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ILLINOIS FnLLUTION CONTROL BOARD 

IN THE MATTER OF: 

PROPOSED DETERNINATION OF 
NO SIGNIFICANT ECOLOGICAL 
DAMAGE FOR THE QUAD CITIES 
GENERATING STATION, 
COMMONWEALTH EDISON COMPANY. 

PCB 78-61 

MOTION FOR RECONSIDERATION 

Commonwealth Edison Company, pursuant to Rule 333 

of the Procedural Rules of this Board, requ~sts reconsidera-

tionof the Board's Interim Order of September 7, 1978 

requiring the filing of a supple~entary petition. The re-

quest is made on the following grounds: 

1. The consultants repor: establishing the theo-

retical and actual plume dimensions during all seasons at 

Quad Cities is appended hereto. (Iowa Inst~tute of Hydrau-

lic Research Report No. 204, the University of Iowa, June 

1977. ) 

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 1s 

accustomed, because the diffuser discharge is of unusual 

design. 

The requirements of Rule 602(c) (2) and (3) con­

template the presAntation of the kind of plume diagram 



series of concentric 1s01in06 on tho surface 

of a body of water, together with some indication, by a 

dravting or in a table, of plume depths. 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 

discharge ports in two large pipes located along the bottom 

of the Mississippi 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, the size of the worst case plume, if Rule 602 

anticipates a surface plume, is zero. What 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. 

'rhe 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 

do"mstream of the port. That distance depends upon the 

volume of water passing over that discharge port. Since 'the 
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ports are 20 feet apart, a calculation of the size of each 

plume depends on the volume of water moving through a 

segment of the Mississippi River 20 feet wide above that 

discharge port. 

t-lost theoretical plume studies are mathematically 

derived, and they assume fl.ow 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 

calculnted, 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 plwne from each individual port at a series 

of distances downstream from the discharge port. '1'he 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 

appear as Figures 2 through 4 of Dr. Sayre's testimony. The 

worst case plume is described in words on page 25 of the 
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Petition. Average and minimum flows for every month are 

shown on Table 3 (p. 21) of the Petition. Using them, one 

can calculate average and worst case plume size for any 

month. 

A diagram of a discharge plume appears as Figure 

13 (p. 19) to the Petition. Drawing iso1ines 0') an inclined 

subsurface plane was not, however, the primary method of 

representation 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 Figures 2 through 4 of Dr. Sayer's testimony 

are a more informative presentation of the data. If it were 

translated to an inclined plane view, the discharge would 

resemble the teeth of a comb, with each tooth being 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 passage stated in Dr. 

Sayer's testimony. 

These background 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 

VI, In re Quad Cities Nuclear Generating Station, PCB 71-20, 

order expunged May 3, 1972. 'I'hose proceedings are not, of 
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· course, a part of the record in this proceeding, and \'le 

apologize for not having incorporated enough of the back­

ground data 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

tures is from 1 to 5 degrees Parenheit above ambient. The 

mean temperature increase of Quad cities ~t the surface is 

slightly less than 1.6°P. above ambient, testimony of Dr. 

William Sayre, in evidence as Ex. 2, p. 1, following TR p. 

15. 

3. The two-dimensional 1solines of the plume are 

represented 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 ai.r temperature. 
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'riley are omitted because a subsurface plume is unaffected by 

ambient air temperature, and the ambient water temperature 

is rel~vant only in showj.~ that the 5 degree above ambient 

and monthly maximum temperatures are not exceeded. 'l'hat 

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 ] of 

Dr. Sayre is testirrtony, '-ihich sho\,,'s thl! predicted percentage 

of time any combination of plant load and river flow will 

exceed the standard stated in Rule 203(i) (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 graphi n form a 

showing that temperature standards were not violated even 

under physical conditions worse than those required by the 
"1;/ 

theoretical worst case analysis.- Actual river flow condi-

tions in October and NOVember, 1976 were substantially below 

the 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 Mississippi River Thermal 
Standards proceeding, PCB R-70-16 and is incorporated 
in the e){cursion clause of Rule 204 [Le., 3° less 
than 1% of the hours~] 
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Figure 18 on page 31 of the Petition sho'</s I the plant, 

operating at full capacity on several days during that 

period, did not exceed the 5 degree above ambient tompera-

ture limitation. 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 10ca-

tion. Given a maximum increase above ambient of less than 

5°, the 65° limit is not violated. 

5. Theoretical and observed pI unle studies made 

at Quad Cities by the 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 a~ 

much greater length. A copy of that. report is appended 

hert:!toi it war referred to, but not incorporated into the 

record in t~J footnote un 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 

at all flows equal to or above the once in ten year seven 

day low flow. 
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WHEREFORE, the Petitioner respectfully requests 

that the Order entered on September 7, 1978 be recon$idered, 

or that the Board regard the Petition as having been sup­

plemented by the appended exhibit, and by this motion, and 

that the Petition be granted. 

ISHAM, LINCOLN & BEALE 
One First National Plaza 
suite 4200 
Chicago, Illinois 60603 
(312) 786-7500 

ISHAM, LINCOLN & BEALE 

/'.. " l- ~J /J J7 
BY-d~~_·-··.-' 

Attorney for Commonwealth 
Edison Company. 
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ABSTRACT 

Tho performance of the multiple-port, submerged-jet 

diffuser pipe system for discharging heated condenser cooling water 

from the 1600 megawatt Quad Cities Nuclear Power Station into the 

Mississippi 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 

in compliance with temperature standards established by Iowa and Illinois 

regulatory agencies that apply to the Mississippi River; (2) determine 

the river discharge below which plant load must be curtailed in order 

to remain in compliance with the temperature standards; (3) study the 

mixing characteristics of Single and multiple submerged jets dis­

charging into shallow, flowing receiving waters; and (4) compare model 

and prototype data for the initial mixing region close to the diffuser 

pipe. 

The diffuser-pipe system was found to be in compliance wi th 

the applicable thermal standards by a comfortable margin during all of 

the river surveys. 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 

was found to be in rough accordance with the behavior of a momentum 

discharging into a quiescent, infinite body of water. The 

type behavior began to break down when the confining 

xix 



effects of the free surface and bottom boundaries came into play. 

Buoyancy effects only became evident farther downstream in cases where 

the momentum was largely diffused before complete mixing "'as achieved. 

For the most part, good agreement 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 into three regions; the individual-jet region, the transition 

region were the jets merged, and a two-dimensional region following 

merging of the jets. 

Using generalized temperature- and v~locity-distTibution 

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 assinned 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 rise does not exceed 50F, 

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 b),-product of electrical 

power generation. Lacge-scale beneficial use of this energy is not 

fores(:en in the near future: therefore, it is ca lled waste heat. 

Conventional steam-ell~ctric generating stahons 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 energy in the 

form (If waste heat arl' produced. The ul timate heat 5 ink for thi s 

waste heat is outer ~Iace. Various methods of transmitting the 

I 

1 heat from the condensl!r 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 condens.)r cooling 

water from a water body, pass it through the condenser once, nnd 

returJl it to the watel body. These water bodies include rivers, 

reservoirs, lakes, and coastal wnters. The initial distribution 

of th~ heated water in the water body can be tailored to range 

from strong stratification to nearly complete mixing hy using 

various discharge designs. Stratification is achieved by 
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discharging the heated water onto the surface of the ambient water 

at low velocity. The hot water tends to float on the surface in a 

thin layer; thus, the heat is more quickly dissipated to tho atmos­

phere. Complete mixing can be approached by dischal'ging the heated 

water AS high-velocity ,;ubmergod jets near the bottom of the water 

body. A large volume of ambient water is entrained into the heated 

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 I/ater at a high velod ty through a canal 

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 

all of ehe waSLe 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, 

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 cool ing towers 

discharge relatively small quantities of waste heat into water 

bodies, they consume more water than once-through systems. This 

2 



is. due to water Joss hr evaporation and drift. Towers can also pose 

fogging and iCing problems under certain climatological conditions. 

Evaporation and drift loss, as well as fog and ice prohlems, arc 

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

3 

country due to economic and technological considerations. Cooling 

ponds arc bodies of water through which the condenser cooling water 

recirculates. Flow-through times of several days allmt 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. 

Guideline5 for the disposal of waste heat arc determined by 

the Environmental Protection Agency (EPA), as directed by the 1972 

amendments to the Federal 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 !fIn amend­

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

of cooling process is not ecologically damaging. Such exceptions 

are being dealt with by the EPA on a case-by-case basi~. Many 

po,er companies are seeking this alternative because open-cycle 

cooling systems are more economical than closed-cycle systems. The 

present investigation is part of a large-scale biological and 

hydraulic study to determi.ne if the Quad Cities diffuser-pipe 

cooling system has an adverse effect on the Mississippi River 

.. ecosystem. 
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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, 11 J inols (Fig. 1.1). l't'hen the plaltt is operating 

at full capacity with a ollce-through heat rejecti.on system, 2270 

cubic fect per second (cfs) is withdrawn from the Mi!;sissippi 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 (1.2.8°C) 

higher than that of the ambient river water. When operating at 

partial capacity in the once-through mode, tho effluent design 

discharge of 2270 cfs is usually maintained; thereforo, 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 approximately 

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), arc 

about 10,900 cfs and 13,200 cfs, respectively. 
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The plant bCl!an producing electrici ty in April, 19i2, 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. ~Iodel studies conducted by the Iowa Institute 

" 
of Hydraulic Research demonstrated that the system would not per-

form wcll enough to /rieet the thermal criteria of the regulatory 

agendes, As a result, a multi'port 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 morc or less in proportion to 
.-, th'~ transverse distribution of the ambient river discharge. 

Essentially complete mixing was achieved within a short distance 
',' , 

by discharging the effluent discharge as jets from a series of 

r-
'" 

risers that were spaced along the length of two buried 16-ft 

diameter pipes located as shown in Pig. 1.2. Beginning at about 
r 

" 840 ft from the Illinois shore, ten 24-in. diameter risers, or 

,. ports, arc spaced at intervals of 39.33 ft across the remainder of 
'. 

the shallow water regIon which extends 400 ft farther into the 

r channel. Then across the deep-water region. which spans the next 

780 ft, forty 36-ill. diameter ports arc spaced at int(~rvals of 

19.67 ft. Each port is inclined at an angle of 20 4 with the 

horizontal pointing in the downstream direction; and each port is 

.' -". ' >:i.'-. ", 
. ,', -: ',- -, 
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equipped with a removable orifice plate at the discharge end. The 

orifice diameter is nine-tenths tnat of the port. The distribution 

of effluent discharge across the river can be modified as needed by 

replacing these orifice plates with ones of different sizes. This 

is called tuning the diffuser pipe. The jet velocities vary from 

11.5 feet per second (fps) at the Illinois end to slil:htly more than 

9 fps at the Iowa end. The purpose, layout. and design of the 

diffuser pipe system arc described by Jain etal. (1971). 

The station's operating per~it speci fied that no Inrc 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, n closed-

cycle spray canal system was constructed. DUring til(: ini tiat 

operational period, beginning in May, 1974, the spray canal was 

used together with th~ short diffuser pipe to dissipato the waste 

hea t. Three li ft pumps drew approximate) y 1200 c fs from the 

discharge bay into the spray canal. The rest of the condenser 

cooling water flow wa:; discharged through the short di ffuser pipe. 

mIen operation of the plant in a completely closed-cycle mode was 

begun in 1975, spray ,~anal performance was found to be unsatis­

factory for swnmer conditions. Permission to operate the spray 

canal and di ffuser pipe in the combined mode descrihed ahov('. ror 

a limited period, Was obtained, The final outcome is still 

uncertain . 

.i~~.;ill~JjjM;t::l~'lli;i'i.:,tii;;'<~::~'k'~:';"!;."";'.)'i~ ,:~: .. ;, 
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1.:3 Thermal Standards for Large Rivers in 
Iowa and Illinois 

All discharge of waste heat from the Quad Cities Nuclear 

POI-;er Station into tl~e t.1ississippi River must comply wi th the 

thermal criteria for both Iowa and Illinois since the rivC'r borders 

both states. The regulatory agencies for the two states :lre the 

Iowa Water Qua 1i ty Commission and the Illi noi s Pollution COl'.t ro; 

Board. The thermal criteria that apply to the ~lississjppi River, 

as compiled by Paily et a1. (197S) , arc presented in Appenrtix A. 

The standards, as they apply to the Quad Cities Nuclear Power 

Station diffuser pipe, are discussed in this section. 

The mixing lone as defined by the Iowa and Illinois 

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 7.one ll\3y not exceed sOr. 

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 sOr. The portions of C1'OS5-

sectional area and volume of flow not included in the mixing 10Ile 

are called, respectively, the zone-of-passage with respect to area 

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

9 

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

area and with respect to discharge must he equal to or greater than 

75 percent. Temperature rises greater than 5°F arc usually found 

only in regions close to the diffuser ports, so that each port has 
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its own mixing zone except when the river discharge is very low. 

Henc~. the diffuser pipe system has SO mixing zones, for each port. 

The Illinois 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 

zone is 3ssumed to sp.1n the entire river width which is about 

2000 ft, this corresp~nds approximately to a zone extending from 

the diffuser pipes to a section 500 ft dO~lstream. 

1.4 PUrpose and Scope of Study, 

The purpose of .. his study was to detCl~mine and analyze the 

pel'iol'mance of the Quad Cities Nuclear Power Station diffuser-pipe 

system and to predict effluent and river-flow conditions under w~ich 

the system would fail to satisfy the thermal standards of the Iowa 

and Illinois 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 

water:;, 

Two different types of surveys W(lre performed to evaluate 

the performance of the diffuser pipe system with respect to the 

applicable thermal standards, Cross-sectional surveys, wherein the 

temperature distribution over the entire river cross section was 

measured, were perfonned at downstream distanc,es of 500 ft or less 

to establish that the syst1em 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 temper,ltures both upstream and downstream 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 'd ver site is guaranteed if maximum temperature increases at 

a cross section 500 ft downstream from the diffuser pipes are no 

more than 5°F. Consequently, most downstream cross-sectional 

measurements were taken at a section 500 ft downstream from the 

centerline of the two diffuser pipes. 

11 

Single-port prototype surveys involved measuring velocities 

and temperatures both upstream and downstream from a diffuser port 

in order to determine the SOp temperature rise isotherms and, from 

these, the zones-of-passage. Seven surveys were made from November, 

1973, to October, 197·1. Each of the surveys consisted of detailed 

measurements at sections downstream from onc diffuser port. A 

maximum of thrce dowJlst-:oeam sections could be surveyeJ in one day. 

Usually. the lateral measurement span at each section was wide 

enough to also inc1udu the mixing zones of the adjacent ports. 

I 
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Single-port, two-dimensional model studies were performed at 

the Iowa Institute of Hydraulic Research to enable zone-of-passage 

predictions to be made for flow conditions not observed in the 

single-port prototype studies. The ambient velocities 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 efs. Effluent jet velocities in the model 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 2h 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 wltil the excess temperature distribution was essentially 

two-dimensional. 

1.5 Characteristics of Multiport Diffusers 

,Submerged mul tiport diffusers are cffecti va hydrauli c 

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 ne:lr the bottom of a water body. The higl,­

velocity jets entrain surrounding ambient water, tIm:; produdng 

high dilution rates. Significantly higher rates of dilution are 

achieved when a multiport diffuser is used instead of a single, 

large submerged jet. Discussions of the internal hydraulics and 



design of multiport diffusers is presented in Rawn, Rowerman. and 

BrooKs (1960); Vigander, Elder, and Brooks (1970); Camp and Graber 

(1969, 1970); and Jain et al. (1971). 

Power plants using diffuser-pipe heat rejection systems 

usually discharge the heated water in relatively shallow water. 

This results in very complex flow patterns due to tht interaction 

of the buoyant jets with the surface and the bottom. 

13 

The basic component of multiport diffusers is the single 

submerged jet. Hence, familiarity with the behavior of single jets 

is essential to understanding the mixing characteristics of multi-

port diffUSers. With this in mind, previQus studi~s of single 

submerged jets and tha effects of dynamic and geometric variables 

often encountered in mult~port diffuser applications will be 

discussed in the next chapter. Previous studies on multiport 

diffusers will also b,) reviewed. 
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CHAPTER 2 

PRE'nolJS STUm ES OF SUBMERGED JEl'S 

2.1 Sins1e Jets 

2.1.1. MOmentum Jet 

A mo~~n~Ym jet [Simple jet) i~ form~q when fluid 15 disT 

charged, from a submetged outlet, into a fluid of the same density. 

