accordance -with boundary l a y e r  theory  using an equation i n  t h e  form , .  

Z 
T = C  p d 

W W W W  

where T i s  t h e  su r face  wind shear ,  U i s  t h e  wind v e l o c i t y  a t  a speci-  
W W 

f i e d  height ,  and Cw i s  a shear  s t r e s s  c o e f f i c i e n t .  Ekperimental r e s u l t s  on 

appropr ia t e  c o e f f i c i e n t s  
. , cw a r e  l i s t e d  by Wiegel [88], Chapter 13. For a 

rough water  surface ,  Wada [86] proposed C = 0.8 x if 
W 

pw = 1.25 x 10-3 g/cm3 and Uw i s  t h e  wind v e l o c i t y  measured 1 0  m above 

t h e  su r face  i n  m/sec. Larger va lues  of 
. . . . . ,  Cw a r e  recommended by Rol l  [93], 

a s  shown i n  Table 11-El; The tu rbu len t  shear  caused i n  t h e  water  by wind 
. . 

i s  f requent ly  expressed i n  terms of an eddy v i s c o s i t y .  A compilation of 

values of eddy v i s c o s i t i e s  derived from f i e l d  measurements i s  given by Wada 

~861' .  ~ c c o r d i n g  t o  him t h e  r e l a t i o n s h i p  a p p l i e s  only if U > 8 mlsec; 
W 

below t h i s  value t h e  su r face  has t o  be considered smooth. 
. . 

T.he dynamic roughness zo has been shown t o  change r a t h e r  d r a s t i c a l l y  

wi th  , wind . or  shear  ve loc i ty .  Watson [94] g i v e s  , 
, . 

wherein z i s  given i n  centimeters,. u, i s  t h e  shear  v e l o c i t y  i n  cm/sec, 
0 

and t h e  value of a may vary from 81 t o  13, a s  reported. The uncer t a in ty  
' . 

i's introduced by t h e  inaccura te  determination of t h e  shear  ve loc i ty .  
. . 

~ o l l * ' s  book [93] i s  en informative summary on wind-water i n t e ~ a c t i o n  and con- 
: I , . 

t a i &  . ' fbr ther '  . references.  
*'- : .'<-.&,. 

, Wind a l s o  inf luences  cooling,, and t h e  ex ten t  of  t h e  . add i t iona l  cooling 
> . ;;..,, < .  

can be ca lcu la ted  ROO]., A s  a consequence o f  t h e  a d d i t i o n a l  cooling and 
.. . .  
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TABLE 11-El - Estimates of Drag Coeff ic ients  Cw x lo3 a t  1 0  m Height 

above t h e  Sea Surface by Four Di f fe ren t  F i e l d  Methods 

and Three Laboratory Methods ( a f t e r  Ro l l  [a]) 

LIGHT WINDS STRONG WINDS 
(< 1 0  m/sec) 010 m/sec) 

Wind p r o f i l e s  ( l5)*  1.1 2 0.4 (12) 2.0 2 0.7 
Geostrophic depar ture  (6)  1.1 f 0.6 (2 )  2.5 2 0.5 

. T i l t  o f  wate r  su r face  (8) 2.7 ;t 1.7 (14) 2.4 f 0.6 
Eddy c o r r e l a t i o n  ( 2 )  L45 (1) 2.3 

LABORATORY MEASuFEMEXTS 

Wind p r o f i l e s  (3)  . 0.9 2. 0.3 ( 3 )  1.7 2 0.3 '. . .. 

(2) 0.9 2 0.2 (3) 2.5 2 021 T i l t  of' water  s u r f a c e  

(1) 0.9 --- Surface f i l m  

*The numbers i n  parentheses give t h e  number of s e t s  of observations i n  . . 
each category. The standard devia t ions  indicated  represent  only t h e  
degree of disagreement between d i f f e r e n t  s e t s  of observations and 
neg lec t  t h e  e r r o r s  involved i n  each 'se t .  

g r e a t e r  mixing, it is not  real'& necessary t o  be concerned about s t rong  winds 

where l a r g e  waves occur--say over 12 mph--for then t h e  thermal plume prac- 

t i c a l l y  disappears, anyway. The main problem wi th  using simulated winds i n  

a hydraul ic  model i s  t h a t  surface  cooling by evaporat ion may then be too  

l a rge .  An adjustment using r e l a t i v e  humidities of t h e  a i r  i s  possible,  bu t  

t h i s  i s  a problem requ i r ing  f u r t h e r  study. 

F. Numerical Coef f i c ien t s  from Laboratory.Models 

Experimental l abora to ry  s t u d i e s  are p o t e n t i a l l y  use fu l  f o r  ve r i ry ing  o r  

. determining numerical va lues  of c e r t a i n  c o e f f i c i e n t s  o r  flow parameters which 

.. a r e  needed i n  a n a l y t i c a l  desc r ip t ions  of  thermal plumes i n  lakes,  .Such coef- 
. . 

f i c i e n t s  o r  parameters usua l ly  descr ibe  bulk e f f e c t s  of turbulen* motion not . . 

obta inable  t h e o r e t i c a l l $  from bas ic  physica l   principle^ o r  by s o l u t i b ~  of 

p e r t i n e n t  equations such a s  t h e  Navier-Stokes equations o r  t h e  d i f f u s i o n  



equation. A t y p i c a l  example of such .a  c o e f f i c i e n t  i s  t h e  spread c o e f f i c i e n t  

C o f , a  'submerged f u l l y  developed, homogeneous, t u r b u l e n t  j e t ;  t h i s  can b e  

def ined a s  C = a/s, where a i s  t h e  var iance  of t h e  Gaussian v e l o c i t y  d i s -  

tixibution p r o f i l e  and s i s  t h e  d is tance  from t h e  nozzle [lo]. 

Numerical c o e f f i c i e n t s  a r e  genera l ly  used i n  and defined by s impl i f i ed  

vers ions  of equations r e f e r r i n g  t o  t h e  f l u x  of mass, momentum, energy, buoy- 

ancy, o r  heat. I d e a l l y ,  t h e  value of a c o e f f i c i e n t  i s  universa l ;  t h a t  is,  

no a t t e n t i o n  has t o  be paid t o  t h e  order  of  magnitude of t h e  o ther  parameters 

used i n  the 'same s e t  of equations. This appears t o  be  t h e  case  f o r  t h e  coef- 

f i c i e n t  C c i t e d  above, t h e  value of which i n  homogeneous f l u i d s  has been 

determined exper imenta l ly . to  be near  0.081 f o r  an axisymmetric j e t  and near  

0.0109 f o r  a wide (two-dimensional) s l o t ,  both  having uniform v e l o c i t y  ac ross  

t h e  o u t l e t  width. I f  a marker such a s  dye o r  hea t  i s  c a r r i e d  i n  the  jet 

without  changing i t s  dens i ty ,  C f o r  t h e  spread of marker substance is 

l a r g e r  by a f a c t o r  of about two. 

The spread and t u r b u l e n t  motion of a non-buoyant j e t  a r e  p r imar i ly  in -  

e r t i a l  e f f e c t s ,  and t h e r e f o r e  a l l  j e t  c h a r ' a c t e r i s t i c s  can be  shown t o  depend 

on only one experimental coe f f i c i en t .  I f  o the r  fo rces  come i n t o  play and i f  

t h e  geometry of a flow becomes more complicated, a l a r g e r  number of dimen- 

s i o n l e s s  parameters aremeeded t o  descr ibe  t h e  flow and t h e  un ive r sa l  charac- 

, t e r  of each one i s  l o s t .  The Darcy f r i c t i o n  f a c t o r  f o r  duct  flow, wi th  i t s  

dependence on Reynolds number, r e l a t i v e  roughness, and shape of  t h e  duct ,  i s  

one of  t h e  b e t t e r  known examples. Flow i n  t h e  thermal plume is a r a t h e r  

complicated process, and severa l  dimensionless parameters a r e  needed f o r  i t s  

descr ip t ion .  Hence, interdependencies between dimensionless parameters must 

be expected. 

The number and kind of numerical parameters can be obtained us ing t h e  

methods out l ined i n  Chapter I. These inc lude  t h e  same dimensionless quanti-  

t ies which must be represented properly i n  physica l  models: densimetric  out- 

l e t  Froude number, o u t l e t  Reynolds number, Nusselt  number f o r  su r face  heat  

t r a n s f e r ,  t u rbu len t  P rand t l  number, and o t h e r s  t h a t  have been c i t e d  before. 

  ow ever, i n  a n a l y t i c a l  models it i s  necessary t o  in t roduce  a d d i t i o n a l  dimen- 

s i o n l e s s  parameters which a r e  convenient t o  use  i n  a s e t  of equations t h a t  

can b e  solved a n a l y t i c a l l y  o r  numerically. The s e t  of new parameters w i l l  be  

a funct ion  of t h e  same bas ic  dimensionless q u a n t i t i e s  a l ready used i n  phys- 

i c a l  models. Hopefully, t h e  func t iona l  r e l a t i o n s h i p  w i l l  be a simple one. 



Available numerical parameters f o r  thermal plumes a r e  l i m i t e d  t o  those  

ob ta inab le  from experiments on steady-state, buoyant jets--mostly i n  t h e  near  

f i e l d .  Among t h e s e  numerical parameters t h e  entrainment c o e f f i c i e n t  a, a s  

def ined i n  Section-11-C, i s  of p a r t i c u l a r  importance. It i s  used i n  a mass 

f l u x  equation and determines, i n  a sense, t h e  mixing p roper t i e s  of a j e t .  

Fan and Brooks [28] and Abraham [34] discuss  t h e  value of t h e  j e t  ent ra in-  

m n t  c o e f f i c i e n t  f o r  submerged, buoyant j e t s .  According t o  t h e  first author's 

a ranges from 0.057 t o  0.087, t h e  lower value  coming from inves t iga t ions  of 

momentum jets [lo], t h e  l a t t e r  from those  of buoyant plumes with zero  i n i t i a l  

momentum [26]. The dependence on t h e  buoyant f o r c e s  and the re fo re  on t h e  

densimetr ic  F'roude number has been given i n  more e x p l i c i t  form .by Abraham 

[34] and i s  reproduced i n  Fig, 11-5. 

Application of t h e  entrainment p r i n c i p l e  t o  hor izon ta l  and buoyant sur- 

f ace  jets poses f u r t h e r  ques t ions  because of t h e  d i f fe rences  i n  hor izon ta l  

and v e r t i c a l  mixing i n  t h e  presence of buoyancy. The hor izonta l  entrainment 

c o e f f i c i e n t  (through v e r t i c a l  surfaces)  can be considered t o  be unaffected 

by buuyancy. Transfer  and entrainment through horizontal surfaces  can be 

t r e a t e d  i n  accordance ' with  El l i son 's  and Turner's experimental r e s u l t s  ' [81], 

i n d i c a t i n g  a reduct ion of entrainment t o  zero when t h e  bulk Richardson number 

approaches a value of about 0.8. This bulk Richardson number i s  equivalent  

t o  t h e  inverse  of  t h e  square of  a l o c a l  densimetric Froude number. The en- 

trainment c o e f f i c i e n t  f o r  t h e  v e r t i c a l  t ransfei-  E f~ defined I n  Sect ion 

I-B. 

Mixing. i n  . t h e  zone of flow establishment f o r  a submerged j e t  i s  

genera l ly  d i f f e r e n t  from mixing f o r  a surface  j e t .  In f a c t ,  t h e  submerged 

j e t  i n  t h i s  zone can be t r e a t e d  i n  much t h e  same manner a s  t h e  homogeneous 

,jet using t h e  modified c o e f f i c i e n t s  jus t  discussed. 

