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ABSTRACT

Reported are diverse efforts to verify, or test the accuracy of,
& numerical model for thermal pollution predictions. The model,
developed by Prych (1972) at S.M.H.I.,is an integral analysis of
a buocyant, tuwrbulent surface jet. The program is slightly revised,
and effects of the changes are presented.

Numericel model results are compared directly with ten prototype
situations: eight sets of datas from a Swedish power station on
the coast of the Baltic Sea, and deta from two power plants on
Leke Michigan in the United States. 4 few direct comparisons are
made with a laboratory model of the Swedish plent and with
lzboratory data for momentumless surfece jets. To minimize
coastal effects, a scheme is presented for interfacing the
numerical model with undistorted laboratory model results.

The discharge situation is described nondimensionally, and
numericel experiments are made to determine the sensitivities

of jet temperatures to input variables. Results are compared
with phenomenological and wnalytical models. In addition to

the main verification effort, investigations are made concerning
methods of field data collection.

Conclusions are presented for direct appllcatlon and for relative
or comperative use of the numerical model. '
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CHAPTER 1. INTRCDUCTION
1.1 Thermal pollution prediction methods

It is convenient to conslder mixing of heated surface jets in
terms of four overlapping mixing zones., These zones represent
regions where certain mechanisms dominate dilution of temperature:
1. momentum zone, vhere jet excess velocity determines
mixing
2. buoyancy zone, producing latersl spreading and vertical
stability
3. turbulence zone, where ambient turbulence induces
vertical and horizontal mixing
L. heat loss zone, where temperature is lost by atmospheric
heat transfer.
Many prototype situations exhibit all of these, in complicated
overlapping regions.

Presently prediction of prototype temperatures can follow several
directions, and these will be discussed with reference to the
above mixing zones. The first prediction scheme is the phencme-
nological model. Dimensional analysis is generally used to
present thermal plume dependent variables (e.g. axial temperature,
plume surface width, centerline layer thickness, heated surface
ares. &5 functions of outlet and hydrological variebles. The
functional forms are then approximated by comparison with
laboratory and prototype data. Phenomenological models 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 1s that they cannct confidently be
extrapolated beyond existing power plent sizes, and many plants
now being designed are much larger than operating plants.

The second prediction scheme involves use of laboratory end
prototype dats, patching together results for specilal situations
and producing a complete plume prediction. The method is
especially useful where the mixing zones are easily separated,
or where one cr more mechanisms can be ignored., For example,

the region nearest & power plant outlet might be considered as
a momentum jet in a cross flow, for which results are available.
Plume spreading might be included as independent of ambient
current, for which laboratory results are also available. At
some p01nt oneé would then assume that momentum is no longer
important, and further prediction could be based on interaction
of buoyancy and turbulence. Results are also available for this
regime. In this way the plume is completely described. However,
errors propagate from stage to stage. Recent analytical work
has attempted to include more of the mixing mechanisms simul-
tanecusly.

The third predictive method is use of hydraulic, or laboratory,
models. Many of these wodels are distorted, and all are subject
to theoretical objections concerning the turbulent mixing zone,
although the wmomentum and buoyancy méchanisms can be scaled
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reasonably well. Hydraulic models can provide pictorial details of
plume behavior due to nearshore geography, but cannct be relied
upon for quantitative predictions eXcept in & comparstive sense.
Proper scaling of stmospheric losses depends on correct mabtching
of complicated meteorological parameters in prototype and in the
laboratory. '

The last predictive scheme is of immediate concern, that of
nwmerical modeling. The Prych (1972) computer model includes
temperature dilution due to all four mechanisms. Expressions for
the individual mixing rates are written using fundemental
hydreulics equations and empirical relatiopships. It is hoped
thet ell mechanisms interface properly and that accurcte pre-
dictions can be made for the entire plume region. However, effects
of coastal boundarics cannot be included {although bottom slope
is included by Stolzenbsch and Harleman; 1971}, and effects of
individusl mechanisms are difficult to separate due to numerical
camplexity. If the final predictions are inaccurate it is
difficult to determine the source of the error.