Near the efflux secti,m. steep velocity gradients exist between the 

14 

jet and the surrounding fluid. The resulting high shearing str(;sses 

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, decelerat.ing the fluid 

within the jet. HenCH, the rate of flow and jet width continuously 

increase while velocities in the center of the jet continuously 

dec're.lse/, 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 poi.nt where 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 presented by Albertson et al. (1950). For t.he case of 9 

1 

1 
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momelltum jet discharging into a quiescent fluid, they showed that 

the nominal jet width varies linearly with distance of travel, 

x (b a x), and that the velocity profile follows a Gaussian distri-

but ion in the zone of established flow. The centerline velocity 
was found inversely proportional to x (u -1 

Since 
to De 

d x ). no 
external forces are applied to a momentum jet, momentum nux is 
constant at do~\stream sections and total jet dischalge increases 

linearly wi th x. Alburtson et a1. determined that the length of 

the Zone of flow estahlishment was approximately 6.2 nozzle 

aiameters. They also determined the following relationship for the 

total jet discharge; 

where 

~ = 0.32 -ox 
Qo 

Qo = initial jet discharge 

The rl}lationship was confirmed by Ricou and Spalding (1961). 

2.1.2. Buoyant Jet 

n.!) 

A buoyant jet is generated by a continuous source of both 

momentum and buoyancy. If the jet discharges into denser surround-

ings. the buoyant force deflects the jet trajectory upward and 

cause!, the vertical momentulTI flux of the jet to increase with 

distance of travel. Buoyancy has little effect on the jet in the 

zone-of-flow establishment where momentWJI force!> dominate the flow, 
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but becomes an increasingly important factor as jet velocities 

become small away from the efflux section. 

Morton. Taylor, and Turner (19"1)) presented a theoretical 

analysis of the problem ofa 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 analy~e an inclined round buoyant 

jet in a stagnant environment with linear density stratification. 

Morton's basic assumptions are: 

1. The fluids are incompressible. 

17 

2. Flow is fully turbulent, implying no Rc~,olds-n~~ber dependence, 
and molecular diffusion is negligible cO::lpal'ed to turbulent 
diffusion. 

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

4. The largest va.riation 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 in~luded in gravity terms. 

S. 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-

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

velocity u at that height. 

where 

dQ. = 211ctub 
ds 

(2.2) 
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~ = rate of change of volume flux 

b = local characteristic length 

a '" ':'Iltrainment 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 bj 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-sprcading conccpt 

rather than the entrainment concept used by Morton for closure of 

the system of equations. Chan and Kennedy (1972) obt ained a closed-

form analytical soluti.on of the jet propcrties, based on special 

assumptions of em:raillment propc'rties. 

2.1.3. Effect of Cr03sflow 

A round jet discharging into a crossflow produces a threc-

dimensional flow fie It!. The jet is deflected in the downstream 

direction by a prcssure force acting on the jet and by cntr:lintnent 

into the jet of fluid particles from thc crossflow. At the upstream 

side of the jet, the crossflow is retarded and at the downstl'cam 

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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between the crossflow and the edge of the jet. These vortices, in 

turn, generate s~naller vortices in the jet. As a result, velocity 

and temperature profiles within the jet are horseshoe-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 at al. 

Additional assumptions adopted by Fan for the analysis are: 

1. The entrainment relationship is represented by 

~ " 2TfClb I u. - G I ds J a 

where 

5 = distance along the trajectory of the jet 
centerline 

(2.3) 

\U j - Ua \ = magnitude of the v~ctor difference of the two 
velocities U. and U 

J a 

-
The variables U. and U 

J 
are defined by 

a 
the following equations: 

(2.4) 

U
a 

= i(Ua cos e) + j(Ua sin 0) (2.5) 

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

j = a vector perpendicular to the jet axis 

a = a constant entrainment coeffident 
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2. Profiles of the excess veloc:ity above the component of the 
ambient velocity are assumed to be similar and Gaussian. 

3. Buoyancy profiles are Gaussian. 

4. COllccntration profiles of a tracer are Gaussian. 

5. TIle effect of the presence of the pressure field can be lumped 
into a gross drag term proportio,lal to the square of t.he 
velocity component ~f 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 type solution with special 

entrainment coefficients. Experiments were also conducted for 

various jet velocity-to-crossflo\~ velocity ratios to determine drag 

forces and jet trajectories, widths, and centerline velocities. 

Air was used as the fluid for all experiments. 

2.1.4. Free-Surface and Bottom Effects 

21 

.~ The free surface restricts tho upward motion of the buoyant 
J 

oj jet. The jet spreads laterally in a layer at the water surface and 

causes a slight surface rise that varies with the mr,tlni tude of 

vertical jet momentum at the surface. Abraham (1963) provided 

experimental results from which the thickness of thn jet layer can 

be estimated. Entrainment i.nto the jet decreases after it spreads 

at the surface. Analysis of entrainment into the surface layer was 

made by Jirka and Harleman (H)7:1) for the two-dimcn~tonal (slOt jet) 

and by Lee, Jirk.1, and lIarleman (1974) for the axisymm~tric 

These studies'were for stagnant receiving 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) 

e.,f a horizontal buoyarlt jet discharging at the bottom of a 

quiescent receiving c~vironment showed surface dilutions ranging 

from 200 to 500 percent greater than for horizontal buoyant jets 

not experiencing bottom effects. They attributed thi s to iT.creased 

turbulence and momentum exchange at the free interface and to the 

extension of the length of the trajectory caused by the jet's 

tendency to cling to the bottom. 

The methods of jet analysis previously discussed apply 

only for deep receiving water in ';i'hicb free-surface and bottom 

effcct.s can be neglected. In constricted shallow roceiving 

Cllvit'ClOments, the pressure field cannot be considered hydrostatic . 

The velocity of fluid being entrabed into the jet in regions of 

restricted flow increases; therefore, local pressures decrease. 

11\osc low pressure 1'(:gions can calise the jet to attach to 

boundaries as i.n the studies of Sharp and Chung-su-Wang mentioned 

previously. The jet flow field in shallow receiving environments 

is very complicated since assumptions of hydrostatic pressure 

distribution and similarity of velocity profiles arc not val~J 

TIlercfore, the analytical models of Morton et al., Fan, Ahraham. 

and Chan and Kennedy are not directly applicable to submerged 

buoYllnt jets in shallow receiving waters . 
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2.2 Multip~rt Diffusers 

Multip~rt diffusers have been used for discharging sewage 

into the ocean for many years. ~~re recently they have also been 

used for discharging condenser cooling water from el~ctrical 

generating stations into fresh water bodies and coastal waters. 

Al though multiport diffw;ers for these t~/O cases are, in principle. 

the sarne, the receiving-water and density-difference characteris-

tics are different. Pcwer plants usually discharge into shallow 

water and the relat! ve de,lsi ty 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 app~oximately an order of magnitude smal1~r than for sewage 

diffusers. 

2.2.1. Round .Jet Interfel'ence 

The discharge from a multiport diffuser initially behaves 

like a row of single jets that spread with longth of travel. At 

some distance downstream the single jets merge nnll 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 tl'ansition zone. This process is shown it1 Fig. 2.3. Self-

similarity profiles are not valid in the transition zone; cunse­

quently. the mathematical analysis of single jets, as discussed in 

23 
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Fig, 2.3 .Jet interference for a submcrgcd multipQrt diffuser. 
(From Jirka and flarlcman, 1973) 
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this chapter, cannot be extended to describe flow in the transition 

zone of multiport diffusers. A simplified analysis of the tra.n­

sition zone has been used by Abraham (1973). Cederwall (1971) J 

and Jirka and Harleman (1973). The analysis is based on the 

"equivalent slot diffuser" concept Ioiilich 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 frt'· '; slot diffuser having the same 

momentum 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: 

2S 

(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 nominal half-width b of the jet equals hal f of the port­
spacing length. 

L 
b = --2 

2. The .entrainment of a round jet equals that of an equivalellt 
5 lot jet. 

(2.7) 
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Koh and Fan, as well as Jirka and Harleman (1973), found that 

adoption of either criterion results in essentially tho same 

prediction for the in1 tial point of jet Interaction. 

Jirka and Harleman discuss mergin? above the diffuser for 

nOlzles in alternating directions. 

2.2.3. Two-Dimensional Channel Model 

A multiport diffuser 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 fie ld the flow is 

p:l:"edominantly 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 casco 

The "equivalent slot diffuser" concept was used for both the 

theoretical and the experimental analysis. 

When a multiport diffuser is used in a ri"er. 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 t~ supply the round 

jets with sufficient ontrainment water, the diffuser will induce a 

three-dimensional flow field that modifies the ambient discharge 

distribution in the vicinity of the diffuser PL;-tS. The discharge 

distribution across the river for a laterally confined installation 
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Fig. 2.4 Three-dimensional flow field for a submerged 
diffuser. two-dimensional behavior in center 
portion (stable flow away zone). 
(From Jirka et al •• 1973) 
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will not be greatly changed by the diffuser discharge; therefore, 

the two-dirneusional channel model car '-j'; applied reasonably well 

to the entire length of the diffuser. Studies of this type have 

been made by Cederwall (1971); Jirka and Harleman (1973); Argue 

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

2.2.4. Three-Dimensional Models 

Many three-dimensional basin modt.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, MclA')ugall. and Kennedy 
0:.." 

:;; ""'1 
(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 OODEL OF niE 
QUAD CITIES ~ruLTIPORT DIFFUSER 

3.1 Objectives of the St~ 

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 ch,mnel occupied br the diffuser pipe for a range of di schargci; 

are modeled. The discharge distributions at'!"0!'::; ine river for dif-

ferent discharges and 1,ottom profiles were measured by staff of the 

Iowa I,lstitute of Hydraulic Research. These field surveys will be 

discussed in Chapters ., and S. The objectives of the model study 

were to determine the following over the range of cond i tions 

indicated above: 

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

2. 5°(: Isotherms with respect to area. 

3. So( Isotherms with respect to discharge. 

4. Jet trajectory. 

5. Jet dilutions. 

• 
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6. Jet spreading. 

7. Tr;msition 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 n 

where 

T = measured temperature of water partially mixed with 
effluent discharge 

T :: ambient water temperature a 

TE = discharge water temperature 

(3. I) 

The dimensionless isotherm of particular interest corresponds to a 

temperature rise of SOF 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 

temperature were 95°F, the dimensionless temperature for this 

isotherm would be 

5 
-=-=--"="" = O. 21 7 95- 72 (3.2) 

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 plant is at full generating capacity. 

·1. 
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3.2 Characteristics of the Quad Cities Multipart Diffuser 

The Quad Cities multipart diffuser was described in 

Chapter 1. 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 2S ft deep, 

and shallow-water ports with I.S-ft orifice diameter in water from 

about 7 to 22 ft deep. Therefore, the receiving water is ncarl), 

alwHYs less than 10 jet diameters deep i which is qui te sha1low for 

mUltiport diffuser installations. Argue and Sayre (1973) reasoned 

that for low river flows the individual buoyant jets for the Quad 

Cities diffuser do not merge before 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 

velocities are modeled; therefore, cases of both surface distortion 

predominating o"er jet interaction and vice versa are investigated. 

Adopti)n of the "equivalent slot diffuser" concept, as 

31 

used by Jirka an~ 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 
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zone and jet surface distortion lDay occur before jet interaction, 

a two-dimensional "sectional modeJ" with individual discharge 

ports is required. The experimental set.up is described in 

Chapter 4. 

The Quad Cities multiport diffuser is laterally confined 

since it extends 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 

SiJ'i;.ie-port models of submerged round buoyant jet mllst be 

geometrically undistorted to correctly represent jet mixing. This 

means that geometric scaling fact.ors between prototype and model 

must be equal for all coordinates. In this study, a three-port 

sectional model with a I: 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. 

The parameters chosen to describe the flow in these 

studies were: 

lFj = u/[g 7 DJ~ = jet densimetric Froude number 

k = U./U = velocity ratio 
J a 

(U· h)/O .. relative submergence 

(3.3) 

(3.4) 

(3.5) 
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where the symbols are sholffl in Fig. 3.1. Parameters such as 

vertical discharge angle, horizontal nozzle orientation. and dif-

(user pipe alignment with crossflow direction were constant for al I 

experiments. Jet and ambient Reynolds numbers should be high 

enough to ensure turbulent flow. This req'Jirement was satisfied 

by keeping 

~ > 600 a - ' 

It. :: 2500 
J 

(3.6) 

(3.7) 

When ambient discharg" per unit width, U H, is small, the a 

jets entrain most of the ambic':Ot flO\~ and the fo11('wing sot of 

parameters may be more app'!'opdate: 

v = U H/U.B = volume flux ratio 
a ) 

HID = relative depth 

(3.8) 

(3.9) 

(3.10) 

L 
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Fig. 3.1 Round j cts in a flowing environment-·terms defined. 
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CHAPTER 4 

EXPERIMENTAl, EQUIPMENT AND PROCEDURES 

4.1 Proto~e Studies 

Iowa Institute of Hydraulic Research electronic staff especially 

for reliable and accurate measurement of short-term average tempera-

tures in the field. The system has a measurement range of _soe to 

4soe and digitally displays average temperature to the nearest 

O.Oloe. The system consists of a Model 710 Ycliow Springs Inst1'u-

ment Company thermistor probe, an lIUR Portable Linear Thermistor 

Temperature Meter, and a Hewlett-Packard 5302-A Universal Counter. 

Unique features of the system are its linearity, stability, and 

meter-protection circuit. The linearity rosults from using a 

Yellow Springs Instrument Company thermistor probe and resistor 

composite, which together form t~o legs of a Wheatstone bridge; the 

other two legs are precision resistors. The thermistor probe has a 

linearity deviation of +0.06Soe 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 operation~l amplifiers. 
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The meter-prot~ction circuit protec.ts the direct display meter from 

excessive cu~rent by supplying the meter current from a diffcren-

tia1 source. The reason for this is to preserve the O.l°C 

resolution for the complete measurement range of <jOe to 45°C. The 

Portable Linear Thermistor Temperature Meter is powered by two 

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

The system is ideal for measuring average temperature in 

ruixing zones since temperature fluctuations CLIO be observed on the 

direct meter display while they are being time~avcraged by the 

counter. This enables the user to obtain s~veral sequential to-sec 

averages when significant fluctuations-are indl.catcd by the meter. 

~ddition~l inf~~atlon on the IIHR Portuale Lincar.TI\ormi~t6~ 

Tempe~'ature Met:er i:; 8~¥tm by Glovaf (lgn)-

VelBciUcs were measured with an Ott Un!versal current 

mr.ter, No. 19090 mounted about 6 in. above the thermistor probe. 

The meter responds to velocities as low as 3 em/sec. The averaging 

period was usually 30 sec. 

4.1.2. Boat and Positioning Equipmen~ 

Measurements were taken from an lS-ft Jon-boat equipped 

with a 25-hol'sepowel' outboard motor and a canvas top for winter 

surveys. The thermi.stor probe and velocity meter w')rc mounted to 

II weighted-cable and sounding·reel assembly that could measure 

wator depth to the nearest 0.1 ft. The cable transmitted velod ty 

meter signals to a "beeper" on the boat. POl' single-port surv~ys, 

36 

! 

-, 



: ~. 

the sounding reel was attached to a boat scat. From the sounding 

reel, the cable ?<lssed through a system of pulleys and a carriage 

on the bow of the boat. The carriage was attached to a lO-ft 

section of aluminum r-bc~ that ran perpendicular to the longi u 

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 

varieid ± 5 ft from the center of the bea'!: wi thout Teposi tioning the 

boat or cJimbing out onto the bow. For cross-sectional surveys, 

the $ounding reel was attached to a boom that was mounted near the 

middle of the bo.')t. 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 p~lley on the end of the boom. 

Transverse boat location was moasured with a Hewlett-

Packar.d 3800-8 Electronic. Distance Meter. II pair of Motorola FM 

radios provided communication between boat and shore. 

4.1.3. 

4.1.3.1. Single-Port Surveys 

Upstream ambient river temperatures and velocities were 

measured at two vertit:I'I.;'s 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 
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and targets on both sides of the river. The bOHt operator was 

directed to the desired longitudinal location by a man on shore. who 

was positioned at one end of the corresponding cross section. TIle 

transverse location of the boat was then measured with the Hewlett-

Packard distance meter from a survey stake at one endoT the cross 

section. To ensure that the boat remained stationary during the 

velocity and temperature measurements, three anchors were used and 

distance-meter readings \oIere taken every 10 minutes throughout the 

survey. 

Temperatures and veloci ties 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 obsel'ved. 

4.1. 3. 2. Cross-Sectional Surveys 

Temperature and velod ty measurements were taken at 

several verticals in a cross section upstream from the diffuser 

pipes both 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 th(l first 

six surveys and 200 ft upstream for all subsequent surveys. Most 

downstream measurements were made at u cross section 500 ft 

downstream from the centerline between the two diffuser pipes; 
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. however. a few surveys were made at cross sections ISO and 300 ft 

downstream. Terepcratures and velocities were measured at several 

verticals across each 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 single-port surveys. Only one anchor was used to hold the 

boat for the cross-sectional measurements. 

