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ILLINOIS FOLLUTION CONTROL BOARD

"IN THE MATTER OF:

)
PROPOSED DETERMINATION OF )
NO SIGNIFICANT ECOLOGICAL ) PCB 78-61
DAMAGE FOR THE QUAD CITIES )
GENERATING STATION, )
COMMONWEALTH EDISON COMPANY. )

MOTION -FOR RECONSIDERATION

CommohWéalth Edison Company, pursuant to Rule 333
Qf the Procedural Rules of this Board, requ2sts reconsidera-
tion of the Board's Interim Order of September 7, 1978
'requiring the filing of a supplementary petition. The re-
quest -is made on the following grounds:
' 1. The consultants repor: establishing the theo-
retical and actual plume dimehsions during all seasons at
VQuad Cities is appended hereto. (Iowa Institute of Hydrau-
lic Research Report No. 204, the University of Iowé, June
1977.) | | | o
2, The essential requirements of Rule 602 are,
however, already met by the petition. They are not, how-
ever, stated in the manner or style to which the Board 1is
accustomed, because the diffuser discharge is of unusgual
design.
The reqguirements of Rule 602(c) (2) and (3) con-

*template the prespntatlon of the kind of plume diagram




which shows a series of concentric isolines on the surface

:,fioftaibbdy of water, together with some indication, by a

’dréWing or in a table, of plume dapths. Two factors make
that kind of theoretical plume study inappropriate for the
Quad Cities staticn.

The first factor results from the fact that the

Quad Cities'discharge comes from a series of individual
disﬁharge ports in two large pipes located along the bottom
of the Missiséippi River. The pipes discharge at high
velocity and the condenser discharge is fully mixed with the
Mississippi River before the plume ever reaches the surface
of the River. As a result, there is no surface plume. Said
another way, fhe size of the worst case plume, if Rule 602
anticipates a surface plume, is zero. Wwhal does appear on
the surface of the River is a fully mixed discharge having
a water temperature which is something higher than ambient;
that "plume", which comprises the river itself, persists for
miles down stream since any further temperature reduction
comes from surface cooling.

7 The second factor is that the discharge from each
exit port comprises a separate plume, spheriod in shape,
until it is fully mixed with the River some numbers of feet
dbwnstream of the port. That. distance depends upon the

volune of water passing over that discharge port. Since the




'pértSJateVZO feéﬁrapart,'é calculation of the size of each
plume depends on the volume of water moving through a
segmént‘of the Mississippi River 20 feet wide above that
digcharge port.

Most theoretical plume studies are mathematically
derived, and they assume fiow rates for the entire body of
water adjacent to the discharge port. Since the plume
calculation of the Quad Cities diffuser is particularly
sensitive to the flow of the River in segments not normally
calculated, because they have dimensions which are difficult
to measure in the real world, one obtains more accurate
predictions by physically modeling the contours of the river
and its total flow rates. Such a physical model was con-
structed for Quad Cities by the Iowa Institute of Hydraulic
Research. The model is equipped with rows of temperature
sensors. The data from those sensors yields a series of
snapshots of the plume from each individual port at a series
of distances downstream from the discharge port. The plume
isolines for Quad Cities are, therefore, presented in the
record in this record as a series of vertical cross-sections
downstream from the diffuser, rather than as a plane view of
the surface of the River with isolines drawn on it. They
appeaf aé'Figures 2 through 4 of Dr. Sayre's testimony. The

‘,W6xst‘Case.plUme/is;described in words on page 25 of the



'Pégiiibng1{hverage and minimum flows for every month are
Shown- on Tablé 3 (p. 21) of the Petition. Using them, one
Vréan'éélculate éverage and worst case plume gize for any
rnonth. |
A diagram of a discharge plume appears as Figure
13 (ps-19) to the Petition. Drawing isolines on an inclined
subsurface plane was not, however, the primary method of
representaﬁion used by the Company's consultants. We trust
that the Board will accept the technical judgment of the
Iowa Institute of Hydraulic Research that the cross-sections
“which comprise Figufes 2 - through 4 of Dr. Sayer's testimony
are a more informative presentation of the data. If it were
traﬁSlated to an inclined plane view, the discharge would
resemble thevteeth of a comb, with each tooth besing the
discharge from a single exit port, as in Figure 13. The
discret nature of the discharges is, of course, the reason
for the extremely large zone of passayge stated in Dr.
Sayer's testimony.
| | ‘These béckground‘facts were made part of record in
the original proceeding relating to the Quad Cities Station,
entitled, Mississippi River Thermal Standards, PCB R70-16,
(1971) and in the Quad Cities Nuclear proceeding under title
B VI, In re Quad Cities Nuclear Generating Station, PCB 71-20,

Zu  ofaér'éxpunged May 3, 1972. Those proceedings are not, of




15é§ui§e;'a;pét£,of'the record in this proceeding, and we
égdléqize‘foi not having incorporated enough of the back-
grouﬁd'dafa to make the present showing fully comprehens-
ible, ' -

Nevertheless, the record does include all of the
required data. The data required by Rule 602 appears in
Table 1 of Professor Sayre's testimony following page 15 of
the transcript. The table shows the river flow required to
achieve the range of fully mixed temperatures shown at the
top of the exhibit. The frequency with which the plume
might be that size or larger is the inverse of the frequen-
cies shown in each column. The range of fully mixed tempera=-
tureé is from 1 to 5 degrees Farenheit above ambient. The
mean temperature increase of Quad Cities .t the surface is
slightly less than 1.6°F.. above ambient, testimony of Dr.
William Sayre, in evidence as Ex. 2, p. 1, following TR p.
15. |

3. | Theyfwo—dimensionél isolines of the plume are
rééresentéd in the series of cross-sections contained in
Figures 2, 3 and 4 of Dr, Sayre's testimony. The theoreti-
cal calculation called for by Rule 602(c) (3) appears in
Figure 5, where the theoretical plume is diagrammed against
- the observed plume. In neither case do these exhibits take

into account variations in ambient water or air temperature.




',:Tﬁéy¢a£e ohiftéd becéﬁse a subsurface plume is unaffected by
'ahﬁieht;air temperature, and the ambient water temperature
brrisbrelévaﬁt only in showi.ig that the 5 degree above ambient

éndfmonthly maximum témperatures are not exceeded. That
‘showing is made by way of the monthly maximum temperatures
at the Quad Cities Station shown in Table 4, on page 23 of
~the Petition. (One - has to read Table 4 against Table 1 of
Dr. Sayre's testimony, which shows tha predicted percentage
of time any combination of plant load and river flow will
exceed the standard stated in Rule 203(1i) (4).)

4. While the Petition only describes in words the
plume size and temperature for the theoretical worst case
temperature result, it also includes in graphic form a
shoﬁing that,temperature’standards were not violated even
under physical conditions worse Ehan those required by the
theoretical worst case analysis.~ Actual river flow condi-
tions in October and November; 1976 were substantially below
fhe once in ten year seven day low flow, and therefore were

worse than the worst case posited by the standards. As

*/

The theoretical worst case, since the plume size is
directly dependent on longitudinal flow rate, assumes
the regulatory low flow, viz.; the once in ten year
seven. day low flow, and the highest ambient temperatures
of record. - The frequency of occurrence of those two
. ‘events:-was calculated in the Missisgippi River Thermal
“Standards proceeding, PCB R-70-16 and is incorporated
- in"‘the excursion clause of Rule 204 [i.e., 3° less
"o than 1% of the hours.]




~},Fig&t§'1s on page 31 of the Petition shows, the plant,

';'6pér§ting,at'full capacity on several days during that
périod, did’not'éxceed the 5 degree above ambient tempera-
ture iimitation. Evidence that the 65 degree standard for
November was not exceeded under those circumstances comes
from Table 4 of the Petition, which shows a maximum observed
temperature of 55 degrees during the 10 years of record for
November at the representative temperature monitoring loca-
tion. Given a maximum increase above ambient of less than
5°, the 65° limit is not violated.

5. Theoretical and observed plume studies made

at Quad Cities bykthe Iowa Institute of Hydraulic Research

under . the supervision of Drs. Kennedy and Sayre are mem-

orialized in its report No. 204, which presents the data at
much greater. length. A copy of that report is appended
hereto; it war referred to, but not incorporated into the
record in tbh. footnote oun page 2 of Dr. Sayre's testimony.

Thus, the Petition and record herein does supply
the data required by Rule 602, in somewhat less convenient
form that it might have. It shows that the Quad Cities
diffuser never violates the State Water Quality Standard,
because the plume is always less than 600 ft. in areal plane
aﬁ ail,flows eqdal to or above the once in ten year seven

day‘low'flow.




,WHEREFOﬁE;,ﬁhé Petitioner respectfully reguests

7 thétkthé'oﬁdefaeniered on September 7, 1978 be reconsidered,
,Aorrtﬁétrthé Board regard the Petition as having been sup-
Vplementedrby the appended exhibit, and by this motion, and

- that the Petition be granted.

ISHAM, LINCOLN & BEALE

By .@M@!%{MW
nyDaniel Feldman

Attorney for Commonwealth
Edison Company.

IS5HAM, LINCOLN.& BEALE
One First National Plaza
‘Suite 4200

-Chicago, Illinois 60603
(312) 786-7500
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ABSTRACT

- The performance of the multiple-port, submerged-jet

diffﬁser'pipe system for discharging heated condenser cooling water

from the 1600 mégawatt Quad Cities Nuclear Power Station into the

Miséissippi River was investigated in a comprehensive set of river

surveys and thermal-hydraulic model studies., The objectives of the

investigation were to: (1) verify that the system was operating i
in. compliance with temperature standards established by lowa and Illinois
regulatory agenéies that apply to the Mississippi River; (2) determine
the river discharge below thch plant load must be curtailed in order

“to remain in compliance with the temperature standards; (3) study the
mi*ing characteristics of single and muitiple submerged jets dis-
charging into shallow, flowing receiving waters; and (4) compare model
and prototype data for the initial mi%ing region close to the diffuser
pipe.

The diffuser-pipe system was found to be in complisnce with
the applicable thermal standards by a comfortable margin during all of
the river survéys. The results of the study indicate that with a minor
:modification in the distribution of the flow from the diffuser ports,
.satisfactory performance in the open-cycle mode can be achieved for
river discharges as low as about 15,000 cfs,

The gross behavior of the jets in the initial mixing region
‘.'Qas found to be in rough accordance with the behavior of a momentum

jet discharging into a quiescent, infinite body of water. The

R mpmenfhm-jet‘type behavior began to break down when the confining

xix




Véffécts of thé fr¢e surface and bottom boundaries came into play.
Bubyan@y effétts only became evident farther downstream in cases where
" the ﬁoﬁentum was largely diffused before complete mixing was achieved.
For the most part, good agrecement was obtained between prototype and
‘model data. Based on the experimental results, dimensionless para-
meters can be used to classify the mixing zone downstream of the diffuser
pipe:intorthree regions; the individnal-jet region, the transition
region'were the jets merged, and a two-dimensional region following
merging of the jets.
Using generalized temperature- and vilocity-distribution
functions for the individual jet region, relationships were derived
for predicting the zones-of-passage, with respect to both cross-sectional
area and flow discharge, for the region of a channel assioned to a
single diffuser port. Predicted, model, and prototype results, which
were found to agree quite well, all indicate that the minimum zones-

of-passage, within which the temperature risec does not exceed 5°F,

occur about six port diameters downstream from the diffuser pipe.
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CHAPTER I

INTRODUCTION

1.1 Waste Heat from Electrical Power Generation

Energy in the form of heat is a by-product of electrical I
power generation. Lacge-scale beneficial use of this energy is not
foresuen in ;he near future; therefore, it is called waste heat.
Conventional steam-elactric generating stations operate at effi-
ciencles of about 40 percent and nuclear stations at about 32
percent. This means that for each kW of electrical energy pro-
duced by a nuclear power station, roughly 2 kW of encrgy in the
form of waste heat arc produced. The ultimate heat sink for this
wastc heat is outer space, Various methods of transmitting the
heat from the condensur cooling water in a plant to the atmosphere
can be used,  The methods can be divided into two groups: once-
through cooling and closed-cycle cooling.

Once-through cooling systems draw the condenser cooling
water from a water body, pass it through the condenser oncec, and
returrn it to the water body. These water bodies include rivers, |

-reservoirs, lakes, and coastal waters., The initial distribution

of the heated water in the water body can be tailored to range
* from strong stratification to nearly complete mixing by using

"various,discharge designs. Stratification is achieved by




dischargingrthe heated water onto the surface of the ambient water
at low velocity. The hot water tends to float on the surface in a
thinrlayer; thus, the heat is more quickly dissipated to the atmos-
pherg. Complete mixing can be approached by discharging the heated

water as high-velocity submerged jets near the bottom of the water

'?;\'  L body. A large volume of ambient water is entrained into the heated
7 jet. Therefore, a high degree of dilution is achieved within a
short distance downstream from the jet discharge. Mixing somewhere
between strong stratification and complete mixing can be achieved

by discharging the hot water at a high velocity through a canal

LY into the ambient water. Shearing force due to the high discharge

velocity causes entrainment of ambient water. Such a discharge
system would both dilute the hot water and dissipate the heat to
- the atmosphere at a reasonable rate.

Closed-cycle cooling systems are designed to transfer
't;w o all of che wasie heat load directly to the atmosphere. Examples
| of such systems are coo:ing towers, cooling ponds, and spray ponds.
Cooling towers are of the following types: mechanical draft wet,
:f;a—- natural draft wet, mechanical draft dry, natural draft dry, and
combination wet and dry. The principal mode of heat transfer
for wet cooling towers is evaporation, while sensible heat transfer
is the principal mode for cooling towers. Although cooling towers
discharge relatively small quantities of waste heat into water

.'bodie54 they consume more water than once-through systems. This




is due to water loss by evaporation and drift. Towers can also pose
fogginy and icing problems under certain climatological conditions,
Eyéporﬂtion and drift loss, as well as fog and ice problems, are

avoided with dry towers; however, their use is limited in this

country due to economic¢ and technological considerations. Cooling
ponds é'rc bodies of water through which the condenser cooling water

rgcirculates. Flow-through times of several days allow the heat to be
dissipated to the atmosphere by radiation, convection, conduction, and

evaporation. Spray ponds discharge the cooling water into the air in

droplets, thereby increasing the evaporation rate.
7 Guidelines for the disposal of waste heat arc determined by
the Eﬁvironmentdl Protection Agency (EPA), as directed by the 1972
amendments to the‘cheral Water Pollution Control Act. It appears
that closed-cycle evaporative cooling processes will become manda-

tory for all plants by 1977 unless, as stated in the 1972 amend-

ments, it can be demonstrated for specific cases that unother type

- of coo]ing process is not ecologically damaging. Such exceptions
are being dealt with by the EPA on a case-by-case basic. Many
po. er companieé are seeking this alternative because open-cycle
"cooling systems are more economical than closed-cycle systems. The
present injestigation is part of a large-scale biological and
'évhyd:éulic'Study to determine if the Quad Cities diffuser-pipe
” :;:c6§Ling Systehfhés an adverse effect on the Mississippi River

;’éCQSystem. g



1.2 Quad Cities Nuclear Power Station

The Quad Cities Nuclear Power Station produces electrical
energy in two BOO-MWe boiling water reactor units. The plant is
located on the east bank of the Mississippi River about 3 miles
north -of Cordova, IlJineis (Fig. 1.1). When the plaut is operating
at full capacity with a once-through heat rejection system, 2270
cubic feet per second (cfs) is withdrawn from the Miﬁsissippi River
through the intake system, circulated through heat exchangers to
remove waste heat from the condensers, and returned to the river
through the discharge'system at a temperature that is 23°F [12.8°C)
higher than that of the ambient river water. When operating at
partial capacity in the once-through mode, the effluent design
discharge of 2270 cfs is usually maintained; therefore, the tempera-
ture rise decreases in proportion with the percent of full plant
generating capacity.

‘The river at the plant site is approximately 2200 ft wide.
The main river channel is on the west side and is approximatecly
800 ft wide and 25 ft deep. The remainder of the channel has an
average depth of 8 ft. About 75 to 80 percent of the river flow
passes through the main channel. The lowest daily flow and the
7-day low flow with a 10-year recurrence interval, for the period
1939 through 1968 (after construction of navigation dams), are

about 10,900 cfs and 13,200 cfs, respectively.




e

TR A

‘u0TIVIS IIMOG IBATOINN SITIT) pend 3o 9115 11 “314

TEAHLY

Ne——amd

NOILYLS

VIV 3417071M NOLIONIGd




The plant began producing electricity in April, 1972, and
received full power licenses in December, 1972. A once-through
system with a discharge canal terminating at the east bank of the

river was originally proposed and was used as a temporary heat

“rejection system. Model studies conducted by the lowa Institute

of Hydraulic Research demonstrated that the system would not per-
form well enough to meet the thermal criteria of the regulatory

agencies., As a result, a multiport diffuser-pipe discharge system

that would thoroughly mix the heated cooling water with the ambient

river water was adopted and put into operation in August, 1972,
The diffuser pipe system was designed to distribute the
effluent discharge across the river more or less in proportion to
the transverse distribution of the ambient river discharge,
Essentially complete mixing was achieved within a short distance
by discharging the e¢ffluent discharge as jets from a series of
risers that were spaced along the length of two buried 16-ft
diameter pipes located as‘shown in Fig. 1.2. Beginning at about
840 ft from the Illinois shore, ten 24-in. diameter risers, or
ports, are spaced at intervals of 39.33 ft across the remainder of
the shallow water region which extends 400 ft fa%thcr into the
channel. Then across the deep-water region, which spans the next
780 ft, forty 36-in. diameter ports are spaced at intervals of
19.67 ft. Each port is inclined at an angle of 20° with the

horizontal pointing in the downstream direction; and each port is

[
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Fig. 1.2 Quad Cities multiport diffuser pipe.




equipped with a removable orifice plate at the discharge end. The
orifice diameter is nine-tenths that of the port. The distribution
of effluent discharge across the river can be modificd as needed by
replacing these orifice plates with ones of different sizes. This
is called tuning the diffuser pipe. The jet velocities vary from
8.5 feet per second (fps) at the Illinois end to sliphtly more than
9 fps at the Iowa end. The purpose, layout, and design of the
diffuser pipe system are described by Jain et al. (1971).

The station's operating perzit specified that no mare than
50 percent of the waste heat load could be discharged into the
river as of May, 1974, and that by May, 1975, the plant had to go
to a completely closed-cycle cooling system. Therefore, a closed-
cycle spray canal system was constructed. During the initial
operational period, beginning in May, 1974, the spray canal was
uscd together with the short diffuser pipe to dissipate the waste
heat. Three lift pumps drew approximately 1200 cfs from the
discharge bay into the spray canal. The rest of the condenser
cooling watexr flow was discharged through the short diffuser pipe.
When operation of the plant in a completely closed-cycle mode was
begun in 1975, spray canal performance was found to be unsatis-
factory for summer conditions. Permission to operate the spray
canal and diffuser pipe in the combined mode described above, for

a limited poriod, was obtained. The final ocutcome is stili

uncertain,
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1.5 Thermal Standards for Large Rivers ip
Towa and I}llinois

All discharge of waste heat from the Quad Cities Nuclear
Pover Station into the Mississippi River must comply with the
thermal criteria for both Iowa and Illinois since the river borders
both states. The regulatory agencies for the two stutes ave the
Iowa Water Quality Commission and the Illineis Pollution Coptro;
Board. The thermal criteria that apply to the Mississippi River,
as compiled by Paily et al. (1975), are presented in Appeniix A.
The standards, as they apply to the Quad Cities Nuclear Power
Station diffuser pipe, are discussed in this section.

The mixing zone as defined by the Iowa and lllinois
regulatory agencies may not contain more than 25 percent of the
cross-sectional area or volume of flow at any cross section, and
temperature increases outside the mixing zone may not exceed S°F.
Therefore, for any cross section, no more than 25 percent of the
cross-sectional area or volume of flow may contain water with
temperature increases greater than 5°F. The portions of cross-
sectional area and volume of flow not included in the mixing zone
are called, respectively, the zonc-of-passape with respect to area

and the zone-of-passage with respect to discharge. Consequently,

for the Mississippi River, both the zones-of-passage with respect to

area and with réspect to discharge must be equal to or greater than
75 percent, Temperature rises greater than 5°F are usually found

only in regions close to the diffuser ports, so that each port has




its own mixing zone except when the river discharge is very low.

10

-Hence, the diffuser pipe system has 50 mixing zones, 1 for ecach port.

The Tllinois regulations state, in addition, that no mixing

zone shall exceed the area of a circle with a 600-ft radius (approxi-

mately 26 acres). At the Quad Cities plant site, if the mixing
2one is assumed to span the entire river width which is about
2000 ft, this corresponds approximately to a zone extending from

the diffuser pipes to a section 500 ft downstreanm,

1.4 Purpose and Scope of Study

The purpose of this study was to determine and analyze the
performance of the Quad Cities Nuclear Power Station diffuser-pipe
system and to predict effluent and river-flow conditions under which
the system would fail to satisfy the thermal standards of the lowa
and Tllinois regulatory agencies, In addition, laboratory and
field studies were designed to provide a better understanding of
the mixing characteristics of the individual-jet region of submerged
multiport diffusers discharging into shallow, flowing receiving
waters,

Two different types of surveys were performed to evaluate
the performance of the diffuser pipe system with respect to the

applicable thermal standards. Cross-sectional surveys, whercin the

temperature distribution over the entire river cross section was
measured, were performed at downstream distances of 500 ft or less

to establish that the systsm was operating in compliance with the
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26-acre mixing zone standard. Single-port surveys, wherein much

-more detailed measurements of temperature and velocity distribu-
“tions in the higher temperature regions close to the diffuser pipe
were obtained, were performed to evaluate the performance of the

system with respect to the zone-of-passage standards.