Although all thegse methods have been used to make tenperature
predictions, there exists very little literaturce comparing
predictions and prototype data. In & fevw cases hydraulic model
results are compared with real power plants (Hindley, Miner,
and Cayot; 1971), sometimes determining empirical adjustments
to allow predictions for other plants nearby. Correlation for
numerical models has been limited to comparison with hydraulic
model results (Stolzenbach end Herleman; 1971) and one field
study (Doret, Hsrleman, Ippen, and Pesrce; 1973). It is the goal
of this report to compare predictions using the Prych (1972)
numerical model with selected prototype results. The tern
verification herein shall mean & check or test of the exactness
or accuracy of the numerical model, nct necessarily a confirma-
tion or substentiation of the model's predictive accuracy.

1.2 Program revisions

For the details of the numerical scheame the reader 1s referred
to the original report (Prych; 1972). The numerical model is an

integral analysis of s turbulent, buoyant surface jet into uni-~

form density, uniform current, unbounded receiving water. Smell
integration steps are taken along the jet axis outward from the
gource. A Runge-Kutta numerical technique solves seven
simultaneous eguations for each slice of the plume. Entrainment

is due to jet momentum and ambient turbulence, bucyancy suppresses
vertical mixing and causes lateral spreading due to wave front
motion, plume trajectory is altered by ambient flow momentum and
form and shear drag, and heat is logst to the atmosphere.

A few revisions have been made to the original program. An errate
sheet (dated October 1973, S.M.H.I.) has been distributed to
direct recipients of the original report, and it is not included
here. Aside from typographical errors, changes were made in
choosing some empirical constants and in correcting some alge-
braic mistekes. The différential equation for non-buoyant
horizontsl spreading originally conteined two terms with the
gquantity Ap, plant density difference. Becnuse non~buoyent
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spreading should be independent of Ap, these terms were samewhat
arbitrarily deleted. The effects of all the changes are shown in
Figures 1.1 and 1.2, Using S.M.K.I. terminology the original
computer program was labeled version EAP-1W, and the revised
version is labeled JW-T7. The date for the figures were chosen for
a restricted discharge condition at Oskarshamnsverket, a Swedish
power station, It is seen that the revisions reduce plume widths
slightly, but have little effect on axis temperatures.

Because prototype plumes sre usually asymmetric {increased
lateral spreading on the downstream side), an attempt was made
to alter lateral spreading rates by correction of layer depth
due to axis curvature. Results showed plume asymmetry much less
than is seen in prototype, so the revision was abandoned. The
original report shows acceptable initial angle (between amblent
current and discharge velocity vectcrs) limits of 07 to 180

but the indeterminate nature of mixing of directly opposed
currents lnmlts practical use of the program to an approximste
range of 0% to lOOO
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CHAPTER 2. DIRECT DATA COMPARISONS
2.1 Power plant site descriptions

To completely compare numerical model results with prototype
situations, data are needed from many power plants encompassing
ranges of all important independent variables. Unfortunately this
is not possible. The numerical model can be used only for surface
discharges. Often discharge sites are in areas of complicated
nearby geogrephy, and many situations show inhibited vertical
mixing due to shallow water depth. Published data for coms
locations sre incomplete, reporting isotherms and flow rate
without discharge structure dimensions.

The principal power plant used for verification is Oskarshamns-
verket, on the southeast coast of Sweden. It i1s chosen because
it has a surface discharge, receiving waters are relatively deep,
geographic cbstructions are few, and there exists a large body
of temperature dats teaken during normal plant operation,
Qualifications to model application are that the heated water
plunes sometimes interfere with the natural coastline, ambient
currents sometimes vary during data collection periods, and the
discharge conditions are not precisely known. Oskarshamnsverket
operates at a maximum power level of L60 MWE, constant flow rate
of 22 m /s, and temperafure increase of approximately 10°C. The
plant discharge is intc an inlet called Hamnef jérden, approxi-
metely 1200 m by 100 m, with & 3 m s5ill located 200 m from the .
sca. 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 typigal salinities of 7-8 o/oo and
arbient temperatures of 0-207C. There exists a weak 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 are up to 10 cm/s and usually parallel o
the coastline, which runs northeast-southwest (33 COmpass
heading). All temperature data are taken from monthly surveys
during 1972 by S8,M.H.I. During the sumer months the plant was
not in operation, and midwinter data is not reported because the
heated plumes had negative buoyancy. Eight situations are

compared. Prototype conditions are shown in Table 2.1.