4. 2 ~todel Study 

4.2.1. Experimental Equipment 

4.2.1.1. Flume and Hot Water Supply 

lbe single-port model experiments were performed in a glass-

walled tilting flume 30-ft long, 2-ft wide and I.S-ft deep, with a 

slope of 0.0002. lbe 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 I-in. orifice was used 

to measure flow in the smaller pipe and either a 2-in. or a 5-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 ports rising from the bottom of the flume. The hot water 

was supplied from five 7S_000-BTU/hr natural-gas water heaters 
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connected in parallel which drQw water from the constant-head tanK . 

. The temperature of the heated water discharged into the flume lola:, 

controlled by mixing cold water from the constant-head tar,k with hot 

water from 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 tho valves in the hot and cold water 

lines. Tho 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 wi th 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 Pig. 4.3. 

TIle discharge ports were made from brass pipe of 1.22 in. 

internal diam~ter 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 thrce-

port experimental setups as well as an elevation view of a port ure 

42 

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 probc5. 

Each thermistor was incorporated as one leg of a Wheatstone bridge 

with a bridge output VOltage of ± 10 mv. Each bridge was supplied 
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thro\.Jgh a 100,000 ohm resistor connected to a common S-volt power 

supply, and the outputs were fed to the Institute's IBM 1801 Data 

Acquisi tion System, The resolution of the system was about O. OZ°F. 

The temperatures downstream from the ports were measured by 

11 thermistor probes mOlmted on a rack t.hat cO:J.ld be moved vertica lty 

which, in turn, was mounted to a carriage that could be moved along 

the length of the flume. The upstream 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-

monts at locations other than the primary upstream or downstream 

points. A fifteenth channel had a constant resistor that provided 

a check for the complete system. 

All 14 thermistors were calibrated in a closed-cycl~. 

circulating, calibration system. The system was well-inSUlated and 

equipped with a heater to heat the water, a variable-speed electric 

pump to circulate the water and a small diffuser pipe to discharge 

and mix the water in a calibration chamber. A precision thermometer 

with a resolution of O.02°P was located along with the thermistor 

probes in the insulated calibl'ation chamber. The thermistors were 

calibrated at approximately lOp intervals over a range of 68 to 

l090P. Thermistor voltage readings were taken oVer a 60-sec 
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averaging period 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 temperature increments of 1Sor or smaller, 

maximum calibration ranges were limited to 1Sor for each thermistor. 

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

the calibration curves for the upstream and downstream probes were 

computed from calibration data in the 72 to 87°F r~nge. The cali-

bration curve for the heated-water thermistor was computed from 

calibration data in a higher temperature range which depended on 

the ambient temperature in the flume as well as on the temperature 

rise called for in a specific experiment. TIle coefficients of the 

calibration curves for the thermistors were computed on the IBM 

computer and were stored on disk for subsequent use in experimental 

runs. 

4.2.1.3. Velocity Measuring Equipment 

46 

Veloel ties in the flume were measured using a dual prcssure-

t.ransducer system which is capable of making precision measurements 

for velocities down to about 0.1 fps. The system lIsed a 1/16 in. 

outside diameter Prandtl-type Pitot tube with the dynamic and static 

pressures transmitted to two Model PMS-Te, Statham pressure t1'3I1S-

ducers, both with maximum ranges of ± 0.15 psi. The outputs of the 

two transducers are both amplified by two noninverting chopper 
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amplifiers and fed into a difference amplifier. TIle output of the 

difference amplifier is converted to frequency by a voltage-to-

frequency converter and displayed on an electronic counter. The 
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sensitivities of the two transducers were equalized by the difference 

amplifier, thus ensuring a zero output when both transducers are 

subject to the same pressure. This sensitivity balancing reduces 

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 head tank from which the water 

issued through a flow nozzle patterned after an IS" (Instrument 

Society of America) flow nozzle, like the one shown by Streeter 

1975, Fig. 8.16, p. 469). Nozzles of I-in. and 2-1n. inside 

diameters were used in the calibration. Water flow from the 

bstitute's constant head tahK into the calibration system's 

enclosed constant head 1ank was varied with an intake valve in a 

I-in. diameter pipe. Jischarge through the system was measured by 

weighing, using a 5-gal. bucket, :I 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. Experimental Procedure 

4~2.2.l. Planning of Experiments 

Model verification of single-port prototype performance 

based on ambient and jet densimetric Froude number 'similarity 
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as discussed in Chapter 3. The principal dimen~ionless modeling 

paramet.ers were the relative uepth. HID; the vdocity ratio. U./U ; 
J a 

and the relative CUlsity deficit (p p )/n - a "a' In the model studies, 

temperatures and velocities were measured at distances downstream 

from the ports corresponding to the prototype measaTement locations. 

Model runs were designed to enable predictions of tempera-

ture and velocity fields do~nstream from the diffuser ports to be 

made for ranges of typical river flow and plant operation conditions 

so 

not covered in the prototype experiments. These runs were also based 

on ambient and jet densimetric FYI,Llde number similarity. The initial 

jet velocity and the nonnalized dehsity deficit at the dflux section 

were cnnstant for most of the runs. The initial jet ~~lucity in the 

model corresponded to the average design jet velocity of 9 fps. The 

normalized density difference was held at 0.003686, correspr~ding to 

the design temperature rise across the condrmsers of 23°F and an 

ambient river temperature of nOp. The ambient telilperature in the 

model could not be contrOlled. so the effluent temperature was 

varied as needed to maintain the desired normalized density dif-

fcrence of 0.003686 at the source. Ambient flow velocities and 

depths Were varied so that ~Iississippi River flow conditions in the 

prototype for total river discharges ranging from 13,200 to 50,000 

cfs \lere simulated. For a few additional runs, the jet velc'city and 

the normalized density def.i.cit were varied to test the effect of 

varying the densimctric Proude numbers while holding the submergence 

and the ambient flow conditions constant. 

·IL 
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4.2.2.2. Temperature Measurements 

Sampling of '~hc voltage signals from each thermistor by the 

computer was initiated by pushing a button near the flwne. 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 cuefficicnts stored 

on disk. These average voltages and average temperatures as well as 

calculated normalized temperature rises, T • (T : (T - T )/(TE - T »). n n a' a 

were printed. The average temperatures ruld 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 rilllS were restricte,i 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 flwne. The measure-

ment locations for the one-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 flwne width. The 

contral rC!!,ion of the jet was the main area of interest; therefore, 

spacing of thermistors and measurement procedures were designed to 

define as well as possible tile characteristics of the central part 

of the jet. At each rro:;~ :.cctiOIl, I'eadings were taken from the top 



downwards. Readings were takem at 0, O.OSH, O.lSH. O.2SU, 0.3511. 

O.45H, O.S5H, O.6SIi, O.75K, O.8SH, 0.951f, and H, where H equal,. the 

water 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. M~lJ$urements were taken at cro.'.'s 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 COfi~utcr printout was 

examined. For each of the three sections, the depth of the hottest 

point was noted. Temperature measurements were then taken at 

± O.OSH 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 until a 

total of 10 cross sections h&d 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 

results 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 SOp 

temperature rise in the prototype. Velocity measurement!'; were also 

S2 

.. .-'. 

I 
! 

> I 
I 



54 
____ ---;-__ 2.-
r-~'V~-L---s- ---;~-.- ... 

"T ,~ .---------.---------~ 

H 

~ ~ ~ ~~~~ ~ ~ ~ 
• Q 0 ~&Oee • • e 

,-, '-, ,-
I I ••• • 1,.. • • • f' 

~ ~-1 . . . ........... . . . t_~ .... _____ ..:... ..... ______ ._._---L . ..J. __ ._. I • 

• tlaxil:1UZl ex:ce5!: t'cup. 

o ExtT:l points 

Fig. 4.7 Temperature measurement grid within a transverse section of the flume. 

vo 
.t,; 



54 

taken to determine the jet half-width at some sections. The sa.mpling 

time for each velocity measurement ""as usually 10 Sec. If excessive 

fluctuations were observed on the dial of the adjustable difference 

ampli fier, longer sampling times were used. 

i , 



QlAPTER 5 

PROTOTYPE EXPERIHENTAL RESULTS 

5.1 Cross-Sectional Survexs 

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 open-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 used for initial mixing at the time of 

t1:lese surveys. The cross-sectional prototype studies will, there­

fore, be divided into two sections: two-pipe studies and one-pipe 

studies. 

5.1.1. Two-Pipe Surveys 

Eighteen cross-sectional surveys were conducted when the 

plant was discharging all of its condenser cooling water into the 

through both diffuser pipes. These investigations covered 

5S 



~-::-
': .•. ---,' 

.­<. 

total river discharges ranging from 31,400 to 73,600 efs and total 

plant generating loads from 46 to 9S percent of full load. 

5.1.1.1. Background Data 

Background infor~ation for each of the survey days is 

presented in Tables 5.1 and S.2. In Table 5.1. the distances from 

the centerline between the two diffuser pipes to the ul,stream and 

downstream measurement cross sections arc given in columns 2 and 3. 

Column 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~~inicon River. For surveys wherein 

velocity measurements were made. total river discharge was calcu-

lated from velod ty and depth profiles. These measured discharges 

are presented in column 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.S.G.S. discharges 

included corrections for the ice cover. For these days, the 

measured discharges were assumed to be correct. They were about 

20 percent lower than the U.S.G.S. discharge estimates. 

Column 2 of Table 5.2 shows the total river discharges 

used for all calculations. 
-

The ambient temperatures T in column 3 a 

are weighted (with respect to river discharge per unit width) 

averagesoof 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 

r ,,.-
Total River Measured 

Distance to Distance to Discharge Total 
Downstream Upstream frorn River 

Date Section Section U.S.G.S. Discharge 
(ft) (ft) (ds) (cfs) 

(1) (2) (3) (4) (5) 

11-02-72 500 1000 70,700 --
11-09-72 300 1000 73,600 --
11-09-72 sao 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 47,600 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 Sl,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 Pumps Effluent Temperature 
Date Discharge Temp~rature Temperature Temperature Load Running Discharge Rise 

QR T Tr TE QE 
AT 

a m 
(cfs) (oC) (OC) (oC) (P) (cfs) C'C) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) 

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 0.45 
1-16-73 38,000 0.5 0-4.4* 22.9 90 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 

I 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 1,785 0.35 
8-17-73 41.800 26.1 

I 
25.6 37.8 94 6 2,230 0.f,2 

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 :)1.7 85.5 6 2,410 r. 65 

10-08-73 47,500 17.1 18.0 28.8 85.0 6 2,280 0.:6 
10-31-13 58,800 10.9 10.9 21.6 77.8 6 2.110 11.:;8 
11-14-73

1 

39.100 4.6 4.7 16.4 79.4 6 1,970 ( .10 
12-03-73 51,100 4.6 4.9~.8 89.0 6 1,860 o 52 

. 1-16-74 :n,400 0.1 0.01 10.0 41.5 6 1,380 0.43 
1-21-74 41,900 0.2 0.04 11.5 82.5 6 

I 
::,090 0.57 

3-14-74 82,700 
__ 3.1 __ I __ 3. 7 l6.~~ __ 

91.9 6 2,095 0.34 

-

*Ice melting unit in operation. 
~ 
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The technical staff of the station provided hourly data on plant 

intake and effluent temperatures. percent of full plant load. and 

the number of circulating water pumps in operation for the days on 

which surveys were conducted. The estimated plant effluent dis­

charge was computed from the formula 

S9 

12.8 x 2270 x P/IOO 
QE = TE - TI 

(5.1) 

where 

Q = E 
plant effluent discharge in cfs 

p = percent of full plant load 

T = plant 
E 

effluent temperature in °c 

TI = plant intake temperature in °c 

Equation (5.1) is based on the design full-load plant temperature 

rise of l2.SoC, 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 are sometimes lower than 

the design value of 2270 cfs. TIle reduction in QE is attributed to 

partial 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 

(5.2) 

~ 'f' 
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5.1.1.2. Temperature Data 

P.aw Data. Temperature data for a typical survey at the 

upstream and downstream cross sections arc shown in Fig. 5.1. The 

1ocati0ns of the decimal points of the temperature readings corre-

spond to the probe positions in the river cross sections when the 

readings were 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 

temperature 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 was 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-Aver~d Excess 

Temperature. Representation of the data as shown in Fig. 5.2 gives 

the best overall 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 ri ver width at 

the measurement cross section. TIle measured temperatures at the 

-d downstream sections are represented by T • the depth-averaged 

temperature. The figure shows that the order of magnitude of the 

excess temperature is not much more than that of the variation of 
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Fig. 5.2 Transverse distribution of depth-averaged temperature 500 ft 
downstream and ambient temperature 1000 ft upstrearn from 
diffuser pipe on November 28, 1972. .i " 
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the natural ambient temperature. The change in magnitude and 

distribution 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 morc 

helpful, however, in eV~luating the performance of the diffuser-

pipe system. The variable depth-a' ~raged ambient temperature 

distribution pattern has been subtr~cted. leaving only the trans-

verse distribution of the depth-averaged excess temperature. If 

there ~ere no heat to transfer to the atmosphere and the heated 

effluent were completely mixed with the river water, the difference 
-d T - Ta would be equal to 6Tm all the way aCrOSS the channel, and 

(rd _ T )/6T would have the uniformly dist:..ibutcd value of one. a m 

The amount by which the curves deviate from this value is a measure 

of the non un ifo rmi ty of excess heat distribution. In view of the 

short distance from the diffuser pipes to the two crOJS 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 

(rd _ Ta)/llTm across the channel need not equal one unless the 

di5char~e per unit width of the ambient flow qa is uniformly 

distributed. In the present case, the ambiont flow is weighted 

heavily toward the Iowa shore, and the total heat balance has to be 

stated in terms of the excess heat flux distribution as 
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Fig. 5.3 Transverse distribution of normalized depth-averaged 
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Still, the areas under the different curves in Fig. 5.3 should be 

roughly equal, provided there was no major shi ft 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 ~'ections was 

obtained by subtracting from the measured downstream temperature 

the depth-averaged upstream ambient temperature at the same value 

of z/W. TIlcse 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'~ 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 reversal in the 

density-temperature relationship below 4°C. 

With regard to optimizing the pCl'fonnance 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 

Table 5.3 relate to points in the SOO-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 
Downstream at Points where Minimum Dilution was 
Obtained 

Distance Maximum Maximum Dilution Maximum 
from Local Local at Point Possible 

Illinois Normalited Excess of Least Dilution 
Date Shore Excess Temp. Temp. Mixing 

(T-T ) hTE QR ATE a max (T-T ) 6T a max (1-1 ) Q
E 

::: 6T
m m a max 

(ft) (OF) 

(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 1l.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 

*.150 ft downstream from diffuser pipe. 

,. , 

.. 4-
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werc obtained. Distances from the Illinois shore tv these points 

are listed in column 2. The maximum local temperature rises normal­

ized by the mixed temperature rise, and in OF. are listed in columns 

3 and 4, respectively. Column 5 lists the dilutions at the point of 

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

column 6 lists the maximum possible dilutions which would be obtain~d 

for complete mixing. 

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

temperature rise ever observed in the SOO-ft downstream cross 

section was 3.8 DF which is comfortably within the SOp limit. How­

ever, because the maximum temperature rise tends to increasc as 

river discharge decreases, and river di.scharges were higher than 

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)/6Tm values occurred 

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

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

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

Evidently there is a relative deficiency of dilution water supplied 

by the ambient flo '11 this region. 

The graph s.'1own in Fig. 5.6 was plotted with a view 

toward estimating the river discharge QR at which the maximum 

temperature rise at full plant load in the 500-ft downstream cross 
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section would reach Sop. The denominator P/IOO in the ordinate is 

the fractional plant load which ranges from zero at no load to one 

at full load. It is assumed here that the maximUJn temperature rise 

would increase in direct proportion to the plant load. Different 

symbols are used to identify sections of the diffuser pipes that arc 

responsible for the hot spots. In addition, the four points corre-

sponding to the hot spots mentioned in the previous paragraph arc 

identified by date. Por comparison. data from the laboratory model 

study (Jain et al., 1971) and the perfect mixing curve representing 

the equation 

where 

PIIOO P/IOO QR 

Q
E 

= 2270 cfs 

liTE'"' 23°p 

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 

(5.4) 

Table 5.1. TIle 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, 

covering a range of total Mississippi River discharges from 31,400 
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~\~.~ 
~J:x '_ 

to 58,300 cfs, are shol'l'Tl in Fig. 5.7. In the ordinate q/q, 

q = local discharge per unit width obtained by multiplying the local 

-d -depth d by the local depth-averaged velocity u • and q : QR/N = 

width-averaged value of q. Also shown in Fig. 5.7, for comparison, 

is the normalized transverse distribution of discharge per unit 

width from the diffuser pipe, q./q .• NO influence of the diffuser­
J J 

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 the condenser cooling water from the region close to 

the Illinois 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, about 

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 February 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 

shows the transverse distribution of the ratio of q/i'ij to the 

corresponding average upstream q/q values from Fig. 5.8 which a1:;0 
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represents an estimate of the transverse distribution of the normal­

ized excess temperature (rd - T )/~T in the immediate vicinity of a m 

the diffuser pipes following initial mixing. TIle equivulence of the 

two .atios can be seen from the equality 

79 

(5.5) 

combined with 

(S.6) 

which is a restatement of Eq. (5.2), and 

(S.7) 

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 are indeed similar if allowance is made for some attenuation 

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

reach between the diffuser pipes and the downstream survey section. 

