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ABSTRACT 

Reported are diverse efforts to verify, or test the accuracy of, 
a numerical model for thermal pollution predictions. The model, 
developed by Prych (1972) at S.M.H.I.,is an integral aneJ.ysis cf 
a buoya..~t, turbulent surface jet. The program. is slightly revised, 
and effects of the changes a.re presented. 

Numerical model resuJ.ts are canpared directly wi th ten prototype 
situations: eight sets of data from a Swedish power station on 
the coast of the Baltic Sea, and data from two power ple.nts on 
Lake Michigan in the United States. A few direct comiarisons are 
made with a laboratory medel of the Swedish plant and with 
laboratory data for momentumless surface jets. To minimize 
coastal effects, a scheme is presented for interfacing the 
numerical model with undistorted laboratory mod.el results. 

The discharge situation is described nondimensionally, and 
numerical experiments are made to detennine the sensitivities 
of jet temperatures to input variables. Results are compa.red 
with phenomenological and analytical medels. In addition to 
the main verification effort, investigations are made concerning 
methods of field data collection. 

Conclusions are presented for direct application ru1d for relative 
or comparative use of the numerical model. 
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CHAPTER 1, INTRODUCTION 

1.1 Thermal polluticm prediction methods 

It is convenient to consider mixing of heated surface jets in 
terms of four overlapping mixing zones. These zones represent 
regions where certain mechanisrr..s dominate dilution of temperature: 

1. momentum zone, where jet excess velocity detennines 
mixing 

2. buoyancy zone, prod1.tcing lateral spreading and vertical 
stability 

3. turbulence zone, where ambient turbulence induces 
vertical and horizontal mix:ing 

4. heat loss zone, where temperature is lost by atmospheric 
heat transfer. 

Many prototype situations exhibit a.11 of these, in complicated 
overlapping regions. 

Presently prediction of prototy~e temperatures can follow several 
directions, and these will be discussed with reference to the 
above mixing zones. The first prediction scheme is the phenome­
nological m.odel. Dimensional anaJ.ysis is genera.lly used to 
present thermaJ. plume dependent va.riables (e.g. axial temperature, 
plume surface width, centerline J.ayer thickness, heated surface 
area: r,.s functions of outlet and hydrological variables. The 
functional forms are then approximated by comparison with 
laboratory and prototype data. Phenomenological medels are of 
course aided by hydraulic analysis, but do not actually depend 
on theoretical analyses. They rather blindly include all four 
mixing zones. A defect is that they cannot confidently be 
extrapolated beyond exist:i.ng power plant sizes, and many pls.nts 
now being designed are much larger than operating plants. 

The second prediction scheme involves use of laboratory and 
prototype data, patching together results for special situations 
and producing a complcte plume prediction. The method is 
especially useful where the mixing zones are easily separated, 
or where one or more mechanisms can be ignored. For example, 
the region nea.rest e. power plant outlet might be considered as 
a momentum jet in a cross flow, for which results are available. 
Plume spreading might be included a.s independent of ambient 
current, for whi ch laboratory resul ts are a.lso avails.ble. At 
some point ene would then assume that momentum is no longer 
important, and further prediction could be based on intera.ction 
of buoyancy and turbulence. Resul ts are also available for thi s 
regime. In this way the plume is completely described. However, 
errors propagate from stege to st,age. Recent a.nalytical work 
has a.ttempted to includE: more of the mixing mechanisms simul­
taneously. 

The third predictive method is use of hydraulic, or laboratory, 
models. Many of these models are distorted, and all are subject 
to theoretical objections concerning the turbulent mixing ~one, 
altbough the moroentum e.nd buoyancy mechanism.s can be sca.led 
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reasona.bly well. Hydraulic models can provide pictorial details of 
p.lume behavior due to nearshore geography, but ca.nnot be relied 
upon :for quantita.tive predictions except in e. compara.tive sense. 
Proper scaling of a,t..mospheric losses depends on correct me.tching 
of complicated meteorological parameters in prototype and in the 
labo:ratory. 

The last predictive scheme is of immediate concern, that of 
numerical modeling. The Prych (1972) computer medel includes 
tempera.ture dilution due to all four mechanisms. Expressions for 
the individual mixing rates are written using fundamental 
hydraulics equations and em.piricaJ. relationships. It :i. s hoped 
that all mechanisms interface properly and that accur1::.te pre­
dicti.ons can be roa.de for the entire plume region. However, effects 
of coastal boundaries cannot be included (although bottom slope 
is included by Stolzenbach and Harleman; 1971}, and effects of 
individual m,:;chanisms are difficult to separate due to numerical 
complexi ty. If tlle final predictions are inaccurate it is 
difficult to determine the source of the er:ror. 

Although all these methods have been used to make temperature 
predictions, there exists very li ttle 1i tera.turc compa.ring 
predictions a.nd prototype data. In a. few ca.ses hydraulic model 
resu..lts are comparedwith real power p.lants (Hindley, Miner~ 
and Cay-ot; 1971), sometimes determining empirical adjustments 
to a.llow predictions for other plants nearby. Correlation for 
numerica.l models has been limited. to com:parison witl'l hydraulic 
model results (Stolzenbach and He.rlema.n; 1971) and one field 
study (Doret, Harleman:> Ippen, and Pee.rce; 1973). It is the goal 
of this report to compare predictions using the Prych (1972) 
numerical model wi th selected prototnie results. The term 
verification herein sha.11 mean a check or test of the exactness 
or accuracy of the numerical model, not necessa.rily a confirma­
tion ar substantiation of the _model 1 s predicti~,e e.ccuracy. 

1.2 Program revisions 

For the details of the numerice.l scherue the reader is referred 
to the original report (Prych; 1972). The numer:i.cal medel is an 

.integral analysis of a. turbulent, buoyant surface jet into uni-
forrr;. density, uniform current, unbounded receiving water. Small 
integration steps are taken along the jet a.xis outward f'rom the 
source. A Runge--Kutta numerical t.:;chnique solves seven 
simultaneous eq_uations for each slice of the plume. Entrainment 
is due to jet ruomentum and ambient turbulence; buoyancy suppresses 
vertical mixing a.nd causes lateral spreading due to wave front 
:notion, plume trajecto1·y is a.ltered by ambient flow momentum and 
form and shear drag, and heat is lost to the atmosphere. 

A few revisions have been made to the original progrMJ.. An errate 
sheet (dated October 1973, S.M.H.I.) has been distrihuted to 
direct recipients o:f the originct.l report, and it is not included 
here. Aside from typographical errors, changes were made in 
choosing some em:pirical constants and in correcting some alge­
bra.ic mistakes. The differential equa.tion for non-buoyant 
horizonta,l spreading origina.lly contained two terms wi th the 
quantity llp, plant de-nsity difference. Because non-buoyant 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 

I 
I 
I 

I 
I 

I 
I 
I 



SMHI 3 

spreading should be independent of ~P, these terms were somewhat 
arbitrarily deleted. The effects of all the changes are shown in 
Figures 1.1 and 1.2. Using 8.M.H.I. terminology the original 
computer program was labi~led version EAP-lW ~ and the revised 
version is labeled JW-7. The data. for the figures were chosen for 
a. restri cted di scharge concli tion a.t Oskarshamnsverket t a SWedi sh 
power station. It is seen that the revisions reduce pltUne widths 
slightly, but have little effect on axis temperatures. 

Because prototype plumes e.re usually asymmetric (increased 
lateral spree.ding on the downstrea.m side), an attempt was m.ade 
to alter lateral spread.ing ra.tes by correction of layer depth 
due to axis curvature. Results showed plume asymmetry much less 
than is seen in prototype ~ so the revision was a.bandoaed. The 
original report shows acceptable initial angle (betwecn runbient 
current and di.scharge velocity vectors) limits of o0 to 1Bo0

, 

but the indeterminate nature of mixing of directly opposed 
currents limits practical use of the program toan a.pproximate 
range of o0 to 100°. 
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CHAPTER 2. DIRECT D.A!rA COMPARISONS 

2.1 Power plant site descriptions 

To conrpletely compare numerical model results with prototype 
situations, data a.re needed from many power plants encompassing 
ranges of all important independent varia.bles. Unfortunate1y this 
is not possible. The numerical model can be used only f'or surface 
discharges. Often discharge si tes are in areas of complicated 
nearby geogre.phy, and ma.ny situations show inhibited vertical 
mixing due to shallov water depth. Published data for $Ome 
locations are incomplete, reporting isotherms and flow rate 
without discharge structure dimensions, 

The principal power plant used for verif'ication J.s Oskarsh8Jllns­
verket, on the southeast coast of SwPden. It is chosen because 
it has a surface di.scharget receiving waters are relatively deep, 
geographic obstructions are few ~ and there exist3 a la.rge body 
of tempere.ture data. tak.en during normal plent opere,tion. 
Qualif'ications to medel e.pplication are that the hee.ted water 
plumes sometimes interfere with ~he natu.ral coastline, runbient 
currents sometimes vary during data collection periods, and the 
di.scharge conditions are not precisely kn.own. Oskarshamnsverket 
operates at a maximum power level of 460 MWE, consta.nt flow rate 
of 22 m3/s, and temperature increase of approximately 10°c. The 
plant discha.rge is into an inlet called Hamnefjär~en, ~pproxi­
me-tely 1200 m by 100 ru, with a 3 m sill located 200 m from the · 
s1.a. The receiving water is the Baltic .Sea, which nearby has a 
depth of 6-18 m once clear of the shoreline by more than 200 m. 
The Baltic Sea exhibits typical salinities of 7-8 o/oo and 
arc.bient temper&.tures of 0-·2o0 c. There exists a wes.k thermal 
stratification near the surface during the warmest summer months, 
but the upper layer is considered to be of uniform density for 
modeling purposes. Prevailing winds ,are from the southwest. 
Prevailing currents ere up to 10 cm/sand usually parallel to 
the coastline, which runs northeast-southwest ( 33° compass 
heading). All temperature data are taken from monthly surveys 
during 1972 by S.M.H.I. During the summer months the plant was 
not in operation, and midwinter data is not reported because the 
heated plumes had negative buoyancy. Eight situations a.re 

_compared. Prototype conditions are sho-wn in Table 2.1. 