The mixing of heated water  and lake water a t  o u t l e t  canals  i n t o  l a k e s  

i s  s u b s t a n t i a l l y  a f fec ted  by t h e  geometry of t h e  l a k e  shore, ' the c ross  sec- 

t i o n  of t h e  o u t l e t  canal ,  and t h e  angle of discharge a s  we l l  a s  t h e  dimen-. 

s i o n l e s s  dynamic parameters. I n  t h i s  s i t u a t i o n  it i s  q u i t e  impractical t o  

work wi th  l o c a l  entrainment coef f i c ien t s .  Rather, a bulk entrainment r a t e  

given a s  t h e  t o t a l  flow r a t e  q a t  t h e  end of t h e  mixing region r e l a t i v e  t o  

t h e  i n i t i a l  heated water  discharge q would be  useful .  If t h e  shore of 
0 



t h e  lake  i s  simply an inc l ined  plane surface,  t h e  o u t l e t  mixing r a t i o  can be 

expected t o  depend on a t  l e a s t  f i v e  dimensionless parameters: 

where bo i s  t h e  width of  t h e  o u t l e t  channel, do i t s  depth, dl a char- 

a c t e r i s t i c  thickness of t h e  heated water l a y e r  a t  . t h e  . end of  t h e  mixing zone, 
I 8 t h e  s lope  of t h e  beach, and Re  and Froq t h e  Reynolds and densimetric 

F'roude numbers respectively.  The geometry of t h e  o u t l e t  channel w i l l  a l s o  

have some effec t .  No experiments to evaluate t h e  func t iona l  r e l a t i o n  a r e  

known of, probably because v e l o c i t y  measurements a r e  d i f f i c u l t  t o  obtain. 

Some- ava i l ab le  measurements [67 ] r e f e r r i n g  t o  a discharge from a rec- 

t angu la r   channel i n t o  a deep tank with v e r t i c a l  wa l l s  a r e  s t i l l  await ing 

analysis .  Preliminary r e s u l t s  i n d i c a t e  t h a t  the .  reduction i n  t o t a l  flow 

r a t e  o r  i n  entrainment caused by buoyant e f f e c t s  a s  compared t o  . t h a t  i n  t h e  

non-buoyant case beoomes more and more pronounced with distance.  

Available experimental da ta  on temperature d i s t r i b u t i o n s  from various 

sources previously c i t e d  might be use fu l  i n  obta in ing f u r t h e r  information on 

o u t l e t  mixing, b u t  no attempt has been made t o  e x t r a c t  information of t h i s .  

kind from them. 

The o u t l e t  mixing process not only produces an. increase  i n  flow r a t e ,  

but a l s o  a f f e c t s  t h e  apparent plume width and depth. Equations of  t h e  form 

f o r  t h e  width of t h e  plume a t  t h e  surface  have been given by Jen, e t  a l .  [61] 
and by Wood and Wilkinson [62], respect ively ,  and were c i t e d  i n  Sect ion 11-D. 

The l a t t e r  took t h e i r  d a t a  using f r e s h  water and s a l t  water  and a t  d i s t ances  

X / D ~  e50. . The . above equations lump t h e  e f f e c t s  of o u t l e t  mixing or  en t ra in -  

ment and of j e t  &reading i n t o  one, and f o r  t h a t  reason it i s  doubtful  



whether a universal  expression f o r  ill X / D ~  v i lues  -can be obtained. It can 

be r ead i ly  seen t h a t  t h e  above equations do not apply t o  small values of ,x. 

No quant i ta t ive  expressions for  t he  depth of the  plume could be found, 

bu t  avai lable  tempepature data could be used t o  obtain such information. 

The equations j u s t  given f o r  t h e  apparent spread of a plume describe 

t h e  spread of heat, but  not t he  spread of momentum. Depending on the  buay- 

ancy e f fec t s ,  t h e  spread of heat may be greater ,  equal t o ,  o r  l e s s  than t h a t  

of momentum. I n  t h e  homogeneous j e t  it is about twice, as already indicated, 

With favorable densi ty  gradients t he  fac tor  may be reduced, while f o r  un- 

favorable gradients it may be increased. Useful measurements a r e  d i f f i c u l t  

t o  obtain because of t h e  tediousness of making veloci ty  measurements. 

Another form of spread t h a t  is of i n t e r e s t  is t h e  path of stream sur- 

f aces  leaving t h e  ou t le t .  A stream surface encloses a de f in i t e  discharge 

r a t e  and hence neglects entrainment. Stream surfaces s t i l l  spread because 

of momentum t r ans fe r  from t h e  cen t r a l  pa r t  of t h e  j e t  t o  t he  ambient f luid.  

Experimental observations of surface streamlines a s  described by Kashiwamura 

and Yoshida [60], Hayashi and Shuto [63], Stefan and Schiebe C673, and Jen, 

e t  a l ,  C613 were discussed i n  Section 11-D. These experiments a r e  not ade- 

quate  t o  make it possible t o  ass ign numerical spreading coeff ic ients  t o  the  

streamlines, p r inc ipa l ly  because bottom spreading is  undefined. 

Finally,  t h e  length of t h e  ou t l e t  mixing zone i tself  is of i n t e r e s t ,  

because it is  necessary t o  specifya where t h e  thermal plume becomes l a rge ly  

independent of t h e  complex processes occurring a t  t h e  outlet .  If the  char- 

a c t e r i s t i c s  of t h e  j e t  a t  t h i s  point  a r e  known, it  may be possible t o  define 

a v i r t u a l  or igin  of a simpler j e t  (such a s  t h a t  from a c i r cu l a r  or  half-cir-  

c u l a r  o r i f ic ,e )  which would have produced the  same resul-bs. The r e su l t s  f o r  

t h i s  simpler ou t l e t  could then be used t o  extend t h e  computations f a r the r  

along t h e  plume, 

The j e t  beyond t h e  o u t l e t  mixing zone can be described according t o  

charac te r i s t ics '  s imi la r  t o  those used before; however, t he  dependence on t h e  

o u t l e t  densimetric Froude number and the  Reynolds number becomes qu i t e  weak, 
. . 

and l o c a l  values should therefore  be substi tuted.  The reason f o r  this i s  

t h a t  t h e  cumulative e f f e c t  of heat l o s s  through t h e  water surface makes it 

impossible' t o  continue t o  ignore Nusselt number. and temperature r a t i o s .  
% . :. 5 . .  



~ v e r a ~ e  r a t e s  of su r face  hea t  t r a n s f e r  a r e  sometimes used fo r  computations i n  

t h i s  region,  An o rde r  of magnitude f i g u r e  f o r  h e a t  l o s s  from a thermal plume 

might be  from 50 t o  200 B T U / ~ % ~ , O F , ~ ~ ~  [ l o l l  where t h e  temperature d i f f e r -  

ence i s  t h a t  e x i s t i n g  between t h e  plume su r face  temperature and t h e  equ i l ib -  

rium temperature, 

The j e t  i n  t h e  far ' f i e l d  i s  subjected t o  wind and currents .  The shear  

S t r e s s  c o e f f i c i e n t s  necessary i n  t h e  computation of wind e f f e c t s  have been 

given i n  Section 11-E. 
- .  . 

A desc r ip t ion  o f  t h e  thermal plume a s  a d i spe r s ion  process e s s e n t i a l l y  

r e q u i r e s  knowledge o f , e d d y  d i f f u s i v i t i e s  and eddy v i s c o s i t i e s  i n  both  hor i -  

z o n t a l  and v e r t i c a l  d i r ec t ions .  ' Ekperimental s t u d i e s  on thermal plumes t h u s  

f a r  have not  produced any such values,  and one at tempt t o  f i n d '  t h e s e  va lues  

[8], l i m i t e d  i n  scope, has f a i l ed .  . . A .  dependence of l o c a l  va lues  of  t h e  above 

. f o u r  parameters .on l o c a l  Richardson numbers has  been s t rong ly  suggested by 
. ~ 

var ious  authors. It i s  not  c e r t a i n ,  however, whether t h i s  i s  t h e  only 

dimensionless number'to .be considered, T h e . i n a v a i l a b i l i t y  .of s u f f i c i e n t l y  

accura te  ve loc i ty  m&surements must be blamed i n  p a r t  f o r  t h e  l a c k  of in -  
. . 

formation. 

Another point  t o  be made i n  t h i s  connection i s  t h e  uncer t a in ty  i n -  

volved i n  c o r r e l a t i n g  l abora to ry  and f i e l d  eddy d i f f u s i v i t i e s  and v i scos i -  

t i e s .  Scale  e f f e c t s  on t h e  turbulence s p e c t r a  have been shown t o  e x i s t  i n  

t h e  case  of t h e  simple submerged j e t ,  i n d i c a t i n g  t h a t  s i m i l a r i t i e s  between 

models and prototype may apply only t o  time-smoothed values. The s i t u a t i o n  

i s  probably worse i n  t h e  f a r  f i e l d  of t h e  thermal plume. Given t h i s  s i t u a -  

t i o n  it seems d e s i r a b l e  t o  draw on f i e l d  d a t a  r a t h e r  than on tank exper i -  

ments f o r  eddy parameters. Some s p e c i f i c  va lues  have been l i s t e d  i n  a 

t a b l e  by Wada C861. 

G. Laboratory Instrumentat ion 

Local temperatures and v e l o c i t i e s  a r e  t h e  output  da ta  sought from most 

experimental plume s tud ies .  Copper-constantan thermocouples and the rmis to r  

probes a r e  genera l ly  used f o r  t h e  measurement of  time-smoothed values of  

temperature. The accuracy of  t h e s e  instruments i s  genera l ly  near 0 , 1 ° ~ ,  

which i s  f requen t ly  considered su f f i c i en t .  The devices may be  i n s t a l l e d  a t  

f i x e d  points ,  both  h o r i z o n t a l l y  and v e r t i c a l l y ,  o r  e l s e  a s i n g l e  device  o r  a 



v e r t i c a l  chain of devices may be moved from point t o  point. It is  sometimes 

s u f f i c i e n t  t o  measure only surface temperatures. This can be done f o r  l a rge  

a reas  almost instantaneously using infrared techniques, including both 

d i r e c t  photography and image in tens i f ica t ion  [95]. Infrared techniques a r e  

being applied i n  t he  model study of  Item 22 of Chart I I I - A - 1 ,  f o r  example. 

Velocity measurements' prove t o  be q u i t e  d i f f i c u l t  because of. t he  

small ve loc i t ies  occurring i n  the  f a r  f ie ld .  Values a s  low a s  0.01 fps  may 

be  encountered. Special  means such a s  t he  Bagnold flow meter [96], t he  

te thered  sphere probe [97], and an isotopic  t r a c e r  method [lo21 have been 

devised. The process of measurement i s  tedious, because a separate record 

must be made f o r  each data  point. I n  turbulent flow the  personal judgment 

of an observer i n  forming a time average i s  required, and t h i s  i s  a- handicap 

i n  obtaining accurate measurements. When near surface ve loc i t ies  only have 

been required, weighted f l o a t s  and f loa t ing  p a r t i c l e s  or  dye s t reaks  have 

been used t o  obtain ve loc i t i e s  by means of successive photographic exposures. 

It might be noted i n  passing t h a t  s imilar  instrumentation has been 

used i n  obtaining f i e l d  data  fo r  comparison with hydraulic model r e su l t s ,  but 

f i e l d  use i s  complicated by the  la rge  scales  involved and the  vagaries of the 

weather. Infrared kneasurements of temperature are  useful, but reveal  orlly 

surface values. 