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. S.lO. In the 
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ordinate, the quantity ~(T - T ) d is the local depth-averaged a 

heat flux where u is the local velocity. The arca under these 

curves represents tho 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 t~e surveys for 

which velocity measurements were made. The value of the heat 

recovery ratio should equal one, if the heat loss in tho SOO-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 

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 

I 

Ratios 
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5.1.2. One-Pipe Surve[s 

Nine 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. TIlis cooling system will be referred to as the com-

bined system. 

A schematic diagram of the combined system is shown in 

Fig. S.l1. The variables shown in the figure are defined as 

follows: 

Qc ~ flow discharge entering spray canal in cfs; depends 
on number of lift pumps operating 

QE 

TE 

Tr 

= 

= 

= 

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

effluent temperature from plant in OCt provided by 
technical staff 

intake temperature to plant in °c 

ambient temperature in river entering intake in °c, 
measured by IIHR 

loss of flow discharge in spray canal system due to 
evaporation in cfs; varies with plant operating con­
ditions and meteorological conditions; 6QL a 45 cfs 

= temperature reduction in spray canal system in °C; 
varies with plant operating conditions and meteoro­
logical conditions 

loss of heat flux in spray canal system in cfs - °C; 
varies with plant operating conditions and meteoro­
logical conditions 
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Fig. 5.11 Schematic diagram of combined spray canal­
diffuser pipe cooling system. 
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Water flows into the intake bay from both the river and the down-

stream end 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 

bay. Three lift pumps each draw 401 efs 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, alld 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 and the net heat exchange with the river. When this 

occurs, the system reaches equilibrium. At this equilibrium condi-

tion, the effluent temperature has been observed to exceed the 

ambient river temperature by as much as 51 o F. 

The one-pipe studies covered total river discharges ranging 

from 22,200 to 103,000 efs and percent of full plant load from 40.2 

to 91.0 percent. 



~~~~~----............. 

5.1.2.1. Background Data 

Background data for each of the surveys is presented in 

Tables S.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 

pipes, 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 

columns 8a and ab. On the days when no lift pumps were running, 

the plant was operating open~cycle. The equation for computin!: Q
E 

for the surveys wherein the spray can~l was not operating is 

Eq .. (5.1). When the spray canal is in operation, this equation is 

no longer applicable. Since each of the three lift ptnnps is 

supposed to have a capacity of (401) cfs, and each of the six 

circulating water pumps a capacity of (378.3) cfs, the follol\'ing 

equation shoUld apply for the combined system: 

where 

Qe = (378.3) x NC - (401) x NL 

NC = number of circulating water pumps in operation 

NL - number of lift water pumps in operation 

(5.8) 

However, this method of computing QE is valid only if the pumps 

operate at their design capacities. This is qucstionablc, in view 

of the results of the open-cycle studies. Since the heat-flux 
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TABLE 5.5. Background Data for One-Pipe Cross-Sectional Surveys 

Total River Mcasure~ Distance to Distance to Discharge Total 
Downstream Upstream from River Date Section Section U,S.G.S. Discharge 

(ft) (ft) (efs) (efs) 
(1) (2) (3) ( 4) (5) 

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 

8-22-74 500 200 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 



~~ .. 

::;':.: 

Date 

. 

(1) 

4-15-74 

7-23-74 

7-25-74 

8-22-74 

9-10-74 

10-02-74 

11-11-74 

I-OS-iS 

.. ~----

TABLE 5.6. Background River Flow and Plant Effluent Data when Operating 
with Spray Canal and/or One Diffuser Pipe Only 

Number Estimated 
Average Plant Plant Percent of of Plant 

--=--
Estimated 

?-lixed 
Diffuser River Ambient Intake Effluent Full Plant Pumps Effluent Temperature 

Pipe Discharge Temp. Temperature Temp. Load Running Discharge Rise 

- ESt. I 
T Tal TI TE Lift CW QE ilT 

a m 

(cfs) ee) (0e) (0C) (DC) I (P) (cfs) (Oe) 

(2) (3) (4) (Sa) . (Sb) (6) (7) (Sa) C8b) (9) (lO) 

Long 103,000 8.6 8.9 8.9 20.8 46.9 0 3 1150 0.14 

Short 22,200 26.8 26.4 27.4 33.3 40.2 2 6 1160 0.34 

Short 37,100 26.4 .26.1 31.2 40.4 65.2 3 6 850 0.32 

Short 32,000 2S.2 25.0 30.4 43.0 91.0 3 6 880 0.49 

Short 27,000 21.7 21.6 I 30.0 42.4 79.0 3 5 650 0.50 

Short 26,700 13.3 13.3 22.4 35.6 81.0 3 5 580 0.48 

Short 37,600 9.0 8.9 22.2 34.3 79.0 3 5 ~:~J_O.46 Short 25, 3:0J.0 • 
3 0.3 0.3 7.9 46.0 0 

6 _~~50 ~_":_3 
-------- I ! 

0) .... 



measurement results sholo'Tl in Table 5.4 for the open-cycle two~pipe 

studies '>'ere reasonably good, the heat flux measurements for sur-

vcys when the combined system was in operation were used to 

estimate the effluent discharge. The following equation was used 

to estimate QE: 

dU(T~ dz (5.9) 

where 

I~ = river width 

d c 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. (S.9), are presenfed in COlU~l 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 

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 excess tempera,ture is 

presented in Fig. 5.12 which corresponds to Fig. 5.3 in section 
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5.1.1. 2. For all the surveys when on ly the short pipe was used. 

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

This, of cllurs~, was to be expected since the short diffuser pipe 

only extends across the cast half of the main channel. The river 

discharge of 22.200 cfs on July 23, 1974, was the lowest of any 

for ei ther tlw two-pipe or one-pipe surveys. The excess tempera-

tur6 on this day spread towards the Illinois shore a~ross the water 

surface as sho~n in Fig. n.13. 

Dilution at Point of Least Mixing. The temperature rise:> 

at the dowpctream measurement points arc shown in Appendix B. 

'lOe data in Table 5.7 relate to points in the dOl,,"stream 

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 observed 

excess temperaturc was 3.2°F which is well under the S"F limH. 

TIle estimated proportion of the total waste heat discharged throul:h 

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 upstream discharge 

distributions for the lowest total discharge 22,200 cfs on 

July 23, 1974, and for the highest total discharge, 103,000 cfs 

! 

1 
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TABLE 5.7. Performance Characteristics of Diffuser Pipe at Points where Minimum Dilution was 
Obta,.ined when Operating with Spray Canal and/or One Diffuser Pipe Only 

Estimated 
Maximum Proportion 

Distance I-faximu.,-, Local Dilution Maximum of Waste 
from Local i No!"malized at Point Possible Heat to 

DOioo-nstream Illinois Excess Excess of Least Dilution Diffuser 
Date Distance Shore Temperature Temperature ~fixing Pipe * 

I (T-T ) ATE QR ATE 

I (T-T) a max 
(~-Ta1may. 

-:-a max AT QE AT 
(ft) (ft) (OF) m m 

(1) (2) (3) (4} (5) (6) (7) (8) 

4-15-74 150 1740 1.4 S.72 IS.7 89.6 1. 00 

7-23-74 SOO 920 2.1 3.45 5.57 19.1 0.65 

7-25-74 500 1495 1.8 3.12 14.0 43.6 0.63 

8-2Z-74 500 1475 2.8 3.17 11.4 36.4 0.59 

9-10-74 500 1475 3.2 3.57 11.6 41.5 0.59 

10-02-74 ISO 950 4.2 4.82 9.56 46.0 0.55 

11-11-74 150 1475 2.8 3.3S 16.3 54.S 0.76 

1-08-i5 500 1345 1.9 2.01 7,:0 

I 
14.5 1.00 

I - --- " 

Estimat~~ proportion of waste heat to diffuser pipe ~ 
QE6TE 

(2270) (l2.8)!'/lOO . 

I 

1.0 
V. 
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on April 15, 1974, are shown in Fig. 5.13. Except in two of the 

surveys-those OIl July 23, 1974, and January 8, 1975-the upstream 

and downstream river-flow distributions did not differ appreciably 

and were close to the averaged distributions shown in Fig. 5.B . 

TIle result for those two surveys, shown in Fig. 5.14. indicate 

that the flow in tlHl downstream section was much more heavily 

concentrated ncar the center of the channei. On both of these days, 

all of the effluent discharge was from the short pipe. the csti-

mated effluent discharge was greater than the design discharge of 

1135 cfs for one pipe. and the ri vcr discharge was comparat i ve 1)' low. 

The amount of additional flow concentrated near the center is greater 

than can be accounted for by the diffuser pipe discharge alone, 

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 addition3l 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 do~~stream cross sections were determined from the velocity 

I • 
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Fig. 5.13 Normalized transverse distribution of river discharge 
per unit width 200 ft upstream from the diffuser pip~ 
on April IS and July 23. 1974. 
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and temperature measurements as for the two-pipe surveys. Most of 

the excess heat flux was found in the Illinois side of the ~~in 

channel. These results arc not shown here; however, the total 

heat flux can be determined by multiplying the mixed temperature 

rise 6Tm in Table 5.6 (which was determined from the heat-flux 

distribution dat~by the river discharge QR' 

5.2 Single-Port Prototype Survels 

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. Background Data 

98 

.. 'r.- Background data for the days on which surveys were made is 

.",-

presented in Table 5.8. ColunUl 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 downstream from the centerline 

between two diffuser pipes and column 4 gives the port orifice 

diameters corresponding to the locations in colulnn:L The 

distances downstream from the port orifices where the measurements 

were made are shown in column 5. The Industrial Dio~Test unit and 



TABLE 5.S.Background Data for Single-Port Prototype Studies in 1973 and 1974 

! Percent I Estimated 
Distance of Discharge 

c' . from Outlet Distance Full Local Plant from 
River Illinois Diameter Downstream Plant Ambient Effluent Single 

I Date Discharge Shore of Port from Port. Load Temp. Temp. Port 

I QR z 0 x P T TE Q. 
! a J 

(cfs) (ft) (ft) (ft) (%) (OF) (OF) (ds) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) 

11-16-73 39.600 1774 2.7 35 88.5 40.2 65.5 42.1 
65 

3-12-74 ~., ".-__ ,,,LV 1345 I 2.7 IS 91.2 37.2 61.4 46.7 
45 

3-13-74 82,900 968 1.8 35 89.5 38.1 61.4 19.9 
65 
95 

7-24-74 26,900 1313 2.7 15 50.0 79',5 94.7 46.3 
45 
7S 

10-01-74 28.600 1273 2.7 15 78.0 57.2 96.0 27.3 
45 
75 

I 
10-25-74 25,900 1293 2.7 15 91.0 53.5 104.5 24.0 

45 
75 

10-30-74 I 25,200 1391 2.7 IS 87.8 56.1 106.8 25.3 
45 

J 75 

,:.': 

t: 

Estimated 
Velocity 

from 
Single 

Port 
U. 

J 

(ft/sec) 

(10) 

7.35 

8.16 

7.82 

8.09 

4.17 

4.19 

4.42 

I 

I 

\0 
\0 
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the technical s<:aff of the station provided the information on the 

percent of full plant load, the effluent discharge temperature. 

and the number of circulating pumps and lift pumps in operation. 

The local ambient temperature and velocity were measured by the 

Institute staff. ~e values were averaged for the period of the 

survey. 

The estimated effluent discharge Q. from the single port 
J 

under investigation is given in column 9. When the plant was 

operating entirely in the open-cycle mode, the following equation 

was used: 

100 

Q. = 
J 

(S.lO) 

where 

Q
jD 

= design discharge for the port in cfs 

mlcn the combined system was in operation, Qj was calculated with 

the following equation: 

where 

(5.11) 

Q
T 

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

~T = measured mixed temperature at farthest downstream 
m section 

" ~ .. 



TE '" effluent temperature in discharge bay 

Ta = local ambient river temperature 

As in the one-pipe .:ross··sectional studies. a simple heat balance 

such as Eq. (5.10) could not be used for determining Q
j 

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 colwnns 4 and 9. 

5.2.2. Te~erature Data 

Ambient temperature and velocity were measured at two 

verticals upstream from the ports both before anti after thE': down-

stream measurements were made for each survey. The ambient 

temperaturo was assumed to vary linearly \iith respect to tlmc 

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 temperature readings. Fig. 5.15 shows the data from a 

typical donwstream survey. Each solid circle represents the 

location of the midpoint between the thermistor probe and the 

current meter. The number above the poj nt is thtl excess tempera­

ture in OF. The number below the point ic; the measured velocity 

(not the eXcess velocity) ill feet pOl' second. The vertical lines 

separate the regions assigned to adjacent port.s. Similar figures 

for all single-port surveys are presented in Appendix C. 
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Table 5.9 gi.ves thc local average ambient velocity and 

depth, and the port spacing for each of the surv~ys in columns 3 

to 5, respectively. Local average means an average t"l:en over the 

region included i.n 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: 

103 

(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 SOp tempcl'ature rise isotherms for the survey sections 

were determined by linear intcYpolation. 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 SOp were not observed in some surveys. The percent of 

the area between the vertical lines wherein excess temperatures 

less than SOF are presented in column 8 of Table 5.9. These 

percentages arc zones-of-passage with respect to area, as defined 

in Chapter I, for the region of the channel associated with a 

particular port. The maximum observed temperature in each survey 

section is given in column 9. 
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TABLE 5.9. Results for Single-Port Prototype Studies 

'. 

~stance 
- -=~T---

I 
Estimated 
Effluent 

Local Discharge Estimated Zone-of ~!aximum 

Average Local I from Mixed Passage Observed 
Dow'llstream A.'lIbient Average Port Single Temperature wrt Temperature 

Date from Port Velocity Depth I Spacing Port Rise Area Ris~ 

x U H I L Q. LlT ZPA (T-T ) a J m a max 
(ft) (ft/sec) (ft) (ft) (cfs) CF) (°6) (OF) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) 

11-16-73 35 1.S2 23.4 19.67 42.1 1.44 99.2 5.4 
65 100 

3-12-74 IS 2.88 21.7 19.67 46.7 0.89 97.3 7.7 
45 99.7 5.6 

3-13-74 I 35 2.18 17.9 39.33 19.9 0.30 100 4.4 
65 100 1.7 
95 100 1.4 

7-24-74 IS 1.06 18.8 19.67 46.3 1.3J .. 100 4.9 
4S 100 2.4 

I 75 100 1 9 
10-01-74 15 1.18 22.0 19.67 27.3 2.11- 89.5 ~1. 8 

45 I 94.4 6.7 
75 JOO 4,-0 

10-25-74 IS 1.07 20.0 19.67 24.0 2.64* 86.1 19.0 
4S 86.7 8.9 
is 97.5 6.0 

iO-30-74 15 1.09 20.4 

:6~1 25~3 
2.71- 87.1 20.0 

I 4S 87.2 8.7 

I 75 98.6 5.7 
--------- ---- L I 

*Measured at farthest downstream section. 

........ ~ ..... : ...... ' • ." ........... "' .......... ,.,a1 ...... - •• ~.-. - .... ~. 

.. ~-...... "" .. 

I 

Zone-of 
Pass,~g(: 

wrt 
Discharge 

ZPD 

(~Ii ) 

(10J 

98.3 
100 
96.5 
99.~ 

100 I 

100 
J.OQ -1 
100 
100 
100 i 

86.2 I 
i 

91.9 i 
I 

100 I 

81.2 I 
I 

81.5 
I 97.0 

76.2 
85.3 
98.S 

-o ... 
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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 SOP, i.e., the 

zone-of-passnge ~itn TeS?6ct tu discharge for a particular port, 

where 

AS " 
area enclosed by the 5°F isotherm 

- estimated average velocity within 5°F Us = 
isotherm 

Qa = LHUa = ambient discharge for local increment of 

river width equal to I port spacing 

The values of the zones-of-passage with respect to discharge arc 

105 

given in column 10 of Table 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, 

Le., 19.7 ft for the main-channel ports and 39.3 ft for the 

shallow-water ports. 

The excess heat fluxes arc not presented in the tables but 

can be determined by multiplying the effluent temperature rise 

times the estimated discharge from a single port. 
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CHAPTER 6 

l-VDEL 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 fie Id measurements to determine how 

well the two·-dimensional channel model represented the prototype:; 

and (2) experiments that systemati~ally covered a wide range of 

field conditions in an effort to adequately 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. 

·l1te first series of experiments consists of model rllns 

corresponding to each of the single-port prototype surveys. 

Table 6.1 gives the conditions for the mod(!1 rUllS. The modeling 

criteria were described in Chapt(;T 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 

defici t of the jet at the point of discharge for each run. 

~. 
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'BBLE 6.1. Conditions for Model Runs Simulating Single-Port Surveys 

I Jet I 
Date of Normalized Densimetric I Jet 

Pr;)totype Ambit~nt Density Relative Velocity 0 Froude Reynolds Ambient Effluent 
Survey Velocity Deficit Depth Ratio I Number , Number Temp. Temp. 

(ft/s~~c) 
(I)F) (°F) 

U I1p/~ HID U./U U.llgD fJ.p/p UjD/\l j 
T TF, 

a J a J a 

(1) (2) 
f. (3) (4) (5) (6) (7) (8) (9) 

~1-16-73 0.279 0.00149 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 ~5.8 92.0 

3-13-74 0.491 0.00108 9.94 3.58 31.20 20,000 85.5 91.7 

7-24-74 0.195 
I 

0.00257 6.96 1.63 24.59 23,800 73.0 90.3 

rO-01-74 0.217 0.00538 8.15 4.04 7.89 12,800 73.1 104.1 

to-2S_74 0.197 0.00739 7.48 3.92 6.74 13,900 72.0 112.3 

0-30-74 0.201 0.00762 7.48 4.06 6.63 13,900 72.0 112.3 
i 

! ~ I 

:::; 
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COIUW1S 4 and 5 give the rclative depth and the vclocity ratio. 

Column~ 0 and 7 give the jet densimctric Froudc number and the 

;~t Reynolds number. rcspectively. TIic 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 

lJ./lI and the relative depth HID for each experimental run. The 
J a 

run numbers are indicated on the figure. Most of the resul ts for 

this experimental series are presented in matrices like thos~ 

shown in Fig. 6.1. 

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

The zone-of-passage with respect to the portion of cross-

sectional area assigned to one port at each of the downstream 

sections for the prototype surveys and corresponding model runs 

are presented in columns 3a and 3b of Table 6.4. This zOl1c-of­

passage ZPA is related to the area As enclosed by the SOp iso­

therm by the equation 

~08 

(6.1) 

The zOl1es-of~passage with respect to the portion of the 

ambient discharge assigned to one port for corresponding prototype 

· . 

.~ 
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TABLE 6.2.llackgnund Data for Model Experiments 

Initial Initial Normalized 
Run Port Ambient Ambient Jet Jet Density 
No. Spacing Depth Velocity Temp. Temp. Velocity Deficit 

L H U T TE u. tJp/p x 103 
a a J 

(ft) (ft) (ft/sec) (OF) (OF) (ft/sec) 
(1) (2) (3) (4) (5) (6) (7) (8) 

11 0.667 .475 .074 '/5.7 97.5 1.66 3.69 

12 0.667 .475 .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 0.667 .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 

24 0.667 .610 .258 82.0 102.2 1.66 3.69 

24 0.667 .610 .441 85.8 105.1 1.66 3.69 

31 0.667 .746 .074 75.4 97.3 1.66 3.69 

32 0.667 .746 .100 85.1 104.5 1.66 3.69 

33 0.667 .746 . ]47 74.7 96.8 1.66 3.69 

34 0.667 .746 .258 84.2 103.7 1.66 3.69 

3S 0.667 .746 .441 86.1 105.3 1.66 3.69 

41 0.667 .881 .074 75.2 97.2 1.66 3.69 

41a 0.667 .8S1 .014 12.6 19.2 1.66 0.92 -
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Run Port 
No. Spacing Depth 

L H 

(ft) (ft) 

(1) (2) (3) 

42 0.667 .881 

43 0.667 .881 
43a 0.667 .881 

44 0.667 .881 

45 0.667 .881 

51 2.0 .501 

52 2.0 .501 

53 2.0 .501 

54 2.0 .501 

55 2.0 .501 

61 2.0 .636 

62 2.0 .636 

63 2.0 .636 

64 2.0 .636 

71 2.0 .772 

72 2.0 .772 

73 2.0 .772 

74 2.0 .772 

75 2.0 .772 

81 2.0 .907 

82 2.0 .907 

83 2.0 .907 

85 2.0 
~~~ 

