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A PHENOMENOLOGICAL RELATIONSHIP 
FOR PREDICTING THE SURFACE AREAS 

OF THERMAL PLUMES IN LAKES 

J. G. Asbury and A. A. F r igo  

ABSTRACT 

A phenomenological relationship for  surface a r e a s  
within i so therms has  been developed for thermal  plumes in 
l a rge  lakes.  The relationship,  based upon the field data of 
other investigators,  r ep resen t s  a useful ru le  of thumb for 
predicting surface a r e a s  of buoyant thermal  plumes. 

1. INTRODUCTION 

The problem of predicting the d ispers ive  behavior of heated efflu- 
ents in natural  water bodies has  received t'he attention of many investigators 
in recent  yea r s .  F r o m  a pract ical  point of view, a cer tain degree  of success  
has  been achieved with regard  to descr ibing the cer tain types of d ischarges .  
F o r  example, the behavior of heated effluents in uniform r iver- type c r o s s -  
flows, can be reasonably well predicted. That this has  been .achieved with- 
out the emergence of a universally accepted theory of plume dynamics indicates 
the l a r g e  role  phenomenology current ly plays in plume analysis.  

The s tate  of the a r t  for predicting lake plumes i s  l e s s  sat isfactory,  
even f r o m  a phenomenological point of view. Although the dynamics govern- 
ing the zone of flow establishment a r e  presumably the same  fo r  lake and 
r ive r  d ischarges ,  the dynamics in the region of established flow a r e  quite 
different. The lake situation i s  considerably m o r e  complicated, due to much 
l a r g e r  dynamic variations in the s t ruc ture  of the receiving body of water .  
Variations in the direction and magnitude of nea r - shore  cu r ren t s  and in the 
ambient diffusivity great ly  complicate the problem of modeling the d isper  - 
sive p rocesses .  

One of the s implest  methods of parameter iz ing  plume dispersion i s  
in t e r m s  of surface a r e a s  within i so therms.  In the present  study we have 
adopted a completely phenomenological approach in attempting to  find a 
relationship that could be used to predic t  plume surface a r e a s .  The ap- 
proach was based upon two considerations: 1)  The behavior of lake plumes 
beyond the zone of flow establishment i s  governed'by lake p rocesses  for  
which adequate models do not exist ,  a i d  2 )  there  does exist  a published 
se t  of lake-plume tempera ture  measurements  which can be examined for 
relationships among the plurne variables .  



2 .  STUDY PHILOSOPHY 

Edinger and Polk,  in an analysis of thermal-plume dispersion', 
der ived a functional relationship for plume surface a r e a s  contained within 
excess  tempera ture  contours. '  The authors  assumed Fickian-type diffusion 
and considered conservative and nonconservative two-dimensional d isper -  
sion and conservative three-dimensional dispersion.  F o r  the s implest  
case -  - conservative,  two-dimensional dispersion-  -they found a relationship 
u l  Lhe f o r m  A/A, = f(8/0,), where f(t)/eo) i s  a function of the fractional ex- 
c e s s  t empera tu re  O/OoJ and A/An i s  the nondimensional plume a r e a  contained 
within the i so therm a t  excess  tempera ture  8. F o r  a two-dimensional, con- 
serva t ive  plume, the scaling a r e a  An was found equal to 4/n312 . a 3 / ~ u 2 d 3 ,  
where  Q' i s  the volumetric discharge flow ra . t e ,  l3 i s  the ambient diffusivity, 
u i s  the ambient velocity, and d i s  the plume depth, assumed constant. 
After  numerical ly  integrating f(8/8,), the authors graphed the r'elationship 
8/00 v e r s u s  A/An on log-log paper .  

Pe rhaps  m o r e  important than giving exact analytical solutions, the 
work of Edinger and Polk  provides an elegant method of data  display which 
can be used to group and compare data.  In par t icu lar ,  i t  suggested to us  
that an empir ica l  relation for  plume spreading might be discovered by r e -  
ducing existing field data  and presenting i t  on plots of 8/8, ve r sus  A/A,. 
The  parameter iza t ion  of An could be adjusted to provide the bes t  agreement  
among existing lake plume data .  Such an empir ical ,  "plume- a r e a "  approach 
would great ly  simplify some of the problems normal1.y e n c m i n t e r o d  in dc-  
veloping predictive formulas  for  thermal  plumes and a t  the s a m e  t ime 
would consider one of the most  important features  of the the rma l  plume, 
namely, the a rea l  extent of i t s  surface water .  

The parameter izat ion of An will be l imited by the type, quality, and 
quantity of the existing lake plume data .  The data a r e  discussed in the next 
two sections.  

3 .  SURVEY O F  THE DATA 

W e  identified scvcn useful se t s  of published lake plume data  during 
the course  of a l i t e ra tu re  survey.  The sources  of data a r c  l is ted in Table I .  