Figure 11-1 .  Cross-sectional configurations of a jet in a cross 
flow at various distances along the jet centerline 
(after Abrarnovich [Ref. '1 61). 



Figure 11-2. Distribution functions for axially symmetric convection (from Rouse, 
Yih and Humphreys [Ref. 261). 

Figure 11-3. Convection pattern over a point sogrce (from Rouse , Yih, and 
Humphreys [Ref. 26J). 



Figure 11-4. Definition sketch, horizontal iet (from Abraham 
[Ref. 251). 

experiments of Ricou and Spalding 
rx~ir lmcnts de Rlcov rr Snaldlna 

Figure 11-5. Entrainment measurements of Ricou, et a le  . 

[Ref. 331 (from Abraham [Ref. 25]), 



Figure 11-6. Coordinate of traiectory of rising plume for 
various Fr (from Anwar [Ref. 291). 

Figure 11-7. Variation of y/D with nozzle densimetric 
.Froude number Fr for various centerline dilu- 
tions cdCm (from Anwar [Ref. 291). 



Figure 11-8. Spread diagram for'the unsteady axisymmetric surface 
plume (a.fter Sharp [Ref. 51 I). 



Figure 11-9. a Schematic representation of the possible effects of a current upon the diffusion 
. pattern of a buoyant horizontal yet (after Pearson [Ref. 581). 

I 



Figure 11-10. Example of isotherm patterns from Yen, Wiegel 
and Mobarek [Ref. 61 . Temperature concen- 
tration lines (T - Tw) I (To - Tw) for Do=  11 mm, 

R =  8300 to 10,300, Fr ' =  18 to 24, u = 1.74 fps. ' 
0 0 



Figure 11-1 1 .  Variation of temperature concentration along jet axis at water surface (from Tamai, 
Wiegel and Tornberg [Ref, 8]), 



Figure 11-1 2. Lateral distributions of surface percent temperature concentra- 
I ' . . - ..\. . , .. , . . ,. .-, .. .. . . . , , ; ,' ti.ons for,,,var:ious values, of x; deep. water, 1 :50, 1 :loo, and 

1 :200 bottom"sl'opes (after Wiegel , Mobarek, and Yen [Ref. ' 721). 



Figure 11-1 3. Possible flow patterns at a two-dimensional, two-layered . 
. 

buoyant surface jet , ' 

outlet (after Stefan [Ref. ,701). 
. . 



111. CASE STUDIES OF HYDRAULIC MODELS 

A. Introduction 

Chart 111-A-1 contains a list of steam electric generating plants in 

the Unkted States, both fossil and nuclear fueled, for which hydraulic model 

studies of the dispersion of heated condenser cooling water were made. Also 

included are notations as to whether field data have been or will be collect- 

ed at the site subsequent to plant construction. There are only a few in- 
' 

stances where model and field data are comparable. Apparently there will be 

many more in the future. 

The plants in the list have been grouped according to the laboratory 

which reported the model study. From the viewpoint of this survey they 

could have also been grouped by type of water body (lake or reservoir, river, 

or estuary) or by type of model. Examination of Chart 111-A-1 shows that 

most modeling has been.conducted for estuary conditions and very little for 

lakes or reservoirs. The reasons for this are not clear, but they m y  be 

associated with a .belief that computational procedures introduced for cool- 

ing ponds can be applied to lakes without paying much attention to the dy- 

namics of the flow, which is of great importance in rivers and estuaries. 

Also, hydraulic,models have been used for studying estuary and river hy- 

draulics without temperature differences for many years and, since tempera- 

ture was considered mostly as a fluid particle marker in these problems, es- 

tablished modeling practices could be applied. For lakes, temperature dif- 

ferences 'provide part of the driving force and new procedures for dynamic 

modeling were required. 

Only two items in Chart 111-A-1 refer directly to' thermal dispersion 

in lakes. These are Items 24 and 25. The comparisons achieved between. 

model and prototype are discussed in some detail in Sections B and C which 
follow. 

Some data were available to make a model-prototype correlation for 

Indian Point Station, Unit. No. 1, Item 1, and for the Chalk Point Steam 

Plant, Item 8 of Chrt 111-A-1. A discussion of these may be found in . - 

Sections D and E. These are,both tidal situations, although Indian Point 

has only small tidal effects and no density variation resiilting from salin- 

ity, while salinity is quito important at Chalk Paint.. 



Item 17 of Chart 111-A-1, the Valley Power Plant, is located in Mil- 
waukee, Wisconsin, on the 1vIenominee River and an adjacent navigation canal 

very near to Lake Michigan. Field studies have just been.completed and will 

be reported on in comparison to the model data as noted in Chart 111-A-1. 

The purpose of the model study was to investigate' recirculation of warm water 

and the possibility of drawing cold Lake Michigan water into the thermal dis- 

persion area in the river through the cold water wedge. It has been reported 

in a private communication that the correlation between model and prototype 

is generally good. The induced cold water flow from Lake Michigan into the 

lower stratified layer turned out to be somewhat greater than predicted in 

the model study and this has been beneficial. 

These are the only hydraulic model s'tudies of record in the United 

States that can be compared with field data at this time. There has, of 

course, been foreign experience in this area also. However; most power 

plants in Europe and elsewhere are located on rivers or estuaries, and no 

extensive effort has been made to search out model data. Experience with 

the modeling of heated water discharges at the Hydraulics Research Station,, 

Wallingford, Berkshire, England, was reported on. by Ackers C2, Ch. 61. His 

article presents the various modeling principles used and gives comparisons 

between field and prototype data ' for a power .plant on the 'Severn estuary in 

England, for the Hong Kong harbor power stations, and for other problems. 

More information on the Hong Kong harbor power plants can be found in Ref. 

C98]. Practice at the University of Strathclyde in Scotland is illustrated. 

by Ref. C991. 

Japanese experience at the Central Research Institute of Electric Power 

Industry has been extensive. Condenser cooling water is frequently discharged 

to bays on the coast. Wind andtiddleffects have been included in the Japan- 

ese studies, an example of which is Wadabs paper C861. 

A summary of Chinese practice was published by Chen in 1965 [1001. It. 

contains the practical modeling criteria used and a comparison of experimental 

and prototype flow patterns for a cooling pond. The agreement appears to be 

quite good by present standards. 

In general, there is considerable difficulty in finding comparable model 

and field data. Even when the field data were available in advance, not 

enough attention was paid to fitting the model to the meteorological condi- 

tions, especially wind,. In some oases, plant load was variable during field 



111-3 . 

' t r i a l s  and the time scale  between model and prototype could not be adjusted 

t o  take t h i s  in to  account. When the model study is completed before the 

@ant is i n  service, other d i f f i c u l t i e s  arise.  For example, the plant design 

may be changed from tha t  contemplated when the model study was made,. 

The.comparisons of f i e l d  data with hydraulic model experiments made i n ,  

the following sections show tha t  i f  the model is properly designed and oper- 

a ted i n  'accordance with the proper physical relationships,  the model and pro- 

totype w i l l  behave suf f ic ien t ly  s imilar ly t o  permtt obtaining a t  l e a s t  quali- 

t a t ive  data. Data regarding the direction o f ,hea t  dispersion can cer ta in ly  

be obtained from a physical model. Data regarding the distance required t o  

reach a given isotherm and the thickness of the warm layer depend more c r i t i -  

c a l l y  on matching meteorological conditions and on correct ly  modeling mixing' 

conditions near the out let .  Even here, .a range of predicted values may be 

obtained by varying the input conditions t o  t h e  model. 



PHYSICAL (HYDRAULIC) MODEL STUDIB OF DISPERSION OF CONDENSER COOUNG WATER 
(Numbers F ~ b r a c k e t s  . - i n  Chart r e f e r .  t o  Raferences on page 111-8) . . 

Fie ld  Uta 
f o r  Model 

Plant  Location - Laboratory Comparison Remarks 

1. Indian Poin t  S ta t ion  13 u n i t s )  Hudson UV3r Alden Yes- U n i t  Other u n i t s  not  yet construc- 
Consolidated Edison Company Indian P . ~ i i t ,  N. Y. No. 1 cnly ted  . Ref. 11 1 r e p o r t s  some 

of Mew Pork, Inc. f i e l d  data  obtained by others .  
Ref .  [ z ]  contains p e r t i n e n t  
labora tory  data. 

2. Yi l l s tone  Nuclear P w e r  s t a t i o n  
(2 u n i t s )  

3. Peach Bottom Atomic Pa je r  
Sta t ion ( 3  u n i t s )  

PhQ.ad.elphia E l e c t r i c  Clo . 
4. Calvert  Cliffs Nuclear Power 

P.lant (2 units)' 
Bsltimore Gas & ELectric Co. 

5. Beaver Valley Power S t a t i o n  & 
Shippingport Atomic Power 

S ta t ion  (2 u n i t s )  
Duquesne Power Company 

6. James A .' .F i t zpa t r i ck  Nuclear 
Power 'Plant  

Stone and. Webster 

7. Seabrook Nuclsar S ta t ion  

Long 1s lan j .  Souid Alden 
Wa terf ord , Conn . 
Rock Run Creek Alden 
Peach Bottom, Pa. 

Chesapeake Bay Alden 
Lusby, Md. 

Ohio Rivsr Alden 
Shippingport.:, 

Lake Qltario Alden 
Scr iba ,  N. Y. 

Hampton Harbor Alden 
Seabrook, N, H. 

Planned. 
~ a t e r  

Planned 
La te r  

Planned. 
La te r  

Ref. [3] summarizes model 
s tudy r e s u l t s .  

Premodelling drogue s t u d i e s ,  
f i e l d  s tud ies  by Baltimore 
Gas & Elec, Co., Sheppard. T. 
Powell, and Academy of 
Natural-Soiences. 

Ref [4] ou t l ines  model 
s tudies .  

Premodelling d a t a  aqd 
f 011 ow-up i s  planned by 
Stone & Webster 



CHART 111-A-1 (Contld) 
Plant  Location Laboratory Field Data Remarks 

8. Chalk: Point  Steam power P lan t  
a 'Potomac Electric Power. Co. 

9. Morgantam ' . 

Potomac E l e c t r i c  Power Co. 

10. Dickerson 
Potomc E l e c t r i c  Power Co. 

Pa tuxen t River . ' .  Alden Yes Ref IS] contains some. f i e l d  
(estuary) measurements. Ref. i63 des- 

Chalk Point ,  Pld . cr ibes  model study. 

Potomac ' River Alden Planned Both t h e  Chesapeake Bay 
(estuary) La te r  I n s t i t u t e  and Potomac Elec. . 

Power Co. plan f i e l d  measure- 
ments. 

Potomac River Alden Yes Fie ld  data  by PEP Co. was no t  
 redr rick, N.. J. obtained s o  a s  t o  be comparable 

wi th  model. 

11. Cronby Alden 
~ h i l a d e l ~ h i a  Zlec5r ic  Co. 

12. Cardinal Steam Plant  
Ohio Power Co. 

Ohio River Alden 

13. Petersburg Steam Parer  Plant  White River 
Indianapol is  Power & Light Co. 

14. Oyster Creek Nuclear Plant  Barnegat Bay 
Je r sey  Central  Power & Light Co. New ~ e r s e ~  

15. Union Beach Nuclear Plant  
Je r sey  Central  P m e r  & Light Co. 

16. Consumers Power Co. Cooling Pond 
Pfidland, Michigan 

17. Valley power m a n t  i4enomonee River 
Wisconsin E l e c t r i c  ?wirer Co. Milwaukee, Wisc. 

kld en 

Alden 

Alden 

Alden 

.la'? 

.? See a l s o  items 33 and 34. 

? See a l s o  items 33 and 9. 