~ :;, ... -' 

Note: 0 ~ 0.0915 ft. 

JlO 

TABLE b.2.-Continued 

Initial Initial Normalized 
Ambient Ambient Jet Jet Density 
Veloci ty Temp. Temp. Vcloci ty Dcfici t 

U T TE u. 6p/p x 103 
a a J 

(ft/sec) (oF) (OF) (ft/see) 
I 

(4) (5) (6) (7) (8) 

.100 84.9 104.4 1.66 3.69 

.147 7S.1 97.1 1.66 3.69 

.147 71. 3 78.2 1.66 0.92 

.258 84.9 104.4 1.66 3.69 

.441 86.8 106.0 1.66 3.69 

.030 74.5 96.6 2.03 3.69 

.060 75.4 97.3 2.03 3.69 

.091 73.8 96.2 2.03 3.69 

.181 74.7 96.8 2.03 3.69 

.258 74.0 96.3 2.03 3.69 

.030 73.5 96.0 2.03 3.69 

.060 75.3 97.2 2.03 3.69 

.091 73.5 96.0 2.03 3.69 

.181 73.0 95.8 2.03 3.69 

.030 74.2 96.5 2.03 3.69 

.060 75.5 97.4 2.03 3.69 

.091 73.6 96.0 2.03 3.69 

.181 74.5 96.8 2.03 3.69 

.258 83.4 103.1 2.03 3.69 

.030· 73.5 95.9 2.03 3.69 

.060 73.5 97.4 2.03 3.69 

.091 73.2 95.9 2.03 3.69 

.258 83.3 103.0 2.03 3.69 

.-
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Run 
No. 

(1) 

11 

12 

13 

14 

IS 

21 

21a 

22 

23 

23a 

24 

25 

31 

32 

33 

34 

35 

41 

41a 
.~ 

111 

TABLE 6.3. Dimensionless Parameters fOT Model Runs 

Jet Normalized 
Velocity Relative Volume Froude Fully Mixed 

Ratio Depth Flux Ratio Number Terr.peTaturc 

U. liT q. 
k::U./U HID V=q /q. IF .= J ~"'~ 

J a a J J ~ 
lirE q +q. . a J P-g 

(2) (3) (4) (5) (6) 

22.4 5.19 2.16 15.9 .316 

16.6 S.19 2.91 15.9 .255 

11.3 5.19 4.28 15.9 .189 

6.43 5.19 7 .. '52 15.9 .117 

3.76 5.19 12.9 15.9 .072 

22.4 6.66 2.77 15.9 .265 

22.4 6.66 2.77 31.8 .265 

16.6 6.66 I 3.74 15.9 .211 

11.3 6.66 5.32 15.9 .158 

11.3 6.66 5.32 31.8 .158 

6.43 6.66 9.66 15.9 .094 

3.76 6.66 16.5 15.9 .057 

22.4 8.15 3.39 15.9 .228 

16.6 B.15 4.58 15.9 .179 

11.3 8.15 6.73 15.9 .129 

6.43 8.15 11.8 15.9 .078 

3.76 8.15 20.2 15.9 .047 

22.4 9.63 3.99 15.9 .200 

22.4 9.63 3.99 31.8 .200 

7 

i 
i 

I 
f 
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TABLE 6.3.-Continued 

I .Jet Normalized 
Run Velocity Relative Volume Froude Fully Mixed 
No. Ratio Depth Flux Ratio Number Temperature 

U. liT q. 
k=U./U HID V=q Iq. :w. = --L- 2:< .....:1..-

J a a ) J I Q£.gD 
liT q +q. E a J 

p 

(1) (2) (3) (4) (5) (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 .30S 
52 33.8 5.47 4.50 19.5 .1H2 

~~.~. :1_.'- 53 22.3 
-.' 5.47 6.S3 19.5 .127 

54 11.2 5.47 13.6 19.5 .OCiY 

55 7.93 5.47 19.4 19.5 .049 
61 67.6 6.94 2.P'6 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 e.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 7.93 9.91 35.1 19.5 .02!l 

. 



~ 22.~ 16.6 11.1 6.4 3.' 

5.2 II 12 13 14 15 

6.1 21 22 23 24 25 

8.1 31 32 33 3~ 3S 

9.6 ~I ~2 ~3 ~~ ~S 

3-port .. ,1 •• 

~ 11.1 33.8 22.3 11.2 1.9 

5.5 51 52 53 5~ 55 

6.9 61 62 63 6~ 

8.~ 71 12 13 1~ 15 

9.9 81 82 13 85 

I-port ,,,I,. 

Fig~ 6.1 Run numbers for different velocity 
ratios and relative depth5. 
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TABLE 6.4. Compar'_son of Model lind Prototype Results 
for Single~Port Surveys 

-
Date of Distance Zone of I Zone of 

Prototype Downstream Passage Passage Minimum 
Survey from port (Arca) (Discharge) Dilut ion-l 

(ft) ('o) (%) (%) 

P 1-f P ~1 P M 
(1) (2) (3a) Pb) (4a) (4b) (Sa) (Sb) 

11-16-73 35 99.2 96.5 98,3 93.1 4.7 4,1 
65 100 100 100 100 7.0 7. I 

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 
99 100 100 100 100 16.6 14.9 

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 8.00 7.0 

10-01-74 15 89.5 92.9 86.2 88.4 2.62 2.3 
45 94.4 93.6 91.9 92.7 5.79 5.9 
75 100 100 100 100 9.70 11.4 

-
10-25-74 15 86.1 88.7 81.2 83.7 2.7 2.3 

4S 86.7 89.5 81.5 86.9 5.7 7.2 

75 97.5 93.8 97.0 92.S 8.5 8.6 

10-30-74 15 87.1 88.7b 76.2 83.7b 2.5 2.3b 

45 87.2 89.Sb 85.3 86.9b 5.8 7.2b 

75 98.6 93. Sb 98.5 92.gb B.9 S.6b 

T . T 
a.... d'l' E a MInImum 1 utlon ~ T _ T . 

max a 

.bUsed 10-25-74 results. 

. ' 

1 
I " 

I 



115 

and model conditions are presented in columns 4a and 4b. The 

method of determining these values from the prototype data was 

discussed in section S.2.3. Por the model, the following equation 

was used: 

ZPD (6.2) 

where 

QF = total ambient flume discharge 

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

The estimated average velocity through the SOF isotherm Us was 

determined from velocity measurements made during each model run. 

Columns Sa and Sb give the minimum excess temperature 

dilution S as determined by the following equation: 

(6. ~) 

The agreement between n.odel 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 

predict the zones-of-passage for the entire channel. 

The SOp isotherms as measured in the model are sketched on 

the appropriate figures in Appendix C with dashed lines. These 

isotherms are included on Pigs. C.I, C.2, C.S, and C.6. The 

location of the maximum excess temperature as measured in the 
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model is indicated by a large X in Figs. C.l, C.2, C.4, C.S, and 

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

ports are usually quite different, it is not expected that the 

shapes of the isotherms found in the model would closely match 

those for the prototype. However, the agreement between model and 

prototype for the location of the maxir"um excess temperature at 

corresponding sections is reasonably good. 

6.3 Zones-oi-Passage for Entire Channel 

Because local depths and ambient velocities vary from port 

to port, determination 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. Consequently, 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 

equations relating the dimensionless ratios As/A. and 6Us/hU. to 
J J 

the dimensionless ratios H/D and U./U , which were used to estimate 
J a 

values of As and Us for each port as a function of river discharge 

for the condition of full plant load. 
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Figure 6.2 shows the variation of mixing zone area. 

within which liT exceeds SOP, with distance downstream from the 

port for various combinations of U./U and HID. The plots were . J a 

made dimensionless by using the area and diameter of the ports as 

scaling factors. Although the simulated SOp temperature rise 

isotherms are actll:ll1y isotherms for a dimensionless temperature 

rise of 5/23 = 0.217, rather than the actual temperature rise of 

SOP, 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 do~~stream than 

for higher relative submergences and lower velocity ratios. When 

the normalized fully-mixed temperature rise exceeded 0.217, the 

SOp 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 

117 

(6.4) 

where 

n = number of discharge ports 

As can be seen in Table 6.3, 6Tm/6TE exceeded 0.217 only in runs 

II, 12, 21, 21a, 31, 51, 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 velocHy 
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ratios (i.e., for moderate to high volume flux ratios). For these 

conditions, the 5°F isotheTJIs disappeared about 14 jet diameters 

dowll:>tream. 

The shape of the 5°F isotherms was nearly elliptical. For 

the higher velocity ratios, the major axes tnnded to be oriented 

vertically; and for the lower velod ty ratios the)' tender:! '.'.0 be 

oriented hori zontally, approaching the hors1ashoc-shapc dh;cussed 

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. intcrfJcdiate. and low velocity 

ratios at a section 8.3 jct l!iame1ters downstream from the ports. 

The arcas enclosed by the 5"1: isolthcJ'ms and the areas of corre-

sponding ellipses with principal IJxes co,lInl to the vertical and 

tl'ansverse widths of the p~!!lJ!Jr~d lsoth.erms differed by less than 

5 percent for most of the experiment~. 

At each measurement cross section in the model. velocity 

profiles Were measured along the vertical and transversc lines 

which intcr~ect at the point of maximum temperature rise. Some 

typical profiles for run number 22 arc shown in Fig. 6.4. The 

120 

excess velocity profiles were npp::,oximatcly Gaussian. Consequently, 

the excess velocity, due to the jet, was assumed to be distributed 

acco~ding to the bivariate normlll distribution with zero corro­

lation, so that the velocity distribution in the section could be 

represented by the equation 

, . 
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Uj/u. = , 1.3 
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RUN 25 RUN 23 

I 
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Fig, 6.3 SOF isotherms at a section 8.3 jet diameters downstream frol11 a port. 
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~here 

u(y,z) 

Au max 
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(6.5) 

lOC:ll velocity 

= maximum excess velocity in section (always at 
or very close to location of maximum tempera-
ture rise) 

= standard deviations of vertical and transverse 
excess velocity distributions, resl-,ectively 

Since data on the jet trajectories (presented in section 6.4.4) 

showed that the upward inclination of the trajectories was 

usually less than 20 11 from the horizontal and cos 20
11 

,. 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 flu at an}' 

y and the vertical distributi.on of Au at any z arc also Gaussian. 

The solid curves passing through the data points in 

Fig. 6.4 were drawn by eye. The vertical dashed lines 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 distril-utions 

predicted by Eq. (6.5) matched the measured velocity profiles at 

the peaks and at the edges of the SIlF isotherms (i.e., in Fig. 

6.4, at the peaks and at the points where the dashed lines mcct 
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the velocity profiles). The standard deviation 0zV of the 

transverse distribution was estimated f"om the relationship 

z 
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o z V = -;:~5==::; r.. 2 In R 
(6.6) 

where 

Zs :: half \ddth of the measured SOF isotherm 

R = ratio of the average of the excess velocity at the 
transverse edges of the SOF isotherm to the maximum 
excess velocity within the isotherm 

An equation of the same form was used to estimate the vertical 

standard deviation 0yV' 

The average velocity within a modeled 5°F isotherm was 

determined by numerically integrating ',:he 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 

(6.7) 

where 

Us :: average velocity within the SOp isotherm 

It includes both the ambient and the excess velocity components. 

Pigure 6.5 shows dimensionless discharge within the SOp isotherms 

for the three-port and one-port series. respectively. A.s would be 

expected, these Qs curves vary with velocity ratio and relative 
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depth in 3 manner that is very similar to the variation of the AS 

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 within the sOr isotherms nrc greater 

than the ambient velocity. The method for determining zone-of-

passage with respect to discharge for various t.lississippi River 

flows using Fig. 6.5 will now be discussed. A similar method 

could be used together with Fig. 6.2 to detennine the zone-of-

passage with respect to the total cross-sectional area of the river. 