TART.,FI: I. L a k e  P l u m e  Da ta  

S i te  

Number  
uT P l u m e s  
Analyzed Source  

Waukegan, L a k e  Michigan  
Big  Rock,  L a k e  Michigan  
Mi l l iken ,  Cayuga L a k e  
Waukegan,  L a k e  Michigan  
Michigan  City,  L a k e  Michigan  
Allen S .  King, L a k e  St. C ro ix  
Douglas  Po in t ,  L a k e  Huron 

Ref .  2 
Ref .  3 
Ref.  4 
Re f .  5 
Ref.  5 
Ref .  6 
Re f .  7 



With one exception, Table I l i s t s  all the lake plume data  which we 
could identify and which we judged to be useful for the type of analysis out- 
lined in Section 2 .  The one exception i s  the ra ther  extensive temperature 
data collected a t  Waukegan by Biotest Laboratories  under contract with 
Commonwealth Edison Company. The sole reason for not including the 
Biotest data,  which were  readily available to  us ,  was our inclination to not 
overly emphasize the Waukegan si te  in the analysis.  

Several sources of data a r e  not included in Table I because they 
failed to satisfy the 'susefulnessss c r i t e r i a  eventually imposed on the data 
base.  (See below.) There  a r e  doubtless other sources of published data,  
which would have satisfied these cr i te r ia ,  but which simply did not come 
to our attention. 

The type and quality of the plume data referenced in Table I va ry  
c.onsiderably; however, a few generalizations about the data a r e  possible.  
(The individual measurements  a r e  summarized m o r e  carefully in Section 4. ) 

A "typical" plume measurement  consisted of tempera ture  readings 
collected over a preestablished spatial grid. Additional data usually in- 
cluded intalce and outfall tempera tures  as  well a s  the volumetric discharge 
flow ra te .  Where discharge flow ra te s  were  not reported, we were  able to 
obtain these through personal communication, either wilh the investigator 
o r  with the utility personnel. 

Ambient- cur rent  measurements  were  not always performed and 
reported. In general,  the paucity of current  data prevented a m o r e  exten- 
sive analysis and comparison of data f rom the various s i tes .  

Constant-temperature contours ( i so therms)  were usually constructed 
f rom the raw data by the. investigator s o  The i so therm plots presented the 
opportunity for determining plume a r e a  within isotherms.  Most of the 
studies l is ted in Table I included tempera ture  measurements  at  several  
depths. There.  i s ,  however, the problem of assigning a unique value to 
plume depth which i s  charac ter i s t ic  of a given plume. F o r  this reason,  
a comparison of plumes on the basis  of depth i s  very  difficult. 

Two conclusions can be drawn f rom a survey of the data: 

(1 ) The analysis i s  l imited, essentially,  by the quality of the weakest 
data se ts .  The scaling a rea ,  An, can be easily related only to the volumetric 
discharge flow ra te .  Lack of data o r  the difficulty of assigning plume-wide 
values to other variables  hrevents the parameterizat ion of An in t e r m s  of 
other variables  such a s  ambient velocity, ambient diffusivity, and plume 
depth. The most  straightforward parameterizat ion of An, therefore,  i s  of 
the form An = Qa, where the exponent a is to be determined. 



(2) Not al l  the data  of Refs.  2-7 a r e  "useful" for the kind of analysis 
outlined in Section 2. The plume measurements  f rom any given r epor t  a r e  
not of equal quality. Tempera tu re  data for some plumes a r e  ve ry  spa r se .  
In other cases ,  a s t rong tempera ture  gradient, usually due to upwelling, 
makes  i t  impossible to ass ign  a unique value to the tempera ture  of the a m -  
bient lake water .  We therefore  found. i t  necessa ry  to  establ ish a se t  of 
c r i t e r i a ,  which could be used to define an acceptable (qsusefulqP) plume 
.measurement .  An acceptable measurement  included: 

(a)  Sufficient tempera ture  data  to pe rmi t  the drawing of a t  
l eas t  t h ree  closed i so therms.  

(b) Measurements  of the intake and outfall t empera tures .  

(c)  Measurement  of the volumetric dischargc flow ra te .  

(d) Measurement  of the ambient lake tempera ture ,  with no 
indication of l a rge  thermal  gradients in the ambient 
lake water .  

4. SOURCES,OF DATA 

Pl.ume data f r o m  six publications were  used, The data  were  collected 
a t  s ix  different s i tes .  (At Waukegan, data  were  gathered by two authors . )  
The following i s  a brief descr ipt ion of the. individual measurements .  Numer- 
ica l  values of plume var iab les  which were  used in the analyses  a r e  given in 
Lhe appendix. F o r  m o r e  complete descr ipt ions of the individual measure -  
ments ,  see  the original publications. 