Cross-sectional prototype surveys involved measuring the
velocities and temperatures both upstream and downstrcam from the
diffuser pipes in order to determine the effect of the effluent
discharge on the velocity and temperature distributions in the
river. Compliance with the 26-acre mixing zone limitation for
this river site is guaranteed if maximum temperature increases at
a cross section 500 fr downstream from the diffuser pipes are no
more than S°F. Consequently, most downstream cross-sectional
measurements were taken at a section 500 ft downstream from the
centerline of the two diffuser pipes.

Single-port prototype surveys involved measuring velocities
and temperatures both upstream and downstream from a diffuser port
in order to determine the 5°F temperature rise isotherms and, Ffrom
these, the zones-of-pissage. Seven surveys were made from November,
1973, to October, 1974, Each of the surveys consisted of detailed
measurements at sections downstream from one diffuser port. A
maximum of three downstream sections could be surveyed in one day.
Usually, tﬁe lateral measurement span at each section was wide

 enough to also include the mixing zones of the adjacent ports.




Single-port, two-dimensiona} model studies were performed at

1‘the‘Iownrlnstitute of Hydraulic Research to enable zone-of-passage
predictibns to be made for flow conditions not observed in the
single-port prototype studies. The ambient velocitics in the flume
were varied to correspond to river velocities in the diffuser-pipe
section of the river for total river flows ranging from 13,200 to
50,000 cfs. Effluent jet velocities in the modcl correspond to a
prototype -jet velocity of 9 fps. Depths of flow in the flume
correspond to river depths ranging from 9,25 ft to 26 ft. Dif-
ferent model set-ups were used for the large mair-channel diffuser
ports and the small shallow-water ports. Measurements were taken
at increasing distances downstream from the effluent discharge
section until the excess temperature distribution was essentially

two-dimensional.

1.5 Characteristics of Multiport Diffusers

-Submerged multiport diffusers are effective hydraulic

structures for discharging wastewater into receiving waters when
thorough mixing within limited mixing zones is required. A multi-
port diffuser consists of several discharge ports issuing from a
large pipe located near the bottom of a water body. The high-
veLocity jets entrain surrounding ambient water, thus producing
high dilution rates. Significantly higher rates of dilution are
,aéhiqved when a multiport diffuser is uscd instead of a single,

- -large submerged jet. Discussions of the internal hydraulics and

P e it




x'deéign Of'muiiiport diffusers is presented in Rawn, Rowerman, and

‘.férooks’(1960); Vigander, Elder, and Brooks (1970); Camp and Graber
(1969, 1970); and Jain et al. (1971).

| Powef_plants using diffuser-pipe heat rejection systems
ﬁsua]ly discharge the heated water in relatively shallow water.
This results in very complex flow patterns due to the interaction
of the buoyant jets with the surface and the bottom.

The basic component of multiport diffusers is the single
_submerged jet. Hence, familinrity with the behavior of single jets
is essential to understanding the mixing characteristics of multi-

ith this in mind, previous studies of single
submerged jets and the effects of dynamic and geometric variables
oftep encountered in multiport diffuser applications will be
discussed in the next chapter, Previous studies on multiport

diffusers will also bn reviewed.




CHAPTER 2

PREVIOUS STUDIES OF SUBMERGED JETS

2.1 &ingle Jets

2.1.1. Momentum Jet

A momentum jet (simple jet) is formed when £luid is5 dis-
charged, from a submevrged outlet, into a fluid of the same density.
Near the efflux section, steep velocity gradients exist between the
jet and the surrounding fluid. The resulting high shearing stresses
generate eddies at the border of the jet which, in turn, promote

lateral mixing. The lateral mixing process extends outward,

' accelerating surrounding fluid, and inward, decelerating the fluid

within the jet. Hence, the rate of flow and jet width continuously
increase while velocities in the center of the jet continuously
decrease,. When the mixing process reaches the center of the jet,
the flow is considered to be fully established. The region from
the efflux section to the point whexre the jet flow becomes fully
established is called the zone-of-flow establishment. The zones-
of-flow establishment and fully established flow in a momentum jet
are shown in Fig. 2.1.

The first comprehensive investigation of the momentum jet

,was,presehted by Albertson et al. (1950). For the case of »

NPT S TUR ey T e e T P T




j 1 Z0NE OF
Z : ESTABLISHED FLOW
4 20NE OF — -
7 FLOW ESTABLISHMENT ‘ _-"
: -
7 o
Ve -
1 -——
| y -
——— D L

AR A AN LML MANY g,

Fig, 2.1 Schematic representation of jet diffusion,
(From Albertson et al., 1950)

e

. C
NOMINAL LIMITS /_f\\\\(_)o Co ¢l
OF DIFFUSION REGION ~Z e

St




"Emoﬁéﬂiuﬁrjet discharging into a quiescent fluid, they showed that
:the_hominnl.jet width varies linearly with distance of travel,
X (b = %}, and that the velocity profile follows a Gaussian distri-
bution in the zone of established flow., The centerline velocity
was found to pe inversely proportional to x (u = x'l). Since no
external forces are applied to a momentum jet, momentum flux is
constant at downstream sections and total jet discharge increases
linearly with x. Alburtson et al. determined that the length of
the zone of flow establishment was approximately 6.2 nozzle

diameters. They also determined the following relationship for the

total jet discharge:

Q X _ 4
% 0.32 5 (2.1)

where

Qo

initial jet discharge

The relationship was confirmed by Ricou and Spalding (1961).

2.1.2, Buoyant Jet

A buoyant jet is generated by a continuous source of both

momenium and buoyancy. If the jet discharges into denser surround-
]ig,' : - ings, the buoyant force deflects the jet trajectory upward and

causes the vertical momentum flux of the jet to increise with

-~ distance of travel. Buoyancy has little effect on the et in the

_ioné-ufffloﬁ establishment where momentum forces dominate the flow,

e A 7, ot by
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_7,§Qt becomes- an increasingly important factor as jet velocities

- become small away from the efflux section.

Morton, Taylor, and Turner (19°A) presented a theoretical

analysis of the problem of 'a simple plume (no momentum flux) by

applying an integral technique. Morton (1959) later used the

approach to analyze the vertical buoyant jet. Fan (1967) extended

Morton's integral technique to analyze an inclined round buoyant

jet in a stagnant environment with linear density stratification.

Morton's basic assumptions are:

1.

2.

The fluids are incompressible.

Flow is fully turbulent, implying no Reyriolds-number dependence,
and molecular diffusion is negligible co:pared to turbulent
diffusion, .

The effect of longitudinal diffusion is negligible compared to
lateral diffusion.

The largest variation of fluid density through the flow field
is small compared with the reference density. Hence, vari-
ation of density can be neglected when considering inertial
terms but must be included in gravity terms.

Velocity profiles are similar in consecutive transverse sections

. of the jet in the zone of established flow. Morton et al. also

assumed similar profiles for buoyancy.

In addition, Morton (1959) assumed that the rate of entrain-

rment at the edge of the plume is proportional to some characteristic

~§elocity u at that height.

do.-_ .
Rre —72naub (2.2)
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9Q . rate of change of volume flux
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b = local characteristic length

a = zatrainment coefficient assumed to be constant in the
analysis

s = distance along jet trajectory

The problem was solved by applying the basic conservation equations

of volume flux, momentum, and density deficiency. The three

equations. were solved for u, p, and b; characteristic jet velocity,

density, and length.

Abraham (1963) investigated slot- and round-buoyant jets in
stagnant, unstratified, ambient environment for different vertical
and horizontal discharge angles. He applied a jet-spreading concept
rather than the entrainment concept used by Morton for closure of
the system of equations. Chan and Kennedy (1972) obtained a closed-
form analytical solution of the jet properties, based on special

assumptions of entrainment properties,

2.1.3. Effect of Crossflow

A round jet discharging into a crossflow produces a three-

dimensional flow field. The jet is deflected in the downstream

direction by a pressure force acting on the jet and by entrainment
into the jet of fluid particles from the crossflow. At the upstream

side of the jet, the crossflow is retarded and at the downstrecam

TP ST

side, a wake region forms resulting in a pressure force acting on

the jet. Vortices develop in the wake region due to shearing force
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' bgtﬁecn the érossflb& and the edge of the jet. These vortices, in
'1turh,,generate smaller vortices in the jet. As a result, velocity
“and temperature profiles within the jet are horseshoc-shaped as

" shown in Fig. 2.2.

Fan (1967)~made an extensive analytic and experimental study
of a round-buoyant jet in a uniform cross stream of homogeneous
density. He applied the integral technique of Morton et al.
Additional assumptions adopted by Fan for the analysis are:

1. The entrainment relationship is represented by

R = 2m0d |; - 5, (2.3)

where

distance along the trajectory of the jet
centerline

"
i

magnitude of the vector difference of the two

RN
velocities Uj and Ua

The variables ﬁj and ﬁa are defined by the following equations:

ﬁj = 1{u, cos 0 + u) (2.4)

U, = i(u, cos 8) + j(u, sin o) (2.5)
where

i = a vector in the direction tangent to the jet axis

3 = a vector perpendicular to the jet axis

‘2
(]

a constant entrainment coefficient
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Fig. 2.2 Schematic diagram of a round jet in a uniform cross stream.
(From Fan, 1967)
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Profiles of the excess velocity above the component of the
-ambient velocity are assumed to be similar and Gaussian.

3. Buoyancy profiles are Gaussian,

4. Coucentration profiles of a tracer are Gaussian.

5. The effect of the presence of the pressure field can be lumped
into a gross drag term proportional to the square of the
velocity component i the oncoming stream normal to the jet
axis, The drag coefficient is assumed to be constant.

Chan and Kennedy (1972) analyzed the problem of a buoyant
jet in a cross flow using an integral typec solution with special
entrainment coefficients. Experiments were also conducted for
various jet velocity-to-crossflow velocity ratios to determine drag

forces and jet trajectories, widths, and centerline velocities.

Air was used as the fiuid for all experiments.

2.1.4. Free-Surface and Bottom Effects

The free surface restricts the upward motion of the buoyant
jet. The jet spreads laterally in a layer at the water surface and
causes a slight surface rise that varies with the mrgnitude of
verticnl jet momentum at the surface. Abraham (1963) provided
experimental results from which the thickness of the jet layer can
be estimated. Entrainment into the jet decreases after it spreads
at the surface., Analysis of entrainment into the surfuce laoyer was
made by Jirka and Harleman (1973) for the two-dimenrional (slot jet)

“case and by Lee, Jirka, and Harieman (1974) for the axisymmetrié

case. These studies were for stagnant recceiving water,
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The bottom usually reduces local entrainment into the jet.
However, an experimental study by Sharp and Chung-su-Wang (1975)
of a horizontal buoyant jet discharging at the bottom of a
quiescent receiving environment showed surface dilutions ranging
from 200 to 500 percent greater than for horizontal buoyant jets
not experiencing bottom effects. They attributed this to increased
turbulence and momentum exchange at the free interface and to the
extension of the length of the trajectory causcd by the jet's
tendcacy to cling to the bottom.

The methods of jet analysis previously discussed apély
only for deep receiving water in which free-surface and bottom
effects can be neglected. In constricted shallow receiving
environments, the pressure field cannot be considered hydrostatic.
The velocity of fluid being entrained into the jet in regions of
restricted flow increases; therefore, local pressures decrease.
These low pressure regions can cause the jet to attach to
boundaries as in the studies of Sharp and Chung-su-Wing mentioned
previously. The jet flow field in shallow receiving environments
is very complicated since assumptions of hydrostatic pressure
distribution and similarity of velocity profiles are nnt valid
Therefore, the analytical models of Morton et al.,, Fan, Abraham,
and Chan and Kennedy are not directly applicable to submerged

buoyunt jets in shallow receiving waters.
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2.2 Multiport Diffusers

Multipert diffusers have been used for discharging sewagpe
into the ocean for many years. More recently they have also been
used for discharging condenser cooling water from electrical
generating stations into fresh water bodies and coastal waters.
Although multiport diffusers for these two cases are, in principle,
the same, the receiving-water and density-difference characteris-
tics are different, Pcwver plants usually discharge into shallow
water and the relative deasity difference between the receiving
water and the buoyant jet'is typically about 0.003, Sewage out-
falls typically discharge in deep water with a relative density
difference of about 0,025, Therefore, for power plant multiport
diffusers, the receiving water is confined and the buoyancy forces
are approximately an order of magnitude smaller than for sewage

diffusers,

2.2,1. Round Jet Interfeience

The discharge from a multiport diffuser initially behaves
like a row of single jets that spread with length of travel. At
some distance downstream the single jets merge and eventually
resemble a two-dimensional slot jet. The region where the flow is
transformed from buoyant round-jet flow to slot-jet flow is called
the .transition zone. This process is shown in Fig. 2.3. Sclf-
similarity profiles are not valid in the transition zone; conse-

quently, the mathematical amalysis of single jets, as discussed in
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Fig., 2.3 Jet interference for a submerged multiport diffuser.
i (From Jirka and Harleman, 1973)
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this,chaptef,ﬂganﬁot—be,cxtended to describe flow in the transition
~ipﬁe of multiport diffusers. A simplified analysis of the tran-
'"Véigion zone has been used by Abraham (1973), Cederwall (1971},

and Jirka and Harleman (1973). The analysis is based on the
"equivﬁlcnt slot diffuser' concept wnich is discussed in the next

section.

2.2.2. Equivalent Slot Diffuser Concept

The discharge from a multiport diffuser can be analyzed by
assuming the flow to be fr~ 4 slot diffuser having the same
momentun flux and discharge per unit diffuser length. A multiport
diffuser with discharge port diameter D and port spacing L is
represented by an "equivalent slot diffuser with a width B by

the following relationship:

_ 7Dh?
B = iR (2.6)

The question of when round jet interaction begins was
studied by Koh and Fan (1970). They investigated two criteria
for determining the point where merging begins. The criteria arc:
1. The nomiﬁal half-width b of the jet equals half of the port-

spacing length.

b = . (2.7)

-2, The .entrainment of a round jet equals that of an cquivalent
© - slot jet,




"-Koh and Fan, as well as Jirka and Harleman (1973), found that

adoption of either criterion results in essentially the same
prediction for the initial point of jet interaction.

Jirka and Harleman discuss mergine above the diffuser for

nozzles in alternating directions.

2.2,3. Twn-~Dimensional Channel Model

A multiport diffuéer discharging into a large stagnant
water body induces a three-dimensional flow field as shown in
Fig. 2.4. In the central portion of the flow field the flow is
predominantly two-dimensional. Jirka and Harleman analyzed this
portion of the flow field by introducing a two-dimensional channel
model, They studied jet stability and dilution as well as the
extension of two-dimensional results to the three-dimensional case.
The M"equivalent slot diffuser' concept was used for both the
‘theoretical and the experimental analysis.

When a multiport diffuser is used in a river, the jet flow

is affected by the ambient flow. If the diffuser pipe extends

“across the river width, the flow is laterally confined and the

diffuser usually cannot induce additional flow. However, if the
ambient discharge per unit width is too small to supply the round
jets with sufficient ontrainment water, the diffuser will induce a

three-dimensional flow field that modifies the ambient discharge

: di#tributibn in the vicinity of the diffuser purts. The discharge

distribution across the river for a laterally confined installation
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"willjnof be:greatly,chahged by the diffuser discharge; therefore,
the two-dimensional chéﬁnel mode]l car “e applied reasonably well
to. the eﬁtire length of the diffuser. Studies of this type have
been ﬁadc by Cederwall (1971); Jirka and Harlemar (1973); Argue

and Sayre (1973); Cardenas (1974}; and others.

2.2.4. Three-Dimensional Models

Many three-dimensional basin modc.s have been used to
predict multiport diffuser performance in rivers, lakes, ponds,
and coastal waters, A few of these are Harleman, Hall, and
Curtis (1968); Jain, Sayre, Akyeampong, McDougall, and Kennedy

(1971); and Harleman, Jirka, and Stolzenbach (1971). Three-~

dimensional basin models have often been distorted in the vertical.

Distorted models are less conservative in predicting near-field

dilution and do not truly represent three-dimensional flow fluids.
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CHAPTER 3

TWO-DIMENSIONAL CHANNEL MODEL OF THE
QUAD CITIES MULTIPORT DIFFUSER

3.1 Objectives of the Study

The general objectives of the model study were discussed
in.Chapter 1 and the specific objectives are discussed here. The
study includes river flow conditions encountered in the prototype
for total Mississippi-River discharges ranging from 13,500 to

'50,000 cfs. Therefore. velocities and depths across that part of
the channel occupied by the diffuser pipe for a range of discharges
are mocdeled. The discharge distributions acroess the river for dif-
ferent discharges and Lottom profiles werc measured by staff of the
Iowa Institute of Hydriwulic Research. These field surveys will be

yrdiscussed in Chapters « and 5. The objectives of the model study
were to determine the rollowing over the range of conditions
indicated above:

1. Agreement between single-port prototype and single-port model
results for the same flow conditions.

2. 5°F Isotherms with respect to area.
3. 5°¢ Isotherms with respect to discharge.
"4, Jet trajectory.

5. Jet dilutions.




g
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6. Jet spreading.
7. T§unsition'from three-dimensional single buoyant jet flow to
two-dimensional slot jet flow.

Dimensionless isotherms are based on dimensionless tempera-

ture rise, T“. as defined by
T -T,

T“ = TE - Ta (3.1)

where
T = measured temperature of water partially mixed with
effluent discharge

Ta = ambient water temperature

TE = discharge water temperature
The dimensionless isotherm of particular interest corresponds to a
temperature rise of 5°F in the prototype. For example, if the
ambient river temperature were 72°F, which is a typical ambient
river temperature for July and August, and the effluent discharge
tempefature were 95°F, the dimensionless temperature for this
isotherm would be

T =2 2 0.217 (3.2)

n 95 - 72

The denominator represents the 23°F temperature rise of the cooling

water as it passes across the condensers of the Quad Cities reactor

, when the piant is at full generating capacity.




3.2 -Characteristics of the Quad Cities Multiport Diffuser

Tﬁé Quad Cities multiport diffuser was described in
VChaptqr,l. - Here additional characteristics of the diffuser that
should be considered in the model study are discussed,

The Quad Cities diffuser has main-channel ports with a
2.7-ft orifice diameter in river water from about 16 to 25 ft deep,
and shallow-water ports with 1,8-ft orifice diameter in water from
about 7 to 22 ft deep. Therefore, the receiving water is nearly

always less than 10 jet diameters deep, which is quite shallow for

multiport diffuser installations. Argue and Sayre (1973) reasoned
thét for low river fléws the individual buoyant jets for the Quad

Cities diffuser do not merge beforc they reach the surface; hence,
surface distortion predominates over jet interaction. Their

analysis assumed that jet deflection due to buoyancy and ambient

crossflow cancel one another so that the jet trajectory could be
approximated by a straight line, at least until the jet approached
the surface. In the present study, both high and low ambient
velbci;ies are modeled; therefore, cases of both surface distortion
predominating over jet interaction and vice versa are investigated.
Adoption of the 'equivalent slot diffuser'" concept, as

used by Jirka and Harleman (1973), for constructing a two-dimensional

physical model of the Quad Cities multiport diffuser are not appli-
"cable for this study. Since the objectives stated in the previous
section all pertain to the buoyant jet region, and the transition

L
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zone and jet surface distortion way occur before jet interaction,
a-two-dimensional "sectional model" with individual discharge
ports is required. The experimental setup is described in
Chaptér 4,
The Quad Cities multiport diffuser is ldterally confined
since it extonds nearly across the width of the main channel of the
river. Therefore, a two-dimensional '"sectional model" can be
applied except perhaps near the ends of the diffuser pipe. {
3.3 Modeling Considerations
Siprgie-port models of submerged round buoyant jet must be
geometrically undistorted to correctly represent jet mixing. This i
means that geometric scaling factors between prototype and model
must be equal for all coordinates. In this study, s three-port
sectional model with a 1:29.5 length ratio was used for the main-
channel ports and a single-port sectional model with a 1:19.7 *
length ratio was used for the shallow-water ports,
3
The parameters chosen to describe the flow in these L
studies were:
4
s )% . . .
Bg = uj/ g D|” = jet densimetric Froude number (3.3) b
k = Uj/ua = velocity ratio (3.4)
{H ~ h)/D = relative submergence (3.5)
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where the symbols are shown in Fig.:3.1. Parameters such as

“-vertica)l discharge angle, horizontal nozzle orientation, and dif-

fuser pipe alignment with crossflow direction were constant for all

Vexperiments. Jet and ambient Reymolds numbers should be high

enough to ensure turbulent flow. This reguirement was satisfied

by keeping
R, > 600 (3.6)
Rj > 2500 (3.7)

When ambient discharge per unit width, UaH’ is small, the
jets entrain most of the ambient flow and the following set of

parameters may be more appropriate:

bo VE
Ej = Uj/ g o D| = jet densimetric Froude number (3.8)
V= UaH/UjB = volume flux ratio (3.9)
H/D = relative depth (3.10)
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Fig. 3.1 Round jets in a flowing environment—terms defined.
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CHAPTER 4

EXPERIMENTAL EQUIPMENT AND PROCEDURES

4.1 Prototype Studies

4L 4. I?mgetaCMKe dud Velacity Measuring Equipment

TQW&&S%&MSQS WOTE TRATUIed WiTH 3 syslam designed Qy e
“Towa Institute,of Hydraulic Research electronic staff especially
for reliable and accurate measurement of short-term average tempera-
tﬁres in the field. The system has a measurement range of -5°C to
45°C and digitally displays average temperature to the nearest
0.01°C.. The system consists of a Model 710 Yellow Springs Instru-
ment Company thermistor probe, an IIHR Portable Linecar Thermistor
' Temperature Meter, and a Hewlctt-Packard 5302-A Universal Counter.
Unique features of the system are its linearity, stabiliry, and
meter-protection circuit.  The linearity rcsults from using a
Yellow Springs Instrument Company thermistor probe and resistor
composite, which together form txo icgs of a Wheatstone bridge; the
other two legs are precision resistors. The thermistor probe has a
linearity deviation of +0.065°C and a 3.7-sec time constant,
~ Stability of the instrument is due to the low voltage-drift
'characteristic of the bridge amplifier. This low voltage-drift

characteristic is achieved by using chopper operational amplifiers.
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The meter-protesction circuit protects the direct display meter from
excessive current by suppiying the meter current from a differen-
tial source. The reason for this is to preserve the 0.1°C
resolution for the complete mezsurement range of -3°C to 45°C. The
Portable Linear Thermistor Temperature Meter is powered by two

Ni-Cd batteries and is equipped with battery-condition meters.

pbe
=

The system is ideal for measuring average tomperature

nixing zones since temperature fluctuations can be chserved en

[ad
=y
o

direct meter display while they are being time-averaged by the
counter. This enables the user to obtain several sequential 10-sec
averages when significant fluctuations are indicated by the meter.
Additional infogmation on the ITHR Portable Linear-Thermietor
Temperature Meter is given by Glover (1973).