In sddition to Oskarshamnsverket, data are compared at two power
plants on the western shore of Lake Michigan in the United States.
One situation is et Point Beach Power Plant, Wisconsin on

20 July 1971. Data are from Frigo end Frye (1972, p. 66). Point
Beach Power Plant operates at 480 MWE, 25.0 m3/s, through &
discharge channel 10.7 m wide by 4.21 m deep. The second si._ation
is at Waukegan Power Plant, Illinois on 12 August 1970. Data are
from Tokar (1971, p. 6h). Waukegan Power Plant operates at 970 MWE
4o m /s, through a natursl channel. Prototype conditions for these
two plants are also shown in Table 2.1.

Special discharge conditions at Oskarshamnsverket snd Waukegan
Power Plant dictated numerical model input values different from
operating values. These will be explained below.






Case |Location Date Time Currents Ambient
(m/s) temperature ()

A Oskarshamn 3 May 1972 09.00-13.00 |0.091 5W 6.5

B " 3 October 1972 [08.30-13.00 {0.033 NE |[11.5

C " 3 October 1972 115.30-16.40 {0.105 NE }il.5

D " 4 October 1972 [06.20-11.30 {0.07 HWE 111.5

E " L October 1972 }12.25-17.10 j0.07 NE [11.5

F " 5 QOctober 1972 :0T7.25-11.00 {0.03 NE 1{11.5

G " 1l November 1972 [10.0C-1k.30 10.075 SE 7.0

H " 20 December 1972 08.45-13.00 |0.04 SSE | U,5
I Point Beach {20 July 1971 16.32-18.05 {0.0915 N 12.7

J Waukegan 12 August 1970 12.00-13,57 10.18 & 23.5

Teble 2.1. Prototype data situstions

2.2 Data presenteabion

The numerical model input date for all ten cases (lsbeled A-J)

are shown in Table 2.2. The symbols used sre the same ag those
used by Prych (1972) wherever possible. Receiving water conditions
are described by ambient current magnitude V, wind speed W, angle
between discharge and ambient velocities 0, water density p, and
temperature T,. Discharge dimensions are total width 2B, and
depth H,. Power plant operation is described by heated water flow
Qgs cutlet velocity u,, outlet temperature rise AT, outlet density
decresse Ap, and initial Froude mumber Fo = uy/(H, g 8p/p)t/2.
Temperatures are reported as sxis temperature T,, relative
temperature T = (TS«T&HAT, and axial distance s. Trajectory is
reported as axis lccation y vs. x, distance in the direction of
the ambient current {(y perpendicular to x).

In addition to discharge guantities, several other coefficients
are required for the numerical model. A value of k = 0.00001 m/s
is used for etmospherie cooling, and the suggested values of 0.1,
0.2, 0.5, 1.0, and 1.0 are used for entraimment, form drag, shear
dreg, horizontsl mixing, and vertical mixing coefficients.

‘The numerical model input parameters have been adjusted to reflect

mixing inside Hamnefljdrden. Actual plant outlet dimensions are
unimportant beceuse much of the discharge Jjet 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 topographic charts the discharge velocity is
directed at an angle of 104° from north. Thus for nerth-{lowing
currents parallel to the coast the initial discharge angle is

0 = 71°. From detailed measurements of flow in the inlet

(Chepter 4) it is mssumed 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 computer input density difference Ap is 0.66 times the plant
density difference, and the input flow is 1/0.66 times the plant
flow, or Qg = 33.L4 m3/s. Data for inlet velocities were not teken
during every field situstion, but the evidence is that the overall
dilution of 0.66 was more consistently reproduced than the dilu-
tion of surface temperature. For this reason the initial tempera-