(1 ) Romberg e t  -- a le2  conducted 17 surveys of thermal  plumes near  the 
outfall of Commonweal.th Ed.isongs fos sil-fuel powcr plant a t  Waukegan, 
Il l inois,  during the summer  of 1970. Data collected included surface and 
subsurface tempera tures  in the plume, a s  well a s  in the ambient lake and 
in the discharge can.a.1, P lant  operating data,  inclilding generatirlg llovd and 
d ischarge  flow ra t e ,  were  reported for each survey. Meteorological data 
and cu r ren t  data were  collected during mos t  of the measurements .  .Diffu- 
s ivi t ies  were  not measured .  The investigators constructed constant- 
t empera tu re  contours for 16 of the surveys.  

We took a r e a s  within i so the rms  direct ly  f r o m  Ref. 2 .  Of the 
16 plumes,  only five satisfied the q s u s e f u l n e s s v k r i t e r i a  of Section 3 .  
Eight plumes were  rejected due to the presence  of upwelling, which made 
i t  iillpossible to assign a unique value to  the ambient lake temperature.  

(2) As p a r t  of a study of biological effects of heated discharges,  
~ r e z o s k i ~  surveyed the plume a t  Consumer Power Company9s Big Rock 
Poin t  Nuclear P lant  nea r  Charlevoix, Michigan, I so therms were  drawn 



for the plume measured  on June 18, 1968. We obtained the discharge flow 
ra te  through personal  communication with M r .  C. Axtell of Consumer 
Power Company. 

(3 )  Sundaram aJe4 conducted an extensive investigation.of the 
physical effects of thermal  d ischarges  on Cayuga Lake. This work in- 
cluded a study of the thermal  plume f r o m  the Milliken Generating Station. 
Six i so therm maps ,  which were  developed f r o m  infrared overflight data,  
a r e  presented in Ref. 4. We did not examine th ree  of these plumes because 
they did not include a t  l eas t  th ree  closed i so therms.  The discharge flow 
r a t e s  were  furnished to  u s  by Mr .  S. A. Lyon of New York State Elec t r ic  
and Gas Corporation. 

Reference 4 contains considerable plume, lake,  and meteoro-  
logical data which were  not used in the present  study. 

(4) Ayers  et  a lS5  surveyed plumes a t  the Michigan. City Generating 
Station on June 26 and 2 8 ,  1969, and a t  the Waukegan Generating Station on 
June 30, 1969. These  surveys were  made in s'upport of biochemical in- 
vestigations in the vicinity of the two outfalls. Subsurface a s  well a s  surface 
tempera ture  contours were  developed for  two of the three  surveys.  We used 
the a r e a s  within surface i so therms f rom a l l  t h ree  surveys.  

Intake and outfall t empera tures  were  reported by Ayers  -- e t  a l .  
for all  th ree  plumes. 

(5)   itch^ conducted 10 tempera ture  surveys in Lake St. Croix nea r  
Northern States Power Company's Allen S. King Generating Plant .  The 
measurements ,  performed during the s u m m e r s  of 1969 and 1970, were  made 
using the Minnesota State coordinate grid sys tem.  

Intake, outfall, and ambient lake t-emperatures w e i e  measured  
a t  the 'beginning and end o l  each survey. 

We obtained detai ls  concerning the measurement  technique and 
the presentation of the data through personal  communication with M r .  D. Bohn 
and M r .  J. Bechthold of Northern States Power Company. We learned that 
some of the tempera ture  data were  corrected in o rde r  to account for ob- 
served changes. in the ambient water  tempera ture  during the measurements .  
This change in ambient water  tempera ture  no.doubt also. accounts for  the 
difference between outfall t empera tures  which were  reported for  the be- 
ginnings and ends of some of the surveys.  To eliminate this  ambiguity, we 
set  the discharge tempera ture  TD equal to Tzoo + 1°F, where Tzoo, the tem- 
pe ra tu re  of the plume water  200 ft f r o m  the outfall along the plume axis ,  
was determined f rom the i so therm plots. This simple algori thm for outfall 
t empcra ture  i s  based upon t h e  observed r a t e s  of tempera ture  decay in the 
near-field region of the Allen S. King. P lant  .and should be accura te  to  k0.5OF. 



Using a planimeter ,  we measured  a r e a s  :withiii. iso'the:rms 
for  the nine. i so therm plots that satisfied the c r i t e r i a  given. in Section 3 .  
A r e a s  for  the th ree  surveys  conducted during 1969 were  measured f r o m  
l a r g e  engineering drawings supplied by Northern States' Power Company. 

(6) - Csanady -- e t  a ~ . ~  performed ra ther  detailed measurements  of 
seve ra l  shore-paral le l  plumes a t  the Douglas Point Nuclear Power  Plant  
on Lake  Huron during August 1970. Sufficient ver t ical  tempera ture  data  
and cu r ren t  data  were  collected during these studies s o  that the authors  
were  able to  determine plume heat fluxes a c r o s s  ver t ical  t r ansec t s .  