Velotitios were measured with an Ott Universal current
meter, No. 19090 mounted about 6 in. above the thermistor probe.
The meter responds to velocities as low as 3 cm/sec. The averaging

period was usually 30 sec.

4,1.2, Boat and Positioning Equipment

Measurements were taken from an 18-ft Jon-boat equipped
with a 25-horsepower outboard motor and a canvas top for winter
surveys. The thermistor probc and veloeity meter w.re mounted to

a weighted-cable and sounding-reel assembly that could measurc

water depth to the nearest 0.1 ft. The cable transmitted velocity

meter signals to a "beeper' on the boat. For single-port surveys,
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the sounding reel was attached to a boat seat. From the sounding
reel, the cable passed through a system of pulleys and a carriage
on the bow of the boat. The carriage was attached to a 10-ft
section of ajuminum I-beam that ran perpendicular to the longi-
tudinal axis of the boat. This system is shown in Fig. 4.1. Since
the carriage could be positioned along the length of the I-beam
from inside the boat, transverse measurement. locations could be
t from the center of the beam without repositioning the
boat or climbing out onto the bow. For cross-sectional surveys,
the sounding reel was attached to a boom that was mounted near the
middle of the boat. The end of the boom extended over the water,
about 3 ft from the right side of the boat. The weighted cable,
which held the thermistor probe and current meter, passed from the
sounding reel and over a pulley on the end of the boom.

Transverse boat location was measured with a Hewlett-
Packard 3800-B Electronic Distance Meter. A pair of Motorola FM

radios provided communication between boat and shore.

4.1.3. Experimental Procedure

4.1.3.1. Single-Port Surveys

Upstream ambient river temperatures and velocities were
measured at two vertica:is 100 ft upstream from the centerline
between the two diffuser pipes at the beginning and end of each day
for the single-port surveys. The verticals were approximately 60 ft

apart. Downstream cross sections were marked with survey stakes




rig. 4.1

Boat and measuring equipment.
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:ahd,targets on both sidés of the river. The boit operator was
diiectcd tb the desired lengitudinai location by a man on shore, who
'wés positioned at one end of the corresponding cross section. The
trénsvcrse location of the boat was then measured with the Hewlett-
Packard distance meter frdm a survey stake at one end ot the cross
section. To ensure that the boat remained stationary during the
velocity and temperature measurements, three anchors were used and
distance-meter readings were taken every 10 minutes throughout the
survey.

Temperatures andvelocities were measured at several points
in the vertical and at several verticals across each downstream
cross section. More measurements were made in the higher-tempera-
ture zones. Usually, enough verticals were measured at the down-
stream cross sections so that the influence of three adjacent ports
was observed.

©4,1.3.2, Cross-Sectional Surveys

Temperaturce and velocity measurements were taken at

several verticals in a cross section upstream from the diffuser
ﬁipes bbth at the beginning and at the end of each cross-sectional
survey. The upstream cross section was located 1000 ft upstream
from the centerline between the two diffuser pipes for the first

4 sixisurvgys and 200 ft upstream for all subsequent surveys. Most

':dqhnstream_mea$urements were made at a cross section 500 ft

~ downstream from the centerline between the two diffuser pipes;
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T ﬁoﬁeVer, arfew surveys werc made at cross sections 150 and 300 ft
Vdownstream.' Temperatures and velocities were measured at several
verticals acréss cach downstream cross section and at from three to

six depths at each vertical.
The method of positioning the boat was the same as described
for the singlc-port surveys. Only one anchor was used to hold the

boat for the cross-sectional measurements.

4.2 Model Study

4.2.1. Experimental Equipment

4.2.1.1. Flume and Hot Water Supply
The single-port model experiments were performed in a glass-

walled tilting flume 30-ft long, 2-ft wide and 1.5-ft deep, with a
slope of 0.0002. The flume is on the first floor of the Iowa
Institute of Hydraulic Research and its water supply comes from a
constant-head tank on the third floor of the Institute (Fig. 4.2).
The flow was regulated by valves and calibrated orifice meters
located in parallel 4-in.-and 6-in. pipes. A 1-in. orifice was used
to medsuie flow in the smaller pipe and either a 2-in. or a S-in.
orifice was used in the larger pipe. The flow depth in the flume
was controlled with an adjustable tailgate.

~ Heated water was discharged into the flume through round
‘diffuser pprts rising from the bottom of the flume. The hot water

“was shpéliédffrbm five 75,000-BTU/hr natural-gas water heaters
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i:qbnnected in pafallel which drew water from the constant-head tank.
lThe temperature of the heated water discharged into the flume way
 contr01l¢d'by mixing cold water from the constant-head tark with hot
;Water froﬁ the heaters at a T-joint. Each of the three branches of
the T-joint had valves and the downstream branch was equipped with
a thermometer so that the mixed water temperature could be monitored
and adjusted accordingly with the valves in the hot and cold water
lines. The mixed water flowed from the T-joint to a manifold from
which it was discharged through insulated pipes that led through
the bottom of the flume test section to the diffuser ports. Each of
these pipes was equipped with a valve and an orifice for regulating
the discharge through the ports. A schematic diagram of the flume
and hot-water supply is shown in Fig. 4.3.

Therdischarge ports were made from brass pipe of 1.22 in.
internal diameter with 1,.10-in.diameter orifices attached to the
discharge ends. These ports were scaled from the prototype ports
which have removable orifices. A plan view of the one- and three-
port experimental setups as well as an elevation view of a port are
shown in Fig. 4.4. Notice that the initial jet centerline is 0.3 in.
higher for the one-pipe layout.
4.2.1.2. 'Temperature Measuring Equipment

| Temperatures were measured by 14 YSI thermistor probes.
'EACH thefmistor was ‘incorporated as one leg of a Wheatstone bridge

' ‘;wfth'aVbridge output voltage of ¢+ 10 mv. Each bridge was supplied
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ix;hfoughra 100,600 ohm vesistor connected to a common S-volt power
éﬁpply, and the outputs were fed to the Institute's IBM 1801 Data
Acquisition System. The resolution of the system was about 0,02°F.

The temperatures downstream from the ports were measured by
li thermistor probes mounted on a rack that could bemaved vertically
which, in turn, was mounted to a carriage that could be moved along
the length of the flume. The upstrcam ambient temperature was
measured by.one thermistor located in the middle of the channel a
few feet upstream from the ports. The effluent temperature was
measured/by one thermistor installed in the heated-water manifold.
An additional thermistor was used as a backup for any of the other
thermistors that might malfunction and as a '"'rover" to take measure-
ments at locations other than the primary upstream or downstream
pointé; A fifteenth channel had a constant resistor that provided
a check for the complete system.

A1l 14 thermistors were calibrated in a closed-cyciy,
circulating, calibration system. The system was well-insulated and
equipped with a heater to heat the water, a variable-speed electric
pump to cifculate the water and a small diffuser pipe to discharge
and mix the water in a calibration chamber. A precision thermometer
with a resolution of 0.02°F was located along with the thermistor
probes in the insulated calibration chamber. The thermistors were
“calibrated at appfoximately 1°F intervals over a range of 68 to

'109°F;*,Thermistbr voltage readings were taken over a 60-sec




avéragingrperiod during which time the temperature was measured and
averaged with the precision thermometer. A second-degree polynomial :
calibration curve of temperature vs, voltage was then computed for

each thermistor using a least-squares fitting program. Since the

fit was good only for teémperature increments of 15°F or smaller, :

maximum calibration ranges were limited to 15°F for each thermistor.

For example, if the ambient water temperature in the flume was 72°F,

e g BV %

the calibration curves for the upstream and downstream probes were

el

computed from calibration data in the 72 to 87°F rsnge. The cali-
bration curve for the heated-water thermistor was computed from

calibration data in a higher temperature range which depended on

[P O S

the ambient temperature in the flume as well as on the temperature
rise called for in a specific exberiment. The coefficients of the
calibration curves for the thermistors were computed on the IBM
computer and were stored on disk for subsequent use in experimental
TUnS.

4.2.1.3. Velocity Measuring Equipment

Velocities in the flume were measured using a dual pressure-

transducer system which is capable of making precision measurements
for velocities down to about 0.1 fps. The system used a 1/16 in.
outside diameter Prandtl-type Pitot tube with the dynamic and static
.pressures transmitted to two Model PM5-TC, Statham pressure trauns-
.dﬁcers,]bdth with maximum ranges of % 0.15 psi. The outputs of the

“two transducers are both amplified by two noninverting chopper
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dmplifiers,apd fed into a difference amplifier., The cutput of the
Aifferencerahplifier is converted to frequency by a voltage-to-
‘frqquency cbnverter and displayed on an electronic counter. The
sensitivities of the two transducers were equalized by the difference
amplifier, thus ensuriﬁg a zero output when both transducers are
subject to’the same pressure. This sensitivity balancing reduces

o measurement errors due to temperature fluctuations and vibrations

experienced by the transducers. A block diagram of the system is
shown in Fig. 4.5,

The system was caliorated in a special calibration tank.
The tank consisted of an enclosed he#d tank from which the water
issued throﬁgh a flow nozzle patterned after an ISA (Instrument
Society of America) flow nozzle, like the one shown by Streeter
1975, Fig. B.16, p. 469). Nozzles of 1-in. and 2-in. inside
diameters were used in the calibration. Water flow from the
institute's constant head tank into the calibration system's

.enclosed coinstant head ”ank was varied with an intake valve in a

1-in. diameter pipe. .ischarge through the system was measured by
weighing, using a 5-gal. bucket, a scale, and a stopwatch. The
Pitot tube was placed in the center of the jet from the flow nozzle.

Calibration results are shown in Fig. 4.6.

4.2,2, Experiméntal Procedure

4&2.2.1. Planning of Experiments
k r{‘;,Modéj v¢fif1cation of single-port prototype performance

f;w@s'baséd]dnTAmbient and jet densimetric Froude number similarity
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Fig, 4.5 Block diagram for dual pressure-transducer velocity measuring svstem.
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as discussed in Chapter 3. The principal dimensionless modeling

P

parameters were the relative depth, H/D; the velacity ratio, Uj/Ua;

and the relative czasity deficit (p - pa)/pa. In the model studies,

r:-r ) temperatures and velocities were measured at distances downstream

from the ports corresponding to the prototype measurement locations.
Mode!l runs were designed to enable predictions of tempera-

ture and velocity fields downstrecam from the diffuser ports to be

v
i
R £ b O 04, el A5

made for ranges of typical river flow and plant operation conditions

L not covered in the prototype experiments. These runs were also based
' on ambient and jet densimetric Freude number similarity. The initial
jet velocity and the normalized density deficit at the < fflux section
were constant for most of the runs. The initial jet vziocity in the
K model corresponded to the average design jet veiocity of 9 {fps. The
i normalized density difference was held at 0.003686, correspcnding to
) the design temperature rise across the condensers of 23°F and an
) ambient river temperature of 72°F. The ambient teumperature in the
model could not be controlled, so the effluent temperature was

varied as needed to maintain the desired normalized density dif-

ference of 0.003686 at the source. Ambient flow velocities and

= e
oAy
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depths were varied so that Mississippi River flow conditions in the

e prototype for total river discharges ranging from 13,200 to 50,000 é F
cfs were simulated. For a few additional runs, the jet velccity and § L

e the normalized density deficit were varied to test the effect of 1
varying the densimetric Froude numbers while holding the submergence i

and the ambient flow conditions constant.




S 4.2.2,2, Temperature Measurements

Sampling of the voltage signals from each thermistor by the
‘computer wasrinitiated by pushing a button near the flume. The
signals were sampled at an approximate rate of seven times per
second and averaged over a 60-sec interval. The average voltages
were then converted to the corresponding average temperature for
each thermistor, based on the calibration curve cuvefficients stored
on disk. These average voltages and average temperatures as well as
calculated normalized temperature rises, Tn' (Tn = (T - Ta)/('l‘E - Ta)L
were printed. The average temperatures and the normalized tempera-
tures were stored on disk and later punched onto computer cards for
analysis on the University of Iowa's IBM 360/65 system.

Temperature measurements downstream from the ports for the
three-port runs were restricted primarily to a region of width equal
to the spacing between ports centered on the port at the flume
centerline. This was the middle 8 in. of the flume. The measure-
ment locations for the onc-port runs were also restricted to the
middle 8 in. of the flume unless the transverse width of a modeled
5°F isotherm was found to extend beyond this region. For these
cases, measurements were taken across the entire flume width. The
contral reglon of the jet was the main area of interest; thercfore,
Spacingrof thermistors and measurement procedures were designed to
define as well as possible the characteristics of the central part

of the jet. At each creoss section, readings were taken from the top
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 dbwnHards.:,Re3ding5 were takuh at 0, 0.05H, 0.15H, 0.25H, 0.35H,
0.45H, 0.55H, 0.65H, 0.7SH, D.85H, 0.95H, and H, where H equals the
watér depth. At the surface, the thermistors were barely submerged
and at the bottom they were as low as possible without touching the
bed of the flume. Measuremnents were taken at cross sections every
0.508 ft downstream from the ports for both the one-port and threc-
port runs., The transverse spacing is shown in the measurement grid
in Fig. 4.7. After measuring the temperatures in the first three
cross sections downstream from the ports, the computer printout was
examined. For each of the three sections, the depth of the hottest
point was noted. Temperature measurements were then taken at
+ 0.05H from the point of maximum temperature for each section.
This procedure helped to improve definition of the central portion
of the jet. Additional downstream cross sections were measured
until the temperature field became two-dimensional, or untii a
?g— total of 10 cross sections had heen measured.
| 4,2.2.3. Velocity Measurements
The dual-transducer Pitot tube velocity measuring system
was used to define the velocity field in the central portion of the
jet. The location of the velocity readings was determined by the
tesults of the temperature measurements. Velocity readings were
taken in the region where the measured normalized excess temperature
‘was greater than or equal to the value corresponding to a 5°F

temperature rise in the prototype. Velocity measurements were also
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7 f;akeﬁ to-determine the jet half-width at some sections. The sampling
féstimerfor each velocity measurement was usually 10 sec. If excessive
fluctuations were observed on the dial of the adjustsble difference

amplifier,.longer sampling times were used.
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CHAPTER §

PROTOTYPE EXPERIMENTAL RESULTS

5.1 Cross-Sectional Surveys

Cross-sectional investigations were conducted from -
November, 1972, to January, 1975. During the period from November,
1972, to March, 1974, the power plant was operating as an open-cycle
system using both diffuser pipes to discharge the condenser cooling
water into the Mississippi River. From April, 1974, to January,
1975, the plant was operating either in the open-cycle mode or in a
partial ofen-cycle mode with one of the diffuser pipes and the spray
canal in parallel. With the exception of the March, 1974, survey,
‘when only the long pipe was used, only the short diffuser pipe‘was
being used during the surveys in the second period. Consequently,
only part of the river was Jsed for initial mixing at the time of
these surveyﬁ. The cfoss-sectional'prototype studies will, there-
fore, be,divided into two sections: two-pipe studies and one-pipe

studies.

5.1.1. Two-Pipe Surveys

BEighteen cross-sectional surveys were conducted when the
; piahibwaé,discharging all of its condenser cooling water into the

“river throughrboth‘difoSer pipes. These investigations covered




ftbtai riﬁerrdischarges ranging from 31,400 to 73,690 cfs and total
: plhnt generating loads from 46 to 95 percent of full load.
5.1.1.1. Background Data
Background inforpation for each of the survey days 1is

presented in Tables 5.1 and 5.2. In Table 5.1, the distances from
the centerline between the two diffuser pipes to the u)stream and
rd'ownstream measurement cross sections are given in columns 2 and 3.
,Cﬁlumn 4 gives the total river discharge data, as supplied by the

U. S. Geological Survey., The values represent the Mississippi

River flow (at Clinton, Iowa, 14 miles upstream from the plant),
plus the inflow from the Waps.pinicon River. For surveys wherein
velocity measurements were made, total river discharge was calcu-
lated from velocity and depth profiles. These measured discharges
ére presented in colum 5. The measured discharges agreed well with
the Geological Survey's values except during the winter months when
- the river was partially covered with ice and the U.5.G.S. discharges
included corrections for the ice c;ver. For these days, the
‘measured discharges were assumed to be correct. They were about
20 péréent lower than the U.S5.G.S. discharge estimates.

Column 2 of Table 5.2 shows the total river discharges

used for all calculations. The ambient temperatures %a in column 3
- .are weighted (with respect to river discharge per unit width)

;éVe:égeédof sets of temperature readings taken at the upstream cross

_section both before and after the downstream data were obtained.
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- TABLE 5.1. Background Data for Two-Pipe Cross-Sectional Surveys

57

Total River Measured
Distance to Distance to Discharge Total
Downstream Upstream from River
Date Section Section U.S.G.S. Discharge
(ft) (ft) (cfs) (cfs)
(1) (2) (3) (4) (s)
11-02-72 500 1000 70,700 -
11-09-72 300 1000 73,600 --
11-09-72 500 1000 73,600 -
11-28-72 500 1000 56,500 --
1-16-73 300 1000 38,000 -
1-16-73 500 1000 38,000 -
2-20-73 500 200 36,800 39,300
7-23-73 500 200 34,600 .-
7-26-73 500 200 31,800 33,700
7-21-73 500 200 33,900 36,900
8-17-73% 500 200 41,900 41,800
8-30-73 500 200 42,000 43,000
9-12-73 500 200 36,500 37,100
10-08-73 500 200 47,€00 47,500
10-31-73 500 200 58, 300 58,800
11-14-73 500 200 39,200 39,100
12-03-73 500 200 55,700 51,100
1-16-74 500 200 37,400 31,400
1-21-74 500 200 52,800 41,900
‘3-14-74 150 200 82,700 --




TABLE 5.2.

Background River Flow and Plant Effluent Data

Estimated |

‘ Estimated
Average Plant Plant Percent of| No. of Plant Mixed. "
. , River . Ambient Intake Effluent | Full Plant| Punmps Effluent | Temperaturse
| Date’ Discharge | Temperature | Temperature | Temperature Load Running| Discharge Rise
QR T, T Tg Qe o
(cfs) (°c) (°c) ‘o P (cfs) (°c)
1 (23 (3) (4) %) (6) (7} (8) (®)

11-02-72 | 70,700 8.0 8.1 23.4 90 6 1,710 0.37
11-09-72 | 73,600 6.7 6.4 20.4 95 6 1,970 0.37
11-28-72 | 56,500 1.4 1.1 16.1 90 6 1,740 .45
1-16-73 38,000 0.5 0-4.4%* 22.9 S0 6 1,140 0.67
2-20-73 | 39,300 0.4 0.2 16.7 92 6 1,620 0.67
7-23-73 | 34,600 23.6 23.5 35.2 94 6 2,330 0.78
7-26-73 | 33,700 25.5 25.5 37.6 94 6 2,250 0.81
7-31-73 | 36,900 25.4 25.2 32.7 46 6 1,78S 0.35
8-17-73 | 41,800 26.1 25.6 37.8 94 6 2,230 0.62
8-30-73 | 43,000 26.7 26.0 37.8 93 6 2,290 0.59
9-12-73 37,100 21.7 21.4 31.7 85.5 6 2,410 L 65
10-08-73 | 47,500 17.1 18.0 28.8 85.0 6 2,280 0.76
10-31-73 | 58,800 10.9 10.8 21.6 77.8 6 2,110 1,8
11-14-73 39,100 4.6 4.7 16.4 79.4 6 1,970 €..50
12-03-73 | 51,100 4.6 4.9 18.8 89.0 6 1,860 0 52
1-16-74 31,400 0.1 0.01 10.0 47.5 6 1,380 0.43
1-21-74 | 41,900 0.2 0.04 11.5 82.5 6 2,090 0.57
3-14-74 | 82,700 3.1 3.7 16.4 91.9 6 2,085 0.34

*Ice melting unit in operation.
4 ' Y y Y N ¢ v Y 1 Al




‘The technical staff of the station provided hourly data on plant
}intﬁke and effluent temperatures, percent of full plant load, and
“ the numbeirof circulating water pumps in operation for the days on
- which surveys were conducted, The estimated plant effluent dis-

charge was computed from the formula

12.8 x 2270 x P/100

=T o (5.1)
where
QE = Plant effluent discharge in cfs
P = percent of full plant load
T, = plant effluent temperature in °C
Ti_= plant intake temperature in °C

Equation (5.1) is based on the design full-load plant temperature
rise of 12,8°C, the design effluent discharge of 2270 cfs, and the
assumption. that the plant heat rejection rate is proportional to
the-plant load. - The estimated values of QE arc sometimes lower than
Fhe design valug of 2270 cfs. The reduction in QE is attributed to

v-parfial blockage in the circulating water system due to the growth
of slime deposits. The estimated fully-mixed temperature rise in
the last column of Table 5.2 was computed according to the heat

balance relationship

ATy [QE/QR] x [TE - Ta] (5.2)



‘73;1,1.2. Temperature Data

‘rggw Data. Temperature data for a typical survey at the
‘upstréam and downstream cross sections are shown in Fig. 5.1. The
| locatiouns of the decimal points of the temperature readings corre-
“spond to the probe positions in the river cross sections when the
readings werec obtained except for the surface readings, where the
probe was located 6 in. below the water surface, and the bottom
readings, where the probe was located 10 in, above the bottom. The
temperaturé in the upstream cross section for most surveys tended
to vary more going across:the channel than in the vertical. The
only exception was near the Iowa shore where significant vertical
stratification sometimes occurred. This‘uas probably due to water
of different temperature from the Wapsipinicon River either
""sliding" under or floating on the Mississippi River water,

Transverse Distribution of Depth-Averaged Excess

Temperature. Representation of the data as shown in Fig. 5.2 gives
‘the best 6veréll perspective because it maps the excess temperature
across the channel in a context wherein it can be compared readily
':to‘the transverse variation of ambient temperature. The abscissa is
the distance from the Illinois shore divided by the river width at
the measurement cross section. The measured temperatures at the
downstream sections are represented by id, the depth-averaged
temperature. The figure shows that the order of magnitude of the

- excess.temperature is not much more than that of the variution of
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-

the ﬁatural ambient temperature. The change in magnitude and
disfribution of ambient temperature that can occur within a few
hours can also be seen.