SeHT 8

Iaput ‘ Casge

paremeter i B C ) o F G " I J
Moath Mey Oct  Oct Oet  Oct  Oct- Noev  Dee  July Aug
V direction 8w NE NB e NE NE - S8 . S5E N 8

v {m/s) 0.091 0.033 0.105 0.07 0.0f 0.03 0.075 0.04 0.092 0.18
V/iu, 0.52 0.19 0.59 0.4 G.b  0.17 0.2 0.2h 0.16 0.12
I Girection NE 888 8 8SW  WeW  8W &Y CEL A E

b7 (w/s) ! 2 h-3 8 5-6 46 5-7 5-6 6.5 3
v (%) 2.3 1.7 2.3 09 1.3 0.6 1.3 0.T 1.b4 5.8
Pover (MHE) bi5 k50 k50 SO0 k50 bso b60 6O W80 970
G, (®/s) 33,4 33.B 33.% 334  33.L 33,k 33, 33.h 25.0 53.
v, (n/s) 0.18 0.18 0.18 0.18 0.18 0,18 0.18 0.18 0.56 1.by
5330 {in) 63.0 &3.0 63.0 63.0 63.0 63.0 63.0 63.0 10.T 25.0
S () 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 h,2 1.ks
o (°) 9t 1 71 o m om 11 3% 56 7 90
L (%) 1.5 5.5 k5 6.0 55 ko ko 5.0 8.8 7.0
Ap (ke/md) 0.76 1.0 1.0 0.6 0.97 1.02 0.61 0.7 1.53 1.92
8 1.18  1.03 1.03 1,05 1.05 1.02 1.32 1.51L 2.22 8.9
| Correlation Goudness of fit 2

T vg, distance j—,0 0 - % Q,+ - - 0+ - -

i? 3. area -,0 O - 0,* Q,+ - - 0,%+ - -
Trajectory o] - % -, + + 0 - + +
Cverall good good poor fair fair fair fair good fair  poor

. N o .
1) Adjusted to 207 for pumerical model,

2) Plus () values indicate numerical model temperatures
exceeding Tield wvalues, minus (~) values the opposite.
When two velues are given, the plotted results cross.
Plus trajectory valves indicate model plumes becoming
parallel t. ambient current more rapidly than in the
field.

Table 2.2. Correlation of results with ocesanographic parameters
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ture differences in the numerical model were taken &8 the measured
temperature differences irom the field data. This implies that the
temperature distributiop at the inlet mouth was inconsistent from
case to case, which was seen in the data. Details of the inlet
velocity and temperature distributions show a constent initial
depth of 3.0 m, which matcheg the sill depth. Data taken by
Chalmers Tekniska Hégskols indiceate significent mixing between

the 8ill end the inlet mouth. With the flow Gy end depth H, fixed,
a continuity caleuletion waz used to fix the effective initial
width at 2By = 63.0 m. The difficulty with such calculationa is
that they somewhat arbitrarily determine the initial Froude
number. If Q,, 2B,, and H, are constant, then velocmty’uo is
constant, and Froude number changes cnly through variation of

Ap. Physically it is more likely that the inlet geography
determines the Froude number, and overall mixing rate adjusts
itgelf to maintein that Froude number, Numerical experiments

were made to determine model sensitivity to initial conditions,
and results will be reported later.

Outlet conditions at Point Beach Power Plant are well defined,
&s reported in Table 2,2. At Waukegan Power Plant the outlet
temperature was lower than the plant discherge tempersture,
spparently because of m1x1ﬁg in the outlet channel. For this
reason the 1n1t1a¢ flow is adjusted from Qy = 49 0 m3fs to
Qo = $3.2 m3/s. By approximate measurcment 2By = 25.0 m, From
conservation of initial momentum the flow depth is H = 1 hs 119

For all ten cases the direct comparisons between numerical model
results and field data are shown in Figures 2.1-2.20. The first
figure for each cage compares measured and modeled isotherms.
Cecasionally chenging corditions would contort field trajectories,
Numerical model isctherms can overlep the shoreline because the
model receiving water is unbounded. For each case the second
figure compares relative temperature vs. area enclosed within
that isothem end relative temperature ve. distence along the
plume exis. Wote that relative temperature refers te¢ temperatures
in excess of velues &t the inlet mouth, not the plant outlet.
These wvalues of field data should not be used to study the
Oskarshamnsverket situation without adjustment for inlet mixing.
For this reason values of &' in Teble 2.2 are lower than actual
plant temperature differences.
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2.3 Correlation with input parameters