Of the four horizontal isotherm plots presented in Ref. 7, 
two (those for  August 24 and 25) include three  ar m o r e  closed i so therms.  
Although these i so the rms  re fe r  to  a depth of 1.5 ft,  we considered them 
to Le xepresentarive of the sur face- tempera ture  distributions.  That this  
i s  a good approximation can be seen f r o m  an inspection. of Table IV of 
Ref. '7 .  

5. ANALYSIS 

All the plume data  identified in Section 4 a s  useful were  accompanied 
b y  i so the rm plots of the individual plumes. Data reduction, therefore,  e s -  
sentially consisted of planimeter  measurements  of a r e a s  within i so therms 
fo r  those cases  for  which the a r e a s  were  not reported by the field 
investigator s . 

The data were  displayed on log-log paper with 8/eo plotted against 
A / Q ~ .  The most  consistent grouping of the buoyant-pl~~rne d a t a  occurred 
for  a = 1,  that i s ,  on a plot of the f o r m  8/eo ve r sus  A/Q. F igure  1 shows 
the data  s o  displayed. (The data key for F ig .  1 i s  shown in Table 11.) The 
curve  drawn through the buoyant-plume data  i s  an  eyeball fit to  these data. 
The  g'sinking"-plume curve may  not be representat ive,  since i t  i s  based 
oli data Irorn only two plume measurements .  



SINKING PLUMES ' \ 
(AMBIENT LAKE TEMP: < 4 " ~ )  

\ ,  BUOYANT PLUMES- \ G 

Surface Area (A) 
Fig. 1. Fractional Excess Temperature 

Discharge Flow Rate (Q) 

T A B L E  11. D a t a  K e y  f o r  F i g .  I 

6 .  DISCUSSION 

A.  w s u k e g a n Z  (7/14/70, 1 ) . :3f l -I  3:37)  

B .  w a u k e g a n 2  (7/14/70, 14 :50 -  16: 1 0 )  

C .  w a u k e g a n Z  (8/12/70, 12:OO-13:57) 

D .  w a u k e g a n Z  (8/12/70, 16 :22 -  17 :53 )  

E .  w a u k e g a n Z  (8/13/70, 12:12-13;26)  

F.  B i g  R o c k  p o i n t '  (6/18/68) 

G.  Mi l l i ken4  (9/17/68) 

H.  ~ i l l i k e n ~  (12/10/68) 

I. Mi l l iken* (1/8/69) 

J .  Mich igan  c i t y 5  (6/26/69) 

K .  Mich igan  c i t y 5  (6/28/69) ' 

L.  w a u k e g a n 5  (6/30/69) 

When considered against the various causes of sca t te r ,  the cluster-  
ing of the buoyant-plume data about the central  curve' in F ig . ' l  i s  remarkable.  
Sources of sca t te r  among the data points include: 

M .  A l l en  S.  in^^ (8/20/69) 

N .  A l l en  S .   in^^ (9/4/69) 

0.  Al len  S .  ~ i n g ~  (7/30/69) 

P. A l l e n  S .  ~ i n g ~  (6/5/70) 

Q . A l l e n  S.  in^' (6/12/70) 

R .  A l l en  S .   in^^ (6/29/70) 

S. A l l en  S .   in^' (7/9/70) 

T .  A l l e n  S. ~ i n g '  (7/17/70) 

U .  . Al len  S .   in^^ (8/13/70) 

V. Doug la s  p o i n t 7  (8/24/70) 

W.  D o u g l a s  p o i n t s  (8/25/70) 

(1) La rge  plume-to-plume variation in ambient diffusivity, ambient 
velocity, and plume depth. Although the magnitude of the scaling a r e a  should 
be strongly dependent upon them, these variables  have not been included in 
the parameter izat ion of A,. 



(2)  Inaccurate plume a r e a s ,  especially in the far-field region, where 
ambient "noise" and plume meandering can produce significant e r r o r s  in the 
mapping of thermal  plumes.  Nearly synoptic, infrared measurements  of 
the type pe r fo rmed  by Sundaram - e t  - a l .  should be l e s s  susceptible to this 
type of e r r o r .  

( 3 )  Different outfall geometr ies .  Although al l  the outfalls a r e  of 
the channel type, orifice dimensions and bottom topographies differ con- 
s iderably.  F o r  example, a t  Waukegan the mouth of the outfall i s  approxi- 
mately 6 ft  deep by 60 ft wide and the bottom slope i s  a t  most  1:100,, whereas 
a t  the Milliken Station the outfall mouth i s  approximately 10 ft  square  and 
the bottom slope i s  about 1 : l o .  

(4) The parameter izat ion A, % Q may not be optimum. T11e:se may 
exisL a more  suitable parameter izat ion,  which would lead to a m o r e  con- 
s is tent  grouping of the data.  