Zones-of-passage with respect to river discharge at dif-

ferent distances downstream from the centerline between the two 

diffuser pipes were determined by the following equation: 

[ [

25 2S 

ZPRD(x) = 100 1 - _Ql L Q (i,x - 15.6) + I 
R i=1 j=l 

Q (j ,x + 

where 

(6.8) 

x = distance downstream from the centerline between 
the diffuser pipes 

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

j = j th port from the 111 inois shore on the long 
dTffuser pipe ~Ihich is located 10 ft upstream 
from tho centerline between th~ two pipes 
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Qs(i ,x) 
and 

Qs(j,x) 

discharges obtained from Fig. 6.S given }ocal 
ambient and effluent flow conditions for Dorts 
on the short and long pipes, respectivel)" 

The depth corresponding to each port was obtained from the bottom 

profile Showll 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 IIIlR staff at 

the section 200 ft upstream from the centerline between the tlW 

pipes. No ambient river discharge distributions were measured for 

flows below 20,000 cfs. Therefore, the normalized &mbient dis-

charge distribution shown in Fig. 5.13 for the July 23, 1974, when 

the Mississippi River discharge was 22,200 cfs, was used for dis-

charges of 20,000 cfs or less. Since the curves in Fig. 6.S vary 

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

from the centerline of the wo pipes for each river discharge 

calculation. The zone-of-passage for a specific river discharge 

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

Eq. (6.8) was minimum . 

Fig. 6.6 shows the minimum zones-of-passage with respect 

to river discharge as defined by Eq. (6.8). Based on the model 

results, the standard for 7S percent zone-of~passage with respect 

to discharge would be violated at river discharges below 15,300 

efs, as indicated by the dashed lines in Fig. 6.6. 
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6.4 Jet Characteristi,cs 

6.4.1. Zone of Flow Establishment 

Temperatures and velocities were measured in planes norma] 

to the jet trajectory from the efflux section to a section 2.7 

jet diameters dOlmstrealn 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 vertical 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 arbitI'ary. 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 Plg. 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 greater 

than the mean jet velocity Uj ", Qj/A j • The maximum measured 

l 
,; 
.j 

·1 " 
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velocity equaled the mean jet velocity about 1.S jet diameters 

downstream. The transverse distribution of velocity matched a 

nomal diStribution fairly well about 2 jet diameters downstream; 

however, the vertical distribution at the same section was still 

skewed 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 velocity coincided at sections beyond about 3 jet 

diameters doWnstream from the efflux section. 

6.4.2. Centerline Dilution 

The point of minimum excess temperature dilution at any 

section is the point in the section with the maximum norm&li zed 

excess temperature. 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-poI't series of experiments. The curves in 

Fig. 6.8 characteristically show a linear increase of (T - T )/ E a 
(T _ - T ) at low values of x/D, followed by a gradual leveling 
m~x a 

off as the limiting fully-mixed dilution, lITI/lITm, is approached. 

This asymptotic limit is shown as a dash(;d line 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 SOF, the SOF 

isotherm disappears when the centcl'line di.lution exceods 4.6. 

Part (c) of Fig. 6.8 compares the minimum excess temperature 

133 



~' 

t "f 

-=_ ......-."111 ... _ ...... 

Of 
-, 
"r 

TE-Te 
Tmax- T4 

-\ 
Of 

-\ 

i :i .', 
"t 

" 
"r 

" 
or 

" 
or :i " 

'f ~i 

u~u~a~~::2~2:~~'~r-~~~lI--~~:-r-~--'--r~ft~r-10. 
(16." CILJ} (6.4J (J.8) 

a" '!>' 
~ .. '. t-ZI' 

~~:-~ 
~G"". 

5 

I~ ~ 

5 

'~c=:-.--
o 

C 5 10 5 10 10 

(a) 3-port series 

% 
+ 

:; '" "f 

(5,2) • __ 

..".,..-

( 6. n ./"""'. 
,/-..... 

.~. 

Fig. 6.8 Centerline excess temperature dilution versus distance downstream. 

, =: 
I :1 

VI 
~ .. 

- .... ,. "." .. ~ ... ~ .... ,I ...... 0\40t, 

'I' 
'j "'i 

.' 
,~~ 



l{j/u~(~7.7) (35.e) (22.3) ( 11.2) ( 7.,> 

IO!r-~--.-~---r--~-r--'---r-.---~~~~----~---
H/O 

~ 
".5) 

TE-T. 

T ;;:,;;;=7. 

~ to $ to ~ 10 

~D 

(b) I-port series 

-Fig. 6.8 (continued) • :.,. 
VI 



~:~ ... ~;.;;. 
~. 

lOr 

l(j,/fJa = 22,,4 lj'./fJ. = 11.3 

Runs 21,213 
Runs 23,23a 

5 

0 

TE-Ta 
1ina>:- T" 

/0 
I 

Runs 41.41a 
, Runs 43,43. 

5 

Yo 
(c) 3-port runs for different Froude numbers 

o 

Fig. 6.8 (continued). 

fp = 16 (DESI6NJ 

"'D = 32 

'~.-\Io~.", ,.,~ ........ ~ ...... ~*"- .. , .; • ...;. __ !5 .. ~~·_;",., ....... _ .• ""'~~'.,.I' .- .... ". ,.- ".~ ''''..., . '-"" . 

vI 
C1' 

• 
4I:~'.,~ 



dilution for runs 21, 21a, 23, 23a. 41. 41a. 43. and 43a. These 

re5ults 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. 
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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 0 and the ratio V + 1. of the ambient 

plus jet discharge to the jet discharge. The ordinate is the 

measured minimum excess temperature dilution (TE - Ta)/(Tmax - Ta) 

divided by the normalized fully mixed excess temperature dilution 

bTE/bT
m

, Part (3) of Fig. 6.9 shows the three-port results. For 

all runs except II, 12, 13, 14, 15, 24, and 25. the plotted points 

follow the solid curve shown on the Hgure. TIle curve 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 probably retarded the dilution 

process. High values of the ratio of fully mixed excess tempera­

ture dilution bTe/bTm to relative !;ubmergence (Ii - h)/O are 

characteristic of those runs. Part (b) of Fig. 6.9 shows the onc­

port results. The solid curve estimated from the" data points in 

part (a) is also shown on part (b). The plotted points in part 

(b) follow the solid curve until reaching an ordinate value of 

about 0.6 where the points veer from the curve. All of the runs 



... ,""'~t:_.,',',: .. 

(A7i/AT.,u) 

(AT« /6T_J 

-~\ 
.;-" ""';":;':" ;"~: ,';" 

:i . ~;.' '. ", :j :j °

1 Or 0, , 

1.01-----­
u ~~r------------.......... ~~~:~~~~~~6r~<1 .......... ----

e- __ e-- ~'f 
o _~ __ -__ e- _ - -,-" 0 

0.8 

0.6 

.,-:::--- ,---- --':-'';- ,A-,-'" ,-~ ,r.'" " 
",-

~/ elf . ,~./ ... ' 
... ; ,e' , ..... 

" e" ,.",.-

0' I I I I I 
o 2 4 6 8 10 

Ca) 3-port seriG: 

X X 
D(V+/) =D(~T,/6:-") 

Fig. 6.9 Generalized minimum excess temperature diI utions. 

v' rn 

.. 
.f'>. "......, •• • ~..:.4..,.~~ .... ,""'-."'"'~)· ....... A~; ... l ...... 4 .. " ......... ,:/"~ . ..,.;.."Jr.: .... ,~,'t·.""I'."dIIoo ... -,. __ "".",..,'4 .,~I ''''''''JI'IIII''.~~V40.''::'.I;~.~M'''''.'' ~~ 

-t~·, 



139 

r-----.-----~-----r----~------c -

~ 0 ~ '"' -0 

<0>( ~ 
V 
::l 
t: 

'" .... 
Cl t: 

0 

" 
(.) 

.......-

..... - 0'1 

~>< 
+ <0 
~ 
"'" 
~ 

<;W] 
'M 
~ 



(O~ /OTlltuJ 

(OTc/OT .. > 

lO, I 1 ----

o PROTOTYPE 

-HODEL 

o 0 2 J J J 10 

X 
;: !Xll1i/~T.) ee) Prototype and nodel 

x 
D(V.-O 

Fig, 6.9 (continued). 

,. .... -4: •• ,. -,. •• ,.. ". ".r.,.,.;,~, ..... _ ... ,,"_, .•. • t' ... ,. l" _ 

-A 
o 

.. ..,. .... ,. -';-,",." ... ,~-~""..,....~~.~. 



(51, 52. 61, 62, 71, 81) in the onc-port series for which ordinate 

values above Q.6 were obtained are characterized by relatively low 

values of lITE/flTm 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 increased 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 

protot}~e 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 ranee x/Dey + 1) < 2, the curves in Figs. 6.8 and 

6.9 can be represented by the linear relationship 
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E a x x T - l' () T _ T = 0.28 D + 0.7 = 0.28 0 + 2.5 (6.9) 
max a 

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 0 the coefficient in Eq. (6.9) 

would then be 0.30. The value of the x intercept. -2.50, corre­

sponds closely to the location of the 700 bend in the discharge 

port, suggesting that the bend essentially eliminates the zone of 

flow establishment and contributes to increased initial mixing. 
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6.4;3. Maximum Excess Velocity 

For easy comparison. ratios of initial to maximum excp.ss 

velo~ity. (U. - u )/(u - U ). along the jet centerline arc , J a max a 

plotted as a function of x/O in Fig. 6.10 in the same manner as 

the excess temperature dilution in Fig. 6.8 Over the range of 

x/D covered by the data, data for all runs can be represented by 

the linear relationship 

u. - U 
---1 a - S (~D') + I !J -.:-u - u u (6.10) 

max a 

The slopes S of the lines in Fig. 6.10 are related to the rates 
u 

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

experimental nlns shown in part (a) of Fig. 6.10 Su varies from 

about 0.18 to 0.29 depending on the velocity ratio U./U and the 
J a 

relative depth H/D. 

velocity ratio U./U . 
J a 

Figure 6.11 shows S plotted as a function of 
1I 

The data define a fami ly of curves with /I/O 

as the third variable. Apparentl), surface interaction increases 

the excess velocity reduction for relative depths H/D below a value 

somewhere between 6.7 and 8.1. Figure 6.11 shows that this surface 

effect is reduced as U./U decreases. The smallest slope of 0.18 
J a 

was observed at the highest relative velocity of 22.4. Thi~ value 

of Su can Le compared to the experimentally determined coefficient 

in the equation (corresponding to Eq. (6.10)) 

u. r:i 0.16 * 
max 

(6.11) 

I 
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given by Albertson ot al. (1950) for a round momentl~ jet dis­

charging into a quiescent fluid (U./U ~~) in the zone of 
J a 

established flow. Variation of S with velocity ratio U./U and 
u J a 
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relative depth HID is not as pronounced for the one-port data shOlm 

in part (b) of Fig. 6.10 as for the three-port results. With the 

exception of the data set for U./U = 7.9, a slope of 0.22 fit 
J a 

all data from the one-port experiments reasonably well. For the 

runs with U.jU = 7.9, S = 0.25 provided a better fit. These 
J a u 

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 condi tions 

were approx\mately equal to design conditions. Values of S u 

determined from these surveys arc shown in Table 6.S. 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 S values 
u 

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 meas~rements 

were not obtained sufficiently far downstream to determi.ne if it 

does. TIle value of the ordinate intercept Iu in Eq. (6.10) varies 

only between O.S and 0.7. Because of the variation in S , the x 
u 

intercept, -I DIS , would vary from about -20 to -40. u u 
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TABLE 6.S. Rate of Centerline Excess Velocity 
Reduction for Single-Port Prototype 
Surveys 

Velocity Relative 

w 

Date Ratio Depth Slope 

U./U H/D S 
J a 1I 

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 

I 

(6.10), shows that excess temperature and eXC(JSS velocity along 

the jet centerline attenuate in a similar manner during the early 

stages of mixing. Por low values of the velocity ratio U./U • 
J a 

the initial growth of the normalized reciprocal maximum excess 
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temperature (TE - T )/(T - j ) ar.-t velocity (U. - U )/(U - u ), a IRa x a J a max a 

are nearly identical. As the velocity ratio increases above about 

U/Ua = 6, however, (U j - Ua)/(Umax - Ua) grows more slowly with 

respect to xlD, 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 

tempe1.'ature and excess velocity distrib,ltions in cross-sectional 

an 
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planes do~~stre~~ from the diffuser ports are presented in this 

section. These cross-sectional planes \Oere oriented normally to 

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

deviations Were estimateJ by the method of Eq. (6.6), were taken 

along the transverse and vertical axes of a cross-sectional plane 

whose origin was located at the point of maximlUn excess temperature 

in the plane. 

Estimated standard deviations O'zT and 0yr of the excess 

temperature profiles, are shown in Fig. 6.12 as func.tions of x/O 

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 

aT x 
'0"' O. 5 + O. 086 IT (6.12) 

provides a good fit to the data for transverse standard deviation 

of excess temperature. Al though the datil 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 thes(' nllls, tho rate of 

vertical spreading of excess temperature was appreciably smaller 

than the rate of transverse spreading. This was previously di!;-

cussed in section 6.3. 

Curves for the one~port runs with ~elocity ratio U./U of 
J a 

33.8had aslope of about 0.11. The curves for runs with low volume 
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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 

standard deviations 0zV and 0yV of the excess velocity profiles 

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

fitted roughly by the equation 

°v x If = 0.25 + 0.076 0 (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 sc:!ttcr in the data to establish whether there is quanti-

tative dependence on any of the flow parameters. 

As shown in Eqs. (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 slope in Eq. (6.13). The equation for a 

round momentum jet discharging into a quiescent fluid, Albertson 

et a1. (1950), that corresponds to Eq. (6.13) is 

151 

0v = O.OBI x (6.14) . 

6.4.5. Jet Trajectories 

Pigure 6.14 shows the centerline trajectories of the jet 

where the centerline at each ~ection was locatod at the point of 

I 
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maximum excess temperature for both the thrce- and olll~-port 

series of experiments. The velocit.y ratio decreases from top to 

bottom!n 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 tho horizontal is 

significantly less than the initial angle of 20°, indicati!lg that 

the effect of buoyancy, in comparison to that of the ambient 

velocity, is small. 

Since these trajectories arc based on temperature measure-

ments, the location of the trajectories is not well defined as 

complete mixing is approached and the temperature distribution 

becomes nearly uniform .. This condition Occurs when the centerline 

excess temperature dilution plots shown in Fig. 6.8 approach the 

reciprocal of the normalized fully mixed excess temperature values 

given in Table 6.3. Note, for example, the trajectories for rUIlS 

31 and 41 which appear to bounce off the surface. Tic marks arc 

shown on the trajectories for all rUlls in which the eOlldi tion of 

complete mixing was approached, at the values of x/I) \~herc 

'(TE - T )1 (1' - T) reaches 90 percent of the limiting value a max a 

corresponding to complete mixing. 

6.5 Individual-J.ot, Transition, and 
TWO-Dimensional Regions 

. The mixing and flOl~ field downstream from a multiport 

diffuser can be divided into three regions or zones: the 

-f 
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individuaL-jet region; the transition region; and the two-dimcn-

sional region. These concepts, introduced oriofl), in Chapter 2, 

are amplified and quantified in this section. 

In the individual-jet rcgion-41s its name implics----t!(lch jet 

and i,ts properties are independent of all the other j cts. The jets 

may be either buoyant or momentum jets, and in shallow water there 

may be 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 bet\oleen neighboring jets begins to occur. In special cases, 

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

region could begin upstream from the ports and there may be no 

individual-jet region. In this study, the cross section marking 

tho beginning of the transition region is taken to be the one at 

which the jet has spread transversely to the point wher.e its 

nominal half width, b = 20 'r' at the vertical level y of maximum 
Z, m 

transverse spreading, becomes just equal to half the distance 

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

ture 4T(X,y ,z) a~ this level is distributed transversely according 
m 

to the normal probability law, the transition region would then 

begin at the valuo of x, where 

(6. J 5) 

wherein 0.270 is"·twice the rat.io of the normal pr()bability density 
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Since the two lint.'ls arc nearly parallel. the three regions may be 

defined hI tho fol1o~ing: 

Individual jet region 
x ) o < ---'--- < 0.S1 

LV'). 79 -' I 
Transition region 0,51 < _x __ < 0.80 1 

1.\,0. 79 

TWo-dimensional flow region -

U II a 
where V is the volume flux ratio U.S' 

J 

x --- > 0.80 
LVO. 79 

(6.17) 
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CIIAPTER 7 

PREuICTING ZO ... ·[S OF PASSAGE 

7.1 Prelimidary Considerations 

In this chapter relationships are derived for predicting min-

imum zones-of-passage, ",i th res pee t to hoth cross - sectional area and 

flow disch1rge, in the region of a channel assigned to a single ciif-

fuser , port. A dofinit ion sketch for :;uch a region, of depth 1\ and 

width 1" is shown in Fig. 7.1. ThQ aosa-hatched circular zone of 

radius rc represents the mixing zone wherein (he temperature rise 

liT = T - T a is greater than some critical value liT c' usually sop. Out.­

side this zone is the zone-of~passage wherein fiT <: 1',1'. Ilypotheti cal 
c 

temperature-rise distrlbutions along tllO axes a-a ond bob arc shown 

above and to the right. Note the contributions from the neighboring 

ports along a-a, and the influence of the reflections from the water 

surface and bed on the distribution along b-b. Except for the contri-

butions from neighboring ports and the refloctions, tho distribution 

of LIT along any radius is assumed to be the same, that is, independent 

of .p. The distribution of the excess velocity 6u = u - U due to the 
a 

jet is assumed to be qualitatively similar except ncar the bed and the 

water surface. POl' zones-of-passage larger than the minimum allowable 

of 75 percent, the aroll of the circular cross-hatched regioll in Fig. 

