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A PHOTOGRAPHIC METHOD FOR 
DETERMINING VELOCITY DISTRIBUTIONS 

WITHIN THERMAL P L ~ M E S  

J. G. Asbury, R. E .  Grench, 
D. M. Nelson, W. Prepejchal ,  

G. P. Romberg, and P. Siebold 

Surface-wafer velocity data were  collected a t  the 
Waukegan Power Station on August 24, 1970. The measure -  
ments  were  performed 'by photographing the movement of 
drift  bottles re leased  nea r  the mouth of the outfall. This 
repor t  discus s es  measurement  technique, data reduction and 
display, and plume analysis.  

INTRODUCTION 

P a s t  i n ~ e s ' t i ~ a t i o n s  of the physical s t ruc ture  of the rma l  plumes have 
concentrated mainly upon measurements  of tempera ture  and ma te r i a l  dis - . 

tributions in the plume. Momentum charac ter i s t ics  have been largely 
ignored. 

This situation derives  f r o m  two factors:  

1. Tempera ture  i s  usually the variable  of grea tes t  d i rec t  i n t e re s t - -  
par t icular ly with respe'ct to  assess ing  potential biological s t r e s s e s .  

2. F ie ld  measurements  of tempera ture  distributions a r e  m o r e  
easily performed than measurements  of velocity distributions.  

Recent work a t  Argonne, however, indicates that the development and 
evaluation of analytic plume models could be considerably a s s i s t ed  by field 
measurements  of plume-momentum distributions.  Velocity data would be 
part icular ly useful in the nea r  field o r  jet region where the Froude  number 
F r , Z  10. 

A number of technj.ques have been used to  m e a s u r e  cu r ren t  and eddy 
s t ruc tu res  i n  the Grea t  Lakes.  Csanady and co-workers , '  f o r  example, have 
successfully combined dye, drift-object,  vane, and speed- sensor  techniques 
i n  the i r  investigations off Baie du  ore'. in Lake Huron. 



So f a r  a s  we a r e  aware ,  however, the work of Hoopes, Zel le r ,  and 
~ o h l i c h '  on the Lake Monona plume i s  the only comprehensive field m e a s -  
u remen t  of the velocity distribution within a the rma l  plume reported to  
da te .  Using t r ans i t s  t o  t r a c k  the motion of drogues,  Hoopes - -  e t  a l . ,  were  
ab le  t o  m a p  the spat ia l  distribution of velocities within the plume. The 
invest igators  s ta ted,  however,  that the drogue tracking technique put cer ta in  
l imitations on the data that could be collected. 

The purpose of the  present  report  i s  t o  show that photography rep re -  
sents  an  al ternat ive drogue-tracking technique, having cer ta in  advantages 
over  other  methods.  A demonstration experiment was performed a t  the 
Waukegan Power  Station outfall. The Waukegan outfall was selected because 
of i t s  proximity and because of the considerable field data a1.rea.d.y collected 
the re .  

The technique was to  photograph the movement of drift  bottles r e -  
leased  i n  o r  nea r  the plant outfall. A clock, which was included in  the cam-  
e r a  field of view, was used t o  record  the elapsed t ime  between photographs. 
The technique constituted a d i rec t  measurement  of the velocity field i n  the 
plume surface wa te r s .  

The measurements  were  performed f r o m  2:00 until 5:00 p.m.  on 
August 24, 1970. 

The WaukeganPower Station i s  a steam elec t r ic ,  coal-fi.,red f n s s i l  

plant, located on Lake Michigan just north of Waukegan, Illinois. F igure  1 
shows the Waukegan outfall and identifies mos t  of the fea tures  pertinent to  
the experiment.  As seen  in  the f igure,  a breakwater ,  beginning a t  the 
southern t ip  of the outfall, extends approximately 600 ft into the I.a.ke, 
making a n  angle of 45O with the shorel ine.  The shoreline,  breakwater ,  and 
channel-outfall surfa.ce geometry were  surveyed with t r ans i t s  p r io r  to  the 
measuremen t s .  

The camera ,  a 35-11ln1 Niko~i F fitted with a 3 5 - m m  60° lens,  was 
mounted atop the tower a t  the end of the breakwater .  Camera  elevation 
above water  level was 3 5  ft. The c a m e r a  was locked into place on a tripod 
and was always pointed i n  one o r  the other of the two directions' shown i n  
.the f igure.  A clock with sweep-second hand was included in the c a m e r a  
views. The clock was mounted about 5 f t  f r o m  the c a m e r a  on the tower 
p la t form guard ra i l .  