All the da ta  shown on F ig .  1 r e f e r  to channel outfall geometr ies .  
Other  outfall geometr ies ,  s11ch a s  submerged diffuser s y s t e ~ ~ ~ n ,  could pro-  
duce t empera tu re  decays that a r e  inconsistent with those in Fig.  1 .  It may  
tu rn  out, however, that the main difference between channel outfalls and 
other  sys tems i s  the point a t  which the curve shown in Fig.  1 i s  initially 
intercepted.  Consider,  for example, a sys tem that u ses  rapid,  subsurface 
dilution and produces a maximum surface tempera ture  of, say, 8/8, = 0.7. 
Since the initial tempera ture  reduction i s  achieved simply by dilution, thc 
initial surface a r e a  within the 8,/~, = 0 7 i so therm may  bc c ~ n s i s t ~ ~ ~ l  w i l h  
that  predicted by Fig .  1.  The subsequent tempera ture  decay may  also follow 
Llie curve in Fig.  1 . 

7. SUMMARY O F  RESULTS 

F igure  1 summar izes  the resu l t s  of the investigation. All the 
Isuoyarll-plume data  a r e  seen to be reasonably well fit by the curvc drawn 
through the data points. The curve thus represents  a phenomenological fi t  
re lat ing fractional excess  tempera ture  to  the quotient of plume surface a r e a  
and volumetric d ischarge  flow ra te .  

The pl.lirne data shown in Fig.  1 r e fe r  to  channel outfall geometr ies .  
The fit,  therefore,  may  not be applicable to other outfall geonletries,  p a r -  
t icu lar ly  in the region where 8/eo i s  l a rge .  Allowing for this restr ic t ion,  
we believe that the curve r ep resen t s  a usefill ri.llc of thumb for  prcdic t i i~g  
sur face  a r e a s  of buoyant thermal  plumes.  



APPENDIX 

P l u m e  A r e a s  

Power  plant: Waukegan 
Body of wa te r :  L a k e  Michigan 
Inves t iga tors :  Romberg  g d.' 
Date:  7/14/70 (12:OO-13:57) , 

Discha rge  flow ra te :  Q = 1871 ft3/sec 
Outfall t e m p e r a t u r e :  TD = 22.3OC 
Ambient  t e m p e r a t u r e :  T A  = 1 7.0°C 
8, = T D -  T A  = 5.3OC 

P o w e r  plant: Waukegan 
Body of wa te r :  L a k e  Michigan 
Inves t iga tors :  Romberg  g 4 . '  
Date:  7/14/70 (1 4:50- 16:lO) 
D i scha rge  flow ra t e :  Q = 1871 ft3/sec 
Outfall t e m p e r a t u r e :  TD = 24.4OC 
Ambient  t e m p e r a t u r e :  TA = 16.7OC 
8, = TD - TA = 7 . P C  

E x c e s s  F rac t iona l  Tota l  P l u m e  A r e a ,  A,  
Temp ,  E x c e s s  within I s o t h e r m  a t  
8, OC Temp,  8/e0 E x c e s s  T e m p ,  ft2 

P o w e r  plant: Waukegan 
Body of wa te r :  Lake  Michigan 
Inves t iga tors :  Romberg  g 4 . '  
Date:  8/12/70 (12:OO-13:57) 
D i scha rge  flow ra t e :  Q = 1730 ft3/sec 
Outfall t empera tu re :  TD = 30.5OC 
Ambient  t e m p e r a t u r e :  TA = 23.0°C 
8, = TD - TA = 7.5OC 

E x c e s s  F rac t iona l  Tota l  P l u m e  A r e a ,  A,  
T e m p ,  E x c e s s  within I s o t h e r m  a t  
8 ,  OC Temp,  8/e0 E x c e s s  T e m p ,  ft2 

5 .O 0.667 8.070 x l o4  

4.0 0.533 3.497 lo5  

3 .O 0.400 3.309 x lo6  

L .O 0.267 1.945 x lo7  

1 . O  0 .133 2.690 x l o7  

E x c e s s  F rac t iona l  Tota l  P l u m e  A r e a ,  A, 
Temp ,  E x c e s s  within I s o t h e r m  a t  
8 ,  OC T e m p ,  8/8, E x c e s s  T e m p ,  ft2 

Power  plant:  Waukegan 
Body of wa te r :  L a k e  Michigan 
Inves t iga tors :  Romberg  & 4.' 
Date:  8/12/70 ( 1 6 : ~ ~ - 1 7 : 5 3 )  
D i scha rge  flow ra t e :  Q = 1730 ft3/sec 
Outfall t e m p e r a t u r e :  T D  = 30.6OC 
Ambient  t e m p e r a t u r e :  TA = 23.5OC 
8, = T D  - TA = 7.1°C 