Yes ' .  Ref. L71, Model Study. Report 
on f i e l d  s tud ies  planned f o r  
publicat ion i n  ASCE Jour,  
probably l a t e  1 9 0  by Stone 
and Webster Engr. Corp. . 



CK'LRT. 111-A-1 (Cont 'd) 
plant Location Labora t  or^ Field Lata Remarks 

, 
18. Pilgrim Nuclear Parer Station Cape Cod Bay MIT 1 Ref. C83, model study. 

Boston Edison Co. qymouth, Mass. 

19. CUtuberland Steam Plant Cuaberland River WA Plannee. 
Tennessee Valley Authority Later 

20. Browns Ferry Nuclear Plant Tennessee River WA Plannec 
Tennessee Valley Authority - Wheeler Reservoir Later 

21, Arkansas Nuclear h e  krkansa s River H-R-S ? 
The Arkansas Parer-& Light Co. ( ~ a r d a n e l l e  ~ e s e r v o i r )  

~ s s e l l v i l l e  , Ark. 

Ref. 191 

. . 
22. P i t t s b u ~ g  Pmer n a n t  San Joaquin & C of E Yes 

P&cific Gas & Electr ic  Co. Sacramento. Fiver San Francisco 
Delta area Bay model 
Sen Francisco Eay 

(estuaw) 

23. Montezuma Nuclear Plant 
. Pacific Gas & R e c t r i c  Co. 

24.. Allen S. King Plant St. Croix River SAFHL Yes 

- Northern States  P m r  Co. (Lake St. ~ r o i x )  
.. . Bayport, b n .  

25. Madison Gas & Electr ic  CO. . Lake Moaona Univ. Yes 
Madison, Wisc, Wisconsin 

26. weston Powerplant (U5 W) Wisconsin River Univ. - Yes 
Rothsch%Id, 14isc. Wisconsin ' 'Wisconsin Public Semrice Corp. 

27. Point Beach Nuclear Qnt (994 MJ) Lake Hcbigan, Univ. 
Wisconsin Elec t r ic  Pawer Co. Point Beach, Wiss. \4%sconsin 

Report planned fo r  publication 
l a t e r  in 1970. 

H 
H 
H 
I 
m 

Ref. . . 
[lo], model study. 

. . .  

~ e f .  C l l ]  and C121 

Field survey, summer 1969. 
Mod.el study under way, 



CHART 111-A-1  (Cont 'd) 
Plant Location Laboratory Field Data Remarks 

. - . . 

28. Surry Nuclear 1 ower Station James River C of E Planned Model ' study conducted ' i n  e f i s t -  
Virginia Electr ic  Power Co. (Estuary) WES . Later ing James River Model.. Field 

3og Island study w i l l  be by Pritchard. 

29. Salem Nuclear Generating Station Delaware River C of E ? Model study conducted in exist-  
Public Semrice Electr ic  & (Estuary) WES ing Delaware River mod.el. 

Gas Co. of Newark .. Art i f i c i a l  Island Ref. C13I 

(may be a l te rna te  t o  29) Delaware River C of E 
Public Service Elect & Gas (Estuary) WEs .. 

Co. of Newark Cohansey River 

6 proposed and 11 existing plants Delaware River C af E 
Philadelphia Electr ic  'Co. Trenton To WES 

Delaware Bay. 

Tidewater Oil Co. Delaware River C of E 
Delaware City, ,Del. .WES . 

3 existing plants Hackensack River C of E 
New Jersey Power & Light Co. (lower par t)  W E S  

~ r o ~ 5 s a - l  plant Raritan Bay C of E 
.New Jersey Power & Light Co. Conaskank, N. J.  WE3 

? . Model study conducted in exist-  
ing  Mew York Harbor aodel. 

11 ? 

35. Existing plant 
Corps of. Lngineers 

Narragansett Bay C of E ? Model study conducted i n  exist-  
Providence, R.I. WES ing Narragansett Bay mod.el. 
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Temperatures in Lake St. Croix. St. Anthony Falls Hydraulic Labora- 
tory, University of Minnesota, Project Report No. 76. 1964. 
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Be Allen S. King Plant 

The Allen S. King Plant is given as Item 24 in Chart III-A-1. Condenser 

cooling water from this plant is returned via a surface discharge canal .to Lake 

St. Croix. The lake in the vicinity of the discharge is sketched in Fig. 

III-B-1. Lake St. Croix is actually part of the St. Croix River, which forms 

the boundary between Minnesota and Wisconsin and drains into the Mississippi 

River, where a dam controls the flow. This part of the river is called a lake 

because at times other than during floods the average discharge is such that 

mean velocities are of the order of 0.015 fps and the water surface is nearly 

level. 

The King plant has been in operation for two summers at its initial and 

present capacity of about 550 megawatts. This requires somewhat less than 

700 cfs of condenser cooling water raised 17' F. The plant was designed so 

that the warm water returned to the lake would be stratified for madmum sur- 

face cooling. The plant operating permit requires that water at the discharge 

point not exceed 86' F. Hence, cooling towers are used during adverse weather 

conditions. With the use of cooling towers there is little stratification 
. 

during hot summer weather. However, permission was granted to operate the 

plant without cooling towers for occasional one-day periods to collect field 

data under adverse conditions. Data were collected during three such one-day 

periods in the summer of 1969, when the plant load was essentially constant 
near the design capacity. Some isotherms from these field tests are plotted 

in Figs. 111-B-2 through 111-B-5. Water in the discharge canal at the outlet 

was about 10 ft deep under the test conditions, and the lake was 35 to 40 ft 
deep. 

A physical model study of the dispersion of warm uater in Lake St. Croix 

from the King plant under stratified conditions was completed before the plant 

permit was issued (Ref. [lo], Chart III-A-1). In the model, salt and fresh 

water were used to represent cool and warm water, respectively. Only surface 

dispersion patterns were measured (by photographing dyed fresh water fronts), 

and temperatures were calculated from the dispersion studies. Although a wind 

of 6 mph was used in calculating temperatures, there' was no wind in the model 
studies, and the dispersion patterns apply to calm conditions. Figure 111-EL1 

shows the surface dispersion patterns as solid lines for modei conditions as 

close as possible to those of the field studies indicated in Figs. 111-B-2 



through 111-B&. (Figure 111-EL1 is not contained in  Ref. [lo], Chart 111-A-1, 

but i s  -taken from the original data from which that  report was prepared.) 

Unfortunately, when the model study was undertaken, the detai ls  of the 

discharge canal were not known. In  building the model, the discharge point 

was selected about 500 f t  downstream from where it was f inal ly  constructed, and 

the discharge canal was modeled t o  follow a straight l ine  from the plant t o  

th i s  point, To make the model and f ie ld  data comparable, the canal outlet and 

dispersion pattern i n  Fig. 111-B-1 were shifted bodily by 500 f t  to the north 

and rotated by 28 degrees so that  the model outlet location and direction would 

agree with those of the actual outlet. The broken l ines  shown the transposed 

dispersion pattern. Only the two l ines  of equal time of dispersion closest to  

the outlet  are shown because the transposition of the patterns makes shore 

interference effects too great on the others; even the second l ine  from the 
outlet is probably incorrect because of these shore effects. . 

The contours i n  Fig. 111-B-1 represent equal times of ' dispersion from 

the end of the canal. If it is assumed that the s t ra t i f ica t ion is strong. 

(large Richardson number), then there is l i t t l e  interfacial  mixing beyond the 

outlet  and.al1 heat loss is  through the water surface. Under these conditions, 

the contours are also isotherms. 

Figures 111-B-2 through 111-B-5 have been plotted by superimposing iso- 

therms from f ie ld  data over the transposed model isotherms so that  direct  com- 

parisons can be made. The comparison are fa i r ly  good, especially close t o  the 

outlet,  but they show immediately that  winds, which were neglected i n  the model, 

have a very important influence on surface spreading. Wind effects are espe- 

c ia l ly  prominent i n  Figure 111-BA, where the wind is blowing along the length 

of the lake. Figures 1II-B-2 and III-B-3, i n  which the wind is not so direct ly 

along the length, show l e s s  influence of the wind. Figure III-B-5, obtained 

from data taken 6n the same day as those i n  Fig. 111-BA, shows that  a t  greater 

depths, 5 ft i n  th is  case, the dispersion is l i t t l e  affected by direct  wind 

action. (Model dispersion was oonstant with depth through the s t ra t i f i ed  

layer because of the absence of wind and the comparative unimportance of inter- 

fac ia l  mixing and sheari) No f i e ld  data were obtained a t  depths between 3 in. 

and 5 f t ,  and so it is not known to  what depth the wind influences the dis- 

persi on patterns. 

' ,  Aninteresting anomaly is shown in Fig. 1II-B-5. Warm water has accu- 

mulated a t  a 5 f t  depth near the north shore of the lake. This i s  apparently 



the resul t  of down-welling due to  the surface transport of warm water seen in- 

Fig. 111-B-4. The distorted isotherm pattern a t  the outlet may be evidence 

of the return flow from th i s  down-welling. A warm water pocket is also found 

near the north shore i n  the measurements taken a t  10 f t  depth, but it has dis- 

appeared i n  the measurements taken a t  15 f t  depth. No other warm water i s  

found a t  10 f t ,  and none a t  all occurs a t  15 f t .  A similar anomaly may be 

found i n  the data a t  5 and 10 f t  depths corresponding to  Fig. 111-B-2. This 

may be a remnant of an ea r l i e r  wind i n  another direction. (Many other inter-  

est ing phenomena, such as the cold water wedge a t  the discharge canal outlet,  

may be found i n  the f i e ld  data, but these are not direct ly pertinent to t h e  

dispersion study. ) 

The depth of the warm water Layer was not measured i n  the model for  the 

f i e l d  conditions corresponding to those i n  Figs. 111-B-2 through 111-B-5. 
However, it' was measured for  condenser cooling water flow rates of 400 cfs  

(winter) and 1500 cfs (two units, ultimate plant). From these results,  shown 

i n  Table I1 of Ref [lo], Chart 111-A-1, it is estimated that  the model would 

have predicted depths of 3 . t o . 4  f t  close to the outlet  and 1 f t  near the f a r  

shore with no mixing a t  the outlet. ~ i e l d  data show the depth to  have been 

5 t o  8 f t  a t  the outlet  and less  than 5 f t  f'urther out, but there appears to 

have been considerable mixing a t  the outlet even though a cold water wedge 

occurred i n  the canal outlet  for a l l  f i e ld  tests. 

Temperature calculations i n  Hef. [l~], Chart 111-A-1, based on' Ff g. 

111-B-1, were made assuming a dew point temperature of 80' F, an ambient lake 

temperature of 80' F, a canal outlet temperature of 97' F, a wind of 6 mph, 

and no mixing a t  the canal outlet. Chart 19, Appendix H, of Ref. [lo], Chart 

111-A-1, shows the calculated isotherms (interpolated from the solid l ines  of 

Fig. 111-B-1 and others: l i ke  them) for  these conditions. It should be noted 

i n  Fig. 111-B-4, for  example, that even though the condenser cooling water 

enters the canal a t  about 95' F as.measured i n  the f ie ld  tes ts ,  it has already 

cooled to  about 92' F a t  the canal outlet because of the wind and the low 

humidity. In the model study calculations represented by Chart 19, no allow- 

.ance was made for  cooling i n  the canal, and adverse conditions were generally 

selected for  the model study report so that the worst possible temperature 

distributions would be known. The model isotherm temperatures have been 

recalculated using the method of Ref. [lo], Chart 111-A-1, for  the f i e ld  



data shown i n  Figs. 111-B-2 through 111-B4. , Results a re  shown i n  the fo l -  

lowing table. 