In addition to Oskarshtunnsverket, data are compared at two power 
plants on tbe western shore of Lake Michigan in the Uni ted States. 
One situation is .e. t Point Beach Po-wer Plant~ Wi sconsin on 
20 July 1971. Data are from Frigo end F-rye (1972, p. 66). Point 
Beach Power Plant opcrates at 480 MWE, 25.0 m3/s, through a 
discharge cha.nnel 10.7 m wide by 4.21 m deep. The sccond situation 
isat Wa.ukegan Power Plant, Illinois on 12 August 1970. Data are 
from 'l'okar ( 1971, p. 64) • Wa.ukegen Power Plant opera tes at 970 MW~ 
49 m3/s, through a natural channel. Prototype conditions for these 
two plants are also shown in Table 2.1. 

Special dischnrge conditions at Oskarshamnsverket and Waukegan 
Power Plant dictated numerical model input values different from 
operating values. '!'hese will be explained below. 
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A 
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·-· Location Date Time Currents A:mbient 
(m/s) tempera.ture f C) 

Oskarshru;m 3 May 1972 09.00-13.00 0.091 sw 6.5 
Il 3 October 1972 08.30-13.00 0.033 NE 11.5 
Il 3 October 1972 15.30-16.40 0.105 NE 11.5 
Il l+ October 1972 08.20-11.30 0.07 NE 11.5 
tl 4 October 19'72 12.25-17.10 0.07 NE ll.5 
Il 5 October 1972 07. 25·-11.00 0.03 NE 11.5 
It 1.4 November 1972 10.0C-14.30 0.075 SE 1.0 
Il 20 December 1972 08.45-13.00 0.04 SSE 4 "' ., 
Point Beach 20 July 1971 16. 3~'.·-18. 05 0,0915 N 12.7 
Waukegan 12 August 1970 12.00-13,57 0.18 s 23,5 

Table 2 .1. Prototype data. si tufati ons 

2.2 Data presentation 

The numerical model input data for all ten cases ( labeled A-J) 
are shovm in Table 2. 2. The syn1bols used. a.re the same as those 
used by Prych (1972) w-herever possible. Receiving water conditions 
are d.escribed by anibient current ma.gni tude V, wind speed W, angle 
between discharge and a.m.bient velocities 0, wa.ter density p, and 
temperature Ta. Discharge aimensions aTe total width 2B0 and 
depth H0 • Power plant operation is described by heated water flow 
Q0 ~ outlet velocity u0 , outlet tempera.ture rise 6T, outlet density 
decrease t:i.p, and initial FroudE~ number F0 = u0 /(Ho g !ip/p)112 • 
Temperatures are reported as e.Jcis temperature 'r5 , relative 
temperature T = (~~s-Ta)/C,T, and axial distance s. Trajectory is 
reported as ax:i.s lccation yvs. x, distance in the direction of 
the ambient current ( y perpend.icula.r to x) . 

In addition to discharge q_uantities, severa.1 other coefficients 
are required for the numerical medel. A value of k = 0.00001 m/s 
is used for etmospheric cooling, and tbe suggested values of 0.1, 
0.2, 0.5, 1.0, and 1.0 a.re use.:i for entrainment, form. drag, shee.r 
drag, horizontal mixing, and vertical mixing coefficients. 

·The numerical model input parameters have been adjueted ta reflect 
mixing inside Hamnefjä.rden. Actual plant outlet dimensions are 
unimportant beeause m.uch of tbe discharge jet energy is dissipated 
in the inlet. For computational purposes the origin of the heated 
water jet is taken as the point where the inlet opens onto the 
Baltic Sea. From topogra.phic charts the discha.rge veloci ty is 
directed at an angle of 104° f:rom north. Thus for north-flowing 
currents parallel to the coast the initial discha.rge angle is 
0 = 71°. From detailed measurements of flow in the inlet 
( Chapter 4) it is aE:su.>ned that in every case the bulk or overall 
mixing at the mouth of. the inlet is constant, and that the 
constant value of inlet dilution is 0.66. Thus for every situation 
the compu.ter input densi ty diffe:rence 6p is O .66 times the plant 
density d.ifferenee, and the input flow is l/0.66 times the plant 
flow, or Q0 :i: 33.4 m3/s. Data fo:r inlet velocities were not taken 
during every field situation, but the evidence is tbat the overall 
dilution of 0.66 was more consistently reproduced the.n the dilu­
tion of surfe.ce temperature. For this reason the initial tempera-





1· ·-,--~-
!In:put 
parameter 

Mo:ith 

V direction 

!? (m/s) 
r ! ,, / 
·. \ f u 
'i 0 

!W 
1,; 

d.irection 

In (m/a) 1 ' ., 

l:IH (%) 

L:1 (MWE) itower 
I 

(• ' ··,Lo (m3/s} 

u (m/s) 
' 0 
f rJ]j {rn) I ,,. 
; C, 

(q (m) l ~• 
! 0 

(0) ie 
! !J.IC1 . .l. (OC) 
' ( 

(kg/m3) l.lip 

I··•· .,· 
; 0 
!.,,-,::-.,.--:--.;'.!!.'.,:;-=-~-.:.::rr~ 

t i Cc:;;·relation 
i-
' 11' I 

YS. distance 
lr1 ,:cg area 

I ,;r~~:ctory 
Overall 

8 

__ _.,._, ___ ,. --· 
-----~ --~--

i-i. B C D __ , E F G H I J ·-·· 
Mcy Oct Oct Oct Oct Oct · Nov- Dec July Aug 

SW NE N'-2: N'E NE NE SE SSE N s 
0.091 0.033 0.105 0.07 O.OT 0.03 0.075 o.o4 0.092 0.18 

0.52 0.19 0.59 o.4 o.4 0.17 o.42- 0.24 0.16 0.12 

NE SSE s ssw wsw sw NW wsw ~- E 

4 2 h-5 8 5-6 4-6 5-7 5-6 6.5 3 

2.3 1.7 2.3 0.9 1.3 o.6 1.3 O. 7· l.4 5.8 
- ~---

415 450 )~50 1150 450 450 460 460 480 970 
33.4 33.4 33.4 33.4 33.4 33.4 33.4 33.4 25.0 53.2 
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parallel te, a:mbient current more rapid.ly then in the 
field. 

+ 

poor 

Te.ble 2. 2. Co:.~relation of reaul. ts wi th oceenogro.phic parameters 
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ture differences in the numerice.l m.odel were taken e.s the measured 
temperature differences from the field data. This implies ths.t the 
temperature distribution at the inlet mouth wa.s inconsistent from 
case to case, which was seen in the data. Details of the inlet 
veloci ty and temperature distributions show a. constant ini tia.l 
depth of 3 .o m, which ma.tches the sill depth. Data taken by 
Chelm.ers Tekniska Högskola indicate significant mixing between 
the sill a.nd the inlet mouth. With the f.low ~ and .depth H0 fixed, 
a continuity calculation vas used to fix tbe effective initial 
width at 2B0 = 63.0 m. The difficulty with such calculations is 
that they same~.fhat arbi trarily determine the initial Fr.:,ude 
number. If % ~ 2B0 ~ e.nd H0 are constant, then veloci ty u 0 is 
constantp and Froude number changes only through variation of 
llp. Pbysically it is more likely tha.t the inlet geogre.pby 
determines the Froude number. and overall mixing rc.te adjusts 
itselt to ma.inte.in the.t Froude number. Numerical experiments 
were made to determine model sensitivity to initial conditions, 
and results will be reported later. 

Outlet condi tions a.t Point Bea.ch Power Plant are well defined 1 

as reported in Table 2.2. At Waukega.n Power Plant the outlet 
tempereture was lower tha.n the plant dis che.rge tempere.ture, 
apparently because of mixing in the outlet channel. For this 
reason the initial flow is adjusted from Qo ~ 49.0 m3/s to 
~ = 53,2 m3/s. By approximate measurement 2B0 "" 25.0 m. From 
conservation' of initial mamenti.un the flow depth is H

0 
== 1,1~5 m. 

For all ten cases the direct c~~parisons between numerical model 
resu.lts and field data are shown in Figures 2.1-2.20. 'l'be first 
figu~e for each case cO!?lpares measured and modeled isotherms. 
Occe.sione.lly changing conditions would contort field trajectories. 
Nl!llerical modcl iscthe:cms ca.n overle.p the sboreline because tl1e 
model receiving wnter is unbounded. For each case the second 
figure ccm.po.res relative tempera.ture vs. area. enclosed wi-l;hin 
that isothe:nu and relative tempera.ture vs. distance along the 
plume a:x:is. Ucte that relative temperature refärs te tenrperatures 
in excess of va.lues s.t the ir1let mouth ~ not the plant outlet. 
'föese va.lues of field data should not be used to study the 
Oskarshamnsverket situation without sdjustment for inlet mixing, 
For this rea.son values of tJr in Table 2.2 are lmrer tha.n e.ctual 
plant temperature differences. 
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2,3 Correlation with input para.meters 

It is seen that the accuracy of the numcrical model ranges from 
very good (Case B) to poor (Case C). In Cases I and J it is 
suspe:cted . that the prototype plumes arc a.ttached to the botto:n. 
Numerical model layer depth predictions ( h H vs. s) show that 
leyer thickness exceeds lake depth in both cases. Thus prototype 
vertical mixing is inhibitcd, and temperature predictions a.re 
too low. This is especially true for Case J, where high initial 
Froude number produces greater layer thickness. The model's 
utility is somewhat li~ited at high Froude number if ncarshore 
waters are not deep. Inhibited vertical mixing eliminates the 
only two situations notat Oskarshamnsverket, and the renges of 
correlation variables, especially Froude number, are much reduced! 