Exce'ss F rac t iona l  Total  P l u m e  A r e a ,  A,  

T e m p ,  E x c e s s  within I s o t h e r m  a t  
8 ,  OC T e m p ,  8/€Io E x c e s s  T e m p ,  ft2 

.4.5 0.634 2.798 x 1 o5 



P o w e r  plant:  Waukegan 
Body of water :  L a k e  Michigan 
Inves t iga tors :  R o m b e r g  
Date:  8/13/70 (12:12-13:26) 
D i s c h a r g e  flow ra t e :  Q = 1624 ft3/sec 
Outfal l  t e m p e r a t u r e :  TD = 29.4OC 
Ambient  t e m p e r a t u r e :  TA = 23.0°C 
8, = TD - TA = 6.4OC 

P o w e r  plant:  Big Rock Po in t  
Body of wa te r :  Lake  Michigan 
Inves t iga tor :  ~ r e z o s k i ~  
Date:  6/18/68 
Di scha rge  flow ra t e :  Q = 11 1 .4  ft3/sec 
Outfall t e m p e r a t u r e :  TD = 18.0°C 
Ambient  t empera tu re :  TA = 10.O°C 
8, = TD - TA = 8.0°C 

E x c e s s  F r a c t i o n a l  
T e m p ,  E x c e s s  
8 ,  o c  T e m p ,  8/e0 

Tota l  P l u m e  A r e a ,  A, 
within I s o t h e r m  a t  
E x c e s s  Temp!  ft2 

E x c e s s  F rac t iona l  Tota l  P l u m e  A r e a ,  A,  
Temp,  E x c e s s  within I s o t h e r m  a t  

@, OC T e m p ,  8/0, E x c e s s  T e m p ,  ft2 

P n \ a r r t r  plant:  hlillikell 
Body nf wafer :  Cayuga Lake 
Inves t iga to r s :  Sunda ram g &.4 
Datc:  911 71/68 
n i s c h a r g o  flow rata. Q = 254 fr3/sec 
Qutfal l  tc~. lpcl'dLu~ e. TU = 31  .u' L 
AmbierlL l e m p e r a t u r e :  ' rA = 19.0°C 
8, = TD - TA = 12.0°C 

E x c e s s  F rac t iona l  Tota l  P l u m e  A r e a ,  A,  
Tamp, E A L ~ S S  Within l s o t h e r m  a t  
0 , "C  Temp,tl/t), E x c e s s  t emp ,  ft2 

5.0 0.417 6.2 x l o4  

P o w e r  plant:  ~ i l l i k e n  
Body of wa te r :  Cayuga L a k e  
Inves t iga tors :  Sunda ram g ;11.4 
Date: 12/10/68 
Di scha rge  flow r a t e :  Q = 377 ft3,/sec 
Outfall l empera tu re :  'I'D = 14.5O'C 
Ambient  t e m p e r a t u r e :  TA = 4.0°C 
0, = TD - T A  = 10.5OC 

E x c e s s  F r a c t i o n a l  Total P l i i m ~  A r e = ,  A, 
T e m p ,  E x c e s s  within I o o t h c r n ~  at  
8, OC Temp,  0/8, E x c e s s  T ~ I I I P ,  ft2 



Power  plant: Milliken 
Body of water :  Cayuga Lake  
Investigators:  Sundaram &.4 

Date: 1/8/69 
Discharge  flow ra te :  Q = 377 ft3/sec 
Outfall temperature :  TD = 15.5OC 
Ambient temperature :  TA = 2.5OC 
8, = TD - TA = 13.0°C 

Power  plant: Michigan City 
Body of water:  Lake Michigan 
Investigators:  Ayers  g d.5 
Date: 6/26/69 
Discharge  flow ra te :  Q = 537 ft3/sec 
Outfall temperature :  TD = 21 . l °C 
Ambient t empera tu re :  TA = 16.9OC 
8, = TD - TA = 4.Z°C 

Excess  Fract ional  Total  P lume  Area ,  A ,  
Temp,  E x c e s s  within Isotherm a t  
0 ,  o c  Temp,  8/8, E x c e s s  Temp,  ft2 

E x c e s s  F rac t iona l  Total  P l u m e  Area ,  A, 
Temp,  E x c e s s  within I so the rm a t  
8, OC Temp,  8/8, E x c e s s  Temp,  ft2 

Power  plant: Michigan City 
Body of water :  Lake Michigan 
Investigators:  Ayers  g &.5 

Date: 6/28/69 
Discharge  flow ra t e :  Q = 178 ft3/sec 
Outfall temperature :  TD = 25.Z°C 
Ambient t empera tu re :  TA = 20.0°C 
8, = TD - TA = 5.Z°C - 

E x c e s s  F rac t iona l  Total  P lume  A r e a ,  A, 
Temp,  E x c e s s  within I so the rm a t  
8,  OC Temp,  8/8, E x c e s s  Temp,  ft2 