It is seen that the accuracy of the numerical model ranges from
very good (Case B) to poor (Case C). In Cases I and J it is
suspected . that the prototype plumes are attached to the bottam.
Numerical model layer depth predictions (v2 H vs. s) show that
layer thickness exceeds lake depth in both cases. Thus prototype
vertical mixing is inhibited, and temperature predictions are
too low. This is especially true for Case J, where high initial
Froude number produces greater layer thickness. The model's
utility is somewhat limited at high Froude number if nearshore
weters are not deep. Inhibited vertical mixing eliminates the
only two situations not at Oskarshamnsverket, and the ranges of
correlation variables, especially Froude number, are much reduced,

In order to investigate the effects of oceanogrephic parameters
on prediction trends, correlations are listed at the bottom of
Table 2.2. The accuracy of numericasl prediction is subjectively
evaluated for each case, judging results for relative temperature
vs. enclosed area, relative temperature vs, distance, traaectory,
and overall fit. The trends of predictive error (-,0, or + in
the teble) are then compared to each of the entries in the top
part of the table. For example, does the model comsistently
underestimate temperature vs. distence for high or low ambient
current, or for offshore winds, or at higher Froude number?
Every pogsible such pairing was observed, with no significant
correlation found. Thus predictive inaccuracy csannot be reliably
correlated with sny of the listed cceanographic or input param~
eters, within the ranges available. Admittedly, the range of
Froude number is limited, as is expected for a 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. Gocd data sre not available for high Froude
nurbers.

One correlaticn to be found in Table 2.2 is between tempersture
errcr vs. distance and temperature error vs. area, but this is
cbvious because the two are interdependent. Another correlation
is found between temperature error and trajectory error. When

- numerical model temperatures are too low, predicted plumes tend
to become parsllel to the ambient current too quickly. This is
due to increased momentum in the smbient current direction due
to increased entrainment for mixing. Indication that predicted
plumes overlap coastal boundaries cannst be correlated with
temperature error.

All such correlaticns were mede subjectively, reasoning that for
only ten situations the trends sought could be seen by direct
comparison. Rether than stetistically correlate =1l the predictive
errors with input parameters, the comparative results are presented
directly, leaving to the reader's Iw3c-ent the determination of’
"securacy” according to his own intuition. Predictions are pres—
ented without limits or error bands because the ranges of input-
variables are too small to allow use of such confidence 1ntervals
in other situations.

Predictive inaccuracies for the cases presented are apparently
due to effects not included in simple hydrological description
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of the ten situations. The question then arises as to whether
errors are due Lo true model inaccuracy or imprecise description
of input variables. This is especially important at Oskarshamns-
verket, where the input conditions are not well known. In order
to test the sensitivity of temperature errors to chosen values
of input variables, some pumerical experiments were made. For
Case A the model input was adjusted for three different values
of H, (2.5, 3.0, and 4.0 m). Discharge velocity, Froude number,
and heat output were kopt constant, adjusting Q, and Ap for
different degrees of mixing in Hamnefjirden. Model results for
the three cases are shown in Figure 2.21, along with field dats.
- Two other variations were tested, one by changing Hy and Fy for
constant dilution in the inlet, and the other by changing only
Ap. Model temperature sensitivities 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 imprecise deseripticn 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 vertical 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 availeble for comparison. A distorted hydraulic model of the
Oskarshamnsverket area has been built end operated at Chalmers
Tekniska HOgskola, Gdteborg, horizontal scale 1:400 and vertical
scale 1:50. Results presented are by private communication from
Chalmers,

The model situations’ agplicable to prototype comparison are for
discharge flow of 22 w’/s, ambient currents parallel to the
coastline (north end south) at 5~10 am/s. Different velues of 4p
were tested. Modnl surface temperatures for south-~flowing current,
Ap = 1.0 kg/m3 are compared to Case A, as shown on Figure 2.2.