Marke r  buoys were  anchored in  the c a m e r a  field of view p r io r  to  the 
measuremen t s .  After placement,  the locations of the buoys were  determined 
by triangulation f r o m  the two t r ans i t  positions indicated on the breakwater .  
Buoy locations were  determined to  *5 f t .  The m a r k e r  buoys served  a s  
benchmarks against  which f i lm plane dis tances were  l a t e r  calibrated. 



DATA FOR 
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TRANSIT STATIONS . 

Fig. 1. Plan View of Waukegan Outfall 

Standard one- gallon polyethylene bottles served a s  drift bottles. 
A unistrut bottom weight and a wire mast  carrying a cloth flag were fas-  
tened to the bottles. Orange phosphorescent paint was applied to  the flags 
in order  to enhance their visibility. When filled to the two-thirds level 
the bottles we,re approximately neutrally buoyant. 

PROCEDURE 

The Argonne 18-ft f iber-glass boat served a s  the platform f rom 
which the drift bottles were released into the plume. The bottles were 
dropped by hand a s  the boat made a right-angle pass across  the plume axis 
An attempt (not always successful) was made to space the bottles evenly 
along the la tera l  dimension of the plume. 



Comparison of the wake ra i sed  by the boat with the turbulent wave 
motion indicated that the region of interference caused by the boat extended 
a t  m o s t  40 ft "downstream" of the drop. As a precaution, no velocities were  
constructed f r o m  data collected within this  region. 

Photographs were  taken a t  roughly 10-sec intervals  a s  the dr i f t '  
bottles moved through the  f i r s t  field of view. F o r  those runs that continued 
through the  second field of view, the c a m e r a  was rotated and the pictures  
taken a t  30- s ec intervals .  

Fifteen t o  30 f r a m e s  were  shot p e r  run. At the end of each run,  the 
bottles were  re t r ieved  and a new run begun. The r e l ease  point along the 
plume center l ine was changed f r o m  run to  run. This ensured 0btainin.g data 
a c r o s s  thc i.ull width of the plume a t  s eve ra l  diotanccs li "111 Lhe outf;l.ll. In 
ali, five r.uas were  phntographod. 

E.c.tachrorne X (ASA 64) f i lm was used.. The c a m e r a  focus was se t  
a t  infinity; the ape r tu re ,  a t  f / l l ;  and the shut ter  speed, a t  1/120 sec .  Sub- 
sequent development indicated near ly  perfect  exposure.  Resolution and 
color  contrast  w e r e  such  that the 20 x 20-in. yellow flag on m a r k e r  buoy 
No. 3 - -  2100 ft f r o m  camera- -was  easi ly  discernible.  

OUTFALL AND AMBIENT LAKE CONDITIONS 

The Waukegan Station .was operating a t  450 MWe--roughly ha.1.f 
capacity,.---during ,the period of observation, 2:00 to 5:00 p .m.  on August 24. 
F r o m  9:00 a .m.  until. 9:00 p .m. ,  the condenser flow ra te  remained constant 
a t  350,000 gpm = 750 cfo. 

The channel d ischarge  velocity was measured  a t  3:00 p.m. a t  the 
point A shown in F ig .  1. The measurement ,  made f r o m  the boat a t  a depth 
of 4 ft  using an Ekman Merz  Model 113 cur rent  meter, indicated a velocity 
of 2.60 ft /sec.  A previous set  of mcasurenl rn ts  performed on August 7 had 
shown the velocity to be uniform over the channel c r o s s  section. The d is -  
charge  velocity on August 7 was 4.3 ft/sec. 

As p a r t  of another study being conducted nn August 21, amhicnt Idke 
v ~ l o c i t i e s  w e r e  measured  a t  s e v e r a l  points over a 1 - square-mi lc  region 
adjacent to  the outfall. The velocity measured  a t  buoy No. 1 a t  11 : 30 a .m.  
a t  a depth ol 6 ft was 2 5  wes t  of north a t  0.61 ft /sec.  At 1:30 p.m. ,  600 ft 
southeast of the lighthouse a t  a depth of 6 ft ,  the velocity was measured  as 
0.42 ft /sec,  18' w e s l  of north.  



DATA REDUCTION 

The technique used in reducing the fi lm data i s  summarized  below. 