In order to investigo.te the effects of oceanographic parameters 
on prediction trends, correlations are listed at the bottom of 
Table 2.2. The accuracy of numerical prediction is subjectively 
eva.luated for each ca.se, judging results for relative temperature 
vs. enclosed area, relative temperature vs. d.istance, trajectory'; 
and overall fit. The trends of predictive error (-,O, or + in 
the table} are then compared to each of the entries in the top 
part af the ta.ble. For example, does the mo del eons is tently 
underestimate temperature vs. dista.nce for high or low a.mbient 
current, or for offshore winds, or at higher Froude number? 
Every possible such pa.irir..g was observed, wi th no significant 
correlation found. Thus predictive inaccuracy c~nnot be reliably 
correlated with any of the listed oceanographic or input parOl".l­
eters , wi thin the ranges available. Admi ttedzy , the range of 
Froude number is.limited, as is expected fora single power 
plant, but temperature predictions are both too high and too low. 
Apperently model use at low Froude number does not induce 
systematic errors. Goc,d dn.ta are not available for high Froude 
nUJT.bers. 

One correlation to be found in 'rable 2 .2 is between temperature 
error vs. distonce ana temperature error vs. area, but this is 
obvious because t he two are interdependent, Another correlation 
is found between temperature error and trajectory error. When 
numericaJ. model temperatures a.re too low, predicted plumes tend 
to become parallel to the a.~bient current too quickzy. This is 
due to increased momentum in thc ambient current direction due 
to increased entrainment for mixing. Indication that predicted 
plu:tnes overlap coa.stal boundaries cann,:': t be correlated wi th 
temperature error. 

All such correlaticns wcre made sU:bjectively, reasoning that f or 
only ten situations the trends sought ~ould be seen by direct 
comparison. Rether than statistically correlate all the predictive 
errors with input parameters, the comparative results are presented 
directly, lea.ving to the reader' s ;" ·' ;::.,.·:: t the determination or· · 
"accuracy" according to his own intuition. Predictions are pres­
ented wi thout limi ts or error bands because the ranges of input ' 
variables are too small to allow use of such confidence interval~ 
in other situations. 

Predictive inaccuracies for the cases presented a.re apparently 
due to effects not included in siffiple hydrological description 
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of the ten situations. ·rhe question then arises a.s to whether 
errors are due to true medel inaccuracy or imprecise description 
of input variables. This is especially important at Oskarshamns­
verket, where the input conditions a.re not well known. In order 
to test the sensitivity of temperature errors to chosen values 
of input variables, some numerical experiments were made. For 
Case A the medel input was adjusted for three different values 
of Hc (2.5, 3,0, and 4.o m). Discharge velocity, Froude number, 
and heat output were kept constant~ adjusting ~ and 6p for 
different degrees of mixing in Hamnefjä:rden. Model results for 
the three cases are show in Figure 2.21, aJ.ong with field data. 
Two other variations were tested, one by changing H0 and F0 for 
constant dilution in the inlet~ and the other by changing only 
öp. Model temperature sen$itivities to these changes are even 
less than that shown in Figure 2.21. One concludes that model 
temperature errors are due principally to hydrological factors, 
not ilnprecise description of input variables at the mouth of the 
inlet. Two such hydrological factors could be time-varying ambient 
flow conditions and inconsistency of the forms of verticai tem.­
perature and velocity distributions. 

2.4 Hydraulic model data 

Although it is not intended to ·verify hydraulic (laboratory) 
model results with prototype temperatures, a few such results 
are s.vailnble for comparison. A distorted hydraulic medel of the 
Oskarshamnsverket area has been built and operated at Chalmers 
Tekniska Högskola, Göteborg, horizontal scale 1:400 and vertical 
scale 1:50. Results presented are by private communication from 
Chalmers. 

The model situa.tions·a~plics.ble to prototype compe.rison are for 
discharge flow of 22 m /s, ambient currents par4llel to the 
coastline (north and south) at 5-10 crn/s. Different values of ~o 
were tested. Model surface temperatures for south-flowing current, 
hp = 1.0 kg/m3 ?..re compared ta Case A, as shown on Figure 2.2. 
See Chapter q fora discussion of measurement of temperature at 
the surface and at 0.5 m depth. Temperatures were normalized with 

· temperatures a.t the mouth of Hamnefjä.rden. 'l'hus in Figure 2. 2 the 
highest relative temperature ic 0,76) although the data were tak.en 
from areas and distances to the 0.5 isothe:rm relative to the plant 
discha.rge temperature. 

Model results for north·-flowing current > 5-10 crn/s, surface tempe­
ra.tures arc shown in Figures 2.6, 2.8, P..nd 2.10 för Ca.ses C, D, 
and E. Moclel results are adjusted in two ways. First, temperatures 
are normalized with tempera.tures at the mouth of the inlet. 
Second, results 1.i.re averaged between results for Ap = 1.0 kg/m3 
and 6p = 2.0 kg/m3 at the plant outlet . The resulting effective 
density difference is Ap = ((l.0+2.0)/2) x 0.66 = 0.99 kg/ro3• 
This best ma.tches prototype values of 1.0, 0.96, and 0.97 kg/m3• 
Hydraulic model correlation is not genere.lly as good as numerical 
model correlation, pe.rtly because hydrz.ulic model condi-
tions do not ex.actly match prototype conditions. 
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2.5 Open channel mix.ing data 

One feature contained in the Prych (1972) model that is not 
included in the Stolzenbach o.nd Harleman (1971) model is mixing 
due to ambient turbulence, or turpulent diffusion. In order to 
verify the medel for diffusion, results are compared with 
experimental results of' Weil (1972) for mixing of a heated water 
jet in open channel flow. In the laboratory situation heat ed 
water is injected through a semi-circular nozzle at the surface of 
a cha.nnel flow. The jet velocity is para.llel and eq_ual to the 
loca.1 channel velocity. Downstream mixing is due to interaction 
between jet buoyancy and ambient turbulence. Weil's results for 
two laboratory runs a.re shown in Figure 2.22. The f'low condi­
tions for Runs 23 och 48 in the figure a.re density difference 
l.lp = 1.9 kg/m3 , Yelocity u0 = V = 30. 5 cm/s., depth of .flow d == 
= 12. 7 cm, equivalent jet diameter = 1. 35 cm, and Da.rcy-
Weisbach friction factors = 0.022 and 0.070. The numerical 
model wa.s run for the same conditions, assu:roi.ng a model scale 
af 1:100 for numerical purposes. The u.ndistorted scaling does 
not affect the results. The semi-circular nczzle is scaled as 
a rectangle with the same width and outlet area. The numerical 
medel has no difficulties in running when the discha.rge and 
ambient velocities are equal. 

A measured value of horizontal diffusion coefficient is used in 
the medel, calculated from e:H = 0.027 1-\,.d, in which En= horizon­
tal diffusion coefficient and u* = channel shear velocity. The 
vertical diffusion coef'ficient e:v is taken as one fourth of e:H, 
as calculation of Ev using a Y..arman similarity profile yields a 
coefficient that seems unreasonably largc. Even the factor 
0.027 in the expression above is lower than for most channel 
flow data, but it was determined by measurement, if only 
approximate. 

The results of the mQdel runs, in terms of axis temperature 
vs. downstrea.m distancc, are shown in Figure 2.22. The model 
slightly overestimates the relative importance of friction 
factor, but the overall correlation is good. 

The same laboratory experiments show independence of relative 
tempera.ture apd initial density difference. This conclusion is 
confirmed by the numerical model, as shown in the secon.d graph 
of Figure 2.22. The com.puter medel was run three times for 
identica.1 input conditions except density difference öp. The 
temperature results for the various values of åp are indistin­
guishable. 

2. 6 Interfacing wi th. tmdistorted hydraulic models 

In principle the numerical model includes the effects of all four 
mixing zones described in Chapter 1. l. However, Prych ( 1972) 
cautions that the biggest shortcoming of the model is exclusion 
of the effects of coastal boundaries. It is proposed that the 
numerical model can be used in conjunction with results from 
undistorted hydraulic models, dividing the total flow field into 
two regions that together cover all the important mixing zones. 
Tsai (in Policastro and Tokar; 1972, pp. 303-328) presents a 
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scheme for interfncing .. . istorted mod.el re~ults with analytice.l 
methods, but does not include all mixing mechanisms. 

An undistortel:'c hydraulic model cori-ectly scales the effects of 
jet mornentt11i1 a.."ld bucye .. z1cy, including their interaction wi th 
nearby coastal fee.tures ( in te'ms of constraint end separation~ 
if not bounda:ry fri ction). The hy<lraulic morlel does not proper ly 
reproduce tt:rbt1le:r0 mi:d.r,.,;, aa..:1 csn scale at:mospheric heat loss 
only by co.reful manipulation of laboratory air conditions. It is 
proposed that undisto:i:-ted mod.el resul ts can be useG. out to a 
point where the plume is entirely sepa:rated from the shoreline 
and sea bed~ but the func-cional :forms of plu;n.e temperature and 
velccity are still rea.sona.bly well defined. M'easurements at that 
point, herein ca:i.1ed the interface, can be used as input to the 
numerical mod.el. The mi.mer·ical medel retains what mcmentum and 
buoya.ncy are left, then proper.ly includes turbulence and atmo­
spheric losses into the far field. 