See Chapter h for a discussion of measurement of temperature at
the surface and at 0.5 m depth. Temperstures were normalized with
“temperatures at the mouth of Hamnefjérden. Thus in Pigure 2.2 the
highest relative temperature is 0.76, although the data were taken
from areas and distances to the 0.5 isotherm relative to the plant
discharge temperature.

Model results for north-flowing current, 5-10 em/s, surface tempe-
ratures arc shown in Figures 2.6, 2.8, aand 2,10 for Cases C, D,
and E. Model results are adjusted in two ways. First, temperatures
are normalized with temperatures at the mouth of the inlet.

Second, results are averaged between results for Ap = 1.0 kg/n
and Ap = 2.0 kg/m at the plant outlet. The resuiting effectlve
density difference is Ap = ((1.0+2.0)/2) x 0.66 = 0.99 kg/m>.

This best matches protctype values of 1.0, 0.96, and 0.97 kg/mB.
Hydraulic model correlation is not generelly as good as numerical
model correlation, pertly because hydraulic model condi~

tions do not exactly metch prototype conditions.
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2.5 Open channel mixing data

One feature contained in the Prych (1972) model that is not
included in the Stolzenbach and Harlemen (1971) model is mixing
due to ambient turbulence, or turbulent diffusion. In order to
verify the model 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 hested
water is injected through a semi-circular nozzle at the surface of
s channel flow. The jet veloecity 1s parallel and egqual to the
local channel velocity. Downstream mixing is due to interaction
between jet buoyancy and ambient turbulence. Weil's results for
two laborstory runs are shown in Figure 2.22. The flow condi-
tlons for Runs 23 och 48 in the flgure are density difference

= 1.9 kg/m3, velocity u, = V = 30.5 cm/s, depth of flow d =
= 12 T em, equivalent jet dlameter = 1.35 em, and Darcy-
Weisbach friction factors = 0.022 and 0.070. The numerical
model wag run for the same conditions, assuming & model scale
of 1:100 for numerical purposes. The undistorted scaling does
not affect the results. The semi-circular nczzle is scaled as
e rectangle with the same width and cutlet ares. The numerical
model has no difficulties in running when the discharge and
ambient velocities are equal.

A measured value of horizontal diffusion coefficient is used in
the model, calculated from ey = 0.027 w,d, in which ey = horizon-
tal diffusion coefficient and u, = channel shear veloecity. The
vertical diffusion coefficient ey is taken as one fourth of €Y»
as calculation of ey using & Karman similarity profile yields a
coefficient that seems unreasonably large. 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 model runs, in terms of axis temperature
vs. downstreaum distance, are shown in Figure 2,22, The model
slightly coverestimates the relative importance of friction
factor, but the overall correlation is good.

The same laboratory experiments show independence of relative
temperature and initial density difference. This conclusion is
confirmed by the numericsl model, as shown in the second graph
of Figure 2.22. The computer model was run three times for
identieal input conditions except density difference Ap, The
temperature results for the various values of Ap are indistin-
guisheble.

2.6 Interfacing with undistorted hydraulic models

In principle the numerical model inecludes the effects of all four
mixing zones described in Chapter 1.1. However, Prych (1972)
cautions that the biggest shortcoming of the model is exclusion
cf the effects of coastal boundaries. It is proposed that the
numerical model can be used in conjunction with results from
undistorted hydreulic 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 interfacing .istorted model results with anslytical
methods, but does not include all mixing mechanicms.

An undistorted hydraulic Lel correctly scales the effects of
jet momentum and bufﬁszcy. neluding their interaction with
nearby coastal features (in terms of constraint and separation,
if not boundary fricticn). The hydraulic model does not properly
reproduce turbulest mixinzg, and con scale atmospheric heat loss
only by careful manipulation of laborastory air corditions. It ig
proposed that undistorted model results can be used out to &
point where the plume is entirely separated from the shoreline
end ses bed, but the funcitional forms of pluse temperature and
velceity are still reasonsbly well defined. Meassurements at that
point, herein caliled the interface, can be used as input to the
numerical model., The numerical model retains what momentum and
bucyancy are left, then properly includes turbulence and atmo-
gspheriec losses into the far field.