TABLE III-B-1 

CALCULATED . TEMPERATURES ON ISOTHEXMS I N  MODEL' 

. Dilution 
Water a t  

Fig. Outlet due 
..No.. ' t o  Plixing 
111- ' .  c f s  - 

Canal : 
outlet.';. 

Dew' Ambient Temp. 
Point Lake . a f t e r  Wind 
Temp. Temp. . Mixing '. Speed 

OF - OF OF mph 

Isotherm 
Isotherm Farthest 
Closest from 

t o  Outlet Outlet 
OF OF 

The r a t e  of surface heat l o s s  appears t o  be greater than would have been 
- calculated from the model dispersion patterns even f o r  these l e s s  severe con- 

dit ions.  'There are  several reasons f o r  this .  Perhaps the most important one 

is  t h a t '  the model computations assume tha t  the warm water is homogeneous fo r  

,the full. depth of the s t r a t i f i e d  layer  and tha t  the layer  moves a t  a uniform; ' ' 

average velocity. I n  actual i ty ,  the warmest water i s  probably r igh t  a t  the 

surface, . . with decreasing temperatures t o  the b&tton of the s t r a t i f i e d  layer,  

ahd the warmest water near the surface is probably spreading more rapidly than 

the underlyhg warm water because of i ts  greater temperature and the surface 

wind shear. If enough information were available t o  enable calculation of 'the 

speed of the surface layer ,  a be t t e r  calculation of the isotheim temperatures 

could; be made. 

Perhaps the most important conclusions t o  tie drawn from 'the comparisons 

.herein a r e  as follows. 

1. It is very important t o  include provision fo r  
winds i n  model studies of dispersion. 

2. The physical model study would probably have 
agreed with f i e l d  data well enough under calm 
conditions i f  measurements were available f o r  
such conditions. 

3. 'Near the surface, f i e l d  data should'be taken a t  
depths spaced more closely than i n  the 1969 tes t s .  













C. : Madkson . Gas and Elec t r ic  Company Plant 

. This plant is  ident i f ied  as  Item 25 on chart  111-A-1. Condenser cool- 

ing water from t h i s  190 megawatt f o s s i l  fue l  plant is returned v ia  two s'ur- 

face discharge canals t o  Lake Monona. The lake i n  the v ic in i ty  of the dis-  

charge is, sketched i n  .Fig. 111-C-1. ( I t  should be noted tha t  the baf f le  is  

i n  place i n  winter only t o  protect the i ce  surface and i s  removed i n  summer.) 

The depth f o r  the first 300 f t  from the out le t  is about -1  meter, but it then 

drops rather  rapimy t o  the order of 10 meters. A physical model was con- 

s t ructed t o  study proposed changes a t  the plant, par t icu lar ly  the e f f ec t  of 

doubled heat rejection r a t e s  on dispersion and temperature patterns. 

Two s e t s  of summer f i e l d  data were chosen f o r  verifying the model, and 

it is these data which a re  pertinent t o  t h i s  report. Table 111-C-1, from 

Ref. E l l ] ,  Chart 111-A-1, tabulates f i e l d  a s  well as  model parameters used 

i n  the comparison. There were two repet i t ions of the model t e s t s  for  each 

s e t  of f i e l d  data. Reference [Ill, . Chart 111-A-1,  s t a t e s  tha t  these two s e t s  

of f i e l d  data were chosen fo r  modeling because the winds on those dates (W 

and SW) were such tha t  wind currents could be reproduced i n  the model by ap- 

propriate water discharges through the model. It was not considered feasible  

t o  model other f i e l d  data tha t  were available because of the inab i l i t y  t o  

model wind currents. 

A distor ted model was used with a horizontal scale  of 1':100 and ver t i -  

cal scale of 1:15. Heated water was used fo r  modeling the discharge and 

the temperature was controlled by maintaining the dens b e  t r i c  Froude number 

a t  the out le t  the same i n  the model as  in the prototype, and by requiring tha t  
ep/b = h o l ~  . The discharge from the canals occurred a t  densi- 
model proto type 

metric Froude numbers considerably larger  than uni ty so that the discharge 

was jet-like. The other modeling r a t ios  are: 

. .  - (Field Discharge) = 5,810 x (Model Discharge) 

(Field V e l ~ c i , l ; ~ )  3.80 x (Model Velocity) 

(Field Time) = 25.8 x (Model Time) 

These r a t ios  may be applied i n  Tables 111-C-1 and 111-C-2. 

Path l i n e s  were obtained by use of drogues f o r  comparison between 

f i e l d  and model. The warm water layers  were measured a t  about 1 meter thick 



i n  the f i e ld  (about 0.2 f t  model) and the drogues uen, s e t  t o  operate a t  

half  these depths. Figures 111-C-2 t o  1II-C-5 show the field t e s t  results  

and corresponding model test results for  the two separate model t e s t s  for  

each f i e ld  condition. The drogues were followed sequentially rather than 

simultaneously so that  there appears t o  be some crossing of paths. 

I n  addition t o  path l ines,  comparisons consisted of f i e ld  and model 

measurements of directions of the j e t  centerline $ , velocity along the 

centerline, and temperature along the centerline, a l l  a t  about nid-depth of 

the warm layer. These quantities were measured against distance s along 

the centerline and are given for  f i e ld  and model i n  Table 111-C-2 taken from 

Ref. CU~. (The angle B i s  measured clockwise from a b . s m  line normal. t o  

the outlet  centerline a t  discharge.) 

Isotherm maps a t  0.1 ft depth i n  the model were also prepared, but ap- 

parently there was a dearth of f i e ld  data for  comparison, The author of 

Ref. Cllj indicates that  such correlations as he made were not good. 

The model was also designed t o  reproduce winter conditions within the 

baff le  shown in  Fig. 111-C-1. There was some diff iculty i n  obtaining the 

density change i n  the model corresponding t o  the change i n  water temperature 

which occurs on passing through 4' C. (The model was kept i n  a mom a t  n o d  

temperatures, even though cold lake water was drawn into the model t o  repre- 

sent  ambient conditions. ) A comparison between f ie ld  ,and model was made for  

ver t ica l  temperature distribution inside and outside the baffle dong its 

length. The comparison given in  Ref. C l l J  is not good. Somewhat better  

resul ts  were obtained i n  re tes ts  during February of 1970 i n  which the lake 

surface was covered with a layer of insulating stgtrofom. .These results  

were made available i n  a private communication from Professor John A. Hoopes 

of the University of Wisconsin. 

'he mthiod of operating the model was deteilpljflbd C U ~  bp1d t ~ " g  tO 

make the model reproduce f i e ld  conditions as closely as possible. The model 

was moderately su6cessful i n  doing this ,  as may be seen in  Table 111-C-2 

and Figs. III-C-2 to  111-C-5,. The aonalusion t o  be drawn is that  a jet-like 

discharge from a surface cooling water canal into a lake can be modelled 

with some confidence, both as to  the mean properties of the surface jets  and 

the depth of the warm water layer near the outlet. 



TART.E III -C-1 
. . 

GENEILiL DATA SUPlMkRY 
(Summertime Data) 

(~1'1 velocities and discharges scaled t o  model) , 

Characteristic Field lode1 Hod e l  

klodelling the data of 8-30-66 -- . --- 
, Lake temperature 24.6'~ 23Oc '17 OC 

Livngst . ou t f  a l l  temp. 3 3 . 1 ~ ~  32 '~  27.7'~ 

Blount outfal l  terrlp, 3 0 . 7 ~ ~  28.6'~ 24.9Oc 

Livngst . discharge s 7.36 gpm 7.4: gpm 7.4 gpm 
Blount discharge 2.86 gpm 2.9 gpm 2.9 gPm 
Lake current velocity .1.6 ca/sec 1.7 cm/sec .1.6 cm/sec 
Date of model. t e s t  -- 8130-68 10-5-68 

Modelling the data of 

Lake temperature 27.5OC . 23'~ 1 9  .SOC 

~ ivngs t .  outfal l  temp. 36.9'~ 35Oc 32. 9OC 

mount outfall  temp. 3 3 . ~ ~ ~  30 ..3"~ 27.7'~ 

Livngst. discharge 7.7 gpm 7.7 gPm 7.7 gPm 
mount . discharge 7.2 gpm 7.2 gpm 7.2 gpm 
Lake current velocity 1.8 cm/sec " 1.8 cmisec 1.8 cm/sec 

Date of model t e s t  ---- 8-30-68 9-10-68 



JET 'CUIlkCTER7:STICS 
UTA SUlFLiR'Y 

Simdation of 7-8-66 Field dhta 
l i  8-30-68 Test d a t a  
2. 9-lo-@ Test da ta  Mote: Velocities scaled t o  model 

Sc , f t  Y% , f t j s e c  $, degrees T~ , OC 

C 

Field 1 2 Field 1 L. Field 1 9 2 Field 1 2 

none 28*5 27.5 

1 787 EOO 800 076 

4 
ul 

? 
'5 
A 

(Table I11 C-2 cont.) 

305 300 300 ~ 0 7  .13 .16 90 1 119 28.5 r26.6 g 

409 400 400 '-083 ."r -14 90 194 lll 
'i' 26.7 26.0 
h3 

90 93 95 510 500 509 2083 1 0  .14 26.7 25.9 

600 . 600 .08 -09 79 , % 26.0 25.6 



TABLE 111-C-2 (cone,) 

JET CHARACTERISTICS .' 

DATA SWWY 

Simulation of 8-30-66 Field Data 
1. 8-30-68 Test Data . ' 

2. 10-5-68 Test Data Mote: Velocities scaled to '  made1 
* 

% , f t l sec  S~ ;ft . p, degrees TE , OC . 
Held -1 2 Fi'e'ld 1 2 Field 1 2 Field - 1 2 





, . . . 

--- MODEL PATHLINES 
recorded 8-30-68 

FIGURE Ill-C-2 



--- MODEL PATHLINES 
recorded 9- 1 0-68 



FIGURE Ill-C-4 



- PROTOTYPE PATH L IN ES 
for 8-30-66 

-, - - MODEL PATHLINES 
recorded 10-5-68 

FIGURE l l I-C-5 



D. Indian Point Station 

, The Indian Point Station is given as Item 1 on Chart IIIA-1. Con- 
' ,  

denser coo.ling water from an existing foss i l  fuel  plant of about 285 megawatts 

e lect r ica l  capacity is returned via a surface canal to  the east  bank of the 

Hudson River. The t ide exerts an influspce a t  th i s  place i n  the river, and 

surface temperature patterns due to  warm water emission may be seen to  wander 

upstream and downstream with the tide. 

Field data on temperature distributions are presented i n  Ref. [1] of 

Chart 1II-A-1. Surface temperatures A r e  obtained by Texas Instruments, Inc. , 
on April 6, 1968, using radiometric instruments. They. are given in Figs. 

11-14 of Ref. C11 of Chart III-A-1. Figure 13, representing conditions a t  , 

mid-flood tide, is particularly useful because nearly corresponding hydraulic 

model data were obtained during an ear l ier  model program. The plant was a t  

f u l l  thermal load in the model study and was  a t  f u l l  load in  the f ie ld  study 

for  5 hours preceding the measuring time, following many hours a t  about 0.6 
, 

load. 