Successive f r a m e s  were projected onto a large white sheet of paper 
taped to  a wall a t  right angles to the projector axis .  The projected image 
was approximately 10 x. 10 ft .  F r o m  the f i r s t  f r ame  of a given run, the lo- 
cations of various stationary fea tures ,  including the horizon, the lighthouse, 
and the m a r k e r  buoys, were drawn on the paper.  Finally,  the positions of the 
drift  bottles were marked.  Succeeding f r a m e s  were  aligned against the s ta -  
t ionary fea tures ,  and th'en the new locations of the drift  bottles were marked .  

Real-space coordinates were  readily constructed f r o m  the projected 
fi lm coordinates.  The optics i s  such that rea l -  space angular displacements,  
8, f r o m  the camera  axis a r e  l inearly related to  horizontal f i lm plane d is -  
placements,  XF; that i s ,  8 = ~ X F ,  where a i s  a constant. Real-space d is -  
tances r f rom the camera  a r e  quadratically related to ver t ica l  f i lm plane 

2 displacements YF, r = b + cYF, b and c constant. Using the m a r k e r  buoys a s  
benchmarks,  we easily scaled a template which was used to t r ans fo rm the 
rectangular fi lm coordinates XF, YF into real-space polar coordinates 8, r .  

F igures  2 - 6  show the s t reaml ines  plotted fo r  the five runs .  
Constant t ime lines have been included in the Run 2 plot shown in F ig .  3 .  

/ A .  0 SECOND lN1CLVnLS 

Fig. 2. : Drift-bottle Streamlines for Run 1 Fig. 3.  Streamlines and T ime  
Lines for Run 2 



Fig. 4. Drift-bottle Streamlines for Run 3 Fig. 5. Drift-bottle Streamlines for Run 4 Fig. 6 .  Drift-bottle Streamlines for Run 5 



Velocities were determined by measuring with a compass the stream- 
line pathlength between time lines and by then dividing by the corresponding 
time interval. The velocity was then recorded in  tabular form along with 
the x,y real-space coordinates of the midpoint of the segment of streamline 
under consideration. In this manner, more  than 300 plume velocities and 
associated spatial coordinates we re  constructed for the five runs. 

In retrospect, the above procedure for reducing the photographic data 
appears exceedingly cumbersome and tedious. The entire process could be 
considerably facilitated by using semiautomatic film- coordinate digitizers, 
such a s  the SCAMP or  HERMES machines. Part icle physicists have been 
using these machines for some time as  a means of digitizing and outputting 
on paper tape the spark coordinates of optical spark-chamber events. The 
software requirement for  the coordinate transformations and the velocity 
calculations of the present study would be minimal. 

DATA DISPLAY 

F o r  display and analysis, the velocity data were f i rs t  computer- 
processed. Figure 7 i s  a velocity map developed f rom the raw data by 
the two-dimensional interpolation routine SY  MAP.^ 

The data f rom a l l  five runs a r e  represented in  Fig. 7. After inter- 
polation, the velocity determined a t  each cell of the grid was binned into 
one of the five velocity intervals: 0.0-0.7, 0.7- 1.4, . . ., 2.8-~0 ft/sec. In 
Fig. 8, the smoothed data have been divided among three bin levels. 

With the excep t i~n  of the measurement a t  point A in  Fig. 1, veloc- 
ities were not measured in or very near the mouth of the outfall, that i s ,  
to the left of the dashed line in Figs.  7 and 8. To provide an initial boundary 
field near  the outfall, we entered I1artificial1l velocities of 2.6 ft/sec in  cer-  
tain cells to the left of the dashed line. Similarly, since the ambient lake 
currents were not measured over the entire map a rea ,  we found i t  convenient 
to assume a uniform lake background velocity of 0.5 ft/sec. This velocity i s  
roughly consistent with the several  ambient velocities measured. Compari- 
son of velocity maps developed with and without these artificial boundary 
data indicated that the velocity distribution within the plume proper was 
negligibly affected by their inclusion. 

PLUME CHARACTERISTICS 

Plume characteristics, such as  the rate of spreading and bending, 
a r e  most easily d i s c ~ s s e d  in  t e rms  of a plume model. F o r  the brief de- 
scription that fallows, we shall use a simplified version of the Gaussian 
model dcvclopcd by Hoopes, Zeller,  and Rohlich. 
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We first write the equation for the momentum flux through a plume 
cross section a t  a distance s from the outfall: 

where v i s  the velocity parallel to the axis of the plume, and z and b a re  
vertical and horizontal displacements, respectively. Following Hoopes -- et al.,.! 
we assume a constant depth zo and a uniform velocity distribution in the 
vertical direction to obtain 

If the horizontal velocity distribution is Gaussian, that is ,  

where vm is  the centerline velocity and b = b(s) = f i g ( * )  i s  the half 
width, Eq. 1 reduces to 

The shore -pe rpendicular x- component of momentum flux and the shore- 
parallel y-component can be written 

m, = rn sin p;  

my = m c o s  8. 