Representation of the data as shown in Fig. 5.3 is more
helpful, however, in evaluating the performance of the diffuser-
pipe system. The variable depth-as sraged ambient temperature
distribution pattern has been subtracted, leaving only the trans-
verse distritution of the depth-averaged excess temperature. If
there were no heat to transfer to the atmosphere and the heated
effluent were completely mixed with the river water, the difference
id - Ta would te equal to ATm all the way across the channel, and
(id - Ta]/ATm would have the uniformly dist.ibuted value of one.
The amount by which the curves deviate from this value is a measure
of the nonuniformity of excess heat distribution. In view of the
short distance from the diffuser pipes to the two cross sections, it
is safe to assume an adiabatic system and neglect the heat loss. If
the excess heat is not uniformly distributed, the average value of
[?d - Ta)/ATE across the channel need not equal one unless the
discharge per unit width of the ambient flow Q, is uniformly
distributed. In the present case, the ambient flow is weighted
heavily toward the Iowa shore, and the total hcat balance has to be

stated in terms of the excess heat flux distribution as

W i
QAT = QpaT,, = J d u(T - T.)" dz (5.3)
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;; Still; thé’éréas uﬁder the different curves in Fig. 5.3 should be
roughly equal, provided there was no major shift in the distribution
of either ambient flow or excess temperature.

An immediately obvious feature of Fig. 5.3 is the multi-
peaked nature of the distributions. The reason for these peaks
will be discussed in section 5.1.1.3.

Dilution at Point of Least Mixing. The excess temperature

at each measurement point in the downstream cross sections was
obtained by subtracting from the measured downstream temperature
the depth-averaged upstream ambient temperature at the same value
of z/W. These temperature rises for two typical surveys are shown
in Fig. 5.4, Similar excess temperature plots are given in

Appendix B for all surveys. The highest excess temperatures tend

to occur near the water surface except in the winter months when
the ambient river temperature falls below 39*F and the highest
temperature rises are near the bottom of the river. This is caused
by the sinking plume effect, which is due to the Teversal in the
density-temperature relationship below 4°C.

With regard to optimizing the performance of the diffuser-
pipe system and ensuring that the stream temperature standards are
satisfied, it is important to consider the points in the cross
section where the excess temperature is highest. The data in
Thbie 5.3 relate to points in the 500-ft downstream cross section

-where the maximum temperature rises, and hence minimum dilutions,
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-~ TABLE 5.3

Performance Characteristics of Diffuser Pipe 500 ft
Dovmstream at Points where Minimum Dilution was

Obtained

Distance Maximum Maximum Dilution Maximum

from Local Local at Point Possible

I11linois { Normalized Excess of Least Dilution

Date Shore Excess Temp.| Temp. Mixing

(T'Ta)max (1) ATy 35 - fzg

ATm a’max (T-Ta]max QE ATm

(ft) (°F)

1) (2) (3) 4) (5) (6)
11-02-72 1610 1.95 1.3 21,3 41.3
11-09-72 1675 1.50 1.0 24.7 37.4
11-28-72 1610 2.47 2,0 13.3 32.5

1-16-73 1640 2.07 2.5 16.2 33.3
2-20-73 1810 2.23 2.7 10.8 24.3
7-23-73 945 2.71 3.8 5.5 14.8
7-26-73 855 1.86 2.7 8.1 15.0
7-31-73 1420 2.20 1.4 9.4 20.7
8-17-73 2060 2,05 2.3 9.2 18.7
8-30-73 1015 2.73 2.9 6.9 18.8
9-12-73 700 2,22 2.6 6.9 15.4
10-08-73 930 2,58 2.6 8.1 20.8
10-31-73 955 2.03 1.4 13.8 27.9
11-14-73 1400 1.67 1.8 11.8 19.8
12-03-73 905 2.26 2.1 12.2 27.5
1-16-74 910 2.71 2.1 8.5 22.8
1-21-74 1045, 1.66 1.7 12.0 20.0
’ 1820
3-14-74" 1310 3,62 2.2 10.9 39.5

.,f1so ft downstream from diffuser pipe.
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'Vwcrc 6btaincd;' Distances from the Illinois shore to these points

aré iisted in column 2. The maximum local temperature rises normal-

ized by the mixedrtemperature rise, and in °F, are listed in columns

3 and 4, re5p¢ctivcly. Column S lists the dilutions at the point of

least mixing, i.e., the minimum observed dilutions. For comparison,

¢olumn 6 lists the maximum possible dilutions which would be obtainued

for complete mixing.

H
£
X
(S

As the data in column 4 of Table 5.3 shows, the highest

vetm—l

temperature rise ever observed in the 500-ft downstream cross

section was 3.8°F which is comfortably within the 5°F limit. How-

ever, because the maximum temperature rise tends to increase as

river discharge decreases, and river discharges were higher than

CTURIPL TR, 3% 1) W s b+

normal during this period, it is of interest to examine more

closely the temperature data for those days on which the highest

maximum normalized local temperatures occurred. The '"hot spots*
for the four day" on which the highest (T - Ta]/ATm values occurred

are circled in Fig. 5.5. In each case, the hot spots are highly

localized and are located in a part of the shallow region of the

" e

AFSEEE

cross section downstream from the smaller 2-ft diameter ports.

Evidently there is a relative deficiency of dilution water supplied

.

\ oo S s PN

by the ambient flo ‘n this region.
: The graph shown in Fig. 5.6 was plotted with a view 8

' toward estimating the river discharge QR at which the maximum

f £¢mberature rise at full plant load in the 500-ft downstream cross
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= seétion would reach 5°F. The denominator P/100 in the ordinate is
' the'frac;ional plant load which ranges from zero at no load to one
‘at full load. It is assumed here that the maximun temperature rtise
would increase in direct proportion to the plant load. Different
'Symbols are uﬁed to identify sections of the diffuser pipes that are
responsible for the hot spots. In addition, the four points corre-
sponding to the hot spots mentioned in the previous paragraph are
identified by date. For comparison, data from the laboratory model
. study (Jain et al., 1971) and the perfect mixing curve representing

the equation

(T - T)max ; fzm_= QAT (5.4)
P/100 P/100 P/100 QR
whére
QE = 2270 cfs
- on
ATE = 23°F

are shown. - This graph will be discussed further in Chapter 7.
5.1.1.3. Velocity and Heat Flux Data

Velocities as well as temperatures were measured on the
days for which measured total river discharges are listed in

Table 5.1, The velocity measurements for these days were used to

" ..determine the discharge distribution across the river at upstream

- and downstream cross sections. Some of these distributions,

l éoVering é,rangc of total Mississippi River discharges from 31,400



" to 58,300 cfs, are shown in Fig. 3.7. In the ordinate q/q,
q = local discharge per unit width obtained by multiplying the local
depth d by the local depth-averaged velocity Gd, and q = QR/W =
width-averaged value of q. Also shown in Fig., 5.7, for comparison,
is the normdlized transverse distribution of discharge per unit
width from the diffuser pipe, qjlaj. No influence of the diffuser-
pipe operation on the river-flow distribution is apparent in the
data in Fig. 5.7 or in any of the other surveys wherein velocities
were measured. However, the influence of the diffuser pipe system
which takes thé condenser cooling water from the region close to
the Il1linois shore and redistributes it across the deep portion of
the channel could well become apparent at lower river discharges.

The measured discharge distributions tended to vary some-
what from survey to survey. At intermediate discharges, between
30,000 and 50,000 cfs, no systematic variation was observed. This

‘was probably attributable to the the nearly constant river stage at
the plant site maintained by the navigation dam near LeClaire, sbout
12-miles downstream, at intermediate and low river discharges.

Figure 5.8 shows the upstream and downstream q/q curves
averaged for the surveys from Fegruary 20, 1973, to August 30, 1973.
 River discharge for these surveys ranged from 31,000 to 41,900 cfs.

The diffuser pipe discharge distribution is also shown. Figure 5.9

: sﬁows thg t?ahSQerse distribution of the ratio of qj/(]j to the

cérrespbnding average upstream q/q values from Fig. 5.8 which also
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represents an estimate of the transverse distribution of the normal-
ized excess temperature (% - Ta)/ATm in the immediate vicinity of
the diffuser pipes following initial mixing. The equivilence of the
two ratios can be seen from the equality

/9. . .
ﬂl_iil:_q#,_a...:ﬁ (5.5)
oG M agg
combiﬁed with
Gt 5.6
E m
which is a restatement of Eq. (5.2), and
Fa
q./q = (5.7
J aT,

which is the dilution ratio for complete mixing of the local effluent

discharge with the local ambient discharge. Comparison of thedistri-

bution in Pig. 5.9 with the distributions in Fig. 5.3 shows that

they axre indeed similar if allowance is made for some attenuation

and smoothing due to transversc mixing occurring in the 500-ft

reach between the diffuser pipes and the downstream survey scction.
Distributions of the normalized excess heat load across

the channel at the downstream cross section were determined from the

temperature together with the velocity measurements. The distri-

bution curves for two surveys arc shown in Fig. 5.10, 1In the
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“ . ordinate, the quantity B(T - Ta) d is the local depth-averaged

'heét'fIUi where. u is the local velocity., The area under these
éurvés represents the ratio of the total excess heat load measured
at the downstream section to the total excess heat input from the
diffuser pipes. Values of this ratio, which is called the heat
recovery ratio, are listed in Table 5.4 for all the surveys for

~ which velocity measurements were made. The value of the heat
recovery ratio should equal one, if the heat loss in the 500-ft
length of channel is assumed to be negligible. The level of
agreement provides an overall check on the temperature, velocity,
and background data. The results in Table 5.4 appear to be quite

satisfactory.

TABLE 5.4. Heat Recovery Ratios 500 ft
Downstream from Diffuser Pipe

Date Heat Recovery Ratios
2-20-73 0.90
7-26-73 0.87
7-31-73 0.88
8-17-73 0.85
8-30-73 1.00
9-12-73 1.12

10-08-73 1.00
11-14-73 0.85
1-16-74 1.09
1-21-74 0.86
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5.1.2. One-Pipe Surveys

'Sine'cross-sectional surveys were conducted when the plant
was using only one diffuser pipe to discharge condenser cooling
water. Six of these were made when the plant was using the spray
canal in conjunction with the short diffuser pipe to dissipate the
waste heat. This cooling system will be referred to as the com-
bined ;ystem.

A schematic diagram of the combined system is shown in

Fig. 5.11. The variables shown in the figure are defined as

follows:

QC = flow discharge entering spray canal in cfs; depends
on number of 1ift pumps operating

Q = effluent discharge from diffuser pipe in cfs; depends
on number of circulating water pumps and lift pumps
operating

T, = effluent temperature from plant in °C; provided by
technical staff

T; = intake temperature to plant in °C

TaI = ambient temperature in river entering intake in °C,

measured by IIHR

AQL = loss of flow discharge in spray canal system due to
evaporation in cfs; varies with plant operating con-
ditions and meteorological conditions; AQL = 45 cfs

ATl = temperature reduction in spray canal system in °C;
‘  varies with plant pperating conditions and meteoro-
logical conditions

A(QT)L = loss of heat flux in spray canal system in cfs - °C;
varies with plant operating conditiens and meteoro-
logical conditions

< gt

< g T Bt = e
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Water flows into the intake bay from both the river and the down-

Vstream'énd of the spray canal and is drawn through the plant by the
six circulating water pumps. The water is heated as it passes
through the condensers and then flows into the effluent discharge
irbay. Three 1ift pumps each draw 401 cfs from the discharge bay
into the upstream end of the -nray canal. The remainder of the
effluent Is discharged ir : river through the short diffuser
pipe. When one or more of the lift pumps to the spray canal is
not in operation, the discharge into the canal decreases pro-
portionally and the discharge through the short diffuser pipe
increases. The rate of heat dissipation from the canal is
dependent on the effluent temperature, the meteorological condi-
tions, and the heat transfer characteristics of the spray canal.
The temperature of the spray canal adjusts until a thermodynamic
balance is established between the rate of heat added by the
condensers and the sum of the rates of heat transfer to the
atmosphere aﬁd the net heat exchange with the river. When this
6ccurs; the system reaches equilibrium. At this equilibrium condi-
tion, the effluent temperature has been observed to exceed the
ambienf river temperature by as much as S1°F.
The one-pipe studies covered total river discharges ranging

"~ from 22,200 to 103,000 cfs and percent of full plant load from 40.2

to 91.0 percent. -
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5.1.2.1, Baékground Pata

Backgfound data for each of the surveys is presented in
Tables 5.5 and 5.6, These tables correspond to Tables 5.1 and
5.2 in section 5.1.1.1.

Column 2 of Table 5.6 indicates which of the two diffuser
pipesl, the long or the short one, was in operation during each
survey. The number of lift pumps and circulating water pumps
running for the days on which surveys were made are given in
colums 8a and 8b. On the days when no 1lift pumps were running,
the plant was operating open-cycle. The equation for computing QE
for the surveys wherein the spray canal was not operating is
Bq. (5.1). When the spray canal is in operation, this equation is
no longer applicable. Since each of the threc lift pumps is
supposed to have a capacity of (401) cfs, and each of the six
circulating water pumps a capacity of (378.3) cfs, the following

equation should apply for the combined system:

QE (378.3) x NC - (401) x NL (5.8)

- where

NC = number of circulating water pumps in operation

NL - number of lift water pumps in operation

Howevér,'this method of computing QE is valid only if the pumps
operate at their design capacities. This is questionable, in view

“of tﬁe'résultsvof the open-cycle studies. Since the heat-flux




TABLE 5.5. Background Data for One-Pipe Cross-Sectioral Surveys
Total River Measured
Distance to Distance to Discharge Total
- Downstream Upstrean from River
Date Section Section U.5.G.S5. Discharge
, (ft) (ft) (cfs) (cfs)
(1) (2) (3) (4) {8}
4-15-74 150 200 98,300 103,000
7-23-74 500 200 21,200 22,200
7-25-74 500 200 32,700 37,100
B8-22-74 500 200 30,000 32,000
9-10-74 500 200 26,200 27,000
10-02-74 150 200 27,000 26,700
11-11-74 150 200 37,600 --
1-08-75 500 200 26,200 25,300




TABLE 5.6.

Background River Flow and Plant Effiuent Data when Operating
with Spray Canal and/or One Diffuser Pipe Only

Number Estimated | Estimated
R Average Plant Plant Percent of of Plant ~ Mixed'.
S Diffuser River Ambient Intake Effluent| Full Plant| Pumps Effluent | Temperature
Date . Pipe | Discharge| Temp. | Temperature | Temp. Load Running | Discharge Rise -
: - Est.
Ta TaI TI TE Lift}CW QE ATm
(cfs) °Q cal o o {(P) (cfs) (°cy
) (2) (33 (4) (5a) |~ (sb) | (6) (N (8a)] (8b) €)) (10}
4-15-74 | Long 103,000 | 8.6 8.9 8.9 20.8 46.9 0 3 1150 0.14
7-23-74 | Short 22,200 | 26.8 26.4 | 27.4 33.3 40.2 2 6 1160 0.34
7-25-74| Short 37,100 | 26.4 26.1 | 31.2 40.4 65.2 3 6 850 0.32
8-22-74 Short 32,000 ¢ 25.2 25.0 { 30.4 43.0 91.0 3 6 880 0.49
§-10-74} Shoert 27,000 | 21.7 21.6 30.0 42.4 79.0 3 5 650 0.50
10-02-74 } Short 26,700 | 13.3 13.5 | 22.4 35.6 81.0 3 5 580 0.48
11-11-74} Short 37,600 5.0 8.9 | 22.2 34.3 79.0 3 5 690 0.46
1-08-75 | Short 25,300 0.3 0.3 0.3 7.9 46.0 0 6 1750 0.53




‘ measurémcnt results shown in Table 5.4 for the open-cycle two-pipe

studies were reasonably good, the heat flux measurements for sur-
veys when the combined system was in operation were used to
“estimate the effluent discharge. The follawing equation was used

to estimate QE:

W ,
Q = —-~—1-—_——-f du(T ="T,))" dz (5.9)

where
W = river width

d = local depth

The integral was evaluated for each survey by measuring the area
‘under the heat flux curves with a planimeter. The effluent dis-
charges computed, using Eq. (5.9), are presenjed in column 9.
Values of QE computed according to Eq. (5.8) ranged up to about
25 percent larger. Column 10 gives the estimated mixed temperature
rises at the downstream cross sections.
-5.1,2.2, Temperature Data

7 The methods of data collection and reduction for the one-
pipe studies were the same as discussed previously for the two-
pipe studies.

Transverse Distribution of Depth-Averaged Excess

~ Temperature. ~The transverse distribution of cxcess temperature is

) preSentgd,in-Fig. 5.12 which corresponds to Fig. 5.3 in section
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Fig. 5.12 Transverse distribution of normalized depth-averaged excess temperature

500 ft downstream from diffuser pipe.




T
— i,
PRERS)

4‘0 1 i I 1
—_———07-23-74
— 091074
—-—0l—-08-75
30 -
o7
a
aT_ 20 -
o
1.0 -t
o
1.0
Illinois Tova
(b) July 23, 1974; September 10, 1974; and January 8, 1975
Fig. 5. 12 {continued).

06

*
nL P A B IERTA AR 4

. 4



40— T 1 T
——— 07-25-74
—_— 08-22-74
K fo] 8
20|
1.0~
0 i
(¢] Q2
fllinois

(¢) July 25, 1974 and August 22, 1974

Fig. .12 (continued).



5.1.1.2. For all the surveys when onl» the short pipe was used,

little excess heat was found in the Iowa side of the main channel.

This, of course, was to be expected since the short diffuser pipe
only extends across the east half of the main channel. The river
discharge of 22,200 cfs on July 23, 1974, was the lowest of any

for either the two-pipe or one-pipe surveys. The excess tempera-
ture on this day spread towards the Illinois shore across the water
surface as shown in Fig. B.13.

Dilution at Point of Least Mixing. The temperature rises

at the dowr<tream measurement points are shown in Appendix B.