7.1 is 0.25 III. or less. Consequently, a5 depicted in Fil~' 7.1, the 

influence of contributions from neighboring ports 3nd of bottom and 

free-surface effects should be minimal ill this region and the 

4 
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distributions therein arc assumed to be axisymmetric. 

Assuming that th\l amount of flow and heat escaping to the 

neighboring regions is exactly compensated f\)r by the contributions 

from the neighboring regions, and that there is no heat loss to the 

atmosi>hcrc, the total volwne and temperature-rise fluxes in the area 

HL remain constant and arc given respectively by 

Q filL u dA 

q L + Q. = Q.(V + 1) 
a J J 

(7,1) 

and 

(7.2) 

In Eq. (7.1) the ambient velocity is assumed to be constant throughout 

the area ilL. -A In Eq. (7.2) u lfr is tho excess temperature··weighted mean 

velocity in the area ilL, which varies from a maximum of U
j 

at the port 

to a minimum of (V + I)l! IV following complete mixing. 
a 

From the results in Chapter 6, the distributions of ~T and l'JJ 

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

quite well by the radial normal distributions 

and 

Q,~TE 1 1 r 2 
:: ~ -- exp{--(-) ) 

- i\ 2 2 a, 
uhT 27TC.1T r 
~-:/ '--v--/ 

~u 
m!lX 

~1' ~T 
max li'r 

max 

(7.3) 

(7,4) 



The bracketed expression for liT resul ts from consideration of the max 

total temperature-rise flux. ]n Eqs. (7.5) and (7.4) the parameters 

°T and 0y :::: aOT arc the respective standard deviations of the lIT Hnd.A
u 

distributions. According to Eqs. (6.12) and (6.13), the value of a is 

approximately 0.7 over the range of xlD that is of interest, indicating 

that the rate of lateral spreading is sOffi(Mhat less for llll than for AT. 

The cxce'3S temperature-weighted mean vc loci ty in the 111'<:3 HL 

"is defined by 

-A 
1I :: 

llT 

fHL u6'1' dA 

fHLflT dA 

From Eqs. (7.3) and (7.4), 

(7.S) 

filL 6U!'lT dA U + ___ _ 

a flll.!'lT dA 

(7.6) 

jl Now assume that the integrations of !'lullT and !'IT over the area ilL 

arc respectively equal to 

21T f~ !'lu!'l'!' r dr and 271 J; AT r dr, 

" which in effect assumes that l\uAT and liT go to zero tOl~ard the outer 

boundaries of the regj on HL. Tho indicated integl'ation~: then lead to 

U~1' 2 llu 2 6u 
U ex nmx q ( max 

-U = 1 + (--2 ) -IJ = 1 + (--2) k - 1) o.-:--U-
a 1+« a l+(l J lJ 

(7.7) 

Using Eqs. (6.J2) and (6.13) to evaluate a und Eq. 1(,.10) to cvalullte 

Uti.maxIJ ·, i.iA IV can. beostimated as a function of Y/-U and k, for the I'unge j -. a llT a 

of, cOlldi;tions;coverod in the flwne experiments, as sho~m in Fig. 7.2. 
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In plotting the curves, average values of 0.23 for Sand 0.6 for 1 
U 1.1 

were used in Eq. (6.10). 

7.2 Expressions for PA and p~ 

In deriving relationships for the zones-or-passage with respect 

to area, ZPA, and with respect to discharge, ZPD, it is convenient 

to work with the fractional area 

and the fractional discharge 

2T1f~c ur dr 
PQ =Q.(V+1) 

J 

within which t\T > l\T. They arc related to ZPA and ZPO by 
c 

l! and 

ZPO = 100(1 - PQ) 

(7.8) 

(7.9) 

(7.10) 

(7 :11) 

Eliminating r between Eq5. (7.8) and (7.3), and using the definitions 
c 

k = U./U and V = q /q., results in 
J a a J 

o 
P = _ ~ (-1)2 In r 
A kV I) 

(7. 12) 

(7.13) 

In a similar manner, r.eplacing the local velocity u in Eq. (7.9) by 

(7.14 ) 
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fir'· 
~if.,~~j· 
l{~':~ , 
!h> 
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~ '. J e:- , 

where Au is given by Eq. (7.4), follo\t'cd by the integration in Eq. (7.9),' 

leaJs to 

\1T 2 2 Au / 2 
P ". ~~- (-0--) [- In F + a -Ulll~(l _ FI u')] Q k(V + 1) 

7.3 Determination of P
A 

max 

a 
(7.15) 

Two different methods for predicting P, and Po arc pre-
j~max 'max 

sented in this section. The first method is based on the simplifying 

assUlllptions that PA and PQ vary with respect to (aT/D) 2, but that 
-A 2 
u"'1'/Ua and u do "ot. Also, no direct use .'LS made of the experimental 

results. In the second method P A and P Q are evaluated as functions 

of x/Dusing gener.alized relationships bascd on the experimental 
6u 

r~sults,wherein <1T/D, P, I), and u.m~\ are all represented as 
J a functions of x/D. 

7.3.1 Using Sim.Elifying Assumptions 

and 
With the simplifying aSSUIllptions indicated above, P A 

max P can be determined by the clasSical maximization procedure of 

~ax 2 8 liTe n~T 
elementary calculus. Letting s = (Or/D) and F = r 1\'(,- U·- 5, and 

dPA E a 
setting ds = 0, leads to 

(7.16) 

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

-A . (V + IllV as an estimate for u
6T

/U
a 

gIves 
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J71 

(7.16a) 

I~h.ich should provide a conservativ(1)' high estimate. 

A 5 imilar procedure is fo llowed to determine Po • 
dP 'max 

setting ~ :; 0 leads to the equation 

Hero, 

for which no explicit solution for F is apparent. 

V+l . h' . d -- aga·IIl t IS equatIon re uces to 
V ' 

222 
In F + 1 -, (1 +(( ) ((_a __ )F I / a 1] = 0 

V I + a2 (7. 17) 

which is. shown graphically for a '" 0.7 and a _ in Pig. 7.l. This 

leads to 

P 
~ax 

LlT 2 2 
E V, P [_ In P + (1 + a2(1 _ pI/a )1 

liT (I+V)L V c 
(7. 18) 

wherein F and V values for a given value of a are paired according 

to Eq. (7.17), Because of the interdependencies eontaincd in Eq, (7,17) 

it is not clear in this case whether or not Eq. (7.18) should give a 

conservative estinmte of P
Q max 

7. 3._,_2 __ P A_a_" ~~~~J1ctions of x/D 

To obtain PA and PQ as functions of x/D, the appropriate 

equations based on experimental results presented in Chapter 6 arc sub-
i"' 

situt~d into Eqs, (7.12) and (7.15). For P
A

, the result is 

AlITC 
= 7\:- = 

J 
C/. 19) 
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· where 

and 

Por PQ, the result is 

(V + l)P Q 
QllTe 8 aT 2 

= T:: k(O~ 
J 

6u ~ 

(1 F 2(1 1) max (1 _ ~1.1/a~)) - n . + U K - --
U. - U 

] a 

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

F liTe ATE 
= LIT LIT 

E max 

av x 
[) = 0.076 0 + 0.25 

u. - U 
J a x au = 0.23(0) + 0.6 

max 

from Eq. (7.13) 

(C>. 12) 

(6.9) 

(7.20) 

(6.13) 

(6. 10) 

The numerical coefficients 0.23 and 0.6 in Eq. (6.10) are respectively 

the average values of S and I , as they were il1 plotting the curves 
u u 

in Pig. 7.2. 

Eqs. (7.19) and (7.20) for t..TE/lITc = 4.6, corresponding to the 

experiments, are plotted in Fig. 7.4. In this format, the curves in 

Pig. 7.4 can be compared directly with the experimental curves i.n Figs. 

6.2 and 6.5. 

Because Eqs. (7.19) and (7.20), after making all ~)f the 
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substitut~ons, arc quite complicated functions of x/D, no attempt was 

made to obtain analytical express iOlls for P> and p~ by ::he met.hods 
J\ max ax 

of calculus as was done ill section 7.3.1. 'l1lOugh it lacks gCIlCl';,\.\ity, 

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

of interest and read the maxi lrom the curves. 

Compartsons betweon tho relationships developed in section 7.3 

for predicting P and P and the fl ume data arc ShOl'1ll in Figs. 
Amax Qmax 

7.5 and 7.6. 

Fig. 7.5 compares the data with tho relatlOllships presented in 

section 7.3.1 wherein the simplifying assumptions that ii~T/Ua and c/ do 

2 
hot vary Idth respect to (Ur/D) liere used. Experimental values of P

A max 
are compared with Eq. (7.16a) for l\TE/lJ,T = 11 •. 6 in Fig. 7.S(a), and 

. c 

experimental values of PQ arc compared with Eq. (7.18) for lITilHc::: 

4.6 anda= I in Fig. 7.5(Wj~ As &nticipated, representation of 
-A 
u,n/Ua by its lower limit (V + 1)IV in Eq. (7 .16n), leads to predj cted 

values of PA which are decidedly on tho conservative side. Also, the 
max 

datu sug'gosts a strong correlation between P
A 

and k, which Eq. 
III ax 

(7.16a) does not reflect. The dashed-line curve in Pig. 7.6(a) rep-

rescnting Eq. 7.16 reflects this eOrt'elation Illuch better. In obtaining 

-A this curvo, Eq. (7.7), for x/D = 5.6 , WIS used to repl'esc'nt ullT/U
a

. 

In Fig. 7.5(b), Eq. (7.13), for liTE/ATe = 1.6 and (1= 1, agre r ,.; 

surprisingly well with the P Q data. although it tends to underprcdict 
. max 

somewhat for V + 1 less than about 20. Correlation with k is Illuch 

weaker ~pr the P data than foJ' the: i'A data. Another significant 
Qmax max 
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feature of the PQ data is that it tends to follow the curve 
max 

177 

reasonably closely almost all the way to V + I := hTE/I1T
m 

:: 4.6, nt which 

value Po • because of complete mixing, must become equal to one. 
'max 

Eq. (7.18) is evidentl)' very insensitive to <l. Values of I,<~ computed 
max 

for a = 0.7 are almost identical to those for (l ;:; 1 excopt for V <: 5. 

where they arc about one to four percent higher. 

Before going On to discuss Fig. 7.6, somo comparisons betlyccn 

Fig. 7.4 and the experimental As/Aj and Qs/Q j 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 tho curves in Figs. 6.2 and 6.5. The pre-

dieted As/Aj and Qs/Q j curves peak at x/D =' 5.6 and 5.S 

,respectively, compared with an average value of xl!) :: 6.4 for those 

AS/A. and QS/Q. curves in :'1:6s. 6.2 and 6. 5 I~hich have well·defined 
• J J 

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

to zero at about x/O a 13.9, compared to X/D values ranging 

franabout 14 for most of the expcl'imtllltal curves lip to abollt 20 for a fCl~ 

of them. For x/D + 0, predicted Q~/Q. values agree reasonably 
.) J 

well with tho experimental ones, but the predicted AS/Aj values arc 

significantly largor than the experimental ono:;. Comparison of the 

Predicted and experimental poak values of A~/AJ' and Q~/Q. is deferred .) ;) J 

until the discussion of Fi.g. 7.6, since that fi!~urc compares thelll 

directly. 

V
" ~ . x/D curve5 do not agree well 

with the experi.mental curves fa)' run5 11, 12, 21, 31,41, 51, 52, (II, 

71, 81, almost all of which blow up, going to Jargo values of the 
~ 
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ordinate from which they do not return to zero. TIle prcJicted 

curves show no such tendency. 
liTE 

+ 1 '" cd-' 
m 

TIlls difference is to he expected. however. 

since the value of V the dilution ratio for complete mixing, 

for all of the experimental Curve& that blow up is either less than or 

only slightly larger than the critical value of f,TE/t,T '" 4.6. This means , c 
1 AS 1 Q5 

that I'}\ = kV A: and P Q -: V + 1 (f" for all of these runs must e1 ther 
J J 

go to 01' closely approach a value o£ one. The predicted curves cannot 

be expected to blow up in this way since they are based on the properties 

of the generalized liT and !.Iu distributions which do not reflect the 

distortion in the Jistributions which must occur as complete mixing 

is approached. 

Turning now to Fig. 7.6, the data for "both (As/Aj)max and 

(QS/Q.) vary with k in ways that differ from those indicated by the 
J max 

solid curves representing Eqs. (7.19) and (7.20). The data indicate that 

both (ASiA.) x nnd (Qs/Q.) increase with k, whereas the curVe for Eq. 
J rna J nmx 

(7.19) indicates no variation, and the curve for Eg. (7.20) indicates a 

decrease. The discrepancies are due mainly to n weak dependence of 0TID 

and aviD on k that is not included in Eg.s (6.12) and (6.13) which were 

used as estimators for 0TID and OViD. Close examination of the data 

in Figs. 6.12 and 6.13 shol"s that 0TID and aviD in the neighborhood 

of x/D :: 5.6 to 5.8 vary with k as shown In Fig. 7.7. Usi.ng the 0TID 

and oViD values from the curves in Pig. 7.7 instead of tqs. (6.1.2) 

and (6.13) in Egs. (7.19) und (7.20) brings the curvos into good ugreement 

• 

"' "' 
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with the data as shown by the clashed CurVes. A similnr examination of 

the data in Figs. 6.8 and 6.10 for the other parameters (P and 
M 

max ) . E U. _ iT Hi ·qs. 
) a (7.19) and (7.20) reveals no consistent variation 

with respect to k. 
Considerably less improvement in the fit of the 

Curve representing Eg. (7.16) to the data in Fig. 7.6(a) is obtained 
2 LiU max by using experimentally-determined a and --_ values to evaluate 

U. - U A J a ullT~Ua in Eq. (7.16). Evidently the discrepancy beth'cen this curve 

and tho data is at least partially due to ignoring the variation of 
-A 2 
uAT/Ua with respect to (ariD) When taking the derivative of Eq. 

(7.12) to obtain Eq. (7.16). 

As regards the data in Fig. 7.6, neither (ASiA.) nor (Q IQ ) 
J max 5' j max 

app-3ar to vary with relative depth HID or lateral port spacing in any 

consistent way. The vertical spread is thought to be due to experimental 

:;catter. In Fig. 7.7, aTID appears to be somewhat larger fM the 3 .. port 

series than for the I-port series; tho average a values arp. 0.69 for 

the 3-port series and 0.75 for the I-port series. 

Table 7.1 shows a comparison between measured and computed 

PA and PQ values for the prototype and model single-port surveys 

,'I for which zone-of-passage data was prosented 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 xlo ., 5.6, which corresponds to 

a prototype downstream distance of 15 ft. Those computed by Eqs. 

(7.16) and (7.18) are P
A max 

neighboI'hood of x/O = 5.6. 

and P valuos, which should occur in the 
Qrnax 

The ariD and aviD relationships in Fig. 

7.7 were used instead of Egs. (6.12) and (6.13) in computing I'll. and "Q 

accordin.,g to Egs. (7.19) and (7.20). The a!!reClIlOnt i,lI Table 7.1 is 

r 
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Date 
Prototype 

3/2/74 0.027 

7/24/74 0 

10/01/74 0.105 

10/25/74 0.139 

10/30/74 0.129 

":"",~"":; ;" 

'., 

TABLE 7.1. Comparison Between Measured and Predicted 

PA and PQ for Single-Port Surveys 

PA at :c/D = 5.6 PQ at x/D = 5.6 

Model Eq. (7.16) Eq. (7.19) Prototype Model Eq. (7.18) 

0.055 0.052 0.056 0.035 0.056 0.066 

0.035 0.062 0.033 0 0.108 0.122 

0.071 0.100 0.099 0.138 0.116 0.147 

0.113 0.141 0.131 , 
0.188 0.163 0.204 

i 
0.113 0.143 0.130 0.238 0.163 0.209 

Eq. (7.20) 

0.080 

0.109 

0.149 

0..183 

o .1S5_1 

O!l 

'" 
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that initial jet velocities-and excess 

temperat:.!res at the times of these suxveys differed significantly 

from the design values for the diffuser pipe which wore simulated in 

all of the flume experiments On which the generalized ,\1' and flu distri-

butions used in deriving theprodictivc relationships 8,'0 based. 