It is difficult to verify this concept because few undistorted
models are large enouzh to extend into the far field, and
hydraulic models are theiselves unverified with respect to
prototype temperature dava. However, the approach was applied
to & special situstion at a 1:75 model of the proposed Forsmark
Power Plant on the northeast coast of Sweden. The situation
chosen is Experiment Nr 19G in a report of mod 1 rnsults by
Statens Vettenfallsverk (1972), in which 200 m3/s of 10°C
temperature rise cooling water is discharged through an open
channel into Uregrundsgrepen, & wide channel in the Baltic Sea.
The discharge chamnel depth is 2.3 m, with discharge veloecity
of 2.0 m/s. There ig an smbient current of 10 cm/s nearly
pexrpendiculey to th~ outlet. Model temperstures for 0.5 m depth
are shown in Figure 2.23.

The 6°C isotherm on the plume axis is chosen as the interface,

a location 20 wm from the outlet. At that section the charscter—
istic width of the plume is (u51n“ Prych's tarmlnology) 2B =

= 188 m, and the charscterigtic layer depth is H = 5.15 m. The
trajectory angle is 8 = 1eo°n Podel velocities were not measuread,
but total flow @ can te calculated from the isotherm value. Using
equation (10} from Prych (1972) and assuning no stmosrheric
losses near the plant, ¢ = 20./T = (2)(200)/0.6 = 667 m®/5. Thic
ig now enough information to run the numerical model for the
continuing hydrsulic model situation. For a laboratory model it
is suggested that diffusion coefficients be set at zero, but
measured values could b used for prototype pred 1ctions.

Results from the nuzerical model are shown in Figures 2.2k and
2.25, starting both at the outl@m and at the interface. The
improvement by starting at the 6°C isotherm is cbvicus and not
unexpected. It appears that the najor source of numerical model
error comes in the early stages of mixing. Actually, for the case
considered, much the same results could be obtained by merely ‘
moving the numerical results for outlet conditions so that the
6°¢ point coincides with the field data. This type of curve-
fitting should be aveoided, but the example shows that beyond the
interface mixing proceeds nearly independent of the dilution at
that point. The hydraulic model results do not extend far enough
to adequately describe the far field, stopping at the 3 C iso-
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therm. Results for plume trajectory show less marked improvement
hy starting at the interface. Because axis curvature is still
less than in the hydraulic model, perhaps the numerical mgdel
wguld tend to underestimate far field mixing nearer the 2 C and
17C isotherms. The same effect would be noticed if hydraulic
model mixing due to embient turbulence were significant.
Alternately, trajectery errors could be due to hydraulic model
imprecision of current direction or persistent cocastal effects
on ambient current.
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CHAPTER 3. CHIrARISON WITH OTHER MODELS
3.1 Dimensional analysis

In this chapter numerical model results are compared with results
from phencmernclogical and selected analytical models. In order to
account for all important input variebles, the discharge situa-
tion is described nondimensionally. As seen in Figure 3.1, the
four thermal plume dependent variables are: relative temperature
T = (Tg~Ty}/(Ty~Ty), plume width B, layer depth H, and axis
position Y. In the numerical model the horizontal and vertical
temperature distributions are Geussian, and B and H are defined
as V2 times the standard deviations of those distributions. The
independent varisbles are:

(s, V, Qo, 0, By, Hys P, 8P, v, €, €5 k),

where s = distance along the plume axxs (m} = ambient current
veloc1ty (m/s), Q, = discharge flow (m3/s), @ = discharge angle

(°y, 2B, = outlet width (m), H, = outlet aepth (m) p = amblent

water density (kg/m“)g dlschargc densmty decreage (kg/m ),

v = ambient water kinematlc viscosity (m?/s ), g = acceleraticn

of gravity (m/s?), ey = horizontal aiffusion coaff1c1ent (m2/s),
and k = atmospheric heat loss coefficient (m/s). There are
generally three components to diffusion coefficient, but if

they are proportional a single variable suffices. In presentation
of data the shoreline-parallel ccordinate x is substituted for s
as is convenient. Dependent varisbles T, B and H are best de-
scribed as functions of s, but trajectory Y is most conveniently
given as a function of .