Here i s  the angle between the plume centerline velocity and the shore- 
parallel y-direction. At s = 0, the angle p equals 90° and m = mxo, 
where m% is  the discharge momentum flux. 

If the horizontal pressure gradients and the shear stresses a r e  
negligible, the shore-perpendicular momentum flux, m,, remains constant; 
while the shore -parallel component, my, increases due to entrainment of 
the ambient lake water. If VL represents the magnitude of the a111biellt 
shore -parallel velocity, my approaches the functional form 1.20 p zobv& 
a s  approaches 0'. That is ,  the plume velocity decays to the ambient lake 
velocity. The volumetric flow rate, Q = 1.49 pz,bvL, increases due to the 
spreading. 

The above description of jet behavior closely follows the preliminary 
stages of the analysis by Hoopes -- et al. Without going into the further details 
of their analysis, we can make a simple test of their model by comparing 
the observed versus predicted rates of plume bending and velocity decay. 



Rewriting their equations for  vm and tan a given distance s f rom the 
outfall (page 29 of their report),  we have 

and 

At tan ,p = 1, $ = 45O, these equations can be solved for the center- 
line velocity. F a r  $ = 45O, f rom Eq. 4 and f rom the conservation of the 
x-component of the momentum flux, my = mx = mxo. Substitution in Eq. 3 
and cancellation of common factors gives 

F o r  vo = 2.6 and VL = 0.5 ft/sec, vm = 0.7 ft/sec. Figure 6 shows a 
centerline velocity a t  $ = 45O of about 2.5 ft/sec, which i s  considerably 
grea ter  than the predicted value. It should a lso  be noted that the presence 
of the breakwater makes i t  likely that the value of VL substituted into 
Eq. 5 i s  an overestimate, producing a corresponding overestimate in the 
predicted vm. The effects  of wind shear  a r e  not included in the analysis 
leading to  Eq. 3 .  Hoopes - -  et al . ,  considered effects ar is ing f rom wind 
s t r e s s ,  but concluded that they were probably negligible f o r  the wind 
speeds (0- 15 mph) encountered during the Lake Monona measurements.  
Wind speeds during the Waukegan measurements were 10- 15 mph. 

We can also compare the velocity data with the resul ts  obtained by 
Wiegel, Mobarek, and Jen f rom laboratory studies of warm water jet dis- 
charges over sloping  bottom^.^ Wiegel - et - al. ,  investigated the mixing 
properties of jets f rom rectangular nozzles approximating open channels. 
Figure 9 shows their straightline fits to their  temperature data on log-log 
paper.  The centerline excess temperatures have been plotted a s  a function 
of centerline path length f rom the outfall. F o r  the rectangular nozzles, the 
path length i s  expressed in multiples of 4R1-3, where RH = zob0/(2zo + 2bo) 

. i s  the hydraulic radius; the fit to the deep-water circular-nozzle data i s  
plotted against S / D ~ ,  where Do i s  the nozzle diameter .  

we' have plotted our observed x-component of centerline velocity 
on the same plot. The x-component of centerline velocity ra ther  than the 
centerline velocity itself has been plotted in order  to eliminate f i rs t -order  
effects  ar is ing from uncertainty regarding the distrj.bution of the shore- 
paral lel  ambient lake velocity. Comparing velocity data with temperature 



data i s  justified by previously observed similari t ies  between momentum 
and temperature fields. It can, in  fact, be shown f rom conservation of 
momentum and energy that centerline temperature and velocity must  ,decay 
proportionally i f  the la tera l  distribution of temperature and momentum a r e  
both Gaussian. 

0 
I I I l l 4  I  I  1 I  - 
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Fig. 9. Comparison of Waukegan Velocity,Data with the Fits of Ref. 4 
to Surface-temperature Concentration along Jet Axis 

While the depth contours near  the Waukegan outfall a r e  i r regular  and 
not well mapped, the bottom slope i s  roughly 1: 100. Before "breaking" at 

x / ~ R ~  75, the Waukegsveloci ty  data a r e  in reasonable agreement with 
the 1: 100 rectangular-nozzle data of Wiegel e t  4. 