:t is difficult to verify this concept because few undistorted 
models are large enou.Ji1 to extend into the far field~ and 
hydraulic moclels are theu:;elves unverified with respect to 
prototype temperature data. However~ the approach was applied 
to a special situe.ticn a.t e. 1: 75 model of the p.roposed Forsma.rk 
Power Planton the northeast coast of Sweden. The situation 
chosen is Experim.ent Nr 19G in a. report of model results by 
Statens Vattenfallsverk ( 1972), in which 200 rn3 / s of 10°c · 
temperature rise cooling water is discharged through an open 
channel into Öregrundsgr~pen, a wide cl1annel in the Baltic Sea. 
The discharge chrumel deptb is 2.3 m~ witb d:i.scharge velocity 
of 2.0 m/s. There is an embient current of 10 cm/s nea:rly 
pe1pendicula1: to th': outlet. J,Iodel tempere.tures for O. 5 m depth 
are shovn in Figlire 2. 23, 

The 6°c isother:n on the plu:r.1e axis is chosen as the interface, 
a. location 240 m. rr-om the outlet. At. that section the chare.cter­
istic width of the plt.une is ( using Prych' s tenn.inology) :?.B ::: 
= 188 m, and the (.:hetrectel'ictic layer depth is H = 5.15 m. The 
trajectory angle is 0 :::-: 120°. L.Jdel velocities were not measured~ 
but total flov Q co,n be calculuted from the isotherm va.lue. Using 
equa.tion ( 10) from Prych ( 1972) rmd as au:ming no a tmospheric 
los ses near the plant, Q "' 2QjT = ( 2 )( 200) /0. 6 = 667 m.3 / s. This 
is now enough information to :cun the numerical model for the 
continuing lvdrau1ic medel situation. For a ln.1Joratory model it 
is suggested tha:t; dif:rusion coefficients be set a.t zero, bu-t 
mee.sured values cotLld i>) nsed f or prototype predictions. 

R esul ts from. the nu:ae:d cal ruodel are show:n in Figures 2. 24 and 
2.25, starting both at the outlet and a.t the interface. The 
improvement by starting at the 6°c isotherm is cbvious and not 
unexpected. It '1:ppears tbat the i:;ajor source of numerical model 
error cornes in the early stagt=s of mi.xing. Actually, for the ca.se 
considered, much the sa.me results could b e obtained by mercly 
moviog the nume.:dcal results for outlet conditions so that the 
6°c point coincicles with the field data. 'l'hi:3 type of curve­
fittiog should be avoided, but the example shows tha.t beyond the 
interfs.ce mixing p!.·oceeds nearly independent of the dilution n.t 
that point. The hyd:r.aulic model r e suJ.ts <lo not extend fe.r enough 
to adcquately describe the far fielC., stopping at thc 3°c iso·-
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therm. Results for plume trajectory show less marked improvement 
by starting at the interface. Because axis curvature is still 
less tha..~ in the hydraulic model, perhaps the numerical model 
wouJ.d tend to underestimate far field mixing nea.rer the 2°c and 
l 0 c isotherms, The same effect would be noticed if hydraulic 
model mixing due ta a.TObient tu:tbulence were significant. 
Alternately, trajectcry errors could be due to hydraulic model 
imp:recision of current direction or J?ersistent coastal effects 
·on embient current. 





CHAPTER 3. CCJ.,?/;.::::Ismr WITH OTHER MODELS 

3.1 Dimensiona.l analysis 

In this chapter numerical model results are compared with results 
from phenomenological and selected analytical models. In order to 
account for all important input variables, the discharge situa­
tion is described nondimensione.lly. As seen in Figurc 3.1, the 
four thermal plumc dependent variables e.re: relative temperature 
T = ('f9-Ta}/(Th-Ta), plume width B, lcyer depth H, and axis 
position Y. In the numerical model the horizontal and vertical 
temperature distributions are Gaussian, and B and H s.re defined 
as T2 times the standard deviations of those distributions. The 
independent variables are: 

( s , V, Q0 , 0, B0 , H0 , p , L\p , v , g, €: H, k) , 

where s = distance along the plume axis (m}, V= ambient current 
velocity (m/s), ~ = discharge flow (m3/s), 0 = discharge angle 
(

0
), 2B0 = outlet width (m), H0 = outlet depth (m), p = runbient 

water density (kg/m3 ), /'J.p = discho.rge density decrease (lcg/m3 ), 
\i= ambient we.ter kinematic viscosity (m2/s), g = acceleration 
6f grovity (m/s2 ), ~H = horizontal diffusion coefficient (m2/s), 
and k = atmospheric hea.t loss coeffident (m/s ) . There are 
generally three components to diffusion coefficient, but if 
they are proportional a single variable suffices. I n presentation 
of data the shoreline-pa?:ei.llel coordina.te x is substituted for s 
as is convenient. Dependent varia.bles T, B and H are best de­
scribed as functions of s, but trejectory Y is most conveniently 
given as a function of :r: . 

The twelve independent variablis·s contain three physica.l 
dimensions, so we :find nine independent dimensionless va.riables. 
Substi tuting outlet veloci ty u9 = Qo/2B0 H

0 
for the flow variable, 

the nine dimensionless quantities are: 

s v." uoHo V 2Bo 
(- :::i::.. -- 0 -
H'p' v n' 'H 

0 0 O 

k 

Assume thnt ~p/p has no effect, by the Boussinesq approximation. 
'l'he third term is r ecognized as a Reynolds number ~ and experi­
mental evidence shows that it is unimporta.nt if the flcw is 
stron,v.y turbulent. The fourth dimensionless number is a current 
ratio R = V/u0 • The sixth term is the a.spect ratio of the outlet 
A = 2B0 /H0 • The seventh term isa jet Froude number, written as 
F0 = Uol( (!!,.p/p) g H0 ) 1l 2• The next term is a diffusion ratio 
E = €H/u0 H0 • The diffusion ratio represents the ratio at the 
outlet of plume entrairunent velocities due to ambient diffusion 
and due to jet velocity, Prych (1973) discusses diffusive 
entrainment velocity. Thus we write the f'unctiona.J.. dependencies 
of the plµme variaöles as: 

The choice of H0 as the distance scaling va.riable is somewhat 
arbitrary, but _is valid if aspect ratio A is retained. 

The effect of heat loss coefficie.nt k/u
0 

c,n plume va.riables is 
discuss~d by Prych ( 1972), and prototype data a.re not available 
for comparison. so it is not consiä.ered in the following 
sections. 
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3.2 Pover law model 

The simplest descriptions of thermal discharge plumes a.re 
phenomenological morlels. One such model has been presented by 
Shi.razi (1973). Shirazi writes dimensionless plume pci.rameters 
as power law functions of the dimensionless independent va.riables 
(x/H0 , R, 0, A, F0 ). A computer is then used to correlate much 
la.boratory and field data with temperature results. Calcu.lated 
are the various power law coefficients giving best fit to the 
data. It is emphasized that the model is not intended to be 
predictive, but can be used to check the input variable sensi­
tivities of predictive schemes such as the numerical model 
presently consitlered. The Shirazi model should not be applied 
to specific design situations. 

Shirazi (1973) presents different power laws for flow inta 
stagnant receiving water, flow over a sloping bed, and flow into 
a moving current. Results shown here a.re only for the last case. 
Using a plume width variable B1;2, plume half vidth to the point 
where temperature equals half of the axis value, the following 
best fit relationships are found.: 

T/F' -0.360 A0.234 vs. (x/H )Ip.370 0-0.352 , 
0 0 

(B112/Ho)/Fo-0.372 A-0.255 vs. 

(Y/H )/R-0.707 00.796 vs. x/H 
0 0 

(x/H )R-0.104, 
0 

for laboratory data, 

(Y/H )/F -1.013 A0.0666 R-0.2454 00.7084 vs. x/H for fielddata. 
0 0 0 

Plume depth H/H cmmot be correlated, and diffusion ratio is not 
considered. Shi~azi presents the fcur functions graphically as 
hand-drawn curves best representing the ma.ny data. Scatter is 
large, as is expected for such diverse test conditions, but 
trends are well described. The placeoents of the dimensicnless 
variables on left or right sides of the functions a.re not 
eh'l}lained, but are probably chosen for best correlation. For 
this reason, data for the numerical model will be presented in 
the same way. 

It is di:!sired te perform a series of numerical experiments on the 
model to be verified, developing relationships similar to those 
above and calculating powcr law coefficients to campare with the 
laboratory and f:i.eld data. Testing of every field condi tion is 
impossible. A standard test situation has been designed, and 
effects of thc dimensionless input parameters are tested singly 
around the standard values. The sta.nda.rcl situation is an 
imagine.ry power ple.nt called SMHiverket. SMHiverket hasa dis­
charge flow Q0 = 11~ m3 /s, outlet dimensions 2B0 = 21.0 m and 
H0 = 7 .0 ni, density difference 1:,.p = 1.5 kg/m3, and discharge 
angle 0 = 90°. For scaling purposes the initial temperature 
excess is 1.0. Ambient conditions arc current V= o.c77 m/s, 
heat loss coefficient k = 0.00001 m/s, and horizontal diffusion 
ccef'fic:ient €:H = 1.0 m2/s. In every case the vertical diffusion 

· coefficient e:~ = 0. 001 e:8 • Other values internal to the numerical 
model are, as recommended by Prych (1972), entrainment coeffi­
cient E - 0.1, drag coeffident CD = 0.2, shear coefficient 
CF = O.~, maximum step size ~s = 50,0 m, and initial zone 
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size s = 77.4 m. Using the above parameters 
the fi~e variables to be tested are R = 0.1, 
F0 = 2.4, and E = o.18ö. 

the par values of 
0 0 = 90, A = 3, 

For standard conditions the beha~ior of plume parameters T, B/H0 , 

and Y/H
0 

against s/H0 is shown in .Figures 3.2 f:Ld 3.3. Absol ute 
values of tlle correla.tions are unim.r;iortant. It is the trends, er 
slopes of the functions that should be compared, The trend of 
tempera.ture vs. d.istance campares well wi th the phenomenological 
medel. The si.m.plified foin for initial mixing zone in the nume­
rical model presents a somewhat unrealistic situation at the end 
of the zone, which is typical of numerical medel output . Behavior 
cf plume width is not as good. It is known intuitively that 
numerical medel plume spreading is too rapid, and Figure 3.2 
shows it more clearly, especially near tbe outlet. Farther 
downstream the spreading rate better compares with the data, but 
the data may be complicated by plwue asymmetry. Numerical medel 
a.xis locs.tion vs. downstream distance correlates well wi th 
laboratory data, but not so well with field data, except far 
downstream. Perhaps this is due to coastal effects. Behavior of 
layer depth H/H

0 
is not sho1m, but it va.ries little, steadily 

decreasing from R/H0 = 0.65 to 0.28 as s/H0 increases frOI!l 16 to 
700. In all, num.erical medel .behavior wi th respect to downstream 
dista.nce is good. Plume widths tend to increase too quickly~ but 
e.xis tempera.tures are not strongly affected by plum.e -width. 