The data in Table 5.7 relate to points in the downstream
cross section where maximum temperature rises were obtained. This
table corresponds to Table 5.3 which was discussed in section
5.1.1.2. At the section 500 ft downstream, the maximum obscrved
excess temperature was 3.2°F which is well under the §°F limit,

The estimated proportion of the total waste heat discharged through
the diffuser pipe is presented in column 8 of Table 5.7 and will be
discussed in Chapter 7,

5.1.2.3. Velocity and Heat Flux Data

Velocities were measured in eight of the surveys. Discharge
distributions and total excess heat flux were determined as they
were for the two-pipe studies. The 200-ft upstrecam discharge
distributions for the lowest total discharge 22,200 cfs on

July 23, 1974, and for the highest total discharge, 103,000 cfs
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TABLE 5.7. Performance Characteristics of Diffuser Pipe at Points where Minimum Dilution was
Obtained when Operating with Spray Canal and/or One Diffuser Pipe Only

Estimated
Maximum Proportion
Distance Maximum Local Dilution Maximum ~ of Waste
from Local Normalized at Point Possible Heat to
Downstream | Illinois Excess Excess of Least Dilution Diffuser
Date Distance Shore Temperature  Temperature { Mixing Pipe”
(1) (T-T.) pay ATy % _ AT
a“max ATm (T'Tﬁjmar QE AT
(£ft) (fr) (°F) _ ) )

(D (2) (3) (£ (3) (6) (7 (8)
4-15-74 150 1740 1.4 S.72 15.7 89.6 1.00
7-23-74 S00 920 2.1 3.45 5.57 19.1 0.65
7-25-74 500 1495 1.8 3.12 14.0 343.6 0.63
8-22-74 500 1475 2.8 3.17 il.4 36.4 0.59
9-10-74 500 1475 3.2 3.57 11.6 41.5 0.55

10-02-74 150 950 4.2 4.82 9.56 46,0 0.55%
11-11-74 150 1475 2.8 3.35 i6.3 54.5 0.76
1-08-75 500 1345 1.9 2.01 7.2 14.5 1.00

. QEATE
Estimated proportion of waste heat to diffuser pipe =

(2270)(12.8)p/100 *

s v e




on April 15, 1974, are shown.in Fig. 5.13. Except in two of the

surveys—those on July 23, 1974, aneranuary 8, 1975—the upstream
and downstream river-flow distributions did not differ appreciabiy
and were close to»the averaged distributions shown in Fig. 5.8.
The result for those two surveys, shown in Fig. 5.14, indicate
that the flow in the downstream section was much more heavily
concentrated near the center of the channei. On both of these days,
all of the effluent discharge was from the short pipe, the esti-
mated effluent discharge was greater than the design discharge of
1135 cfs for one pipe, and the river discharge was comparatively low.
The amount of additional flow concentrated near the center is greater
than can be accounted for by the diffuser pipe discharge dlone,
particularly for the January 8, 1975, downstream distribution.
Evidently conditions combined to cause the diffuser pipe discharge
to behave like a jet pump and entrain additional ambient flow.
When operating with one pipe, the diffuser-pipe system no longer
discharges into a laterally-constrained receiving environment as
it did when both pipes were in operation. Therefore, at suf-
ficiently high effluent discharge-to-total river discharge ratios,
some of the water on the Iowa side of the main channel is evi-
dently drawn over to the part of the channel where the effluent
is being discharged.

Distributions of the excess heat load across the channel

at the downstream ¢ross scctions were determined from the velocity
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‘and - temperature measurements as for the two-pipe surveys. Most of

ihé excess hgat flux was found in the Illinois side of the main
channei. These results are not shown here; however, the total
heat flux can be determined by multiplying the mixed temperature
rise ATm in Table 5.6 {which was determined from the heat-flux

distribution data) by the river discharge QR.

5.2 Single-Port Prototype Surveys

Seven single-port prototype surveys were conducted between
November 11, 1973, and October 30, 1974. Five of the surveys were
made downstream from 3-ft ports on the short diffuser pipe; one
was made downstream from a 3-ft port on the long pipe and one was
made downstream from a 2-ft port on the short pipe. Both

velocities and temperatures were measured in all surveys.

5.2.1. Backpround Data

Background data for the days on which surveys were made is
presented in Table 5.8, Column 2 gives the total river discharge
as supplied by the U.S. Geological Survey. Column 3 gives the
distance from the Illinois shore to the location of the heated jet
centerline at the section 30 ft downstrcam from the centerline
between two diffuser pipes and column 4 gives the port orifice
diameters corresponding to the locations in column 3. The

distances downstream from the port orifices where the measurements

" were made are shown in cqlumn 5. The Industrial Bio-Test unit and
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:ﬁiﬁ;'~-TABLE_5.8.-Background Data for Single-Port Prototype Studies in 1973 and 1974

-:Date

- Q)

:,River
Discharge

‘{cfs)
(2)

istance
from
Illinois
Shore

(ft)
(3)

Outlet
Diameter
of Port

)]

(£t)
45

Distance
Downstream
from Port

X

€39
(5)

Percent
of
Full
Plant
Load

P

(%)
(6)

Local
.Ambient
Temp.

T
a

(°F)

€]

I

}

Plant
Effluent

Temp.
Te
(°F)

{8

Estimated

Discharge
from -

Single
Port

Y

(cfs)

Estimated

Velocity
from ..

‘Single
Port

R
J

(ft/sec)
(10)

3-12-74

3-13-74
7-24-74
10-01-74
10-25-74

10-30-74

{11-16-73

26,500

28,600

25,900

25,200

1774

1345

968

1313

1273

1293

1391

2.7

~N
»
~

"~
~

35
65

15
45

35
65
95

15
45
75

15
45
75

15
45
75

15
45
75

88.5

91.2

89.5

50.0

78.0

91.0

87.8

40.2
37.2

38.1

79.5

53.5

56.1

65.5

61.4

61.4

94.7

96.0

104.5

106.8

27.3

24,0

66
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“ the technical siaff of the station provided the information on the

percént of,fuil plant load, the effluent discharge temperature,
'and the number of circulating pumps and lift pumps in operation.
rThe local ambient temperature and velocity were measured by the
Institute staff. Tie values were averaged for the period of the
survef.

The estimated effluent discharge Qj from the single port
under investigation is given in column 9. When the plant was
operating entirely in‘the open-cycle mode, the following equation

was used:

12.8 % Q;p % P/100 QuQy,

Q = ! -
J Te - T 2270

(5.10)

where
QjD = design discharge for the port in cfs

When the combined system was in operation, Qj was calculated with
the following equation:
Q.AT
T m -
A aC I (5.11)
QJ Tg - Ty

where

QT = measured discharge in a section of river whose width
is equal to spacing between adjacent ports at the
farthest downstream section

AT - = measured mixed temperature at farthest downstream
section

Aet
"

Ao

e

T




T

il

E effluent temperature in discharge bay

T
a

local ambient river temperature

As in the one-pipe cross-sectional studies, a simple heat balance

such as Eq. (5,10) could not be used for determining Qj when the

‘'spray canal was in operation since the effluent discharge QE was

not known with certainty, The jet velocities in column 10 were

calculated from the values in columns 4 and 9.

5.2.2. Temperature Data

Ambient'temperature and velocity were measured at two

verticals upstream from the ports both before anu after the: down-

stream measurements were made for each survey. The ambient

temperature was assumed to vary linearly with respect to time

during the survey. Lateral variation of the ambient temperature

across the relatively small test sections was negligible. Excess

temperatures at the downstream sections were calculated by

subtracting the upstream ambient temperature from the measured

downstream temperaturc readings. Fig. 5.15 shows the data from a

typical donwstream survey. Each solid circle rcpresents the

location of the midpoint between the thermistor probe and the

~current meter. The number above the point is the excess tempera-

ture in °F. The number below the point is the measured velocity

(not the excess velocity) in feet per second. The vertical lines

separate the regions,aSSigned to adjacent ports, Similar figures

‘ff'qu all single-port surveys are presented in Appendix C.
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Table 5.9 gives the localraverage ambient velocity and
depth, and the port spacingrfor each of the surveys in columns 3
to 5, respectively. Local average means an average tsiken over the
region included in the survey. Column 6 lists the estimated
effluent discharge from the ports under investigation. When the
plant was operating in the open cycle mode, the estimated mixed
temperature rise given in column 7 was based on the following

equation:
AT, = Q;8Ty/ [”’Ua] (5.12)

When the plant was operating with the combined system, the mixed
excess temperature was computed from the data at the section
farthest downstream,

The S°F temperatdre rise isotherms for the survey sections
were determined by linear intevpolation. They are shown for all
the single-port surveys in Appendix C. Some of the plots also show
isotherms for smaller temperature rise values. Excess temperatures
greater than 5°F were not observed in some surveys. The percent of
the area between the vertical lines wherein excess temperatures
less than 5°F are presented in column 8 of Table 5.9. These
- percentages are zones-of-passage with respect to area, as defined
in Chapter 1, for the region of the channel associated with a
particular port. The maximum observed temperature in each survey

section is given in column 9.




TABLE 5.9. Results for Single-Port Prototype Studies

Estimated
Effluent
Local Discharge| Estimated | Zone-of Maximum Zone-of
Distance | Average Local from Mixed Passage Observed | Passage
Downstream| Ambient | Average| Port Single Temperature wIt Temperature wrt
Date from Port| Velocity| Depth | Spacing Port Rise Area Rise Dischargq
x u, H L Q; 8T ZPA (T-T,) pax ZPD
(£t (ft/sec) (ft) (ft) (cfs) (°F) (%) °F %)
(1 {2) 3 (4) (5) (6) (7 (8) (9) (10}
11-16-73 35 1.52 23.4 19.67 42.1 1.44 §9.2 5.4 98.3
65 100 100
3-12-74 18 2.88 21.7 19.67 46.7 0.89 97.3 7.7 96.5
45 99.7 5.6 99.6
3-13-74 35 2.18 17.9 39.33 19.9 0.30 100 4.4 100
65 100 1.7 100
95 100 1.4 100
7-24-74 15 1.06 18.8 19.67 46.3 1.3 100 4.9 100
45 100 2.4 100
7S - 100 1.9 100
10-01-74 15 1.18 22.0 19.67 27.3 2.11 89.5 4.8 86.2
45 94.4 5.7 §1.9
75 100 4.0 100
10-25-74 15 1.07 20.0 19.67 24.0 2.64% 86.1 19.0 81.2
45 86.7 B.9 81.5
75 97,8 5.0 37,0
10-30-74 15 1.09 20.4 19.67 25.3 2.711" 87.1 20.0 76.2
45 87.2 8.7 85.3
75 68.6 5.7 98.5
*Measured at farthest downstream section, =
- - e s - L A i SO ¥ oty
B N - — - 4 Y Y . T R \d A v Y — v \»
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©'5.2.3, Velocity Data

The following equation was used to compute the percent of
the discharge with excess temperature less than 5°F, i.e., the
zone-of-passage with respect to discharge for a particular port,

'S.?S}fz &%(S{\ WA (e ?3?} 1548
where

Ag = area enclosed by the S°F isotherm

65 = estimated average velocity within 5°F isotherm

Q, = LHU, = ambient discharge for local increment of

river width equal to 1 port spacing

The values of the zones-of-passage with respect to discharge are
given in §olumn 10 of Tabje 5.9. It should be emphasized that the
zones~of-passage given in columns 8 and 10 apply only to the
segment or slice of the river downstream from the port being
studied. The width of these slices equals the local port spacing,
e 8 _ i.e., 19.7 ft for the main-channel pﬁrts and 39.3 ft for the
1 " shallow-water ports.

The oxcess heat fluxes are not presented in the tables but

can be determined by multiplying the effluent temperature rise

times the estimated discharge from a single port.




106

CHAPTER 6

MODEL EXPERIMENTAL RESULTS

6.1 Introduction

The objectives of the model study, as stated in Chapter 3,
were satisfied by performing the following two main series of
model investigations: (1) experiments for which model results
were directly compared with field measurements to determine how
well the two-dimensional channel model represented the prototype;
and (2) experiments that systematically covered a wide range of
field conditions in an effort to adequatcly predict zones-of-
passage for the entire river channel for various ambient flow and
plant operating conditions. In addition, characteristics of
merging jets over the experimental range were investigated.

The first series of experiments consists of model runs
corresponding to each of the single-port prototype surveys.

Table 6.1 gives the conditions for the model runs. The modeling
criteria were described in Chapter 3. Temperature and flow
conditions for the October 25 and October 30 prototype surveys
were nearly the same; therefore, only the October 25 survey was
modeled, Column 3 of Table 6.1 gives the normalized density

deficit of the jet at the point of discharge for each run.

B e



TABLE 6.1. Conditions for Model Runs Simulating Single-Port Surveys

. Jet
Date of Normalized Densimetric Jet
Prototype | Ambient Density Relative | Velocity Froude Reynolds | Ambient | Effluent
Survey Velocity Deficit Depth Ratio Number , Number Temp. Temp.
{(ft/sec) (°F) {°F)
. . R
U, ap/e H/D UJ/Ua UJ/VgD 8p/ 0 UJD/\:j T, Te
1) ) (3 (4} (s) (6} (7 (8) 9

11-16-73 0.279 0.006149 8.67 4.80 20.22 15,700 86.0 94.4
3-12-74 0.530 0.00108 8.04 2.85 26.76 17,200 R5.8 92.0
3-13-74 0.491 0.00108 .94 3.58 31.20 20,000 85.5 91.7
7-24-74 0.195 0.00257 6.96 7.63 24.53 23,800 73.0 90.3
10-01-74 0.217 0.00538 8.15 4.04 7.89 12,800 73.1 104.1
10-25-74 0.197 0.00759 7.48 3.92 6.74 13,5900 72.0 112.3
10-30-74 0.201 0.00762 7.48 4.06 6.63 13,900 72.0 112.3
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Célumns 4 and 5 give the relative depth and the velocity ratio.
Coluﬁns o and 7 give the jet densimetric Froude number and the
;&t Reynolds number. respectively. The ambient and effluent model
temperatures for each run are shown in columns 8 and 9.

Background data for the second series of model experiments
is presented in Table 6.2. The port diameter was equal to 0.0915
ft for all runs. Table 6.3 gives the values of several parameters
for each run. Figure 6.1 shows the values of the velocity ratio
Uj/Ua and the relative debth H/D for each experimental run. The
run numbers are indicated on the figure. Most of the results for
this experimental series arc presented in matrices like those
shown in Fig. 6.1.

6.2 Comparison of Model and Prototype Results
tfor Single-Port Surveys

The zone-of-passage with respect to the portion of cross-
sectional area assigned to one port at cach of the downstream
sections for the prototype surveys and corresponding model runs
are presented in columns 3a and 3b of Table 6.4. This zone-of-
passage ZPA is related to the arca Ag enclosed by the 5°F iso-

therm by the equation

20A = 100[1 ] %ﬁ] (6.1)

- The zones-of-passage with respect to the portion of the

ambient discharge assigned to one port for corresponding prototype

o anpmiras -
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; ;;f',  , '71 ';7;7 TABLE'6.2.Backgr)und Data for Model Experiments

“r L o : Initial | Initial | Normalized

: Run Port Ambient | Ambient Jet Jet Density
No, ; Spacing | Depth | Velocity | Temp. Temp. | Velocity | Deficit

L H U T, Tp Uy 8p/p x 103
(£ft) (ft) | (ft/sec) (°F) (°F) (ft/sec)
(1) (2) (3) (4) (%) (6) N (8)
11 0.667 475 .o74 75.7 97.5 1.66 3.69
12 | 0.667 4751 100 85.3 |104.7 1.66 3.69
13 | 0.667 475 | 147 71.6 94,7 1.66 3.69
14 | 0.667 .475 .258 76.0 97.8 1.66 3.69
15 | 0.667 475 | .442 86.5 |[105.8 1.66 3.69
21 | o.667 .610 | ,074 68.5 92.8 1.66 3.69
21a | 0.667 610 | .074 73.1 79.6 1.66 0.92
22 | 0.667 .610 | .100 85.0 [104.6 1.66 3.69
23 | 0.667 .610 | 147 75.2 97.2 1.66 3.69
23a | 0.667 610 | .147 73.3 79.8 1.66 0.92
L 24 | 0.667 .610 | .258 82.0 |102.2 1.66 3.69
24 | o.667 .610 | .441 85.8 [105.1 1.66 3.69
[~ 31 | 0.667 .746 | .074 75.4 97.3 1.66 3.69

32 | o0.667 .746 | .100 85.1 [104.5 1.66 3.69
33 | 0.667 746 | 147 74.7 96.8 1.66 3.69

- 34 | 0.667 | .746 | .258 | 84.2 |103.7 1.66 3.69

; 35 | 0.667 | .746 | .441 | 86.1 |105.3 1.66 3.69
#1 0;667 ..881 .074 75.2 97.2 1.66 3.69
4ia> 10.667 881 | .074 72.6 79.2 1.66 0.92




TABLE 6.2.— Continued

Initial| Initial | Normalized
Run | Port Ambient § Ambient Jet Jet Density
No. | Spacing | Depth |Velocity| Temp. Temp. | Velocity! Deficit
L H U T, Te u, dp/p * 107
(ft) (ft) 1 (ft/sec)| (°F) (°F) (ft/sec)
(1) (2) (3 (4) (5) (6) (7) (8)
42 0.667 .881 .100 84.9 104.4 1.66 3.69
43 0.667 . 881 .147 75.1 97.1 1.66 3.69
43a 0.667 .881 .147 71.3 78.2 1.66 0.92
44 0.667 .881 .258 84.9 104 .4 1.66 3.69
45 0.667 .881 .441 86.8 106.0 1.66 3.69
51 2.0 .501 .030 74.5 96.6 2.03 3.69
52 2.0 .501 .060 75.4 97.3 2.03 3.69
53 2.0 .501 .091 73.8 96.2 2.03 3.69
54 2.0 .501 .181 74.7 96.8 2.03 3.69
55 2.0 .501 .258 74.0 96.3 2.03 3.69
61 2.0 .636 .030 73.5 96,0 2.03 3.69
62 2.0 .636 .060 75.3 97.2 2.03 3.69
63 2.0 .636 .091 73.5 96.0 2.03 3.69
64 2.0 .6306 .181 73.0 95.8 2.03 3.69
71| 2.0 772|030 | 74.2 | 96.5 | 2.03 3.69
72 2.0 772 .060 75.5 97.4 2.03 3.69
73 2.0 772 .091 73.6 96.0 2.03 3.69
74 2,0 772 181 74.5 96.8 2.03 3.69
75 2.0 772 .258 83.4 103.1 2.03 3.69
81 2.0 .907 .030 - 73.5 95.9 2.03 3.69
82 2.0 .907 .060 73.5 97.4 2.03 3.69
83 2,0 .907 .091 73.2 95.9 2.03 3.69
85 2.0 527 .258 83.3 103.0 2.03 3.69
. Note: D = 0.0915 ft.
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TABLE 6.3, Dimension)ess Parameters for Model Runs

. Jet Normalized
Run: | Velocity Relative Volume Froude Fully Mixed
‘No. Ratio Depth Flux Ratio Number Temperature
k=U, /U H/D v=q_/q S N e D I
i'7a a' j % BT~ 4,t4;
(1) (2) (3) (4) (8) (6)
11 22,4 5.19 .16 15.9 .316
12 16.6 5.19 2.9 15.9 .255
13 11.3 5.19 4.28 15.9 .189
.19 7.52 15.9 117
19 12.¢9 15.9 .072
6.66 2.77 15.9 .265
6.66 2.77 31.8 .265
6.66 / 3.74 15.9 .211
6.66 5.32 15.9 .158
.66 5.32 31.8 .158
&.66 9.66 15.9 .094
.66 16.5 15.9 .057
8.15 3.39 15.9 .228
8.15 4.58 15.9 .179
5 6.73 15.9 .129
8.15 11.8 15.9 .078
8.15 20.2 15.9 .047
9,63 3,99 15.9 .200
. 9.63 3.99 31.8 .200




TABLE 6.3.—Continued

' ) Jet Normalized
Run Velocity Relative Volume Froude Fully Mixed
No. Ratio Depth Flux Ratio Number Temperature
U, AT q.
k=U, /U H/D V=q./q. |F,= ——| B _b_
i'"a a’ ] j ',E;D 8Ty qp*a5
[
1y (2) (3) (4) (s) (6)
42 16.6 9,63 5.40 15.9 .156
43 11.3 9,63 7.94 15.9 .112
43a 11.3 9.63 7.94 31.8 112
44 6.43 9.63 13.9 15.9 .067
45 3.76 9.63 23.9 15.9 .040
51 67.6 5.47 2,25 19.5 .308
52 33.8 5.47 4,50 19.5 .182
53 22.3 5.47 6.83 19.5 127
54 11.2 5.47 13.6 19.5 .00Y
55 7.93 5.47 19.4 19.5 .049
61 67.6 6.94 2.26 19.5 .259
62 33.8 6.94 5.72 19.5 .149
63 22.3 6.94 8.67 19.5 .103
64 11.2 6.94 17.2 19.5 .055
71 67.6 8.43 3.47 19.5 .224
72 33.8 8.43 6.94 19.5 .126
73 22.3 8.43 10.5 19.5 .087
74 11.2 .43 20.9 19.5 .046
75 7.93 8.43 29.8 19.5 .033
81 67.6 9.91 4,08 19.5 .197
82 © 33.8 9,91 8.15 19.5 .109
83 22.3 9,91 12.4 19.5 .075
85 9,91 19.5 .028

7,93
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5.2 t 12 13 4 15
6.7 2l 22 23 24 25
8.l 31 32 33 34 38
9.6 4] 42 43 44 A3
3—pof1 sories
67.7 33.8 223 1.2 7.9
5.5 51 52 83 54 35
6.9 6l | 62 63 64
ga |7 712 13 74 75
29 8- 82A 83 85
| -port series
¥ig. 6.1 Run numbers for different velocity

ratios and relative depths.




TABLE 6.4.

for Single-Port Surveys

Comparison of Model and Prototype Results

"5

Uséd 10-25-74 results.