One feature of the Waukegan plume, so f a r  not discussed, i s  the 
observed increase in surface velocities a t  several  points along the plume. 
One of these increases occurs very near  the mouth of the outfall, another 
about 400 ft Iron1 the outfall, and yet another about 750 f t  f rom the outfall 
( see  Fig. 7). These velocity' increases a r e  probably a function of the bottom 
topography. 

The Waukegan Station Laboratory (WSL) sounded depths in  the region 
immediately adjacent to the outfall and breakwater on August 24, the day of 



our measurements.  Figure 10 i s  a reproduction of a map that WSL con- 
structed f rom these measurements.  The bar  (hatched region in Fig. 10) 
identified f rom boat by WSL was also visible f rom the tower platform at 
the end of the breakwater. This ba r ,  which, unfortunately, was.not well 
mapped, l ies just beneath the second region of velocity increase notedabove. 
Conservation of mas s  flow in a jet of uniform width restr icted by bottom 
topography would produce an  increase in plume velocity. 

I 
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Fig. 10. Depth Soundings (Ref. 5) 

expla 
along 

The velocity increa 
ined in t e rms  of the d 
the channel centerlin 

s e  near  the outfall mouth cannot be unambiguously 
.epth soundings in Fig. 10. The decreasing depths 
.e toward the mouth of the channel would tend to 

produce greatcr  velocities just past t h e  mouth of the outfall than those meas-  
ured a t  point A; however, this effect i s  partly offset by the increasing depths 
along the edges ui Llle cl~annel.  Thc coundings in t h e  channel and near  the 
mouth of the channel a r e  not thought to be a s  accurate a s  those over the res t  
of the map, since i t  was extremely difficult to  hold the small  boat for the 
time required to make these measurements .5 

Detailed soundings a r e  not available for  the region of velocity in- 
.crease located about 750 ft f rom the outfall. 



It i s  obvious that an accurate  description. of the Waukegan jet will 
r equ i re  the detailed mapping of the bottom topography. 

TEMPERATURE DATA 

Surface - tempera ture  data were  collected immediately af ter  the dr i f t -  
bottle measuremen t s .  

The tempera ture  measuremen t s  were  completed within 45 min.  Con- 
s iderable  detail  was sacr if iced in o r d e r  to get  temhera ture  data a s  nearly 
synoptic with the velocity data  a s  possible. F igure  11 shows the m e a s u r e -  
m e n t  points and the i so the rms  which were  fitted by eyeba.11 t.n t . h ~  data.  The 
data  were  f a r  too s p a r s e  to pe rmi t  processing with the SYMAP routine. 

The plume center l ine constructed f r o m  the te.mperature data appears  
to bend over  m o r e  rapidly than the centerline constructed f rom the velocity 
data .  This  shift m a y  be due to an inc rease  in ambient lake velocity subse-  
quent to the plume -velocity measuremen t s .  An al ternate  explanation i s  that 
the shift i s  due to the difference between the r a t e s  of diffusion of the t em-  
pera ture  field and of the velocity field. The spread  coefficient for  the t e m -  
pera ture  field i's typically observed to be 1.16 t imes  that for  the velocity field;4 
The m o r e  rapid mixing of the. tempera ture  field with the ambient lake waters  
would cause  the tempera ture  -field centerline to bend over  m o r e  rapidly than 
the velocity -field center l ine.  

CONCLUSIONS 

The d i rec t  field measurenlerlt  of velocity distributions appears  to be 
a feasible ,  complementary method for  examining the s t ruc ture  of thermal  
plume s . 

The photvgraphic technique descr ibed above c a n  provide accura te ,  
near ly  synoptic, plume-velocity data.  The data-reduction technique used 
in the present  study was pr imit ive;  however,  the semiautomatic digitizing 
of drift-bottle coordinates using machines of the SCAMP o r  HERMES type 
appears  feasible and offers  the possibility for  fas t ,  accuratc  data processing.  

F o r  those s i t e s  where in situ towers  for  c a m e r a  mounting a r e  not - -  
available,  invest igators  could provide their  own. Por tab le ,  60-ft towers  
a r e  commercial ly  available for  l e s s  than $800. 

The measuremen t s  repor ted  h e r e  per tain only to surface -water 
velocity distributions . A m o r e  complete plume description will requi re  the 
m e a s u r e m e n t  of velocity distributions a s  a function o,f depth. Such exper i -  
men t s  might  employ s imple drogues of the type used by Hoopes e t  a l . ,  in  -- 
their  measuremen t s  of the Lake Monona thermal  plume. 2 
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Fig. 11. Te.mpr.ratlire Distribution--5:lS p.m., August 24, 1970 
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