The hydraulic model data presented i n  Ref. C21, Chart 1II-A-1, were 

obtained mainly for use in  studying means of abating recirculation problems 

associated with adding a unit to  the plant. However, the model was run with 

only the existing plant i n  operation i n  one series of tests ,  and temperature 

/ 
data were recorded on 100 f t  grids (50 f t  i n  some places). Figures 10 

through 13 of Ref. c21, Chart 111-A-1, show these data a t  the surface and 

a t  2 f t ,  5 f t ,  and 10 f t  depths, respectively, for  what is  called uincomingM 

tido. It is assumed this mans mid-flood t.i.de, Since the model was being 

operated to  a l l o w  study of recirculation, the data cover an area extending 

about 1300 f t  upstream of the discharge canal outlet,  but only 200 ft down- 

stream, Data-taking extended 600 ft riverward out of a width of about one 

mile . 
Comparison of Fig. 13 of Ref. [l], with Fig.10 of Ref. CZI, Chart III- 

1 shows considerable similarity, .,although i n  some locations differences 

are apparent also. In  the model the teniperature r i s e  just outside the out- 

, 
l e t  has dropped t o  only about 4' F over ambient, even though the plant raised 

t h e  temperature by 15.5' F. In the f i e ld  data the closest isotherm to  the 

plant (on a * ~ L L - & a l e  map) is 8' F over mbient. However, i n  both cares 

about 500 feet  normal to  .the shore.are required to reduce the temperature 



r i s e  t o  lo F. I n  the model study the upstream r i s e  is limited to just over 

2' F everywhere, since all warmer water apparently is being mixed and carried 

downstream, In the f i e ld  data, regultirly spaced isotherms extend upstream 

beginning from the 8' F maximum. Because of the short downstream distance i n  

the model, nothing can be said about comparisons in th i s  direction. 

Field data obtained by Northeast Biologfsts, Inc., using temperature 

sensors located on a grid plan to provide both surface and sub-surface records 

are also presented i n  Ref, b.1, Chart 111-A-1. (Only a amnll. portion of the 

data is presented i n  th i s  reference.) Figures 1 and 2 show average data over 

one t idal  cycle for  surface dispersion on two different days. These again 

are qualitatively similar t o  the data i n  Fig. 10 of Ref. CZI, Chart 111-A-1, 

&win$ the lo F temperature r i s e  curve about 500 t o  600 f t  riverward from the 

outlet.  The temperature r i s e  extends almost symmetrically upstream and down- 

stream from the outlet,  contrary t o  the pattern i n  the model, which shows 

l i t t l e  r i s e  upstream even though the model was operated under flood tfde con- 

ditions. Figure 3 of Ref. Cl], Chart 111-A-1 shows isotherms in  a vert ical  

cross section opposite the outlet  for early flood tide. Model data from 

Figs. 10 through 13 of Ref. C21, Chart 111-A-1, may be superimposed on 

Fig. 3. When th i s  is done, the comparison is again qualitatively correct, 

although it does seem that  the model surface temperatures near the outlet 

are too low, 

The concluerions t o  Be &*awn f'mu th is  comp~rison,ars that the model and 

the f i e ld  data are qual2tatively comparable, but that  there was apparently 

too much mixing near the outlet  i n  the model. A.somewhat stronger s t r a t i f i -  

cation.appears t o  have occurred i n  the f i e ld  than occurred in  the model, and 

th i s  permitted the warm water t o  f loat  upstream with the t ide i n  the r iver  

but not i n  the model. 

E. Chalk Point S tem Power Plant 

This power plant a t  Chalk Point is  Item 8 in  Chart III-A-1, A foss i l  

fuel  :.plant of 710 megawatts electr ical  capacity i n  two units has been i n  

operation since l a t e  1964 on the west bank of the Patuxent River near Bene- 

dfct ,  Maryland, A t  t h i s  point, the Patuxent River is an estuary, since it 

is influenced by the t ide  and a t  the same time has a density.profile produced 

by salt water underlying fresh water. The mean' tidal range is about 1.5 f t  
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near the plant, With two-unit operation, about 1100 c fs  of condenser cooling 

water raised,about l l . f iO F is  required for summer operation. The cooling 

water 'htake is a short distance downstream from the plant and the discharge 

canal outlet is  upstream, about 9000 f t  from the intake (about one tidal ex- 

cursion). The discharge canal projects upstream into the river for  about 

1000 f t  from shore, with raised banks ms,icing a 45' angle with the shore. 

The river depth is generally 10 ft or l ess  except i n  the navigation channel, 

and- the average flow is several tens of thousands of cfs. 

A hydraulic model study of the plant intake and discharge canals and 

of a section of the r iver  extending about 20,000 f t  upstream and downstream 

was conducted before the plant was bu i l t  (Ref. C61, Chart III-A-1). The 

model scale was 1 ~ 3 0 0  horizontal and 1:30 vertical. The primary purpose of 

the model was to study recirculation, and so temperature isotherms in the 

river obtained in the model are largely for  the area between intake and dis- 

charge. One se t  of isotherms is presented upstream of the discharge canal, 

and a few downstream temperatures are presented for  oyster bed locations 

near both shores. Model data are largely for  two-unit operation, 
' 

The model was operated with homogeneous f lu id  except that the condenser 

discharge water was heated. Model data reduction was accomplished through 

the use of the unmodified Froude law. No account was taken of either the 

horizontal sa l in i ty  gradient between intake and discharge or the vert ical  

sa l in i ty  gradient, and heat was used largely as a f luid marker, much as 

dye was used. It was easier t o  get numerical data from temperature probes 

than from any type of dye concentration probe. The heated discharge did 

r i se  to  the surface, of course, and, depending on the t idal phase, became 

more or l ess  w e l l  mixed with the estuary waters. 

Field data were obtained by personnel of the Chesapeake Bay Ins t i tu te  

during the period September 26 t o  October 4 1967 for  a stretch of the 

Patuxent River from about 6 miles upstream of the Chalk Point &.ant t o  
about 3.5 miles dawnstream while both units.  were i n  operati0.n. The data are 

summarized i n  Ref. C51, Chart 111-A-1. These f i e ld  data were obtained t o  

check a mathematical model of the plant operation rather than the hydraulic 

model. Although there are some points of cbmparison with the hydraulic 

model, comparisons are d i f f i cu l t  because of the limited objective of the 

model study and because sa l in i ty  effects were excluded from the model. ( I t  

. ,. 



is pdlsfble that additional field data may have been obtained by the owner, 

Potomac Electric Power Company, but no access has been had to those data if 

they exist, In any event, the last-mentioned difficulty with the model tests 

would still exist in comparison with any other field' data.) 

Field temperatures were obtained by continuous sample withdrawal from 

0.5 meter depth as a boat traversed across the river. Traverses were taken 

at ten sections: two between the intake and the discharge, five above the 

discharge, and three below the intake. Temperatures were recorded as a func- 

tion of time for a three- to four-hour period on each of two or three days 

during the test period at each section, the recording period being chosen to 

include the passage of a temperature front due to tidal action. .Temperatures 

were recorded as excesses over a base temperature for the given phase in the 

river at a given time. Base temperatures were determined through a complex 

analysis of the temperature Pecords and through the use of surface cooling 

data obtained in the hydraulic model study. 

ft is reported in Ref. C51, Chart 111-A-1, that vertical temperature 

profiles were also obtained to determine the representativeness of the sur- 

face traverses. 'The vertical profile data are not reported, but the follow- 

ing is a summary of pertinent information. 

Within about 500 yards of the discharge, there is no 
significant vertical temperature variation. This result 
is expected because of mixing at disoharge where the 
speed is about one f p s  (densbmtric Froude number approxi* 
mately unity) and because the condenser cooling water is 
drawn in at a salinity excess of 1.0 to 1,5 per cent over 
the normal salinity at the discharge point. This result 
is in disagreement with.the hydraulic model tests, which 
show maximum temperature at the surface, because there 
was no salinity difference in the model. 

Upstream of the discharge point, the cooler temperature 
is at the surface because of cooling to the atmosphere as 
the water is conveoted upstream by the flood tide. The 
temperature excess near the bottom is estimated at 25 per 
cent greater than near the surface. This result is also 
in disagreement with the hydraulic model result, which 
shows maximum temperature at the surface, for the same 
reason as above. 

Downstream of the discharge point, the sugface waters 
are warmer than the deeper zaters by 2 to 3 F within the 
first tidal excursion and 1 F within the next. These 
excess surface temperatures account for the net convec- 
tion of heat down the river. .These results are in partial 



agreement with the hydraulic model results insofar as 
it is possible to check them. (Ref. C61, Chart 1II-A-1, 

. . . . Fig. 3 and Appendix A-2, ,. for example. ) 

Qualitatively, the surface temperature patterns are similar in ' w e 1  

and field in that higher temperature water is shown to be carried upstream 

on flood tide and downstream on ebb tide. However, there are very apparent 

discrepancies in details. Figure, 3 of 'Ref. C61, Chart III-A-1, shows sup- 

face isotherms (and also isotherms at the 5-ft depth) in an approximately 

13,000 ft reach from just below the intake to just above the discharge at 

ebb tide. Figures 7 and 8 of Ref. C51, Chart 111-A-1, give surface temper- 

atures obtained in the two cr,oss-stream traverses in this reach for the chan- 

nel center and for each bank throughout a quarter tidal cycle. Comparison 

at ebb tide shows that the temperature rise at midstream is less in the 

model and that there is little change between midstream and banks in the 

model, whereas there is considerable such variation in the field data. Un- 

fortunately, the model data used in this comparison were taken from an early 

phase of the model study when the discharge canal outlet had ,not yet been 

placed in the position it now occupies. 

A somewhat similar comparison can be obtained upstream of the discharge 

for a slack water period following flood tide. Figure 6 of Ref. C61, Chart 
111-A-1, gives surface isotherms (and isotherms at the 5 ft depth) for the 
model extending about 12,000 ft upstream from the discharge canal outlet, 

while Figs. 12 and 13 of Ref. C53, Chart 111-A-1, give field data for two 

sections in the reach covered by the model figure. Again, field data are 

given on the surface as a function of time for midstream and at the two banks. 

In midstream, model and prototype temperature rises are comparable (but 

vertical profiles are not, as previously noted), but again the field data 

show temperature variations across the stream which are more prominent than 

in the model. Measurable temperature effects in the model extend upstream 

beyond the limits of the model, as do the Pield data. 

Model data for surface temperatures at two points, one near the east 

bank and one near the west bank, about 24,000 ft downstream of the discharge 

point in Tables A-2-a, b, c, and d for Ref. C61, Chart 111-A-1 can be com- 
pared with the surface temperature data given in Fig. 11 of Ref. C51, Chart 
III-A-1. Field temperature excess is measured at about 2' F and model excess 

at about lo F. Temperatures near the bottom were also measured in the 



model a t  these same points and are nearly equal t o  surface temperatures a t  

alb times. 

I n  the f i e l d , t e s t s  an estimate of recirculated water quantity was made. 

using Rhodamine B dye. Recirculatioh was estimated a t  about 9.5 per cent, 

I n  the model it was determined that intake temperatures would be increased 

by 1.0 t o  1.5 degrees F due t o  recirculation, and th i s  can be considered t o  

be comparable with the f i e id  measurement. 

An interesting anomaly mentioned i n  connection with wind currents i n  

Section B of th i s  chapter cin 'also be detected a s  a result  of river currents 

i n  the hydraulic model t e s t s  of bhe Chalk Point Plant, Temperatures were 

measured a t  two locations a few hllndred feet apart just upstream of a point 

jutting out from shore near the east  bank about17,OOO ft downstream from 

the discharge point. Measurements were taken near the surface, near the 

bottom (6.0 to 7.5 f t  depth), and near mid-depth. Tables A-2-a through 

A-2-d of Ref. C61, Chart IIId-1, show that  temperatures a t  mid-depth, parti- 

cularly, and also near the bottom are considerably greater than the surface 

temperatures ,near the end of. and f ollowlng ebb tide. This can be looked 

upon as  the result of down.rjelling due t o  r iver  currents flawing against the 

point. 