Date of Distance Zone of Zone of
Prototype pDownstream Passage Passage Minimum
Survey from port (Area) (Discharge) Dilution?
(ft) (%) (%) %)
p M p M p M
(1) () (3a)] (3b) (4a) (4b) (5a) | (sb)
11-16-73 35 99.2 96.5 98.3 93.1 4.7 4.1
65 100 100 100 10Q 7.0 7.1
3-12-74 15 97.3] 94.5 96.5 94.4 3.1 2.3
45 99,7 96.3 99.6 96.2 4.3 3.9
- 100 100 100 - 5.4
3-13-74 35 100 | 100 100 | 100 5.3 | 5.9
65 100 100 100 100 13.7 [10.5
a9 100 100 100 100 16.6 t14.9
7-24-74 15 100 96.5 100 89.2 3.10} 2.3
47 100 100 100 100 6.33) 5.1
75 100 100 100 100 §.00| 7.0
10-0]-74 15 89.5 92.9 86.2 88.4 2.621 2.3
45 94 .4 93.6 91.9 92.7 §.79| 5.9
75 100 100 100 100 9,70111.4
10-25-74 15 86.1| 88.7 | 81.2| 83.7 2.3
45 86.7 89.5 81.5 86.9 2
75 97.5 93.8 97.0 92.8 8.6
10-30-74 15 87.1| 88.70| 76.2| 83.7% | 2.5 | 2.3b
45 87.2| 89.sb| 85.3| 86.9> | 5.8 | 7.2b
75 98.6| 93.8b| 98.5| 92.85 | 8.9 | 8.6b
- T, - T,
IMinimum dilution = .
: o max a

e A v
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and model conditions are presented in columns 4a and 4b. The
me thod of determining these values from the prototype data was
discussed in section 5.2.3. For the model, the following equation

was used:
ZPD = 100[1 - AsUs/ (Qp/n + Q) (6.2)

where

QF = total ambient flume discharge

n

n 1 for 3-13-74 modeled run and 3 for all other runs

The estimated average velocity through the S°F isotherm Ug was
determined from velocity measurements made during each model Tun.
Columns 5a and Sb give the minimum excess temperature
dilution S as determined by the following equation:
T. ~ T
a
§ = =—F

N S - T
' Tmax a

(6.3)

The agreement bhetween model and prototype results, as
presented in Table 6.2, is fairly good; hence, one can conclude
with reasonable confidence that model results can be used to

predictvthe‘zonés—of-passage for the entire channel.

The 5°F isotherms as measured in the model are sketched on

the appropriate figures in Appendix C with dashed lines. These

'isothefms are included on PFigs. C.1, C.2, C.5, and C.6. The

“location of the. maximum excess temperature as measured in the




model is indicated by a large X in Figs. C.}, C.2, C.4, C.5, and

C.6. Since the shapes of corresponding isothems for adjacent

ports. are usually quite different, it is not cxpected that the

shapes . of the isotherms found in the madel would closely match

those for the prototype. However, the agreement between model and
prototype for the location of the maxir.um excess tempelraturc at

corresponding sections is reasonably good.

6.3 Zones-of-Passage for Entire Channel

Because local depths and ambient velocities vary from port
to port, detcrmination of zones-of-passage for the entire river
channel requires that mixing zone areas and discharges for each
of the 50 ports be determined and then added together. Clearly,
the single-port prototype surveys did not include either enough
ports in different parts of the channel or a sufficiently detailed
coverage over the range of ambient flow and plant operating
conditions for such determinations to be made. Conscquently, the
results of the single-port model experiments, which were designed
to provide the required coverage, were used for this purpose.

More specifically, the model data were used to develop curves and
equatioﬂs relating the dimensionless ratios AS/Aj and Aﬁ5/AUj to

the ~dimensionless ratios H/D and Uj/Ua’ which were used to estimate

‘1  values of As and ﬁs for each port as a function of river discharge

for the condition of full plant load.
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Figﬁre 6.2 shows fhe variation of mixing zone area,
within which AT exceeds 5°F, with distance downstream from the
port for various combinations of Uj/Ua and H/D. The plots were
méde dimensionless by using the area and diameter of the ports as
scaling factors, Although the simulated 5°F temperature rise
isotherms are actually isotherms for a dimensionless temperature
rise of 5/23 = 0.217, rather than the actual temperature rise of
5°F, they are called 5°F isotherms herein. At low values of
relative submergence and at high velocity ratios, the mixing zones
tended to be larger in area and to extend farther downstream than
for higher relative submergences and lower velocity ratios. When
the normalized fully-mixed temperature rise exceeded 0,217, the
5°F isotherm engulfed the entire measurement section within a
short distance downstream from the ports. The normalized fully
mixed temperature rise is given by the equation

AT

5T, an/[czF ‘ noj] (6.4)

where

n = number of discharge ports

As can be seen in Table 6.3, A'I‘m/ATE exceeded 0.217 only in runs
11, 12, 21, 2la, 31, S1, 61, and 71. The persistence and magni-
 tude of the mixing zones did not vary a great deal for flows with

moderate to high relative submergences and moderate to low velocity
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ratios (i.ec., for moderate to high volume flux ratios). For these
conditions, the 5°F isotherms disappearcd about )4 jet diamecters
downstream,

The shape of the 5°F isotherms was nearly elliptical. For
the higher velocity ratios, the major axes tended to he oriented
vertically; and for the lower velocity rativs they tended Zo be
oriented horizontally, approaching the horseshoc-shape discussed
in Chapter 2. Most of the isotherms for the intermediate velocity
ratios were approximately circular, Figure 6.3 shows isotherms
determined for runs with high, interpediate, and low velocity
ratios at a section 8.3 jet dJdiameters downstream from the ports.
The areas enclosed by the 5°F isotheyms and the areas of corre-
sponding ellipses withk principal axes cqual to the vertical and
transverse widths of the reasured isotherms differed by less than
5 percent for most of the experiments.

At each measurcment cross section in the model, velocity
profiles were measured along the vertical and transverse lincs
which intersect at the point of mayximum temperature rise. Some
typical profiles for run number 22 are shown in Fig. 6.4. The
excess velocity profiles were approximately Gaussian. Consequently,
the excess velocity, due to the jet, was assumed to be distributed
according to the bivariate normal distribution with zero corre-
lation, so that the velocity distribution in the section could be

represented by the equation
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x/D = 11.2

x/D = 8.4

x/D = 5.6

x/D = 2.8

Pig. 6.4 Measured transverse and vertical velocity
profiles for run 22.
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1 2 2 12
uly,z) = Ua * Aumax expl- Kl [u ] * L;~J (6.5)
yVv zV
vhere
u(y,z) = local velocity
Aumax = maximum excess velocity in section (always at

or very close to location of maximum tempera-
ture rise)

oyv, sz = standard deviations of vertical and transversc

excess velocity distributions, respectively

Since data on the jet trajectories (presented in section 6.4.4)
showed that the upward inclination of the trajectories was
usvally less than 20° from the horizontal and cos 20° = 0.94, the
magnitudes of the horizontal velocity components were assumed to
be equal to the measured magnitudes of the total velocity vectors.
According to Eq. (6.5), the transverse distributions of Au at any
y and the vertical distribution of Au at any z are also Gaussian.
The solid curves passing through the data points in
Fig. 6.4 were drawn by eye. The vertical dashed lincs represent
the corresponding transverse and vertical widths of the 5°F
isotherms. The estimated standard deviations for the excess
velocity distributions were determined so that the distritutions
predicted by Lq. (6.5) matched the measured velocity profiles at
.the peaks and at the edges of the S°F isotherms (i.e., in Fig,
6.4, At the‘peaks and at the points where the dashed lines mect




the velotity profiles). The standard deviaticn 9y of the

transverse distribution was cstimated from the relationship

.
- 5
g = - (6.6}
A BT
where
Zg = half width of the measured 5°F isotherm

=
it

ratio of the average of the excess velocity at the
transverse edges of the 5°F isotherm to the maximum
excess velocity within the isotherm

An equation of the same form was used to estimate the vertical
standard deviation OyV'
The average velocity within a modeled 5°F isotherm was
determined by numerically integrating the velocity distribution
given by Eq. (6.5) over the area of an ellipse with axes equal to

the vertical and transverse isotherm widths. The total discharge

within the isotherm was then determined from the equation

Qs = f u dA = AgUs (6.7)
Ag

where

Us

average velocity within the 5°F isotherm

It includes both the ambient and the excess velocity components.
Figure 6.5 shows dimensionless discharge within the 5°F isotherms
for the three-port and one-port series, respectively. As would be

expected, these Qs curves vary with velocity ratio and relative
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depth inra manner that is very similar to the variation of the Ag
curves in Fig. 6.2.

Zone-of-passage with respect to area for the entire river
cross section was not determined since the zone-of-passage with
respect to discharge is always smaller, and, hence, is the limiting
restriction when velocities withipn the 5°F isotherms are greater
than the ambient velocity. The method for determining zone-of-
passage with respect to discharge for various Mississippi River
flows using Fig. 6.5 will now be discussed. A similar method
could be used together with Fig, 6.2 to determine the zonc-of-
passage with respect to the total cross-sectional areca of the river.

Zones-of-passage with respect to river discharge at dif-
ferent distances downstream from the centerlinc between the two
diffuser pipes were determined by the following equation:

25 25

§ Q (i,x - 15.6) + .2 Q (j,x + 4.4)

ZPRD(X) = 100 |1 - éL
i=1 j=1

R{i

(6.8)
where

x = distance downstrecam from the centerline between
the diffuser pipes

i = ith port from the Illisnois shore on the short
diffuser pipe which is located 10 ft downstream
from the centerline between the two pipes

j = jth port frbm the Illinois shore on the long
diffuser pipe which is located 10 ft upstream
trom the centerline between the two pipes




Qs{i,x) = discharges obtained from Fig. 6.5 given Jocal
and ambient and cffluent flow conditions for ports
~Qs(i,x) on the short and long pipes, respectively

7 The depth corresponding to each port was obtained from the bottom
profile shown in the diffuser pipe construction blueprints. The
local ambient river velocity for a given river discharge at each
port was determined from the depth profile and the appropriate
ambient river discharge distribution as measured by IIHR staff at
the sectioﬁ 200 ft upstream from the centerline between the two
pipes. No ambient river discharge distributions werc measured for
flows below 20,000 cfs. Therefore, the normalized ambient dis-
charge distribution shown in Fig. 5.13 for the July 23, 1974, when
the Mississippi River discharge was 22,200 c¢fs, was used for dis-
charges of 20,000 cfs or less. Since the curves in Fig. 6.5 vary

with x, Eq. (6.8) was cvaluated at several distances downstream

from the centerline of the two pipes for cach river discharge
calculation. The zone-of-passage for a specific river discharge

was then taken to be the value at the downstream section where

Eq. (6.8) was minimum,

" Fig. 6.6 shows the minimum zones-of-passage with respect
.l;u ’ . to river discharge as defined by Eq. (6.8). Based on the model
results, the standard for 75 percent zone-of-passage with respect
to‘diSChdrge‘would be violated at river discharges below 15,300

‘¢fs; as iﬂdicated by the dashed lines in Fig. 6.6,
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6.4 Jet Characteristics

6.4.1. Zone of Flow Establishment

Temperatures and velocities were measured in planes normal
to the jet trajectory from the efflux section to a section 2.7
jet diameters downstream to determine excess temperature and the
jet velocity distributions in the region just downstream from the
port for run numbers 31 and 33.

Figure 6.7 shows normalized excess temperature profiles
for vértical profiles 0.55, 1.10, 1.60, 2.20, and 2.7 jet diameters
downstream for run number 33. The orientation of the profiles
shown in the figure is arbitrary. The results show that excess
temperature distribution becomes established and approximates a
Gaussian distribution within 1 jet diameter downstream. Similar
results were obtained for run number 31, although the normal fit
was not quite as good at the tails of the profile. Transverse
profiles very close to the port were not measured.

Velocity profiles were obtained at the same sections in
the same runs, - Some typical vertical normalized excess velocity
profiles are also shown. for run number 33 in Fig. 6.7. These
data represent resultant velocities, not horizontal components.
The velocity distribution was not uniform at the efflux section.

The efflux velocity at the top of the jet was about twice as great

‘as the velocity at the bottom and was about 25 percent greatcr

" than the mean jet velocity Uj= Qj/Aj. The maximum measured

IS S e Lt



DleT-Ta=Tl [T - T3 T . Le0.77 T2
i : Rikaadta v0.87 T*
{ | I 1
0 0.8 1.0 1.5 25

EFFLUX

X/D

{(z) Temperature
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-velocity equaled ‘the mean jet velocity about 1.5 jet diameters

;déwhstréam. The ffaﬁsyerse diétribution of velocity matched a
norﬁai ﬂisffibution fairly well about 2 jet diameters downstream;
 howevér, thé'vertical distributioh at the same section was still
skcwed'toward the bottom. For run number 31 with the velocity

ratio equal to 22.4, the vertical profile at the furthest down-

- stream section was even more skewed. The positions of the maximum

temperature and veiocity coincided at sections beyond about 3 jet

diameters downstream from the efflux section.

6.4.2. Center)ine Dilution

The point of minimum excess temperature dilution at any
scqtion is the point in the section with the maximum normslized
excess:tempernture. These points occur along the centerline or
trajectory of the jet. Figure 6.8 shows the centerline tempera-
‘ture dilutions at most of the downstream sections obtained in both
the one-port and three-port series of experiments. The curves in
Fig. 6.8 characteristically show a linear increase of (T, - T}/
(T ay - To) at low values of x/D, followed by a gradual leveling
off as the limiting fully-mixed dilution, ATE/ATm' is approached.
This asymptotic limit is shown as a dashed linc for some of the
shallow-water runs in the three-port series. Since a dilution of
4.6 corresponds to a model temperature rise of 5°F, the 5°F

isotherm disappears when the centerline dilution exceeds 4.6.

Part (c) of Fig. 6.8 compares the minimum excess temperature
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' V:d'i.lution “for runs 21, 21a, 23, 23a, 41, dla, 43, and 43a. These
© results indicate that in the region close to the ports doubling
the Froude number by reducing the initial density difference has
little effect on dilution rates.

Figure 6,9 presents the minimum excess temperature dilu-
tions at all downstream sections for all the runs in generalized
form. -The abscissa is the distance downstream, x, divided by the
product of the jet diameter D and the ratio V + 1, of the ambient
plus jet discharge te the jet discharge. The ordinate is the
measured minimum excess temperature dilution (TE - Ta]/("l'max - Ta)
divided by the normalized fully mixed excess temperature dilution
ATE/ATm. Part (a) of Fig. 6.9 shows the three-port results. For
all runs except 11, 12, 13, 14, 15, 24, and 25, the plotted points
follow the solid curve shown on the figure. The c;rve was esti-
mated by eye. The runs for which the plotted points *'peeled off"
from the solid curve had shallow receiving water depths, suggesting
that surface and bottom interaction probébly retarded the dilution
' procéss. fligh values of the ratio of fully mixed excess tempera-
ture dilution ATE/ATm to relative submergence (H - h)}/D are
characteristic of those runs. Part (b) of Fig. 6.9 shows the one-
port results. The solid curve estimated from the data points in
,_partr(a) is also shown on part (b). The plotted points in part
: (bj’follow the solid curve until reaching an ordinate value of

_about 0,6 where the points veer from the curve. All of the runs
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(51, 52, 61, 62, 71, 81) in the one-port series for which ordinate

values above 0.6 were obtained are characterized by relatively low
values of ATt/ATm and/or H/D. This, together with the larger
spacing between ports in the one-port series, evidently gave rise
to surface and/or bottom interactions which increascd the work of
entrainment, resulting in a retardation of the later stages of
dilution. Part (c) of Fig. 6.9 shows results of the single-port

prototype surveys and the corresponding model runs together with

the same solid curve shown in parts (a) and (b). The agreement
is quite good.
In the range Xx/D(V + 1) < 2, the curves in Figs. 6.8 and

6.9 can be represented Ly the linear relationship

TE B Ta

T - T
a

= 0.28 3‘5 + 0.7 =0.28 [5 + 2.5] (6.9)
max

D

The coefficient 0.28 in Eq. (6.9) agrees fairly closely with the
coefficient 0.32 in Eq. (2.1) for the average dilution in terms

of discharge for a momentum jet in a quiescent fluid of infinite
extent. The agreement would be better if the distance in Eq. (6.9)
were measured along the jet trajectory instead of horizontally;
assuming a trajectory angle of 20° the coefficient in Eq. (6.9)
‘would then be 0.30. The value of the x intercept, -2.5D, corre-
~sponds closely to the location of the 70® bend in the discharge

port, suggest1ng that the bend essentially eliminates the zone of

'_iflow establ1shment and contributes to increased initial mixing.
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6.4.3. Maximum Excess Velocity
- For easy comparison, ratios of initial to maximum excess
velocity .- - j y are
elocity, [UJ Ua)/(umax Ua)’ along the jet centerline are
plotted as a function of x/D in Fig. 6.10 in the same manner as :
the ¢xcess temperature dilution in Fig. 6.8 Over the range of %
{
x/D covered by the data, data for all runs can be represented by !
3
the linear relationship é
u, - u {
—d 3. fal :
T su(D) + 1, (6.10) :
max a '

The slopes Su of the lines in Fig. 6.10 are related to the rates !

of excess center-line velocity reduction. For the three-port :

experimental runs shown in part (a) of Fig. 6.10 Su varies from
about 0,18 to 0.29 depending on the velocity ratio UJ./Uﬂ and the
relative depth H/D. Figure 6.11 shows Su plotted as a function of
velocity ratio Uj/ua' The data define a family of curves with H/D
as the third variable. Apparently surface interaction increases
the excess velocity reduction for relative depths H/D below a valu¢
somewhere between 6.7 and 8.1. Figure 6.11 shows that this surface
effect is reduced as Uj/ua decreases. The smallest slope of 0.18
was observed at the highest relative velocity of 22.4. This value

of S can be compared to the experimentally determined coefficient

‘in the. equation [corresponding to Eq. (6.10)]

(6.11)

el AR
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given ﬁy,A)bertson et al. (1950) for a round momentum jet dis-
chafging into a quiescent fluid (Uj/ua = cm) in the zone of
established flow, Variation of S, with velocity ratio Uj/Ua and
relative depth H/D is not as pronounced for the one-port data shown
in part {b) of Fig. 6.10 as for the three-port results. With the
exceppion of the data set for Uj/Ua = 7.9, a slope of 0,22 fit

all data from the one-port experiments reasonably well. For the
runs with Uj/ua = 7.9, Su = 0.25 provided a better fit. These
results are generally consistent with those shown in Fig. 6.11 for
the three-port studies.

Three of the single-port prototype surveys for the main
channel diffuser ports were performed when effluent flow conditions
were approximately equal to design conditions. Values of Su
determined from these surveys are shown in Table 6.5. They compare
reasonably well with the results given in Fig. 6.11 for the three-
port model studies as regards both the magnitude of the Su values
and the trend.

A similarity relationship, analogous to the one in
Fig. 6.9 for centerline temperature dilution, may exist for
centerline velocity reduction. However, velocity measurements
were not obtained sufficiently far downstrcam to determine if it

does. The value of the ordinate intercept Iu in Eq. (6,10) varics

only betwecen 0.5 and 0.7. Because of the variation in Su, the x

intercept, -IuD/Su, would vary from about -2D to -4D.
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TABLE 6.5. Rate of Centerline Excess Velocity
Reduction for Single-Port Prototype
Surveys
Velocity Relative
Date " Ratio Depth Slope
Uj/Ua H/D Su
11-16-73 4.80 8.67 0.29
3-12-74 2,85 8.04 0.28
7-24-74 .7.63 6.96 0.25
Comparison of Figs. 6.8 and 6.10, and Eqs. (6.9) and
(6.10), shows that excess temperaturé and excess velocity along
the jet centerline attenuate in a similar manner during the early
stages of mixing, For low values of the velocity ratio Ujlua’
the initial growth of the normalized reciprocal maximum excess
temperature (T, - Ta]/fnnnx - T,) ard velocity [Uj - Ua]/(umnx -0,

are nearly identical, As the velocity ratio increases above about

Uj/Ua = 6, however, (Uj - Ua]/[U - Ua] grows more slowly with

max
respect to x/D, indicating a slower reduction in excess velocity

along the centerline.

6.4.4, Jot Spreading

To characterize the spreading of the jets, data on the
transverse -and vertical standard deviations of both excess

. temperature and excess velocity distribuations in cross-sectional
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planes dovnstream from the diffuser ports are presented in this

section. These cross-sectional planes were oriented normally to

the flume, not the jet axis. The profiles, for which the standard

deviations were estimated by the method of Eq. (6.6), were taken
along the transverse and vertical axes of a cross-scctional plane
whose origin was located at the point of maximum excess temperature

in the plane.

Estimated standard deviations 9,7 and o T of the excess
temperature profiles, are shown in Fig. 6.12 as functions of x/D
for both the one-port and three-port series. For all three-port

and one-port runs in the three right hand columns of both parts (a)

and (b) of Fig. 6.12 and for runs 32 and 42, the equation

- X
5 = 0.5 + 0.086 5 (6.12)

provides a good fit to the data for transverse standard deviation
of excess temperature. Although the data for the vertical standard
deviation tends to scatter more, Eq. (6.12) fits it reasonably well
also, The only systematic exception was for the three-port runs
with velocity ratio k equal to 3.8. For these runs, the rate of
vertical spreading of excess temperaturc was appreciably smaller
than the rate of transverse spreading. This was previously dis-
cussed in section 6.3,
Curves for the one-port runs with velocity ratio Uj/Ua of

33.8 had aslope of about 0.11. The curves for runs with low voluine
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" flux ratios sloped upward rapidly due to the rapid increase in
the standard deviation as complete mixing was approached.
‘Figure 6.13 shows the estimated transverse and vertical

FAY

such as described in section 6.2. The data in Fig. 6.13 can be

standard deviations ¢_,, and °yv of the excess velocity profiles
fitted roughly by the equation

%y X
= 0.25 + 0.076 B (6.13)

The only obvious trend is the retarded rate of excess velocity

- spreading for three-port runs with low velocity ratios. There is
too much scatter in the data to establish whether there is quanti-
tative dependence on any of the flow parameters.

As shown in Egs. (6.12) and (6.13), the ratios of the rate
of excess temperature spreading to excess velocity spreading was
approximately 1.13. This value was obtained by dividing the slope
in Eq. (6.12) by the siope in Eq. (6.13). The equation for a
round momentum jet discharging into a quiescent fluid, Albertsen

et al. (1950), that corresponds to Eq. (6.13) is

oy = 0.081 x (6.14)

6.4.5. Jet Trajectories

Figure 6.14 shows the centerline trajectories of the jet

‘where the centerline at each section was located at the point of
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-~ maximum excess temperature for both the three- and one-port
series of experiments. The velocity ratio decreases €row top to

bottom in Fig. 6.14, which explains the consistent bending over

~of the jet trajectory for the runs toward the bottom of the figure.