Result_s for SMHiverket input va.rie.ble sensi ti vi ties are shown in 
Figures 3.4 to 3.12 . The figures are cross plots of a dependent 
variable, a.n independent variable, and downstrea.m d.istance 
(s/H0 or x/H0 ). Power law coefficients are celculated from the 
average slopes of the grapbs in realistic ranges. Often v~lues 
of di.mensional quantities must be outside normal prototype 
ranges in order to testa non-di!nGnsional variable. For example, 
testing of Froude number F0 = 10 requires a flm-1 of 471 m3 /s, 
which is greater than values used for prototype correlation. 
Where possible the Shirazi (1973) power law coefficients are 
shown on the figures. 

The effects of current ratio R on tempera.ture '1' and plume width 
B/H0 are shown in Figure 3.4, and on tra.jectory location Y/H0 
and layer depth H/Ho in Figure 3.5. Looking st the first graph, 
increased ambi ent current reduces the distance toa given iso­
therm. One can as well read the graph ~s saying that at any 
downstream distance, increased current reduces the temperature. 
Near the source (T = 0.5 and o.4) the current has little effect 
on T until R ~ 0.2. Compariscn with the phencmenological medel 
is good, especia.lly in the far field. The effect of current 
strength on plume width is not well described by a single power 
law. In the real world most ambient currents are less tban 20 % 
of discharge velocity, and Shir~zi's (1973) value is not so bad. 
Note tbat slope of d,i.stance vs . R changes significantly along the 
jet axis. Overall, bebavior of plll!!le width is not reliably 
correlated wi.th field data. Behavior of trajectory with respect 
to R correlates well wi th labcratory data, but not so well wi th 
field data. Because the lines on the graph are straight and nearly 
psrallel, deacription of the efrect fits well toa power law mod.el. 
The effect of Ron layer dcpth H/Ho is variable, but not signifi­
cant except far from the source. No data are available. 
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Effects of discha.rge angle 0 are shown in Figure 3.6. The numerical 
medel shows little effect of eon temperature, as mix.ing operates 
independent of a.xis curvature. This contradicts the pow-er law 
model. The nunerical medel sensitivity of plume widtb to 0 is 
shown, but no power law results are available. Effects of 0 on 
trajectory are also shown, correlating well with the :power law 
medel except nea.r the source. 'l'his may be an effect of initial 
zone definition. 

It is not generally possible to vary outlet aspect ratio A as 
easily as R and 0, because the dimensional quanti ties 'Wi thin A 
occur in so ma.ny other non-dimensional parameters. Testing for 
aspect ratio is done in three wa;ys, but only one is reporte:l here. 
Setting H0 , ~P, e.nd u0 constant at the outlet, A is increased by 
increasing 2B0 , the outlet widtb. To maintain constant Uo, flow 
~ is ma.de proportional to 2B9• By the present definition, Froude 
number is unchanged. This variation of A encompasses a method 
sugsested by Prych (private canmunication) for including the 
effect of a nearby coastline. Prych suggests doubling tbe outlet 
width and flow to reduce effective horizontal entrainment on the 
side nea.rest the coast. Results for changing aspect ratio sre 
shown in Figures 3.7 and 3.8. Relative temperature T.is· more 
sensitive to A in the medel than in the publ ished data, but the 
trend is the s8llle and. is describable by a pO'wer law coefficient. 
This is not true for tbe effect of A on plume width. The second 
graph in Figure 3.7 shows inconsistent behavior of B/H

0
• Notice 

that most values of B/H a.re nearly equal to er greater than 
values of s/H. The pl~e is exceptionally wide, spreading 
laterally eveR faster than it is moving along the axis . This 
is also true for ma.ey other tests. Trajectory location responds 
to A more strongly' in the numerical medel tban expected, but the 
effect can be descr:i.bed by a power law. The log-log plots are 
linear. The effects of A on layer depth H/H

0 
are irregular and 

not pronounced. 

Two other tests for aspect ra.tio have been made. In one test, 
A is adjusted by distorting tbe outlet sbape .but ~aintaining 
constant flow and outlet. area. This involves slight cha.nges in 
Froude number as H0 is changed. In tbe other test the outlet 
area and Froude number a.re kept eons tant t adjusting flow 0-o and 
outlet depth H

0
• In this test the value of current ratio Ris 

slightly chenged. For both alternate testa, the results are 
almost identical to those reported. 

The effects of Froude number a.re tested five different weyst but 
only tvo are shown in the figures. The mest representative 
results are shown in Figures 3.9 and 3.10. In the test the out­
let dimensions and flp are consta.nt, but flow is increased. This 
is equivalent to adding power plant units ta an existing dis­
charge structure. To meint"ain constant välues of other dimension­
less quantitities,the wnbient current is increased such that 
R = constant. (Inadvertently, diffusion coefficients €ij and Ev 
were not adjusted for constant diffusion ratio E, but it is felt 
that this is not significant, because results are duplicated in 
other Froude number tests for which E = constant.) The effect of 
F0 on temperature closely matches the results of Sbirazi (1973) 
for F0 :2:. 2 and a.wa.y from very near the source. Between F0 = 1 
and 2 one cannot say whether the numerical medel is imperfect or 
the power law description is oversimplified. The effect of F0 on 
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plume width is a.lso adequa.tely described by thc power law medel. 
This does not mean that plume widths are accurately predicte~, 
only that the relative effects of Froude number are compa:rable. 
The numerical plumes are still too wide. The dependence of 
tra.jectory on F0 is shown in Figure_ 3.10. The ef.fcct a.s scen in 
the numcrical model is much less pronounced than in the power 
l aw medel. Increasing Froude number increases mixing, and thus 
limits penetration af the plume into thc 8.Cl.bient current. This 
does not imply tha.t increa.sing discha.rge veloci ty keeps a given 
plume near the coast. Intui ti -vely we knmr otherwise. Increased 
ve loci ty at a parti cular outlet pushes tbe plume a-way f'rom the 
coast, but the effect is due to changinE current ratio, not 
Froude number. The Froude number test was repeated for constant 
V (R not constant), and results for •r, B/H0 , and H/H0 are un­
changed, but the trajectory Y/Ho increases with F0 as expected. 
The power law roodel does not include layer depth, but the nuner­
ical model shows tha.t H/H

0 
is approximately proportional to 

Froude number. 

Other Froude munber tests were a.lso me.de. 'When discha.rge densi ty 
deficit 6p is changed, leaving all else consta.nt , the results 
are alm.ost identical to those of Figures 3,9 and 3.10. A test 
was made by expanding or contracting the outlet at constent 
aspect ro.tio, maintaining constant 6p and velocity u0 • Results 
are somewhat irregular, but in nonnal ranges of Q0 repr oduce 
the above results. Many o:r the situations involve wrealistically 
large or small values of Q

0
• A special test was made to simulate 

a common design alternative, a.nd results are shown in Figure 
3.11 . Constant values are chosen for discharge flow ~ and 
density defici t 6p) aspect ratio, and ambient current V. These 
parameters are often fixed for the ~esign engineer. The size of 
the outlet is then varied, changing velocity u0 and Froude num.ber 
F0 • Simu.ltaneous changes are made in current 1·atio R and diffusion 
ratio E, but only through u0 , not V or e:. The resul ts for tem.­
perature and plume width are adequately clescribed by the F0 
dependence, but trajectory Y/H0 is significantly affected by the 
other variables, of which R surely dominates. This suggests that 
R has little effect on mixing for R < 0.1, although i t retains 
its effect on plume width in that range, especially far down­
stream. 

The la.st variable considered for tbe numerical model is diffusion 
ratio E = e:H/u0 H0 , although it is not included in the power law 
medel . Results a.re shown in Figure 3.12 . For E < 0.1 almost no 
eff ects are seen. In the neighborhood of E = 1 . 0 (e:H = 1-10 m2/s) 
wewc but predictable effects are seen. Mixing increases with E, 
but the effect is not more pronounced in the fa.r field. Far field 
mixi ng may be dominated by diffusion, but only by the departure 
of other mechanisms. The effect of Eon leyer depth H/H0 is very 
~all, and results are not shown. 

The variabie k/u0 is not considered herein. 

Witb the above results at hand, a numerical medel version of powe~ 
l aw scaling can be constructed, including appropriate caution 
about variable ranges. Because the pmrer law ccefficients are 
calculatetl around only one standard si tua.tion, they should not be 
used in place of routine computer operation for design predictions. 
The nwnerical model's best fit values for universal mixing 
relationships are: 





SMHI 56 

( B/H ) /F -o · 52 EO • 15 vs. s/H , dcpendence on R, 0, and A no·t; 
o o o r· d well de ine, 

(Y/H )/F -o.48 A0.29 R-0.83 01.22 E-0.06 vs . x/H • 
0 0 0 

(H/H }/F 1 ·35 A0·24 vs. s/H, 
0 0 0 

Limits to the relationships are 0.1 f R ~ 1,0 for temp~rature, 
0,05 $ R ~ 1.0 elsewhere; 45° ~ 0 $ 90° for temperature, 
20° $ 0 S 90° for trajoctory; 1 $ A $ 10; 2 s F ~ 20 for · 
temperature and width, l < F

0
~ 20 elsewhere; ang 0 .1 s E ~ 1.5. 

The forms of the functicns are not the same as the Shirazi (1973} 
functions , but morc closely resemble the curves for SMHiverket in 
Figu.res 3.2 and 3.3. 