It can be concluded that  although some measure of qualitative agreement 

between model and prototype was obtained, th i s  wa's no more than could have 

been expected intuitively. The model was not; operated i n  a mm1tw that 

could be expacted t o  produce quantitative comparisons with f i e ld  temperature 

messurexnents, and so the comparisons were not good. Even i n  th i s  estuary- 

type f l o w ,  where mechanical mixing is quite important, it is still necessaw 

t o  consider density variation a dynamic variable i n  planning a model study. 



IV. ,STATUS OF W O R A ~ C  MODEUNG OF THEEiMBL PLUMES 

A. . General Requirements fo r  Plume Models 

It may be seen from the preceding chapters that  hydraulic models 'of 

thermal plumes may serve several purposes. It is equally apparent that  a 
single model cannot always serve a l l  purposes. The case studies referred t o  . . 

i n  Chapter 111, for  example, were largely applicable t o  the f a r  f ield,  even 

though this was not always recognized by those conducting the studies. 

To completely model a given plume, it is ideally necessary to  model 

three regions--the near f ield,  the joining pegion, and the f a r  f%eld. These 

may be differentiated by the physical phenomena which they do not hold i n  

common. In  the near f i e ld  (close to  the outlet),  entrainment of ambient 

f lu id  is very important. I n  the joining region, entrainment i s  still  impor- 

tant, but buoyancy, surface cooling, and convection are also important. I n  

the f a r  f ield,  it is surface cooling, diepersion, and convention which are 

most significant. 

I n  most situations these regions cannot a l l  be combined i n  one physical 

model because the vert iaal  scale of the model needs t o  be large enough t o  

U o w  room for dhfferentiating s t ra t i f i ed  layera, t o  prevent surface tension 

forces from controlling the dynamics of flow, and to  assure turbulent 

Reynolds numbers. I f  the horizontal scale were then the same as  the vert ical  

scale, the mode3 surface area would be so large as to make the model un- 

wieldy and to  dePy placing it under a roof where the environment could be 

controlled. E f g  modeling separately the f a r  f ield,  which occupies by f a r  

the largest  part of the area, a distorted model can be used, thus reducing the 

required surface area. Entrainment, h m v e r ,  as seen i n  Chapter 11, can only 

be modeled a t  an undistorted scale. Hence, a t  l e a s t  one other model is re- 

quired t o  cover the near f ie ld  and the part of the joining region where en- 

trainment is  inportant, 

S b c e  entrainment alone is the outstanding characteristic of the near 

f ield,  St can be modeled very simply. :It is. only necessary to maintain 

'geometrio rat ios and t o  use two miscible f l u i d s  of different densities' (for  

example,. Fwsh water in to  salt water or helium gas into a i r )  t o  model 

densfmetric Froude number. Such a slmple model cannot include the Joining 

region, however, beoause of the other physical phenomena which become 



important there. By using a more complicated model, the near Meld and 

joining region may be combined so t h a t a  mi&mm of two models could sufflce 

fo r  a given plums. Table IV-A-l summarizes some of the modeling problems. 

When parts of a plume are  modeled separately, it is very important t o  

place the proper boundary c'btrditions on the separate models. Unfortunately, 

t h i s  i s  not always easy from a practical point of view. The importance of 

boundary conditions a t  the ehd of the near f i e ld  as  determined by the joining 

region Ls i l lustrated i n  Fj.g. 11-13, for  e~amfle. A s  another m p l e ,  i n  

the f a r  f i e ld  the i n i t i a l  thickness and momentum of the plume are determined 

by the end conditions i n  the joining region. 

Ib should noL b aecossary la sveiry c u e  tu make hydraulic models of 

a l l  regions of a plums. It might be possible, fo r  example, t o  model only 

the near f i e ld  and joining region and t o  use a mathematical model for  the f a r  

f ield.  O r  it might be p s s i b l e  t o  construct only a f a r  f i e ld  hydraulic 

model, using arbitrary thickness, momentum, and densimetrfc Froude numbers 

as  input from the utxiodeled joining region. Unfortunately, as discussed i n  

Section F, Chapter 11, not enough nuaierical data are a t  hand t o  make th i s  

procedure really practicable. It is just this so r t  of par t ia l  modeling which 

is required, however, for  obtaining numerical values of pertinent parameters. 

~ r a c  t i c a l  Corisiderat ions i n  I$rdraulic Modeling B. 

Apart from the theoretical and technicd considerations which were out- 

l ined i n  the previous s e c t i c ~ ,  there are certain practical considerations 

which control the kinds and .-umbers of models that  can be bu i l t  and which 

l i m i t  the number of deta i ls  that  can be studied. One of the most important 

of these is cost. 

There are maw variable factors which determine the cost of a hydraulic 

model study. Model construction may involve temporarg housing for  the model 

and new heating f ac i l i t i e s  for  producing warm water. I n  another situation, 

the model may be placed i n  an existing space and require only a heat exchanger 

fo r  obtaning warm water from an existing heating faci l i ty.  I n  some models 

the atmosphere over the model may be controlled; i n  others, it may be ig- 

nored. Many model study costs are hidden by re-using existing f ac i l i t i e s  

o r  by drawing on engineering talent  of the sponsor. Finally, it is almost 



TABLE 1V:A-1 
HYDUULIC M O D W N G  OF THERMAL PLUMES 
, 

Most Important Important 
Model Physical phenomena parameters* Remarks 

Near Field Entraiment Geometry; densimetric Froude Can be modeled with any 
(Outlet Region) no.; local Richardson nos.; two miscible fluids of 

boundary conditions at end different density. Un- 
of model distorted scale required. 

Joining Region Entrainment Boundary conditions at up- May be combined with 
Buoyancy stream and downstream ends near field model to 

. . Surface Cooling of model; rate of surface eliminate problem of 
Convection cooling; local Richardson upstream boundary 

nos.; pre-existing strati- condition. This com- 
fication; pre-existing plicates the near field 
currents ; wind model. 

Far Field Surface Cooling B&ndary conditions at up- Distorted model'usually 
Convection stream and downstream ends required. . Latter part 
Dispersion of model; rate of surface of joining region may be 

ccooling; densimetric Froude placed in far field. 
no.; .pre-existing currents; model, but.combination 
wind with near field is 

impracticable. 

*It is assumed that suit- 
ably large Reynolds nu- 
bers are obtained in each 
case. 



impossible to obtain financial' records of projects from organizations con- 

ducting model studies. 

Some cost data are available for the model studies associated with the 

Allen S. King Plant discussed in  Chapter III. There were two separate models, 

f i r s t  a far  field model and then a detailed model of the discharge canal and 

outlet. The far f ield madel was placed in  a tank 17 f t  by 50 f t  in  plan. 

The horizontal scale was l:5OO and the vertioal, lt30. No provision for 

control of the atmosphere was made and fresh and salt water were used as the 

experimental fluids. It was necessary to  build a salt water mixing and cir- 

culation facility. This f a r  f ield study cost about $42,000, of which about 

$1,5,000 went $nto constructing the model and appurtenances for controlling 

and recirculating salt water. About eight months were required from begin- 

ning of the model study in July of l9& to  delivery of the final report. 

The discharge canal mbdel was constructed a t  a uniform l:40 scale and 

included 2000 ft of canal. It used warm and. cool water. ' The" warn water was 

obtained by heat exchange from the building heating plant; the model was 

operated mostly during the summer. The coat of this  model study was about 
' 

$28,000. A more modest study of the outlet only would oost considerably 

less, of oourse. These studies a t  1970 prices would probablg cost a quarter 

to  a third more. 

The use of fresh and salt water in a model is advantageous in  cases 

where heating requirements would otherwiS8 be very great. Modeling hoat 

loss is very difficult  when using sa l t  water and is usuallg accomplished 

by calculation. Conductivity probes used for measuring salt concentration 

are a l i t t l e  more cumbersome to use than are thermistor or thermocouple 

probes. Also, there are corrosion problems associated w i t h  models using 

s a l t  water. The model must be continually inspected and repairs have to  be 

wde often to prevent damage to  adjacent equipment. The model has to  be 

destroyed when funds are no longer available for its upkeep. 

A model using warm water is capable of meting the technical require- 

ment for properly modeling surface cooling. However, use of warm water also 

requires that the bottom and sides of the modeling basin be insulated. 

Otherwise, heating of the bottom could easily upset the model balance. . . In 

controlling surface cooling, shifting the operating temperature range with 



respect to  e q u i l i b r i b  temperature over the model is useful, but ,care must be 

,taken t o  maintain the proper density differences i n  the water.. 
. .. . . . 

. :.,;: ' 

I f  photographic records of flow patterns, are t o  be taken, the oolor and 

texture of the model is of importance. 
' 

C. What Can Be Accomplished with Hydraulic Model Studies 

It is  desirable t o  look a t  the possible uses of hydraulic models for  

studying thermal plumgs by considering each region of the flow separately. 

For the fa r  f ield,  the discussion w i l l  be limited to the lake situation. 

The Near Field - Models are partioularly useful fo r  complicated outlet  

geometries a t  specific si tes.  They can .iefine the trajectory of the plume . 

. and shoi the possible ranges of heat spread, as w& as temperature and 

velocity distributions i n  the plume for given input and outlet c.onditions. 

They are useful for  both submerged and purface buoyant jets. 

Models may also be used to study the fundamental physics of the near 

f i e ld  as was outlined in Chapter 11. They can reproduce mixing and entrain- 

ment as a' fbnction of geometry and other variables, and provide numerical 

values t o  be used i n  estimating boundary conditions for  a subsequent model 

of '  the joining region. 

Modeling i n  the 'near f i e ld  requires only that  the scale be undistorted, 

that  the Reynolds number be large enough t o  create turbulent flow, that the 

densimetric Froude number be specified, and, i n  some cases, that the end 

boundary condition be known. I f  there is a current past the outlet, the 

orrlira~y Froude number may alao hove t o  be spesified, 

The Joining Rgaion - The rising plwe from a submerged outlet is  part 

of the joining region and is subject to  qtudy i n  an undistorted model. 

Several model studies of th i s  phenomena were l i s t ed  i n  Chapter 11, Section C. 

Models i n  the joining region also define the trajectory and spread of . the  

plume between a surface outlet or  r is ing plume and the f a r  field. L i t t l e  

separate attention has been paid to  modeling i n  t h i s  region, the joining 

region being tac i t ly  included i n  ei ther  near or f a r  f i e ld  models, It is 

. better  included in the formei* because of the undistorted scale, but then 

the additional physical phenomena l i s t ed  i n  Table XV-A-1 must be considered. 



"The Far Field A model of the far field in a lake situation may be 

expected to define the spreading pattern for heat, given the densimetric 

Froude number and the input conditions to the plume in the far field. How- 

ever, there are many secondary problems in far field modeling which must be 

considered. These have already been discussed and include surface cooling, 

pre-existing stratification, pre-existing currents, and wind currents. All 

far field models for a given densbetrio Froude number and given input cono 

ditions are alike as long as the physical boundaries are remote from the 

plume. 

Far field models may also be used to obtain n11mesjaa.1.. v~11..11ew for verti,; 

cal and horizontal eddy diff'usivities in plumes and for studying the effects 

of wind and o%her currents on plume development. It is a moot question as 

to whether numerical values for diffusivities in a model are comparable 'with 

field Values. This subject was mentioned in Chapter 11, Section F. 