In nearly all cases, the average angle above the horizontal is
"significantly less than the initial angle of 20°, indicating that
Vthe effect of buoyancy, in comparison to that of the ambient
velocity, is small.
Since these trajectories arec based on temperature measure-
Vments, the location of’the trajectorics is not well defined as
complétekmixing is approached and the temperature distribution
becomes nearly uniform; ~ This condition occurs when the centerline
éxceés gemperature dilution plots shown in Fig. 6.8 approach the
,rééiproéal of the normalized fully mixed excess temperature values
given in Table 6.3. Note, for cxample, the trajcctories for runs
31 and 41 which appear to bounce off the surface. Tic marks are
shown on the trajectories for all runs in which the condition of
complete mixing was approached, at the values of x/D where
(Té ?vTé]/(Tmax - Ta) reaches 90 percent of the limiting value
corresponding to complete mixing.

6.5 Individual-Jet, Transition, and
Two-Dimensional Regions

S The mixing and flow field downstream from 4 multiport
'kdiffuser can be divided into three regions or zones: the

5




AR e

'r individua1rjet region; the transition region; and the two-dimen-

sional region, These concepts, introduced briefly in Chapter 2,

are amplified and quantified in this section.

In the individual-jet region—as its name implies—each jet
and its-properties are independent of all the other jets, The jets
may-be either buéyant or momentum jets, and in shallow water therc
may ﬁe free-surface and/or bottom boundary effects.

The individual-jet region ends and the transition region
begins at the cross section where a significant amount of inter-
action between neighboring jets begins to occur. In special cases,

e.g., when there is an upstream thermal wedge, the transition

- -~region could bégin upstream from the ports and there may be no

individual-jet recgion. In this study, the cross section marking
the beginning of the transition region is taken to be the onc at
which the jet has spread transversely to the point where its

nominal half width, b = Zoz , at the vertical level Y of maximum

s T

transverse spreading, becomes just equal to half the distance

" between neighboring ports, L./2. Assuming that the excess tempera-

ture AT[x,ym,z) at this level is distributed transversely according
to the normal probability law, the transition region would then

begin at the valuc of x, where

'l‘(x,ym,L/Z] = 0.270 aT(x,y, ,0) (6.15)

_ wherein 0.270 is“twice the ratio of the normal probability density



Fig. 6.15 Transverse zxcess temperature distributions through centerlines
of three adjacent jets when interaction begins.
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Since. the two lines are nearly parallel, the three regions may be

defined by the following:

R 3
Individual jet region - 0 < —2— < 0.51
L-\‘Q.'?E'
Transition region - 0.51 < ——— < 0.80
Lyo.79 7
Two-dimensional flow region - X > 0.80 (6.17)
1 Lvo.79
: )
: Uall
where V is the volume flux ratio 7B
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CHAPTER 7

PREDICTING ZONES OF PASSAGE

7.1 Preliminary Considerations

In this chapter rclationships are derived for predicting min-
imum zones-of-passage, wirh respect to both cross-scctional area and
flow discharge, in the region of a channel assigned to a single dif-
fuser . port. A definition sKketch for such a rcgion; of depth H and
width L, is shown in Fig. 7.1. The crosg-hatched circular zone of
radius r, rcprcscnts the mixing zone whercin the temperature rise
AT = T - Ta is greater than some critical value ATC, usually S°F, OQOut-
side this zonc is the zone-of-passage whercin AT < ATC. Hypothetical
temperature~rise distributions along the axes a-a and b-b are shown
above and to the rightir Note the contributiocas from the neighboring
ports along a-a, and the influencoe of the reflections from the water
surface and bed on the distribution along b-b, Except for the contri-
bytions from ncighboring ports and the reflections, the distribution
Ef AT along any radius is assumed to be the same, that is, independent
of ¢. The distribution of the excess velocity Au = u - Ua due to the
jet is assumed to be qualitatively similar except near the bed and the
water surface. For zones-of-pussage larger than the minimum allowable
of 75 percent, the area of the circular cross-hatched region in Fig,
7.1 is 0.25 Il or less, Conscquently, as depicted in Fig. 7.1, the
influence of contributions from neighboring ports and of bottom and

frec-surface effects should be minimal in this region and the
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ig. 7.1 Definition sketch for single-port region.

9t



916(.1. ®

disfributions therein arce assumed to be axisymmetric,

Aﬁsuming that the amount of flow and hecat escaping to the
neigbboring regions is exactly compensated for by the contributions
from the neighboring regions, and that there is no heat loss to the
atmosﬁhere, the total volume and temperature-rise fluxes in the area

HL remain constant and arc given respectively by

- u -
Q= Jyy, v A Ji, (g + dwda
=qL+Q =Q. (V+1 7.1
qul + Q= Q(V + 1) 7.1)
and
Q8T = [ u aT dA = @ (AT dA (7.2)
iTE HL AT AL )
In Eq. (7{1) the ambient velocity is assumed to be constant throughout

the area HL. In Eq. (7;2) ﬁ%r is tho excess temperature-weighted mean
velocity in the area HL, which varies from a maximum of U, at the port
to a minimum of (V + l)Ua/V following complete mixing.

From the results in Chapter 6, the distributions of AT and au

in- the cross-hatched circular region of Fig. 7.1 can be approximated

quite well by the radial normal distributions

Q. AT
E 1 2
AT(r;0,) = A —— exv[—i(1 )71 (7.3)
r A 2m0° 20,
N\ AT T/\ /
~
AT AT
max ey
max
] Lox,?
= Au oy oxp -3 (a—(;-‘) 1 (7.4)
N, g v
il
Au
‘Au




‘The b;éckcted expression for ATmax results from consideration of the

totalriemperature%rise flux. 1In Eqs. (7.3) and (7.4) the parameters

O and’av = ad. aré’the respective standard deviations of the AT and Au

'distribuiioné; According to Lgs. (6.12) and {0.13), the vaiue of a ié

. apptoximatcly 0.7 over the range of x/D that is of interest, indicating

’thai the rate of lateral spreading is somewhat less for au than for AT.
The excess temperaturc-weighted mean velocity in the area HL

‘is defined by

fiy ust dA [y AUAT dA
AL JHL U+ HL ) (7.5)
AT [ 0T dA i AT dA
- From Eqs. (7.3) and (7.4),
MUAT = Au__ AT - =3 2) LR 7.6
= Mhiax ' pax ©XP 2 02~_(0T (7.6

Now -assume that the integrations of AuAT and AT over the area {IL

are vespectively equal to
’ o " w
2n [ AuAT rdr and 20 [§ AT v dr,

_which in effect assumes that AuAT and AT go to zero toward the outer

boundaries of the region HL. The indicated integrations then lead to

ﬁgT 2 bu 2 Aum'x
b= 1 (=) R b (R (k- ) (7.7)
a 1+a” a L+ o J a

 Using Eqs. (6.12) and (6.13) to evaluate a and Bq. 16.10) to cvaluate

. Ugmaﬁé; GQT/UhcanbeeStimated as a function of »/ and k, for the range
37 . K .

*of?cbhdftions“coyéred in-the flume experiments, as shown in Fig. 7.2.
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Fig. 7.2 Variation of i\./U_ with x/D for

diffevent values of k, according
to Eq. (7.7).
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In plotting the curves, average values of 0.23 for S, and 0.6 for Iu

were used in Eq. (6.10).

7.2 Expressions for PA and P

Q

In deriving relationships for the zomes-of-passage with respect
to arca, ZPA, and with respect to discharge, ZPD, it is convenient

to work with the fractional area

Pa ° L (7.8)

and the fractional discharge

Te
- E?fo ur dr (7.9)
Q Qj( V+ 1) ’

- within which AT > ATC. They are related to ZPA and ZPD by

]

ZPA 1000.-PA) (7.10)
and

ZPD

100(1 - PQ) (7.11)

Eliminating T, between Eqs. (7.8) and (7.3), and using the definitions

k = Uj/Ua and V = ga/qj, results in

g
= .8 (T,2 :
PA = W ( D) In F (7.12)
where A
r AT AT u o
2 8 AT T2
B o=exp I- %‘EE) } = KTS X KTE T (‘5’ (7.13)
max E Ta

In:a similar manner, replacing the local velocity u in Lq. (7.9) by

u = Ua + pMu(r; ov) - (7.14)




wperé Au:1s given by Eq. (7.4}, followed by the integration in Eq. (7.9),
1’%:;1;15,!‘,0 )
: ' : , Au 2
8 T 2 ~max 1/a :
(RS - A . - : , - 7
TR InF+a LA =~ FE) (7.15)
7.3 Determination of P and p
Bnas
Two different methods for predicting P and P are pre-

m'lx Qmax

sented in this section.

assumptions that PA

-A 2
um./u,c1 and ,a do rot.

Tesults.

and PQ vary with respect to (OT/D)Z,

In the second method P

The first method is based on the simplifying
but that
Also, no dircct use is made of the experimental

and P, are cvaluated as functions

A

Q

of x/D -using geneznl1zcd relationships based on the experimental

: Ay
results, whereln oT/D, F, a, and me%éﬁ, are all represented as
j a

functions of x/D.

7.3.1 Using Simplifying Assumptions
With the simplifying assuwmptions indicated above, P “and
max
P can be determined by the classical maximization procedurc of
Una , e
clementary calculus, Letting s = (0,/D)° and F = & o=> ——— 5, and
: T kK AT, U
.ooar : E a
~ setting Pl 0, leads to
AT
_ 1 E a
PA T @V BT. R (7.16)
max C Upp

where e is the base of the natural logarithm. Using the lower limit

. (V'+ 1)/V as an estimate for GZT/U1 gives




: 1 ATF

p T oy e (7.16a)
I AT B i

Amax e(V + 1) Alc

which should provide a conservatively high estimate.

A similar procedure is followed to determine P( . Here,
dP Imax
setting —H§»= 0 leads to the equation
~A
: u 2 2
“In B o-rloe (1 az)(gﬁ - il - “-*;N’”“ J =0
a 1 +a A
, u
for which no explicit solution for F is apparent. Letting ﬁél =
Vel ' ' a
v again, this equation reduces to
2 2 2
i1 3300 (@0 Gpllat oy (7.17)
v 2
1 +a

whichﬁisishownfgraphically for a = 0.7 and'a = 1 in Fig. 7.3. This

leads'to'
AT 2 2
. B Ve ok o, (L +a)y,  l/a
Pme TN Foi- o bs =gl - 1 (7.18)

wherein F and V values for a given value of a arc paired according
to Eq.. (7.17). Because of the interdependencics contained in Eq. (7.17)
it is not clear in this case whether or not Eq. (7.18) should give a

.

conservative estimate of P
s Qm'lx
ce «

7.3.2 P, -and PQras Functions of x/D

A

To obtain PA and PQ

equations based on experimental results presented in Chapter 6 are sub-

as functions of x/D, the appropriate
situféaVin;o Eqs. (7.12) and (7.15). Por PA, the result is

BT max

Ar, Op oy AT, AT,
EE T Vey vl S LRy . R (7.19)

]
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Fig. 7.3 Relationships between F and V for a = 0.7
ERTES : p ‘ o ~ ‘and'a = 1 according to Eq. (7.17), for
1 ’ determining P0 according to Eq. (7.18).
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“where
¢
T X
B = O.OSB(E) + 0.5 (6.12)
and
B ATy X
. = 0,28(%) + 0.7 {(6.9)
Aqmax D
For Pq, the result is
Qe
T fsu 2
v+ 1P £ §( )2 {1nF+a(.<-1) J"l— a - %y (.20
Q” Qj K J Ua

where, in addition to Eqs. (6.12) and (6.9),

AT ATE
o= —jr--ﬂf— from Eq. (7.13)
E " max
Y- S! ) cV/D
9p 6T7D
o
v X
D= 0.076 5t 0.25 (6.13)
U, -u X
A2 = 0.23(5) + 0.6 (6.10)
max

The numerical céefficients 0.23 and 0.6 in Eq. (6.10) are respectively
'Vthe aycragé'values of Su and Iu’ as they were in plotting the curves
in Fig. 7.2.
 Egs. (7.19) and (7.20) for AT,/AT, = 4.6, corresponding to the
experiments, are plotted in Fig. 7.4, 1In this format, the curves in
Fig{:7.4 can be compared directly with the experimental curves in Figs.

: 6 2 and 6.5.

Bcuause rq% (7.19) and (7,20), after making all of the

+
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Fig. 7.4 Predicted As/Aj and Q5/Qj vs x/D using generalized
- experimental excess temperature and velocity
distributions.
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" substitutions, are quite complicated functions of x/0, no attempt was
- made to-obtain apalytical expressions for P, apd P by “he methods
o = A Qm
. ma X ax
of calculus as was done in scction 7.3.1. Though it lacks generality;

it is simpler to plot curves like those in Fig. 7.4 for the conditions

of interest and read the maxi . from the curves.

7.4 Comparisons with Experimental Data

Comparisons between the relationships developed in section 7.3

for predicting P, = and P and the flume data are shown in Figs.

Amax Qmax

7.5 and 7.6,

Fig. 7.5 compares the data with the relat:ionships presented in

section 7.3.1 wherein the simplifying assumptions that 1—1/,}T/U,l and o do

B

. . 2 ) .
not vary-with respect to (UT/D) weré used, Experimental values of PA
max

are compared with-Eq. (7.16a) for A'I‘F/ATC = 4,6 in Fig. 7.5(a), and

experimental values of P are compared with Eq. (7.18) for A'I‘E/A‘]‘C =

4.6 anda=-1 in Fig. 7.5(%?* As ahticipated, representiation of
GQT/Ua by its lower limit (V + 1)/V in Eq. (7.106a), leads to predicted

values of PA which are decidedly on the conservative side., Also, the
. Lmax ) )
data suggosts a strong correlation between P and k, which Eq.
’ mix
(7.16a) does not reflect. The dashed-line curve in Fig. 7.6(a) vrep-

resenting Eq. 7.16 reflects this corvelation much better. In obtaining

this curve, Bq, (7.7), for x/D = 5.6 , was used to represent ﬁzT/Uq.
In Fig. 7.5(), Bq. (7.18), for ATF/ATC = 4.6 anda= 1, angﬂJ

surprisingly well with the PQ data, although it tends to underpredict
A max
" somewhat for V. + 1 less than about 20. Correlation with k is much

~data than for the P data., Another significant

" weaker for the PQ
e : ; max .. max
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" feature of the Py

. max
reasonably closely almost all the way to V + |

data is that it tends to follow the curve

A b o i e TR 0 o AR B S

STRCITIRS

AR SRR N

= ATF/éTm = 4.6, at which

vaiue PO , because of complete mixing, must become equal to one.
max

£q.(7.18)is evidently very insensitive to a. Values of P2 computed
for a= 0.7 are almost identical to those for a = 1 except ?2: vV <5,
where they are about one to four percent higher.

Before going on to discuss Fig. 7.6, some comparisons between
Fig.‘7.4 and the experimental AS/:\j and QS/Qj curves in Figs. 6.2 and
6.5 will be made. The general characteristics of the curves in Fig. 7.4
resemble those of most of the curves in Figs. 6.2 and 6.5. The pre-

dicted AS/Aj and QS/Qj curves peak at x/D = 5.6 and 5.8

.respectively, compared with an average value of x/D = 6.4 for those

Aq/Aj and QS/Qj curves in Tigs. 6.2 and 6.5 which have well-defined

maxima. The predicted AS/Aj and Qs/Qj curves all return

to zero at about x/b = 15.9, compared to X/D values ranging
franabout 14 for most of the experimental curves up to about 20 for a few
of  them, For x/D -+ 0, predicted QS/Qj values agree rcasonably

well with the experimental ones, but the predicted AS/Aj values are
significantly larger than the experimental ones. Comparison of the
predicted and experimental peak values of As/Aj and QS/Qj is deferred
until the discussion of Fig., 7.6, since that figure compares them
direcctly.

Tho predicted AS/Aj and QS/Qj vs. x/D curves do not agree well

- with the experimental curves for runs L1, 12, 21, 31, 41, 51, 52, oL,

71, 81, almost all of which blow up, going to large values of the
: i
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ordinate from which they do not return to zero. The predicted

curves show no such tendency., This difference is te be expected, however,
AT

since thevalue of V + 1 = ZT;’ the dilution ratio for complete mixing,

for all of the cxperimental 2urves that blow up is either less than or
only slightly larger than the critical value of ATE/M‘c = 4.6, This means
that PA = i% ;; and PQ = V:¥T g? for all of these runs must cither

g0 to or closely approach a valie of one. The predicted curves cannot

be expected to blow up in this way since they are based on the properties
of the generalized AT and Au distributions which do not reflect the
distortion in the Jistributions which must ovcur as complete mixing

is approached.

Turning now to Fig. 7.6, the data for ‘both (AS/Aj)max and
(QS/Qj)max vary with k in ways that differ from those indicated by the
solid curves representing Eqs. (7.19) and (7.20). The data indicate that
both (As//\j)mux and (QS/Qj)max increase with k, whereas the curve for Eq,
(7.19) indicates no variation, and the curve for Eq. (7.20) indicates a
decrease. The discrepancies arce due mainly to a weak dependence of aT/D
and GV/D on k that is not included in Eq.s (6.12) and (6.13) which were
used as estimators for oT/D and UV/D. Closc examination of the data
in Figs. 6.12 and 6.13 shows that UT/D and OV/D in the neighborhood
of x/D = 5.6 to 5.8 vary with k as shown in Fig. 7.7, Using the UT/D

and oV/D values from the curves in Fig, 7.7 instead of Eqs. (6.12)

and (6.,13) in Eqs. (7.19) and (7.20) brings the curves into good agreement

3
.
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,wlth the data as- shown by the dashed curves. A similar ciaminqtion of
,;'the data in Flgs, 6.8 and 6.10 for the other paramcters {F and

say max :

'Ir“*ﬁ } -in Eqs (7.19) and {7.20) ryeveals no consistent variation

3
with Tespect to k. Considerably less improvement in the fit of the
curve representing Eq. (7.16) to the data in Fig. 7.6(a) is obtained

L{lu
by using experimentally-determined az and ﬁ—ggﬁ values to evaluate
- , j a
: uﬁTZUa in Bq. (7.16). Evidently the discrepancy between this curve

and the data is at least partially due to ignoring the variation of
uzT/Ua with respect to (UT/D)2 when taking the derivative of Eq.
(7.12) to obtain Eq. (7.16).

As regards the data in Fig, 7.6, nelther (A /Ax)max nor (QS/Qj)max
app2ar to vary with relative depth H/D or lateral port spacing in any
consistent way. The vertical spread is thought to be¢ due to experimental
scatter. In'ﬁig. 7.7, oT/D appears to be somewhat larger for the 3-port
seriés than for the 1l-port series; the average o values are 0.69 for
the 3-port.series. and 0.75 for the l-port series.

Table 7.1 shows a coﬁparison between measured and computed
PA and PQ‘values for the perotype and model single-port surveys
for which ione—of—passage data was presented in Tables 5.9 and 6.4,
| The values listed for the prototype and model data, and those computed
by  Eqs. (7.19) and (7.20),are all for x/D = 5.6, which corrcsponds to
a prototype downstream distance of 15 ft. Those computed by Eqs.
(7516)jand'(7.18) are PA and PQ values, which should occur in tﬁe

max max
neighb?rhood of x/D = 5.6, The UT/D and aV/D relationships in Fig.

v 7.7 wefé~used'instéad of Eqs. (6.12) and (6.13) in computing PA and PQ

k}aéhbfdiqg to'Eqs;,(7.19) énd (7.20).  The agrecment in Table 7.1 is




TABLE 7.1. Comparisoﬁ Between Measured and Predicted

P, and PQ'for Single-Port Surveys

10 P, at x/D = 5.6 Pq at ¥/D = 5.6 |
i} Date —— ; ‘ ——

| ‘Prototype Model Eq. (7.16) Eq. (7.19) Prototype | Model | Eq. {7.18) ] Eq. (7.20}

1.3/2/74 0.027 0.055 0.052 0.056 0.035 0.036 .066 0.080
7/2474 0 “0.035 10.062 0.033 0 0.108 0.122 0.109
10/01/74 0.105 -0.071 0.100 0.099 - 0.138 0.116 0.147 0.149
10/25/74 0.139 0.113 0.141 0.13% [ 0.188 0.163 0.204 0.183.
10/30/74 0.129 0.113 0.143 0.130 0.238 0.163 0.209 0.185
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. reasonably -good, considering that initial jet velocities and excess
temperatures at'the times of these surveys differed significantly

~from the design values for the diffuser pipe which were simulated in .

all of the flume experiments on which the gencralized AT and Au distri-

butions used in deriving the predictive relationships are based. )

For the most part, the agreement between the relationships

"7 .developed in this chapter for predicting P and P and the data

A
max max

is considered 'encouraging,ﬁqs. (7.19) and (7.20) evaluated for x/D =
5.7, and with cT/D and oV/D evaluated as functions of both x/D and k

as in Fig. 7.7, provide the best estimates of P and P . The

A
Rmax Unax

-weak variation of UT/D and UV/D with respect to kX should be investigated

further over a range of x/D values for the purpose of replacing Eqs.