The twelve independent variables contain three physical
dimensions, so we find nine independent dimensionless variables,
Suhstiuuting outlet velocity Y = QO/EBOHO for the flow variable,
the nine dimensionless quantitlies are:

(= b uoll, v 6 2B, e fF k )
] 3 3 k- H ¥ 2 p » 1 2 .
H, p v Y, hO (Qg & Ho)l/z uOHO u

Assume that Ap/p has no effect, by the Boussinesq approximstion.
The third term is recognized as a Reynolds number, and experi-~
mental evidence shows that it is unimportant if the flew is
strongly turbulent. The fourth dimensionless number is a current
ratio R £ V/u,. The sixth term is the aspect ratic of the outlet
A = 2B /Hy. The s event? term is a jet Froude number, written as
Fo 2 uo/((Ap/p g Hy)1/2, The next term is a diffusion ratio

E = eH/uDHO. The diffusion ratic represents the ratio at the
outlet of plume entraimment velocities due to ambient diffusion
and due to jet velocity. FPrych (1973) discusses diffusive
entrainment velocity. Thus we write the functional dependencies
of the plume variables as:

(T, B/H,, H/H,, Y/H,) = £{s/Hy, R, 0, A, Fg, E, k/ug).

The choice of Hy as the distance scaling variable is somewhat
arbitrary, but 1s valid il aspect ratio & is retained.

The effect of heat loss coefficient k/u, cn plume varisbles is
discussed by Prych (1972), and prototype dats are not aveilable
for comparlson, s0 1t is not considered in the following
sections.
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3.2 Power law model

The simplest descriptions of thermal discharge plumes are
phenomenological models. One such model has been presented by
Shirazi (1973). Shirazi writes dimensionless plume parameters
as power law functions of the dimensionless independent varisbles
(x/Hy, R, 6, A, F ). & computer is then used to correlate much
laboratory and field data with temperature results. Calculated
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 varisble sensi-
tivities of predictive schemes such ag the numerical model
presently considered. The Shirazi model should not be applied
to specific design situastions.

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

~-0.360 A0,23h 0.370 6—0.352

T/FO vs. (x/HO)R

2

~0.372'A-0.255 ~0.104
k4

(Bl/leo)/Fo vs. (x/HO)R

(Y/HO)/R‘O'TOT 90'796 vs. x/Ho for laboratory data,

~1.013 A0.0666 P—o.zhsh eo.’{oah

(Y/HO)/FO Vs, x/HO for field data

Plume depth H/H cannot be correlated, and diffusion ratio is not
considered. Shivazi presents the four functions grephically as
hand-drawn curves best representing the many data. Scatter is
large, as is expected for such diverse test conditions, but
trends are well described. The placements of the dimensionless
variables on left or right sides of the functions are not
explained, but are probably chosen for best correlation. For
this reason, data for the numerical model will be presented in
the same way.

It is desired tc perform a series of numerical experiments on the
model to be verified, developing relationships similer tc¢ those
above and calculating power lew coefficients to compare with the
leboratory and field data. Testing of every field condition 1is
impossible. A standard test situation has been designed, and
effects of the dimensionless input parameters are tested singly
arocund the standard values. The standard situation is an
imaginary power plant called SMHIverket. SMHIverket has a dis—
charge flow Qg = 113 z®/s, outlet dimensions 2B, = 21.0 m and
Hy = 7.0 m, gensity difference Ap = 1.5 kg/m®, and discharge
engle © = 907, For scaling purposes the initial temperature
excess is 1.0. Ambient conditions arec current V = 0.G77 wm/s,
heat loss coefficient k = 0.00001 m/s, and horizontal diffusion
ccefficient ey = 1.0 m?/s. In every case the vertical diffusion

" coefficient €y = 0.001 £, Other values internal to the mumerical

model are, as recommendeg ty Prych (1972), entraimment coeffi-
cient E_ = 0.1, drag coefficient Cp = 0.2, shear coefficient

CF = 0.@, maximum step size As = 50.0 m, and initial zone
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