D. Requirements and Possible Goals for Future Model Studies 

In the previous section, the general utility of hydraulic models was 

summarized. It is obvious from that summary and from the case studies re- 

viewed in Chapter I11 that hydraulic modeling of thermal plumes is not 

merely an application of a set of scale ratios, but requires judgment as to 

the phenoinena to be modeled. Comparisons between model and prototype are 

more likely to be qualitatively than quantitatively correct at the present 

state-of-the-art. It is also evident from the review in Chapter I1 that, 
although the basic physical phenomena associated with the* plumes are 

now apparently understood, not enough well-controlled model studies have 

been conducted to make possible the tabulation of numerical coefficients for 

use in the applicable equations and the extension of the coefficients to full-  

scale problems. What can be done to.improve this situation? 

First, more comparisons between field data and model study results need 

to be made, with complete analysis of the data and with special attention 

given to some of the detailed points enumerated in the remainder of this 

section. Such comparisons should be given high priority. 

Secondly, a program of fundamental studies extending those,' already 

described in.Chapter I1 needs to be carried out, to determine the importance 

and influence of each of the dimensionless numbers in each region of the 



flow on t h e  flow pa t t e rn ,  Numerical valtres of c o e f f i c i e n t s  and ranges of val-  

ues .  of t h e  var ious  parameters a r e  needed, speci f ica l ly ,  t h e  following t o p i c s  

fo r '  f u r t h e r  study i n  hydraulic models cah be i i s t e d  by regions  i n  t h e  flow: 

Near F'ield 

The parameters which con t ro l  entrainment near a sur- 
f ace  buoyant j e t  o u t l e t  a re . , s t i l ; l  n o t  completely known. 
It i s  . the re fo re  impossible t o  spec i fy  entrainment 
c o e f f i c i e n t s  i n  t h a t  region'. For high enough densi- 
metric  F'roude numbers, modificat ions of t h e  r e s u l t s  
f o r  submerged, buoyant jets can be used, b u t  a s  t h e  
densimetric Froude .number decreases,  t h e  feedback 
from f u r t h e r  along t h e  j e t  and perhaps o ther  f a c t o r s  
become important. Wada [65] has attempted t o  r e l a t e  
entrainment t o  t h e  l o c a l  Richardson number i n  t h i s  , '  

region, b u t  f i n d s  t h a t  t h e  r e l a t i o n  i s  non-unique, 
I n  any event, t h e  l o c a l  Richardson,number i s  not a 
p r a c t i c a l  parameter t o  use  s i n c e  it has t o  be deter -  
mined a s  p a r t  of t h e  flow solution.  More information 
i s  needed on entrainment f o r  t h e  surface  buoyant j e t  
both f o r  const ruct ing fu tu re  hydraulic models and 
f o r  use  i n  mathematical models. 

A s  was brought out  i n  Chapter 11, t h e  bottom 
s lope of  the  receiving body of water, i f  it i s  
f l a t ,  can have g r e a t  inf luence  on entrainment 
and spread of a surface  buoyant j e t  near i t s  
ou t l e t .  The e f f e c t  of s lope  has hardly been 
considered i n  previous ,works and requ i res  de- . 
t a i l e d  model study t o  determine i t s  e f f e c t  on 
entrainment and spread. 

3. I n  t h e  pas t ,  it has been t a c i t l y  assumed t h a t  
an o u t l e t  canal  i s  l i t t l e  a f fec ted  by t h e  angle, 
other than t h e  90 degrees i t s  c e n t e r l i n e  makes 
wi th  t h e  share, This assumption may be incor- 
r e c t ;  secondary currents ,  f o r  example, may be  
introduced by such a configurat ion.  Additional 
secondary flow problems a r e  probably crea ted  
when both  a bottom slope and shore  angle o the r  
than 90 degrees occur together.  Because of l a c k  
of symmetry, it may be d i f f i c u l t  t o  s p e c i e  
numerical values f o r  entrainment c o e f f i c i e n t s  
and other  parameters i n  these  cases,  but  t h o  
problem should be s tudied fu r the r .  

4. Although some work has been,done f o r  .discharge 
of submerged buoyant j e t s  i n t o  receiving water 
which i s  a l ready s t r a t i f i e d ,  a d d i t i o n a l  research ., 

has t o  bo dono on t h i s  problem f o r  a broader 
range of t h e  con t ro l l ing  dimensionless parameters. 



Similar research i s  required fir the surface 
buoyant jet case, Ehtrainment, plume trajectory, 
and spread parmeters need t o  be studted. 

5. It has been stated that  i f  Reynolds number is 
sufficiently large, it should have l i t t l e  ef- 
fect on mixing a t  an outlet. It is still  
necessary t o  define more precisely what "suf- 
f ic ient ly  largei1 is i n  the case of both sur- 
face and suberged buoyant plumes, i n  spi te  
of some work that  has already been done. 
And, i f  the model Reynolds number cannot be 
made "sufficiently large, l1 the effect  of 
that  parameter on comparison between model 
and' f i l l -scale  entrainment must be known. , 

Joining Region - 

6 .  A problom that h a  not been studied suffi-  
ciently concerns the transition from a ris- 
ing plume issuing from a submerged outlet  
to  the essentially horizontal plume of the \ 

fa r  f ield.  It is especially Important to  
be able to  predict the thickness and tem- 
perature of the i n i t i a l  horizontal plume. 
To do th is ,  entrainment in  the r is ing plume 
must be known as a function of several 
pertinent variables, including the relat ive 
depth of the submerged outlet. Secondary 
influences on the rising plme such as 
cross currents and bottom OP other solid 
boundary proximity need t o  be considered. 

7. Ely definition, the joining region con1;iaues 
un t i l  entrainment i s  relatively unjmportant. 
In  a prototjpe, such a definition i s  of no 
imp'ortance. I n  a hydraulic model, however, 
it is necessary to  recognize th i s  l i m i t  be- 
cause it; marks the Lrue Leginuing of the 
region where a distorted model may be ap- 
plied. It is necessary t o  study entrain- 
ment (as well as interfacial  f r ic t ion and 
other plume characteristics) i n  the joining 
region t o  find parameters which w i l l  define 
the beginning of the f a r  field. I n  the 
same context, it is also important to know 
what influence feedback from the f a r  f i e ld  
has on fixing the terminus of the joining 
region. 

Far Field 

8. I n  a prototype thermal plume, the plume 
eventually becomes undetectable because 
of surface cooling and dilution by 



mixing 'and spreading. In a hydraulic model, 
even with distortion, physical size limita- 
tions frequently prohibit reaching the de- 
tectable limits'of the plume in a steady state 
situation. It is then necessary to know what 
boundary conditions are to be applied in the 
model to substitute for the correct boundary 
conditions on surface cooling and mixing in 
the prot0typ.e. Furthermore, by distorting the 
far field model, the necessary boundary condi- 
tions are complicated by altering the horizontal 
gradients of surface cooling and of density. 
It may be useful under these conditions to simply 
by-pass these 'surface gradients by, modeling the 
no oooling case (TE = T or fresh water into 

0 

salt water) and then calculate the effects of 
coolibg., The quantitative laws for applying 
boundary conditions in physical models of the 
far field require detailed investigation. 

Anoth'er problem.requiring study in connec'tion 
with' surface cooling involves the techniques 
for reproducing in a hydraulic model the sur- 
face cooling and other surface thermal effects 
that occur in nature. Is it sufficient, for 
example, to simply produce in the model the 
equilibrium temperature of the .prototype at- 
mosphere? Or must radiation effects in depth 
be modeled also? 

It has seemed to investigators of far field 
thermal plume problems that it is ..reasonable , 
to ask.for numerical'values of horizontal and 
vertical eddy diffusivities. Yet, repeatable 
valueshave not been obtainable from different 
hydraulic model tests. The reasons for this 
were speculated upon earlier, but the fact 
remains that it is still desirable to attompt 
to obtain numerical values for these coeffi- 
cients. One of the problems has been the lack 
of data on velocity profiles and eddy viscosities. 
Since these may differ from one model to another, 
such data should be obtained at the same time 
as temperature profiles are obtained to define 
local Richardson numbers. A further problem is 
that it is not really known whether diffusivities 
obtained from a model have a definite, scalod 
relation to those obtained from a prototype, and 
this problem requires further investigation. 

It has been customary to think of the far field 
as a two-layered, density stratified problem. 
Although prototype plumes are frequently of this 
type, they need not be. Density gradients will 

5' 



exist over part of the depth. An exact hy- 
draulic model would reproduce such prototype 
conditions, of course. But since models 
are far from exact, the influence of such 
density anamolies on model results obtained 
from two-layered systlb need to be con- 
sidered or else means of operating models 
with anamolies have to be found. 

12. Some investigations need to be conducted 
on viscous @hear in the far field. It may ' 

not be of importance, but existing experi- 
mental results cannot be used to support 
or refute this supposition. 

13. The question of the importance of Reynolds 
.nunbur arives In tlse far field ao it doas 
in the near field. Viscous shear diseueoed 
in item 12 is undoubtedly related to Reynolds 
number. BarrDs congruency diagrams C31 have 
been referred to previously as providing a 
basis for estimating when the Reynolds number 
is large enough to negleat in the far field. 
But these have been datermined for a slightly 
different physical problem--lock exchange f l ow  
using fresh and salt water in two dimensions 
only--and require verifgcation for the appli- 
cation to thermal plumes. These diagrams 
are also said to be usef~l for correcting 
for too small P Reynolds number by wing 
an appropriate distortion. This epplica- " 

. tion, too, requires verification. 

14. It, has been observed in Chapter I11 that 
wind ourrents, especially, are responsible 
for difficulties in comparing model and. 
prototype .results. No model studies have ' 

been conducted on wind or other currents. 
It is necessary tn  develop techniques for 
representing wind effects in producing 
currents in model studies. This must be 
done without upsetting the surface cooling 
modeling discussed earlier. This problem 
is. applicable to ;lof.ni~lg regiotl modela ae 
well as to those of the far field., Methods 
for modeling other pre-existing ourrents 
also need to be developed. 

15. Finally, one of the real problems in hy- 
draulic modeling is the tediousness asso- 
ciated with acquiring data, especially 
velocity data. Techniques have to be de- . . 

veloped for obtaining relocity or momentum . ' 

. spread data at least as rapidly as data 
for heat or'mass spread. 



Not all of the research topics stated above are of equal importance. 

In.:the near field and joining region, the most important problems are those 

as.ociated with entrainment (items 1 and 7), and study of these could well 
be undertaken in a single,research project. The remaining items in the . 

near field are probably in the approximate order in which they should re- 

. ceive attention, although item 5 on Reynolds number effects could well be 
studied in a combined project with items 1 and 7. 

In the far field, questions on boundary conditions (item 8) are of i 

fundamental importance. Research on modeling wind currents (item 14) is of 
importance in modeling speci'fic sites. These should receive considerable 

priority in experimental studies . Prob3.ems in dif fisivity, eddy viscosity, 
and interfacial shear (items 10 and 12) have been under study together at 

the St. Anthony Falls Hydraulic Laboratory (Ref. C671), and application for 
further support of the work has been.made. Reynolds number effects (item 

13) are still under study by Barr and his colleagues at the University of 
Strathclyde in Glasgow, Scotland. 

Several other individuals and laboratories have been engaged in ex-. 

perimental work on some of these topics. Since their work was referred 

to in Chapter 11, no further listing will be attempted here. M~st of the 

installations participating in earlier work have'certain facilities, equip- 

ment, and instrumentation available and, generally speaking, th~y would'be 

in the best position tq undertake further experimental work. It mst be 
recognized, however, that some of the problems discussed may not be capable 

of being completely answered, considering the present state of knowledge, 

regardless of who or what installation performs the research. Partial 

answers, where complete'answers cannot be obtained, will be usefil, however. 
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