Overall, the numerical model reproduces power law medel results 
for temperature rn.ther wcll. Numerical model plume width results 
campare favorably for Froude number dependence, but effects of 
mest other variables d.o not fit a power law description. 
Trajectory results can be well described by power laws, but 
comparison wi th data is difficult because results for laboratory 
!llld field situations differ. Laycr depth results cen be corre­
lated with Froude number and aspect ratio. In addition to the 
power law medel parameterst th0 numerical model includes scaling 
effects for diffusion coefficient. 

Limited results are availablc to compare the power lawmodel 
wi th the distorted bydraulic model 0f -Oskarshamnsverket. Results 
are very inconsistent, The effects of current ratio Ron relative 
temperature T depend on the current direction. For south flowing 
currents, T decrcase::, with Ras thc power la:w predicts> out T 
increMes wi th R f:)r north flowing currents . The dependence of 
temperature on Froudc number is contradictory, with highest 
temperatures measured at intermediate values of F0 , and lower 
temperatures measured at high and low values of F0 • Even this 
behavior depends on distence from the outlet and method of 
Froude number variation. The nydraulic model predictions for · 
trajectory Y/H0 as u function of current re.tio compa.re well with 
the power law medel {laboratory data), but dependence of 
t:rajectory on Froude number is unprQdictable, as for temperature. 
All these results are cntirely incompatible with the power law 
and numerical modcls. The data for the Oskarshamnsverket situation 
are limited, but that can only pa.rtly explain the inconsistencies. 

3,3 Surface area model 

A simple phenomenological model ror surface areas enclosed within 
isotherms has been. presented by Asbury ancl Frigo ( 1971). Surface 
area data are collected for 23 situations at six power plants en 
large lakes in the United Stntes . All the plants have cbannel 
discharge structures, with flows of 3.2 to 53.1 m3/s. The data. 
are plotted as relative temper·ature 'l' t.igainst A.rrf Ql, where .A.r = 
surface area within the T isctherm, anda= a coefficient. Mast 
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consistent grouping of the de.ta occurs nt a = 1. A best fit line 
is drawn by eye through the data . For Q0 = 33.4 m3/s the model 
curve is shown in Figure 3.13. The solid line is the best fit 
for the data, and the dashed lines are upper and lover bounds 
to all the data for the 23 situatipns. It is remarkable that so 
simple a description covers many- field situations. The data 
include meny different flows, ambient currents, and near shore 
topographies. 

The Asbu.ry and Frige (1971) model is easily applied to data 
from Oskars~amnsverket. Field data for Cases A to H ro-e shown 
in the first graph of Figure 3.13. Cases I and J are excluded 
because other data from the same power pla.nts are used to 
censtruct thc medel. Ccrrelation cf the Oskarshamnsverket fiel d 
data with the phenomenological nodel is excellent. Numerical 
model results for the s8I!le eight cases are shmm in the second 
plot of the figure. Numeri cal model results cluster around the 
best fit line more closely than the field data. but this does 
not necesse.rily indi~ate better correlation. To check which medel 
(numerical or Asbury and Frigo) fits the field data better, 
predi ctions should be campa.red indi vidually for the eight ca.ses . 
In seven of eight .situations the numerical medel better fits the 
near field data ( T > 0. 6) , but in • fi ve of scven cases the 
phenomenqlogical model better fits the far field data (in one 
case the numerical model does not reach the far field) . Viewed 
on a log-log plot, for the same five of seven cases the 
phenomenological medel gives a better overall fit to the field 
data. Phenom.enological model errors in the near field are always 
smaller than numerical model errors in the far field. The 
numerical medel shows a. sligbt tendency toward too lov mixing rate 
in the far field. In sU111D1ary, the phenomenological model gives 
better surf'a.ce area predictions than does the numeri·ce.1. medel a.t 
Oska.rshal'.llnsverket, but the differences a.re not large. One cannot 
extend the generalization to all situations, but in the range of 
flows used to construct the phenooenological model it surely 
gives reasonable prcdictions. In same wey the Oskarshamnsverket 
data better verifies the Asbury and Frige model then the numericaJ.. 
model . 

The phenomenologica.l model scales surfacc area with flow Q
0

• We 
have no in~ormation ahcut the ra.nge of Froude numbers among the 
data used to construct the medel , but we can test the flow scaling 
with the numerical model in two weys. Using the same technique as 
in Section 3,2, the trends of surface ~rea &r vs. ~ a.re shcwn in 

Figure 3.14 . The left graph in the figure shows surface a.rea 
results for cha.nging Froude number by increasing flow through 
the same outlet (using the same data as for the Froude number 
tests of Figures 3.9 and 3.10). If power plants arc designed in 
this wa:y, which is not gcnerally so, the Asbury and Frige (1971) 
medel predicts areas proportional to flow. The reverse trend is 
seen, as expected. The right graph of Figure 3.14 shows surface 
area results for consta.nt Froude number, increasing flow along 
with outlet aspect ratio (using the same data as for Figures 3.7 
and 3.8). If power plants are all constructed with constant 
Froude number, which is alsb not true, the numerice.1. model pre­
dicts a plot of relative temperature va. AT/Q

0
1. 9 , compared to 

Asbury and Frigots fvr/Q. The numerical medel ce.nnot confirm the 
phenomenological flow s~a.ling, but the corrclation is not un-
reasonable. This is especially true if larger power plants have 
increased Froude nUl:lber, but there is no evidence to support 
this . 
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3.4 Analytical models 

"There exist many analytical medels for thermal aiscnarge pre­
di.ctions in special and general situations. For a review of scme 
of them, see Policastro e.nd Tokar ( 1972). It is not intended 
herein to correlate the numerical model with all such ana.lyses, 
but a. few a.re simple enough that an easy comparison can be made. 

Among the Oske.rshamnsverket data, Ca.ses D, E, and G are chosen 
as having similar discharge and ambient current conditions. They 
are nav compared ta -i;wo simple analytical models. The first is 
rea.lly a set of laboratory experimental results , not a discharge 
model per se. Jen, Wiegel, and Mobe.rek (1966) present results 
for exis temperature vs . distance for a round, buoya.nt, surfa.ce 
jet in stagnant receiving water. Values of Froude number are 
rather high, but the results ha.ve since been confirmed for lower 
Froude numbers. It is found thet relative temperature is 
inversely proportional to distance, as is the case for submerged 
non-buoyant jets. The Oskarsbamnsverket discharge is not round, 
but if an equivalent diameter is ca.lculated the laboratory 
results can be applied. For Cases D, E, and G the Jen, \rliegel, 
e.nd Mobarek results ar.-e shown in Figure 3.15. The jet model 
overestima.tes mixing, although the trend of tempera.ture da.ta. 
with distance follows closely. The overestimation is because 
of high espect ra.tio (A = 21, compared to A = 1 for the jet), 
but, the effect is pa.rtly counte1·acted by increased mixing due 
to ambient currents. The definition of jet core length is im­
portant, and the core length for a high aspect ratio discharge 
is unknow. 

Lnother semi-a.nå.lyt ical r.·,odel has been developed by Carter and 
applied by Pritchard (in Policastro and Tokar; 1972, p. 64). In 
the Ca.rter-Pritchard model the flow field is divided into a core 
zone of no mixing; &1 early mixing zone, ,~'here tempera.ture is 
proportional t o distance t o the minus one fourth power; a. two­
di.mensional j et zone, where temperature is proportional to 
distance to the ~inus one half' power; anda far field zone for 
relative tempera.ture less tban O. 2 and proportional to dista.nce 
to the minus one power, ApDlication of the model is also shown 
in Figure 3.15. The medel core zone is scaled only with discha.rge 
wi dth , ma.k.ing it t o0 long for a high aspe ct ra tio ou tlet. The 
early mixing zone i s cenfined to the region where the plume turns 
to be come parallel t o the am.bient current. Dilution is under­
est-imated when campa.red. to field date., but mixing rate campares 
well with the numerical model. From T = o.6 to 0,2 the mixing is 
badly underestimated, prebably due te, the assumptien of a two­
di.mensional jet,for which there is no vertical entrainment. Far 
field m:i.Jcing rate is the same as forma.ny jet and diffusion ruodela. 

It is not claimed that the numcrical medel campa.res well witb .er 
is•better than all analyti cal medels, but it does give improve­
Dlent over the simplest of such models. The numerical model 
includes effects of a.spect ratio and ambient current, giving 
more accurate predictions than a simple jet medel, e.nd includes 
botb horizontal and vertical mixing, giving better predictions 
than a two-dimensional jet model in a moving current. 
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CHA.PTER 4. FIELD MEASUREMENT TECHNIQUES 

4.l Initial mixing at Oskarshamnsverket 

62 

In Section 2.2 a constant ve.l.ue is assumed for overall dilution 
due to mixing in Hamnefjäxden at Oskarshamns verket. The ce.l.cula­
tion is now explained. At the end of the field data collection 
period for Case A, 3 May 1972, vertical profiles of t~perature 
and veloci ty were measured at the center of the channel where 
Hamnefjärden opens onto the Baltic Sea. The location is the 
origin for numerical medel calculations. Volume and heat flux 
calculations are made from the profiles, determining overal.l 
mixing at that point. 