(9.12)1and;(6:13)'with equations that represent UT/D and oV/D as

joint funttiohsfof both x/D and k.- The curves in Fig. 7.4 should fhen
be reviséd accordinglg. Eqs. (7.16) and (7.18) although less reliable
than Eqé. (7.19) and (7.20), reauire less input information and may be
useful for preliminary estimating purposes. To some extent all of

the predictive»relationships tend to break down as V + I » ATE/ATC‘
HOwevé}; this isiaicondition.that in any casc should be avoided if

possiﬁle in designing diffuser-pipc systems. “All in all, the methbds,

equations and curves devcloped herein should be useful tools for

designing submerged-jet systems to meet zone-of-passage requirements,

" and for predicting zones-of-passage for different ambient flow conditions.




CHAPTER 3

SUMMARY AND CONCLUSIONS

8.1 Cross-Sectional Prototype Surveys

Cross-sectional prototype surveys were performed over a
wide range of ambient flow and plant operating conditions.
' Initially'the_diffuser system was used as designed, with con-
denséf cooling water discharging into the river through both pipes.
In May, 1974, restrictions imposed by regulatory agencies went into
effect ,thaf liﬁitedrghe;discharge through the diffuser-pipe system
1_to'on1y—one of :the two pipes which was to be operated in combi-
nétion with a spray canal. Several surveys were made for both
oéerating conditions., The principal findings of these surveys are

summarized in two-parts: two-pipe surveys ar” .. pijpe suiveyoa,

8.1,1.:  Two-Pipe Surveys

Eighteen cross-sectional surveys covering river flows
rangihg ffomf31,400 to 73,600 cfs were performed while the plant
was discharging all of its condenser cooling water into the river
through both diffuser pipes. The highest excess temperature
obser?ed at thé 500-ft downstream cross section was 3.8°F on

July 23, 1973, when the total river flow was 34,600 cfs. If there

.~ -'aTre no-excess temperatures greatcr than 5°F at this scction, then
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“the area of the mixing zone¢ cannot exceed 26 acres. Hence, the diffuser-

pipe system was found to be operating in compliance with the 26-acre mix-
ing zonc limitation in all two-pipe surveys.
Because the plant was not operating at full capacity during uﬁy

of the surveys, Fig. ©.6 was plotted with a view towards estimating the

river discharge QR below which the maximum local temperature rise at
Full plant  load in the 500-ft cross scction would exceed 5%, For
several surveys, the maximum local excess tcmperatures were attributed
'fo the small ports discharging into the shallow section of the river.

If the small ports were to be closed and all of the effluent discharged

through the large ports, the flow--and the waste heat load--discharged
p :, through eaéh of the large ports would be increased approximately by the
‘bé-ijf;%r“ féctof3(l‘4 Qéié/QE)"l X-1.11, where QE;SIQE N 0.10 is the proportion of
the tdta}'effluent flow discharged through the small ports. Assuming
» l, that the maximum temperature rise 500 ft downstream from the large ports
3 wduld be increased by the same factor, the maximum temperature rise in
;  the 500-ft downstream cross scction for conditions corresponding to
R those obSeryed in the temperature surveys, and the plant operating at

4. full load with the small ports closed, could be estimated by the equation

= 1.11 (T-T) /(P/100) (8.1)

(r'ra)max est max,L
_where

= maximum observed temperature rise 500 ft
downstream attributable to a large port

: '(r;ra)mux,L

percent of full plant load

©
it




:iﬁﬂc'é§sﬁmptioh'oy which Eq. (8.1) is based should be valid for
¥gon§itions dpproéching complete mixing. For less than complete mixing,
Eﬁ;'(S.l) would tend to somewhat overestimate maximum downstream
témﬁéra;ure rises.

“-Values of (T-T_ )

accordi iq . 1) are d i
a'max est according to Eq. (8.1) are plotted in

Fig. 8.1‘for each 500-ft downstream cross-sectional survey along with
data from therlﬁboratoryimgdel study by Jain et al. (1971) and the
perfect mixing curve; In comparison to Fig. 5.6, Fig, 8.1 indicates
that better performance with respect to maximum excess temperature
rise anq closer agreement with the threce-dimensional model study
would be realized by blocking off the small ports.
The transverse distribution of the- excess temperature was

Tobsetved to7be‘hultipgaked; typically having three peaks. This was
attributed to differcnces in the transverse distributions of the
normalized effluent and river discharges. The distribution of
excess temperature should become more uniform across the channel

as total river discharge decrcases., This is suggested in Fig. 8.2

which shows the normalized depth-averaged excess temperature for

‘the threefdimensional model results of Jain et al. (1971) at a

downﬁtfeam‘section corresponding to 600 ft in the prototype.

Since distorted models tend to significantly increase the relative

effectiof transverse turbulent mixing, the degrec of improvement

in the river would be less dramatic. Still, it is anticipated
'fthﬁtttempérature rises 500 ft downstream would not begin exceeding

‘S?F uhtil4the river discharge goes below about 15,000 efs.
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Flow velocities were measured both upstream and downstream
from the diffuser pipes for mest of the surveys., No influence of
the diffuser-pipe operation on the river flow distribution was
apparent when two-pipes were used. The total measurcd excess heat
load in the cross section 500 ft downstream from the diffuser pipes
agrced‘cloself with the total calculated excess heat input from

the diffuser-pipe system.

8.1.2. 5Onc-Pipe Surveys

Nine cross-sectional surveys were performed when the plant
Vwaé using only one diffuscf pipe. Of these, six were conducted
while the diffuser pipe was operating in parallel with the spray
'céna}. The highest ‘excess temperature at the 500-ft downstream
Cross sectign was 3.2°F; therefore, the cooling system was opera-
ting within the 26-acre mixing zone limitations during all of
these surveys.

The transverse distribution of excess temperaturc had
either one or two peaks in the scctions of the river downstream
from the pipe in use at thc time of the survey. The distribution
across the river was significantly less uniform for the one-pipe
than for the two-pipe operating condition since, for the former,
effluent was discharged into only half of the main chamnel of the
river,

7 Results of the surveys in which the diffuser nipe was

operated in parallel with the spray canal, indicated that the spray
EE ,




rcanal was dissipating less than its share of the heat lead at the

egisting meteorological conditions. Consequently, the temperature
of the circulating water in the cooling system increased until an
equilibrium condjtion was reached. At this equilibrium condition,
the effluent temperaturc has been observed to exceed the ambient
river temperaiure by as much as 51°F. This resulted in very high
temperatures for the water discharging into the river from the
diffuser pipe, Table 8.1 gives the estimated proportions of waste
heat and condenr r cooling water discharged through the diffuser
pipe for the surveys conducted while the combined system was in
operation., Column 4 shows the estimated effluent temperature rise
that would occur at full plant generating capacity. 7This was
computed from heat balance considerations according to the scheme
shown in Fig. 5.il. Note that in the open-cycle mode this tempera-
ture rise was 12.8°C for the design Q; at 2270 cfs. It can be
concluded that the diffuser pipe carried more than its share of
- the waste heat in every case. In addition, this excessive heat
¢{' load was discharged into only part of the river channel,
f The transverse river flow distribution was considerably
| altered in the diffuser pipe discharge region during two of the
one-pipe cross-sectional surveys., The ratio of river discharge Q
to effluent discharge QB was relatively small at the time of :
rfhese surveys. The diffuser pipe discharge apparently acted like

: a;jéf pump in drawing the ambicnt flow from other parts of the

L e R




TABLE 8.1.

Estimated Proportions of Waste Heat and Condenser
Cooling Water Discharged Through Diffuser Pipe
wWhen Combined System was in Operation

Q; from Eq. (5.9)

QS = 401 (NL) = spray canal discharge in cfs

NL = number of 1ift pumps in operation

ok Estimated Proportion | Estimated Proportion | Est.
SRS of Waste Heat of Cooling Water BT
i? Date to Diffuser Pipe to Diffuser Pipe for
P=100
o i§ QEATE __jﬁi_ﬁ_ o
- *§ {(2270) (12.8)P/100 G e
k- ) (2) (3) (4)
7-23-74 0.65 0.59 21.2
] 7-25-74 0.63 0.41 25.5
4’% 8-22-74 0.59 0.42 20.8
g 9-10-74 0.59 0.35 29.5
) ; 10-07-74 0.55 0.33 31.2
4 11-11-74 0.76 0.36 33.7
i
1 Note: ATE = TE - ’I‘a
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river into the diffuser pipe region. One would expect this
effect to be insignificant for the same effluent and river dis-

charge magnitudes when both pipes are in operation.

8.2 Single-Port Studies

Both prototype and laboratory single-port cxperiments
were conducted, Comparison of prototype and laboratory results
for the same flow parameter values indicated that the two-dimen-
sional channel model provided a good‘representation of the proto-
type. Hence, model runs were made for flow conditions corresponding
to prototype full plant load operating conditions and river flows
ranging from 13,200 to 50,000 ¢fs to fill in the gaps not covered
by the prototype conditions. The results of these model studies
were used to predict the river discharge QR for which zonc-of-
passage limitations would be violated.

Thé zone-of-passage with resruct to discharge restriction
is violated before the zone-of-passage with respect to area when-
ever, as in the present case, the velocity of flow in the zone
occupied by the heated water exceeds the average ambient velocity,
The results of the two-dimensional model studies together with
Eq. (6.8) were combined to prepare Fig. 6.6 from which the river
discharge QR at which the zonc-of-passage criterion with respect

to river discharge will be violated was estimated to be 15,300 cfs.
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8.3 General Laberatory Results

Individual jets were modeled over a wide range of flow
conditions to predict the performance of the Quad Cities diffuser
pipe. In addition to flow characteristics directly related to

-zones-of-passage, characteristics such as excess temperature
di}ution; excess velocity reduction, jet trajectory, jet spreading
and merging of adjacent jets were investigated.

' Excess temperature dilution was presented in a generalized
form in Fig. 6.9. Both model and field data were plotted on the
figure. The results indicate that excess temperature dilution
along ‘the jet centerline proceeds in accordance with a similarity
rélationship'until fctardation due to surface and/or bottom inter-
action sets:in.

In the region immediately downstream from the diffuser
ports, the gross behavior of the jets was found to be in rough
accordance with the behavior of momentum jets discharging into a
quiéscgnt, infinite body of fluid as described by Albertson ¢t al.
(1950). One important difference is that the zone of established
flow in the present experiments was found to extend back into the
diffuser ports, appvoximately to the location of the 70° bend.
Thé‘homentum jét-type behavior began to break down when the
confining effects of the free-surface and bottom boundaries came
infb play. In general, the velocity field was affected sooner

and:more strongly by these effects than was the temperaturc ficld.

A
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'Bubyancyfcffects appeared to be negligible in the region immedi-

éteiy downstream from the ports. Evidently over the range of jet
densimetric Froude numbers covered in this investigation, busyancy
effects came into play only further downstream in cases where the
volume flux ratio V = qa/qj is too high for complete mixing to
have been achieved before the mixing and entrainment capacity of
the jet is dissipated duc to diffusion and loss of mbmentum.

The mixing and flow field downstream from a multiport

diffuser can be described as consisting of three regions. They

are: the individual-jet region; the transition region; and the

two-dimensional region. The definitions for these regions, as

discussed in section 6.5, werc used in formulating quantitative
criteria for identifying the three regions. The results reduced
to simple quations for locating the beginning and cnd of the
transition region in terms of distance downstream x, port spacing

L, and volume flux ratio V.

8.4 Predicting Zones of Passage

Two approaches were taken to predict the maximum fractional
area P and fractional discharge PQ for the mixing zone assigned
nax . max
to a single discharge port wherein the temperaturve risc exceeds some

critical value AT, usually 5°F, The first approach, which utilizes

some simplifying assumptions and makes no direct use of the cxperimental

‘tempeféture- and velocity-distribution data, resulted in Eqs. (7.16)

and . (7.18). The second approach, which uses generalized functions for

s S5 g
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?;hg,ﬂi@tributién foeX( ss temperature and velocity due to the jet that
5l:ar¢'ba§¢dfothhe model sata, resulted in Eqs. (7.19) and (7.20).
Comparison with the model data shows that Eqs. (7.16) and (7.18) provide

"~ rough-estimatos of P and » , the former tending to substantially

max O‘max

overpredict, and the latter to slightly underpredict. Eqs. (7.19) and
(7:20), and the,modél and prototype data all indicate that the minimum
zones-of-passage, wherein the temperature risc does not cxceed 5°F, usually

occurs about $ix port diameters downstream from the diffuser ports,

Eqs. (7.19) and (Z,ZO)Vpredict PA and P much more accurately

. max Qmux
than Eqs. (7.16) -and (7.18), provided that the weak variaticen of the jet

spreading parameters, cT/D and uv/D, with respect to k = UJ./U‘,1 is taken

into account. In this regard, it is recommended that the ecxcess temperature

.and_velocity-distributions due to the jet be investigated further so that

hqs; (6.12) and (6.13) can:be replaced by equations which represent
oT/D ;nd av/D as jeint functions of both x/D and k.

All in all, the results of the zone-of-passage prediction
analySis are considered to be encouraging. They should be useful for
‘designing submerged jet systems to meet zone-of-passage cnvironmental
gtandards,iand'fqr predicting zpnes-of-passage for different ambient

flow conditions,:
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APPENDIX A

) REGULATIONS OF THE,IOWA,WATER QUALITY COMMISSION AND THE
#+ " TLLINOIS  POLLUTION CONTROL BOARD CONCERNING THE DISCHARGE OF
' WASTE HEAT INTO THE MISSISSIPPI RIVER NEAR CLINTON, IOWA
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The Water Quality Standards (Chapter 16, Code of lowa, 1973)
of the Iowa Water Quality Commission, Department of Environmental
Quality classify the Missouri and Mississippi Rivers among the Class A
waters. The temperature criteria for this classification are as follows:

1. No heat shall be added to interior streams that would cause
an increase of more than 5°F. The rate of temperature change
shall not exceed 2°F per hour. In no case shall heat be

h added in excess of that amount that would raise the stream
‘ temperature above 90°F,

2. No heat shall be added to streams designated as cold water
fisheries that would cause an increase of more than 3°F.
The rate of temperature change shall not exceed 2°F per

.hour. 1In no ‘case shall heat be added in excess of that
_amount that would raise the stream temperature above G8°F.

S B A

3. No heat shall be added to lakes and reservoirs that would
cause an increase of more than 3°F per hour. In no case
shall heat be added in excess of that amount that would
raise the temperature of the lake or reservoir above 90°F,

PNt

e

4. No heat shall he added to the Missouri River tnat would
” cause an increase of more than 5°F. The rate of tempera-
E ture change shall not exceed 2°F per hour. In no case
shall heat be added that would raise the stream temperature
abeve ‘90°F. :

5. No heat shall be added to the Mississippi River that would
cause an increase of more than 5°F. The rate of tempera-
ture change shall not exceed 2°F per hour. In addition,
the water temperature at representative locations in the
Mississippi River shall not exceed the maximum limits in
the below table during more than one percent of the hours
in the 12-month period ending with any month. Moreover,
at no time shall the water temperature at such locations
exceed the maximum limits in the below table by moro than
3°n,




" Zone Il - lowa-Minnesota State Line to the
Northern Illinocis Border

-Zone¢ IIT - Northern Illinois Border ta lowa-
Missouri State Line

‘Month Zone 11 Zone 111

(°F) (°F)

January i 40 45
February 40 45
-March 54 57
April 65 68
May 75 78
June 84 85
July 84 86
August 84 86
- September . a 82 85
"~ October - 73 75
November 58 65

December 48 62

Mixing Zone in the Receiving Water

The area of diffusion of an effluent in the receiving water
is .a mixing zone and the Water Quality Standards shall be applied
beyond the mixing zone.
| The mixing zone shall be a specified linear distance, volume,

~or area which is determined on a case-by-casc basis using the follow-
ing,criterié:
a. The zone shall be as small as practicable and shall not be

-of such size or shdpe ds to cause or contribute to the

impairment of water uses.

1"b.,-Thé’ﬁixing'zonofshall contain not more thun twenty-five (25)

.. percent of the cross-sectional arca of volume of flow In the
“receiving body of:water.




The mixing zone shall be designed to allow an adequate

s passageway at all times for the movement or drift of

. aquatic 1ifo.

Where there are two or more mixing 2o0mes in close proximity,
they shall be so defined that a continuous passageway for
aquatic life is available.

The mixing zone shall not intersect any area of any waters
in such a manper that the maintenance of aquatic life in
the body of water as a whole would be adversely affected.

In determining the size and location of the mixing zone for

any'discharge on a case-by-case basis, the following shall be

considered:

f.

The size of the receiving water, the volume of discharge,
the stream bank configuration, the mixing velocities, and
other hydrologic or physiographic characteristics.

The present and anticipated- future use of the body of water.

The present and anticipated future water quality of the body
of water.

The ratio of the volume of waste being discharged to the
7-day, 10-ycar low flow of the receiving strean.
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ILLINOIS

The Illinois Pollution Control Board Rules and Regulations

(Chapter 3: - Water Pollution) . specify the temperature criteria for the

Mississippi River as follows:

1. There shall be no abnormal temperature changes that may
: -adversely affect aquatic lif. unless caused by natural

conditions.

2. The normal daily and seasonal temperature fluctuations that

existed before the addition of heat due to other than natural
causes shall be maintained.

3. The maximum temperaturc rise above natural temperatures shall

not_exceed S5°F,

4. In addition, the water temperature at representative loca-

tions in the main river shall not exceed the maximum limits

in the following table during more than one percent of the
hours in the 12-month period ending with any month,
over, at no time shall the water temperature at such

locations exceed the maximum limits in the following table

by. more than 3°F.

Zone 1: Mississippi River (Wisconsin Border to lowa Border)

More-

Zone 2: Mississippi River (Iowa Border to Altor. Lock and Dam)

Zone 3: Mississippl River (South of Alton Lock and Dam)

Month

January
February
March
April
May
June

B3

Zone 1

(°r)
45
45 -
57
68
78
85

Zone 2

(°F)
45
45
57
68
78
86

Zone 3

°F)
50
50
60
70
80
87

)
5
E3

%
k1
4

I

o
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‘Month Zone 1 Zone 2 Zone 3

(°F) °r) (°F)
July 86 88 89
August 86 88 89
September 85 86 87
October 75 75 78
November 65 65 70
December 52 52 57
5. The owner or operator of a source of heated effluent which

discharges 0.5 billion British thermal units per hour or
more shall demonstrate in a hearing before this .Board not
less than 5 nor more thi . § years after the effective date
of thesec regulations, or, in the case of new sources, after
the commencement of operation, that discharges from that
source have not caused and cannot be reasonably expected to
cause significant ecological damage to the receiving waters.
If such proof is not made to the satisfaction of the Board,
appropriate corrective measures shall be oardered to be
taken within a reasonable time as determined by the Board.

Permits for heated effluent discharges, whether issued by
the Board or the Environmental Protection Agency, shall be
subject to revision in the event that reasonable future
development creates a need for reallocation of the assimila-
tive capacity of the rcceiving stream as defined in the
regulation above.

The owner or operator ot a source of heated effluent shall
maintain such recovds and conduct such studies of the
effluents from such source and of their effects as may be
required by the Environmental Protection Agency or in any
permit granted under the Environment:l Protection Act.

Appropriate corrective measures will be required if, upon
complaint filed in accordance with Board rules, it is found
at any time that any heated effluent causes significant
ecological damage to the recciving stream,

Mixing Zones

ad.

In the application of any of the rules and regulations,

“whenever a water quality standard is more restrictive than

its corresponding effluent standard, then an opportunity

* shall be allowed for the mixture of an offluent with its
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receiving waters. Water quality standards must be met at
every point outside of the mixing zone. The size of the
mixing zone cannot be uniformly prescribed. The govern-
ing principle is that the proportion of any body of water
or segment thereof within mixing zcnes must be quite small
if the water quality standards are to have any meaning.
This principle shall be applied on a case-by-case basis to
ensure that neither any individual source nor the aggregate
of sources shall cause excessive zones to exceed the
standards. The water quality standards must be met in the
bulk-of the body of water, and no body of water may be usad
totally as a mixing zone for a single outfall or combination
of outfalls. Morecover, except as otherwise provided, no
single mixing zone shall exceed the area of a circle with

a radius of 6U0 feet. Single sources of cffluents which
have more than onec outfall shall be limited to a total
mixing area no larger than that allowable if a single
outfall were used.

In determining the size of the mixing zone for any discharpe,

the following must be considered:

1. The character of the body of water.
2. The present and anticipated future use of body of water.

3. 'The present and anticipated water quality of the body
of water,

4. The effect of the discharge on the present and antici-
pated future water quality,

S. The dilution ratio.
6. The nature of the contaminant.

In addition to the above, the mixing zone shall be so
designed as to assure a reasonable zone of passage for
aquatic lifc in which the water quality standards are met.
The mixing zone shall not intersect any area of any such
wiaters in such a manner that the maintenance of aquatic
life in the body of water as a whole would be adversely
affected, nor shall any mixing zone contain more than 25%
of the cross-sectional area or volume of flow of a stream
except for those streams wherc the dilution ratio is less
than 3:1i.
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APPENDIX B

EXCESS TEMPERATURE PLOTS FOR CROSS-SECTIONAL SURVEYS
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g. B.5 Observed excess temperatures in °F 500 ft downstream from diffuser pipe on

February 20 and July 23, 1973.
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Fig. B.6 Observed excess temperatures in °F 300 ft downstream from diffuser pipe on

July 26 and July 31, 1973,
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Fig. B.7 Observed excess temperatures in °F 500 ft downstream from diffuser pipe on
August 17 and August 30, 1973.
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Fig. B.9 Observed excess temperatures im °F 500 £t downstream from diffuser pipe on
QOctober 31 and November 14, 1973,
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APPENDIX C

EXCESS TEMPERATURE AND VELOCITY PLOTS FOR SINGLE-PORT SURVEYS
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Fig. C.6 Excess temperature in °F and
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