5 .O 0.961 2.222 lo4 

Power  plant: Waukegan 
Body of water :  Lake Michigan 
Inves t igators :  A y e r s  d.5 
Date: 6/30/69 
Discharge  flow ra te :  Q = 1872 ft3/sec 
Outfall temperature :  TD = 16.6OC 
Ambient t empera tu re :  TA = 12.8OC 
8, = TD - TA = 3.8OC 

E x c e s s  Fract ional  Total  P lume  Area ,  A, 
Temp,  E x c e s s  within I so the rm a t  
8, OC Temp,  @/€I0 E x c e s s  Temp,  ft2 



Power  plant: Allen S 
Body of water: Lake 
Investigator:  itch^ 
Date: 8/20/69 
Discharge flow ra te :  
Outfall temperature :  

. King 
St. Croix  

Q = 660 ft3/sec 
TD = 93.25OF 

Ambient temperature :  TA = 79.1°F 
e0 = TD - TA = 14.15OF 

E x c e s s  Fract ional  Total P lume  Area ,  A, 
Temp,  Excess  within I so the rm a t  
0, O F  Temp,  8/00 Excess  Temp,  ft2 

Power  plant: Allen S. King 
Body of water:  Lake St. Croix 
Investigator:   itch' 
Date: 9/4/69 
Discharge flow rate:  Q = 660 ft3/sec 
Outfall temperature :  TD = 91.1 3OF 
Ambient temperature :  TA = 78.Z°F 
e0 = T D -  TA = 12.93OF 

Excess  Fract ional  Total  P lume  Area ,  A, 
Temp,  Excess  within Isotherm a1 
8, O F  Temp,  B / F ) ~  Excess  Tcmp,  ft2 

Po~vor plant: Allen S .  King 
Rnrly nf x.s.lateri Lalcc St. Cruix  
I n v e s t i ~ a t n r :  ~ ; i t ~ l l ~  
Date: 7/30/09 
Dischargc flow ra te :  Q = 660 ft3/sec 
Outfall temperature :  TD = 86.0°F 
Ambient temperature :  TA = 78.0°F 
8, = TU - T A  - 8nF  - -- 

E x c e s s  .Fractional Total Plume Area ,  A, 
Temp,  Excess  within Isotherm a t  
0, OF Temp,  8/80 Excess  Temp,  ft" - 
6 .O 0.750 3.715 x lo4  

Power  pla111: Allen S. King 
Body of water :  Lake St. Cirnix 
Investigator:   itch^ 
Date: 6/5/70 
Discharge flow rate:  Q = 457 ft3/sec 
Outfall temperature :  TD = 85.25OF 
Ambient t e m p e r a t ~ ~ r n .  TA - 70.0°F 
€lo = T D -  TA = 15.25OF 

Excess  Fract ional  Total P lume  Area ,  A, 
Temp,  Excess  within I so the rm a t  
8, O F  Temp,  @/€lo Excess  Temp, ft2 



Power  plant: 'Al len S. King 
Body of water :  Lake St. Croix 
Investigator:   itch^ 
Date: 6/12/70 
Discharge flow ra te :  Q = 638.6 ft3/sec 
Outfall temperature :  TD = 91.35OF 
Ambient temperature :  TA = 79.2OF 
8, = TD - TA = 12.15OF 

Power  plant: Allen S. King 
Body of water:  Lake St.  Croix 
Investigator:   itch^ 
Date: 6/29/70 
Discharge flow ra te :  Q = 627.1 ft3/sec 
Outfall temperature :  TD = 93.0°F 
Ambient temperature :  TA = 78.8OF 
8, = TD - TA = 14.2OF 

Excess  Fract ional  Total P lume  Area,  A', 
Temp,  Excess  within Isotherm at 
8, O F  Temp,  0/8, Excess  Temp,  ft2 

Excess  Fract ional  Total P lume  Area ,  A, 
Temp,  Excess  within Isotherm at 
8,  OF Temp,  0/0, Excess  Temp,  it2 

Power  plant: Allen S. King 
Body of water :  Lake St. Croix 
Investigator:   itch^ 
Date: 7/9/70 
Discharge flow ra te :  Q = 614.8 ft3/sec 
Outfall temperature :  TD = 93.1°F 
Ambient temperature :  TA = 80.9OF 
8, = TD - TA = 12.2OF 

Excess  Fract ional  Total P lume  Area ,  A, 
Temp, Excess  within I so the rm a t  
8 ,  O F  Temp,  8/eo Excess  'Lemp, fr7 

Power  plant: Allen S. King 
Body of water :  Lake St. Croix 
Investigator: Fitch6 
Date: 7/17/70 
Discharge flow ra te :  Q = 591.1 ft3/sec 
Outfall temperature :  TD = 95.1 3OF 
Ambient temperature :  TA = 8 1. 1°F 
8, = TD - TA = 14.03OF 