The vertica.l profiles of temperature and velocity ere shown in 
Figure 4.l. There exists a substantial return flow below the 
heated discharge la.yer, and the profiles are not similar in form, 
which complicates calculation of Froude number. The first 
estimate of dilution is made by volune flux calculation. The 
velocity profile is integrated to determine avera.ge velocity 
over the total depth of 7 m, which is 0.05 m/s. The effective 
outlet w:i.dth is the wi.dth needed. to produce the plant discharge 
at that velocity. Thus 2B0 = (plant flow)/u

0
H0 = (22.0)/ 

( 0. 05 ) ( 7, 0) = 69 m. A simila.r calcula. tion 1s made for heat 
flux through the section, yielding 2B0 = 57 m. Using an average 
value for outlet width of 2B

0 
= 63 m, the velocity profile is 

888,in integrated to the zero velocity depth (Ho= 3,0 m) to 
determine the discharge f'low in the upper layer only. The 
discha.rge for .modeling purposes is Q,6 = 33.4 m3/s. This repre­
sents agross dilution of 22/33.4 = 0.66. In all cases at 
Oskershamnsverket the outlet density decrease Ap is calculated 
as 0.66 times the density difference between the plant discharse 
and the ambient water. The ef:fects r-f fixing the effeetive out­
let dimensions at 63 m x 3 m have been shown in Figure 2.21. 
Because plant flow and outlet dimensions are constant, the 
numerical m.odel initial Froude number depends only on Ap. For 
Case A, F0 = 1.18. Medel initial temperatures are measured 
values, not 0.66 times the plant temperature rise, because the 
temperature profiles a.re less consistent than total mixing. 

Overall diJ.ution was not rneasured for evecy ca.se, but details 
o:f temperatures a.nd velocities were measured on another occasion 
by personnel from Che.lm.ers Tekni$ka Högskola. Data vere taken 
between the sill in Ham:netjärden and the Baltic on 27 and 
28 September 1972. Instrument buoy locations ere shown in 

.Figure 4.2. The sill location is also shown on a larger seale 
map in Figu,re 2.1. 

Unfortunately the data are ina.dequate to check flow continuity. 
Referrill8 to Figure 4 .2, the measured flow through section one 
is 30.2 m3/s by integration of the three velocity profiles 
{assuming triangular sections between the outer bucys and the 
shorelines). No evidence is found of a return flow at the bottom. 
Neither is e return fiow found at any station in section tvo. 
but there the integrated flow is only 23.8 m3/s. One suspects 
that the flow is time-varying over the tvo day period or that 
the measured velocities a.re not normal to the section due to 
geographic constraints. Also, flow conditions near the shoreline 
a.re not well known. Ca) culations of heat flux show the same 
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pattern. At section thl:'ee the intefrated uptier layer flow from 
tbe three northern buoys is 39.4 m /s. Return flow data are in­
sufficient for flow integrati~n over the entire depth. 

It is suspected that little mixing occurs inside the 3 m sill. 
but the data do not confim that. Nc return velocities are 
measured, but tbe flow at section one is la.rger tha.n the plant 
flow . If the integrated flow values are correct at section three 
then dilution at that point is 22/39 . 4 = 0.56. If the integrated 
flow values are incorrect, but the f l ow a.t section one proper ly 
represents the undiluted plant flow, then dilution at section 
three is 30.2/39. 4 = 0.77. Unable to resolve this, one assum.es 
that the first calcula.ted value of 0.66 is reasonable for overall 
mixing inside Hamnefjärden. 

The channel width at section three is 67 m, close te the ce.lculated . 
-value of 63 m. If the chosen value of outlet area (63 m x 3 m) is 
correct then tbe velocity prcfile at the middle buoy of section 
three yields a dische.rge flow of 33.l m3/s. Similarity of this 
velocity profile to the profile measured for Case A lea.ds one to 
conclude that mixing in Ha.mnefjärden is constant, more so than 
temperature difference . Compare the above dilution calculations 
with values of åT for Cases A to Hin Teble 2.2. The poor 
correlation of continuity between sections one and two opposes 
this reasoning, but may be due to other fs.ctors. For numerical 
mod.el calcu.lations, mixing in Hamnefjärden is assumed to be 
constant in every case. 

As an aside to temperature investigations, it is notedthat inlet 
depths at the Chalmers buoy locations are larger than thcse 
measured during a 1959 topographical survey. Between the sill and 
the mouth of Hamnefjärden the plant flow has scoured material 
awey from the bottom by e.n average of about one meter. The greates-J; 
scour is on tbe north aide of the inlet. The depth at the northern­
most buoy of section two has increased by more than two meters. 

4.2 Choice of ambient temperature 

In roa.ny field ·situations ambient temperature varies spatial.ly. 
When ambient currents ru-e small the ambient temperature ca.n be 
confused with far edges of the' heated plume. Offshore vinds can 
c~use horizonte.l gradients due to upwelling, and cbanging current 
direction can ca.use previousl y heated va.ter to be returned to the 
discharge area ( especially tidal flcw). Where horizontal tempera.­
ture gradients exist, few plun1e medels account for entrainment of 
a.mbient wa.ter at different ten1pere.tures a.long the plume ax.is . A 
consta.nt value of ain~ient temperature must be chosen. 

For Ca.se B at Oskarshamnsverket, fieid data have been reduced for 
different values of ambient temperature T • Reaults are shcwn in 
Figure 4.3. The nominal value of T is 11~5°c. Lines on the graphs 
labeled "change in Ta. = +111 corresiond to reduction of the data 
using a value of T = 12.5°c, and so on. When the ambient tempera­
ture used for calcfu.ations is too high, mixing rate is exaggerateq.. 
This does nct mea.n tha.t increa.sing ambient temperature increases 
mixing, only that incorrect choice of T6 for calculat icn purposes 
can produce apparent errors in dilution. Figure 4.3 shovs that the 
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degree af error incree.ses far from the source, as plume tem.pera­
tures approach ambient temperatures. Errors also increase in 
regions of rapid dilution. 

In most situations Ta can be accur~tely selected within :to.5°c. 
That amount of error for Case B produces errors in relative 
temperature of 10 % of · local value at T = 0. 5 and 45 % at T = 0. 2. 
For the case given, the initial temperature change is 6T = 5.5°c, 
which is rather low ccmpared to ma.ny discharge situations. More 
typical would be hT = 10°c, with corresponding errors about half 
of those above. Thus one can expect uncertainty in choice of 
ambient temperature to produce uncertainty in relative tempera­
ture of up to 5 % of tbe local value at T = 0.5 and up to 20 % 
at T = 0.2. For conservative temperature predictions the ambient 
temperature should be chosen on the low side 1vhere measurement 
is uncei:tain. 

4.3 Subsurface temperature measurement 

Mechanical dif:f'iculties often prevent .collection of field tem.per­
ature data at the vater surface, and this can lead to errors in 
data presentation. Data collected at Oskarshamnsverket andre­
ported in Chapter 2 are labeled as surfe.ce temperatures, but 
actually are measurements at a depth of 0.5 m. The surface 
tem.pera.tures are not availa.ble, either by thermistor or infre.red 
measurement. In this seotion estimates are made of the errors 
induced and their consequences. 

Estimates of true surface temperature are herein made by lines.r 
or hand-dra.vn extrapolations of data at depths of 0.5 m and 
l.O ~ or 1.5 m. The effects of subsurface data collection for 
Case B a.t Oskarshamnsverket are shown in Figure 4.4. Surfsce and 
subsurface relative temperatures coincide at the outlet and in 
the far field, but surface temperatures a1·e higher in the 
intennediate region. The reduction of error with distance is 
seen in plots of vertical temperature distribution. For all 
cases at Oskarshamnsverket the temperatures fax from the outlet 
are uniform over the top meter or two of water. 

Subsurface temperature measurement causes errors in relative 
tempere.ture in four ways , in the neer and far fields and depending 
on initial temperature distribution. Recall the definition of 
relative temperature T = (T5 -Ta}/(Tri-Ta). First, if the outlet 
temperature distribution is uniform, then only T8 is a.ffected by 
subsurface measurement. In th&-near field measured temperatures 
are too small due to gradients near the surface, and reported 
values of T are too small. For example, if T~ is 1 °c too low at 
the, 7°c isotherm and the plant temperature r1se is 10°c, then T 
is mee.sured as 0,6 instead of the correct 0.7. In the far field 
the gradients in the top meter vanish, and T is correctly measured. 
A second ca.se is for non-uniform outlet temperature distribution, 
such as at Oske.rshamnsverket or deep channel dische.rges. Tempera­
tures T8 and Th are both measu:red incorrectly, and errors in T 
can be in either direction. Very near the source errors are small 
because T approaches 1.0 as it should. In some intermediate range 
errors of one type e.re seen. For example, if both T

6 
and Th are 

too low by 1°c (At = 10°c), then the T = 0,7 isotherm. would be 



.. ,, ., 

·r 
•·· .· . ... 

: ·,· 



SMHI 

1.0 
111 « :,.-... 
< 
QC ., 
li, 
:z 
l&.I ... 
111 
> .:: -c 0.l 

i 

2 
AREA WITHIN l$OTH.ERM ( l'.m) 

e OAfA AT O,Sm OEPTtt 

.. EXfRAPOt.Arfo tO SURFACf' 

.A)(IAL OtSTAKCE' { 111) 

tOO !000 10.000 
' E i i I f t 

OSKARSHAMNSVERKET 3 OCT 1972 A..M. 

l 

Figure 4.4 Effects of subsurtace data oollection, 
/ 

Case B 

68 





SMiiI 69 

measured as T = 0,67 , But nea.rer tbe far field only the source 
temperature would be in error. If 'l!h for the 2°c isotherm is 1°c 
too low but T

5 
is correct, then the! measured value of relative 

temperature is T = 0 , 22, an error c1f opposite sign. As we go from 
the source to the far field, relative temperature ;is correct, 
then too low, then too high. WhetheT initial temperature is 
uniform or with ver-tical gradienta 1 calcula.tions of relative 
temi~rature must be presented with caution. 

The trend o:f subsurfe.ce measurement. e:rrors is shown, but not 
their magnitude. The size of error depends very much on pl ume 
~er thicknes s , which in turn depends etrongly on outlet Froude 
number. The best data availa.ble a.re from Oskarsbamnsverket, vhich 
opera.tes in a limited range of Froude nwnber. Data have been 
collected at Oskarshamnsverket by personnel from S.M.H.I. and 
Che.lmerg Tekniska Högskole.. The S • .M.H.I. data selected for this 
purpose were taken on nine occasions in 1972, approximately 
corresponding to Cases A to H. The Chalmers data were tak.en 
du.ring five deys in the first veek of October 1972. 