Excess  Fract ional  Total  P lume  Area ,  A, 
Temp,  Excess  within Isotherm at  
0,  OF Tomp, 9,/8,, Excess  Temp,  ft2 



Power  plant: Allen S. King 
Body of water:  Lake  St. Croix  
Investigator:   itch^ 
Date: 8/13/70 
Discha rge  flow ra t e :  Q = 623.7 ft3/sec 
Outfall t empera tu re :  TD = 91.25OF 
Ambient t empera tu re ;  TA = 8 1.. 3OF 
9, = TD - TA = 9.95OF 

E x c e s s  F rac t iona l  Total  P l u m e  Area ,  A,  
Temp,  Excess  within I so the rm a t  
9 ,  O F  Temp,  9/g0 E x c e s s  Temp,  ft2 

Power  plant: Douglas Point  
Body of water :  Lake Huron 
Investigators:  Csanady i.7 
Date: 8/24/70 
Discharge  flow ra te :  Q = 397 ft3/sec 
Outfall temperature :  TD = 28.3OC 
Ambient t empera tu re :  TA = 20.3OC 
(3, = TD - TA = 8.0°C 

E x c e s s  Fract ional  Total P lume  Area ,  A, 
Temp,  E x c e s s  within I so the rm a t  
9, OC Temp, A/A, Excess  Tamp,  f t2 

Pnwer plant: nni iglas Point  
Body of water :  T , a k ~  rluron 
Inves t igators :  Csanady & g.' 
Bate: 8/12 5/70 
Discha rge  flow rate; Q 397 ft3//aec 
Qutfall tempnratiir~: TL) - 28.1°C 
Ambicnt t e m p e ~ a t i ~ r e ,  TA = 20.1°C 
A, = TD - TA = 8.0°C 

E x c e s s  F rac t iona l  Total  P lumc  A r e a ,  A, 
Temp,  E x c e s s  within I so the rm at  
8, OC Temp, 9/e0 E x c e s s  Temp,  ftL 



ACKNOWLEDGMENTS 

We should l ike to thank B.  M. Hoglund and A. J .  Pol icas t ro  for useful 
comments and discussions,  and to especially thank J .  V. .Tokar for making 
available to u s  severa l  s e t s  of plume data  he had acquired f r o m  other 
investigators . 



REFERENCES 

1. J. R .  Edinger and E. M. Polk, I n i t i a l  Mixing of  Thermal Discharges i n t o  
a Uniform Current, Report No. 1, Department of Environmental and Water 
Resources Engineering,  ~ a n d e r b i l t  u n i v e r s i t y  (Oct 1969).  

2.  G. P. Romberg, W. P r epe jcha l ,  and D .  M. Nelson, "Thermal Plume 
Measurements," t o  be  publ ished i n  Proceedings of  the  14th Conference 
on Great Lakes Research, 1971, by t h e  I n t e r n a t i o n a l  Assoc ia t ion  f o r  
Grea t  Lakes Research. 

3 .  J. R.  Krezoski ,  Some E f f ec t s  o f  Power Plant Waste Heat Discharge on the  
Ecology of Lake Michigan, Benton Harbor Power P l a n t  Limnological S tud ie s ,  
P a r t  111, S p e c i a l  Report No. 44 of - the Great  Lakes Research Div is ion ,  
The Un ive r s i t y  of Michigan, Ann Arbor, Michigan (Apr 1969) . 

4 .  T. R. .Sundab-am, C .  C .  ' -?ast~rbroolc,  K ,  R. P i c i h ,  and G. kudiriger, 
An Invest igat ion o f  the  PhysCcaZ E f f ~ c t s  of Thermal Dischuryes ,into 
Cayuga Luke (At1.a 7.y l,-i.cuZ Sttidy), CAL Report No. VT-2616-0-2 (Nov 1969) . 

5. J. C .  Ayers, R.  F. Anderson, N.  W .  OIHara, and C .  C .  Kidd, Cook Plant 
Preoperational S tudies ,  1969, Benton Harbor Power P l a n t  Limnological 
S t u d i e s ,  P a r t  I V ,  S p e c i a l  Report No. 44 of t h e  Great  Lakes Research 
Div i s ion ,  The Un ive r s i t y  of Michigan, Ann Arbor, Michigan . ( ~ a r  1970).  

6.  N. R.  F i t c h ,  Temperature Surveys of S t .  Croix River, 1969-1970, for the  
AZZen S .  King Generating Plant, Oak Park Heights, Minnesota, Northern 
S t a t e s  Power Company Environmental Monitoring Program Report 
(Dec 31, 1970).  

7 ,  '1'. 'I'. Csanady, W. R. Crawford, and B.  Pade, Thermal Plume Study a t  
Doug Zas Point, Lake Huron, 1970. 