Again using linea.r or hand-drawn- extrapolations~ results for 
in~ced error are shown in Figure 4.5. Absolute and fractional 
excess temperature errors a.re plotted against dista.nce from the 
sou.rce ( radial distance, because most data points a.re not on 
plume cente:rlines). ln eveey ca.se the surface tell:l.peratures are 
higher than or aqual to the tempere.tures a.t O. 5 m depth. It is 
seen that e.t Oskarshamnsverket absolute erro1·s are generally­
limi ted to i.5°c, and to o.6°c for dista.nces ~eater than 400 m 
from the source. The median error is only 0,3 C, but tbat 
calcul.ation includes much data of zero error in the far tield. 
Approxim6.te limits to fractional error are 45 % up to 500 m and 
16 % beyond that. The results shown are for errors in the 
nmnerator o~ the expression for relative temperaturet and errors 
in T depend further on errors of source temperature. 

For Case B at Oskarshemnsverket the numerical mod.el estimates 
of subsurface data collection error a.re also shovn in Figure 4.5. 
The order of magnitude of numerical model esti.tnates is the same 
as for the field data, but the trend is significantly different. 
In the far field the numerical model predicts la....-ger errors 
beca.use of reduced la.yer thicknese and tell\p'eratur e level. The 
:prototype data sh0",1 a more uniform leyer tar from the source. 
Thus it is recommended that numerical medel results alveys be 
presented for surface tem.peratures. If ad.justment for subsurface 
measurement must be ma.de, let the field data be adjusted upwa.rd 
to the surfa.ce, not the numerica.1 mödel results downward to t he 
0.5 m level. 

The numerical. medel also shows that errors are reduced by in­
cr~asing FroudP. number. This is expected, and is verified by one 
set of data fora nearly neutrally buoyant plume, for vhich 
a.lmost no error is found (Oskarsh8l!lllsverket, 18 January 1973·, . 
6p/p = 0,3 X 10-3 ). 

Li.mited data are availa.ble for the hyd.raulic model of Oska.rshamns­
verket . The hydra.ulic mod.el generally exhibits plumea that are 
relative.ly too thin, and errors a.re larger than are seen in 
field data. The hyd.rau.lic model a.lso verifies that errors ere 
reduced by increasing Froude number. 
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CHAPTER 5, CONCLUSIONS 

5,1 Direct model application 

Subject to the conditions explained below, the Prych (1972) 
numerical mod.el for surface discharge of heated water is veri­
fied for prediction of tem.peratures near proposed power plants. 
That tb.is conclusion not be presented by edict, recall the de­
finition~ verification as a check or test of accuracy, not 
necesaarily a substantiation of absolute precision. 

An advantsge of the numerical model is presentation of much more 
temperature information than other phenomenological, a.nalytical, 
or laborat-0ry models. Separation of the effects of various 
dilution mechanisms is not always distinct, due to numerical 
co:mplexity, but output is given for f'ull-field tempere.tures and 
for lll8D.Y internal parameters such as heat content, local 
Richardson number, etc. 

The model ca.n be directly applied to discharge situations with 
low outlet Froude number, limited coastal cousträint~ and deep 
receiving water. Prediction errors ma:y be significa.nt, but no 
syste:matic bias is introauced by low Froude numher. For the field 
data considered~ predicted temperatures are both too high .and 
too low. It is suspected that the model perform:s better a.t high 
Froude numbers, but this is not yet verified with field data. 
As outlet Froude number is increased the leyer thickness is in­
creased, and finding situations not restricted by shallow re­
ceiving water is more difficult. Applicable ra.nges of other 
dimensionless input parameter!:.i are larger. Although numerical 
difficulties are scmetimes encountered for zero ambient current 
the mod.el is verified for ambient currents up to 60 % of outlet 
velocity. Data. for varying discharge angle is sparse, but the 
model has been applied to field situations with angles of 39° 
to 90°, and to a la.bors.tory situation of o0 angle. Aspect ratios 
of 2 to 21 are correctly modeled. lnclusion of receiving water 
diffusion isa feature not found in most other discharge models. 
Diffusion is not verified with field data beca.use such data are 
not general.ly available, but the effects of diffusion are veri­
fied fora laboratory situation. 

The overall accura.cy of the numerical medel is only fait- 9 but for 
the data considered it is better thsn for other models. Compe.rison 
of a.ccuracy witb the model's precursor by Stolzenba.cb and Harleman 
(1971) has not been ma.de. Fit with ten sets of field data ranges 
fran very good to poor. Prediction of plume axis tempera.tures is 
better tban for characteristic widths. Absolute plume width 
predictions are usually too large, sometimes larger than center­
line length,. which isa. theoretical limit for lov Froude number. 
Predictions ,of layer depth a.nd trajectory a.re rea.sonably good. 
Layer depth does not va:ry much over the l.ength of the pl urne, · and 
fleld data correlation is canplicated by non-preserving vertical 
temperature distributions. Surface areas within isotherms are 
modeled no better tha.n witb a simple phenanenological modelt 
e.lthough differences between the two e..re not large. 

Sources of prediction errors are not conf'idently known. Predictive 
uncertainty is larger than the uncertainty expected from incorrect 
choice of embient temperc.ture :t subsurf:9.ce measurement, or incorrect 
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specification of input parameters. No correlation is found between 
sign or magnitude of prediction error and any available discharge 
or hydrological parBllltter.. Prych ( 1972) concludes that the prin­
ciple modellimitation is exclusion of coa.stal effects. Coastal 
effects probably do not account for .prediction errors measured 
for several situations at Oskarshamnsverket, a Swedish coastal 
power plant, Ad.di tional unc:ertainty may be due to inconsistency 
of vertical and horizontal temperature profiles, and to time­
va.rying eni.bient conditions . 

Awey fran the natural coastline the numerical model gives better 
temperature predictions than bydraulic modela. In order to 
preserve the topographical advantages of bydrau.l.ic medels and 
the far field superiority of the numerical medel, a scheme for 
interfacing these two pred.icti ve niethods has been presented. 
The scheme also circunxvents problems of oversimplification of 
the initilll mixing zone, an admitted shortcoming of the num.erical 
medel. Limited verification is very encouragiog. 

5.2 Comparative model application 

The numerical medel can be used more confidently for relative or 
canparative predictions tban for direct application. This con­
clusion is not unique to the model, but isa consequence of the 
sources of' preclictive errors. Receiving water lim.i tati ons of 
coastal constro.int, non-uniform temperature distributions, and 
time-varying conditions act equa.lly on tbe plune for different 
val ues of input pa.ramet·ers . As for direct application , the model 
pr ovi.des more output in.formation than most other medel&. 

The general dische.rge situation is described by the dimensionless 
independent variables of ambient current ratio R, discharge angle 
0, outlet aspect ratio A, outlet Froude number F0 , diffusion 
ra.tio E, and axial distance s/R • The response of the numerical 
model ta cha.nges of these va.ria.€1es campares vecy ,-1ell te a power 
law model determined from field and laborato1-y data. Quantitative 
results for such changes have been presented for a.n idealized 
power p~ant. 

The response of dimensionless plume axis tek;~ra.ture T to distance 
s/H0 compares well with data except at the end of the jet cor e, 
or initial mixing zone. Responses of T to A, F0 , and E are 
suitable for power law description and fit available data. 
Responses of T to Rand 0 are less regula.r. Temperature T does 
not ;depend strongly on R for R < 0.1. The bebevior of plume 
width E/H0 with respect to Froude number F0 follows data very 
well, but the effects of all other varia.bles on B/H0 e.re incon­
sis~ent. This does not mean that the relative predictions are 
wrong, but tba.t they do not fit a. power law description and thus 
are not verified with field data.. 'l'he canparative beha.vior of· 
layer depth H/H

0 
with respect to F0 e.nd A is predictable, but 

data. are not available for verifi cation. Response of axis 
trajectory location Y/H0 to R matches laboratory data. but not 
field data. Dependence of Y/H0 on s/H0 and 0 coincides ~ith 
both de.ta sources. Dependencics on A e.nd F

0 
are inconsistent. 

Reported power lew scaling should not be substituted for program 
operation at particular sites . 



·,: , 
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With special exclusions explained earlier in the report, the 
lltodel is senerally verified for compa.rative application for 
0.05 ~ R S 1.0, 20° ~ 0 ~ 100°, l SA~ 10, 1 < Fo ~ 20, 
O.l SE~ 1.5, and OS s/H0 • 

Based on data fora sing1e situation the numerica1 model pro­
vides better comparative predictions than hydraulic models. The 
uniformity of nwnericel prediciions eliminates inconeistencies 
in the laboratory mod.el data consi dered. 
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aspect ratio = 2B0 /H0 
surface area enclosed within isotherm 
che.ractcristic plume half width 
outlet width 
dr~ coeffi cient 
shear coefficient 
channel flow depth 
diffusion ratio = €H/u0 H0 
entrainment coefficient 6 outlet Froude number = u /(flP- g H )l/2 

0 O 0 
acceleration of gravi ty 
characteristic layer thickness 
outlet depth 
atmospheric heat transfer coefficient 
ms.ss flow within plume region 
outlet flow 
current ratio = V/u0 
distance along jet a.xis 
initial ione length 
max:unum integration step size 
relative temperature = (T8 -T8 )/{Th-T8 ) 

ambient temperatu.re 
outlet tempera~ure 
temperature on jet ax.is 
plant te~perature rise = ~-Ta 
outlet velocity 
cha.nnel shear velocity 
smbient velocity 
wind speed 
coordinate in ambient cUlTent direction 
offshore coordinate. perpendi cular to x 
vertical coordinate 
horizontal diffusion coefficient 
vertical diffusion coefficient 
angle between outlet and ambient velocities 
kinematic viscosity of water 
density of water 
outlet densi~y d.ifference 
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