For the most part, the agreement between the relationships 

developed in this chapter for predicting P
A 

and P
Q 

and the data 
max max 

is considered encouraging. Eqs. (7.19) and (7.20) evaluated for x/D:: 

5.7, _ and wi th aT/O and OviD evaluated as functions of both x/D and k 

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

and P
Q 

The 
max max 

. weak variation of aTID and aiD Idth respect to k should be investigated 

further over a range of xlD values for the purpose of replacing Eqs. 

(6.12) and. (6.13) with equations that represent aTIO and oyiD as 

joint functions of both x/D and k. The curves in Fig. 7.4 should then 

be revised accordingly. Eqs. (7.16) and (7.18) although less reliable 

1 than Eqs. (7.19) and (7.20), reCluire less input information and rna}' be 
{: 

useful for preliminary estimating purposes. To some extent all of 

the predictive relationships tend to break down as V + 1 + 6T
E

/6T
C

' 

Hciwever; this isa condition that in any case should be avoided if 

possible in designing diffuser-pipe: systems . 'All in all, the methods, 

equations and curves dev ':loped herein should be useful tools for 

designing submerged-jet systems to meet wne-of-pDssnge requirements, 

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



CHAPTER 3 

SI,n.~.ARY AND CONCLUSIONS 

8.1 Cross-Sectional Prototype §urveys 

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, 1vith con-

denser cooling water discharging into the river through both pipes. 

In May, 1974, restrictions imposed by regulatory agencies went into 

effect that limited the discharge through the diffuser-pipe system 

to on~y one of the two pipes which was to be operated in combi-

nation with a spray canal. Several surveys wore made for both 

operating conditions. The principal findings of these surveys arc 

summarized in two parts: two-pipe surveys :t/'.l :',''''p1i''- ;:'ULV ... ,,,. 

&.1.1. Two-Pipe Surveys 

Eighteen cross-sectional surveys covering river flows 

ranging from 31,400 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 

observed at the SOO-ft dOMlstream cross section was 3.8°p on 

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

are no excess temperatures great(;;l' than SOF at this section, then 
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the area of the mixing kono cannot exceed 26 acres. lienee. the diffuser-

pipe system was found to be operating in compliance with the 26-acrc mix-

ing zone limitation j n a 11 two-pipe surveys. 

Because the r1ant WaS not operating at filiI capacity during any 

of the surveys, Fig. ~~.6 was plotted with a view towards estinlating the 

river discharge Q
R 

below which the maximum local temperature rise at 

full plant load in ',the SOO-ft cross section would exceed SOF. For 

several surveys, the maximum local excess temperatures were attributed 

to 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 port~. the flow--and the waste heat load--discharged 

through each of the large ports would be increased approximately by the 

fa'ctor (1 - QE.S/QE)~1 ~1.1l. where QE.S/QE ~ 0.10 is the proportion of 

the total effluent flow discharged through the sm~dl ports. Assuming 

that the maximum temperature rise 500 ft downstream from the large ports 

would be increased by the same factor, the maximum temperature rise U1 

the SOO-ft downstream cross section for conditions corresponding to 

those observed in the temperature surveys, and the plant operating at 

,: full load \~ith tho. small ports closed. could be estimated by the equation 

where 

. (T-'T ) a max,L 

1.11 (1-T ) L/(P/lOO) a max. 

maximum observed temperature rise 500 ft 
downstream Qttributabla to a large port 

P = percent of full plant load 

(8:. 1) 



'nH! assumption OJI which Eq. (8.1) is based should be v:tlid for 

conditions approaching complete mixing. For less than complete mixing, 

nq. (8.1) would tend to somcwh~tt overestimate maximum downstream 

temperature rises. 

Values of (T-Ta)max est according to Eq. (8.1) are plotted in 

Fig. 8.1 fo), each SOO-ft downstream cross-sectional survey along with 

data from the laboratory model study by Jain et 01. (1971) and the 

perfect mixing curve. In comparison to Fig. 5.6, Fig. a.l indicates 

that better perfonnance with respect to maximum excess temperature 

rise and closer agreement with the three-dimensional model study 

would be realized by blocking off the small ports. 

The transverse distribution of the excess temperature was 

observed to be multipeaked, typically having three penks. This was 

attributed to differences in the transverse distributions of the 

normalized effluent and river discharges. The distribut ion of 

excess temperature should become more uniform across the channel 

as total river discharge decreases. This is suggested in Fig. 8.2 

which shows the normalized depth-averaged excess temperature for 

the three-dimensional model results of .Jain et al. (J971) at a 

downstream section corresponding to 600 ft in the prototype. 

Since distorted models tend to significantly increase the relative 

effect of transverse turbulent mixing, the degree of improvement 

in the river would be less dramatic. Still, it is anticipated 

that temperature rises 500 ft downstream would not begin exceeding 

SOp urtttl the river discharge goe~ below about 15,000 ers . 

. /.,' 
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Flow velocities were measured both upstream and dm.o11strcam 

from the diffuser pipes for most of the surveys. No influence of 

the diffuser-pipe operation on the river flow 'Jistribution was 

apparent when two-pipes were used. The total measured excess heat 

load in the cross section 500 ft downstream from the diffuser pipes 

agreed closely with the total calculated excess heat input from 

the diffuser-pipe system. 

8.1.2. One-Pipe Surveys 

Nine cross-sectional survey!; were performed when the plant 

was using only one diffuser pipe. Of these, six were conducted 

while the diffuser pipe was operating in parallel with the spray 

canal. The highest excess temperature at the SOO-ft downstream 
., 

cross section was 3.2°F; therefore, the cooling system was opera-

ting wi thin the 26-acre mixing 20ne limitations during all of 

these surveys. 

The transverse distl'ibution of excess temperature had 

either one or two peaks in the sections of the river downstream 

from the pipe in usc at the 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 th~ mai.n channel of the 

Results of the surveys in which the diffuser ~ipe was 

ope:l.'ated in paral1 e1 with the spray canal, j nd ica ted that the spray 
'/ . 
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canal was dissipating less than its share of the heat load at the 

existing meteorological condi tions. Consequently. the temper.1 ture 

of the circulating water in the cooling system increased until an 

equilibrium condition was reached. At this equilibrium condition, 

the effluent temperature has been observed to exceed the ambient 

river temperature by as much as SloF. 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 \.:aste 

heat and condenr '1' cooling water discharged through the diffuser 

pipe for the surveys conducted while the combined system was in 

operation. Co 1 1I11lJl 4 shows the estimated effluent temperature rise 

that would occur at full plant generating capacity. 1his was 

computed from heat balance considerations according to the scheme 

shown in Fig. S.H. Note that in the open-cycle mode this tClmpera­

ture rise was 12.SoC for the design Qn 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. 

The transverse river flow distribution was considerably 

al tOTed in the diffuser pipe discharge regi on during tIm of the 

one-pipe cross-sectional surveys. '/110 ratio of river discharge Q(t 

to effluent discharge Qe was relatively ~mall at the time of 

these surveys. The diffuser pipe discharge apparently acted like 

a jet pump in drawlng the ambient flow from other parts of the 

190 
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TABLE 8.1. Estimated Proportions of Waste Heat aCId Condenser 
Cooling Water DischarJo;ed Through Diffuser Pipe 
When Combined System was in Operation 

i-=-
. 

Estimntod Proportion Estimated Proportion ~5t. 

of Waste Heat of Cooling Wator tHE 
to rJiffuser Pipe to Diffuser Pipe for 

QallTE Q[; P=10U 

(2270)(12.8)P/100 Qr: ... QS 
(oC) 

(1) (2) (3) (4) 

7-23-74 0.65 0.59 21.2 

7-25-74 0.63 0.41 25.5 

3-22:"74 0.59 0.42 20.8 

9-10-74 0.59 0.35 29.5 

10-07-74 0.55 0.33 31.2 

11-11-74 0.76 0.36 33.7 

-
Note: liTE = T[: - Ta 

Q
E 

from Eq. (5.9) 

Q
S 

'" 401 (NL) :: spray canal discharge in cfs 

NL :: number of lift pump~, in operation 

191 
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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 1l4'lgnitudes when both pipes are in operation. 

S.L Si~gle-Port Studies 

Both prototype and laboratory single-port experiments 

were conducted. Comparison of prototype and laboratory results 

for the same flow parameter values indicated thllt the two-dimen-

sional channel model provided a good l'epl'csentation of the proto-

type. Hence, model runs were made fol' flow conditions cOl'responding 

to prototype full plant load operating condi ti.ons and river flows 

ranging from 13,200 to 50,000 cis to fill in the gaps not covered 

by the prototype conditions. 'Mle results of th(;se model studies 

were used to predict the river discharge Qn for which zonc-of­

passage limitations would be violated. 

The zontl-of-passage Hith res'r-(lct to dischingl' l'tlstriction 

is violated before the zone-of-passage with respect to area when-

eve:.!', as in the present case, the velocity of flow in the 7.one 

occupied by the heated water exceeds the aver'age aJ:lbi.cnt ve loci ty. 

111e results of the two-di.mensional model studios together with 

Eq. (6.8) were combined to prepare Fig. 6.6 from which the river 

discharge Q
R 

at which the zone-of-passage criterion with respect 

to river discharge will be violated was estimated to be 15,300 efs. 
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B.3 General Labcratol'Y Results 

Individual jets were modeled over a wide range of flow 

conditions to predict the pel'forman<:e of the Quad Ci ties di ffuser 

pipe. In addition to flow characteristics directly related to 

zones-of-passage, characteristics such as excess temperature 

dilution, 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 tho 

figure. The results indicate that excess temperature dilution 

along the jet centerline proceeds in accordance with a similarity 

relationship until retardation due to surface and/or bottom inter-

action sets in. 

In the region irrunediately 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 

quiescent, infinite body of fluid as described by Albertson dt 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, appl~oximately to the location of the 70" bend. 

The momentum jet-type behavior began to break down when the 

con'fining effects of the free-surface and bottom boundaries came 

intb play. In general, the velocity field was affected sooner 

and more strongly by these effects than was the temperature field. 
\, 
, .. 
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Buoyancy effects appeared to be negligible in the region immcdi-

ately downstream from the ports. Evidently over the range of jet 

densimetric Froude numbers covered in this investigation, buoyancy 

effects came into play only further downstream in cases where the 

volume flux ratio V ." q /q. is too high for complete mixing to 
a J 

have been achieved before the mixing and entrainment capacity of 

the jet is dissipated due to diffusion and loss of momentum. 

The mixing and flow field downstream from a mul tiport 

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, were used in formulating quantitative 

criteria for identifying the three regions. The results reduced 

to simple quations for locating the beginning nnd end of the 

transition reg;on in terms of distance downstream x, port spacing 

L, and volume flux ratio V. 

8.4 Predicting Zones of Passag~ 

Two approaches were taken to predict the maximum fractional 

area PA and fractional discharge P for the mixing zone assigned 
max Qmax 

to a single discharge port wherein the temperature rise exceeds some 

critical va.lue llTe' usually SOF. The first approach, which utilizes 

some simplifying assumptions and makes no direct use of the experilllental 

temperature,;. and velocity-distribution data, resulted in Eqs. (7.16) 

and-J7 .18). The second approach, which uses generaliZed functions for 
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of ex( 55 temperature and velocity due to the jet that 

model lata, resulted in Egs. (7.19) and (7.20). 

Comparison with the model data shows that Eqs. (7.16) and (7.18) provide 

rough estimates of PA and Po ' the former tending to substantially 
max 'max 

overprcdict. and the latter to slightly undcrprcdict. Egs. (7.19) and 

(7.20), and the model and prototype data all indicate that the minimum 

z~nes-of-passagc~ wherein tho temperature risc does not exceed SOp, usually 

occurs about six port diameters <.!Olo.'llstream from the dj [fusel' ports. 

Eqs. (7.19) and (7.20) predict P
A 

and P
Q 

much more accurately 
max max 

than Eqs. (7.16) and ~7.18), prOVided that the weak variation of the jet 

spreading parameters, 0T/O and 0/0, with respect to k '" Uj/U
a 

is taken 

into accolmt. In this regard, it is recommended that the excess temrcrature 

. and velocity distributions due .to the jet he invesLgated further so that 

Eqs. (6.12) and (6.13) can be replaced by equations \~hich represent 

0T/ O and oylD as joint functions of both x/D and k. 

All in all, the results of the zone-nf-passage prediction 

;; analysis are considered to be cncouraging. They should be useful for 

designing submerged jet systems to meet zone-of-passage environmental 

standards, and for predicting zones-of-passage for different ambient 

flow conditions.· 
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APPENDIX A 

REGULATIONS OF THE IOWA WATER QUALITY COW-IISSION AND THE 
... , ... ILLINOIS· POLLUTION CONTROL BOARD CONCERNING THE DISCHARGE OF 

WASTE HEAT INTO THE MISSISSIPPI RIVER NEAR CLINTON, IOWA 
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IOWA 

The Water Quality Standards (Chapter 16, Code of Iowa, 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 SOp. The rate of temperature change 
shall not exceed 2°P per hour. In no case shall heat be 
added in excess of that amount that would raise the stream 
temperature above 90 o P. 

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°p per 
hour. In no ~ase shall heat be added in ex~eS9 of that 
amount that would raise the stream temperature above 6SoP. 

3. No heat shall be added to lakes and reservoirs that would 
cause an increase of more than 3°p 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. 

4. No heat shall be added to the Missouri River thdt would 
cause an increase of more than SOF. The rate of tempera­
ture change shall not exceed 2°p per hour. In no case 
shall heat be added that would raise the stream temperature 
abc:ve90op. 

5. No heat shall be added to the Mississippi River that would 
cause an increase of more than SOp. 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 pen:ent of the hours 
in the 12-month period ending with any month. Moreover, 
at no time shall the water temperature at such l()cations 
exceed the maximum limits in the helow tablo by mOTU than 
3°P. 



'--<' 

,< 

Zone II - Iowa-Minnesota State Line to the 
Northern Illinois Border 

Zone III - Northern Illinois Border to Iowa­
Missouri State Line 

~tonth Zone II Zone II I 
(Op) C' F) 

January 40 45 

Februa:ry 40 45 
March 54 57 
April 65 68 
May 7S 78 
June 84 85 
July 84 86 
August 84 86 

September 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-case basis using the fOllow-

ing criteria: 

a. The zone shall be as small as practicable and shall not be 
of such size or s~.pe as to cause or contribute to the 
impairment of water uses. 

b. The mixing zone shall contain not morc thun twenty-five (2S) 
percent of the cross-sectional area of volume of flow in the 

'" receiving body ofwntcr. 
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c. The mixing zono shall be designed to allow an adequate 
passageway at all times for the movement or dri ft of 
aquatic lifo. 

203 

d. Where there arl~ two or more mlXlng wnes in close proximi ty, 
they shall be !;o defined that a continuous passageway for 
aquatic life is available. 

e. The mi xing ZOn!3 shall not intersect an), area of any waters 
in such a mannc~r that the maintenance of aquatic life in 
the bod)' of water as a .... hole would be adversely affected. 

In determining the size and location of the mixing zone for 

any discharge on a case-by-case basis, th0 following shall be 

considered: 

f. The sil.e of th.~ recelVlng water, the volume of discharge, 
the stream banI: configuration, the mi ~ing velod ties, and 
other hydrologic or physiographic characteristics. 

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

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

i. The ratio of the volume of waste being discharged to the 
7-day, 10-year low flow of the rCt~eiving streal0. 
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ILLINOIS 

The Illinois Pollution Control Board Rules and Regulation:> 

(Chapter 3: Water Pollution) speci fy the temper:! ture crl teria for the 

Mississippi River as follows; 

1. There shall be no abnormal temperature changes that may 
adversely affect aquatic lifil 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 temperature rise above natural temperatures shall 
not exceed sOp. 

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 nn)' month. Morl'­
over, at no time shall the water temperatlITe at such 
locations exceed the maximum limits in the following table 
by more than 3°P. 

Zone 1: Mississippi River (Wisconsin Border to Iowa norder) 

Zone 2: Mississippi River (Iowa Border to Altor. Lock Ill\d Dam) 

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

Month Zone 1 Zone 2 Zone 3 ---- ---- ----
(OP) (0 F) (<IF) 

January 4S 45 50 

February 45 ' 45 SO 

March 57 57 60 

April 68 68 70 

May 78 78 SO 

June 85 R() 87 
-, ,. 
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Month Zone 1 Zone 2 Zone 3 ---
("F) (oF) (oF) 

July 86 8S 89 

August 86 88 89 

September 85 86 87 

October 75 75 78 

November 65 65 70 

De~ember S2 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 demonstr.ate in a hearing before this.Board not 
less than 5 nor more t:-'~. (, years after the effective date 
of these 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 tho receiving waters. 
If such proof is not made to the satisfnction of the Board, 
appropriate corrective measures shall be ordered to he 
taken within a reasonable time as detennined by the Board. 
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6. Permits for heated effluent discharges, whether issued by 
the Board or the Environmental Protection Agency, shall he 
subject to revision in the event that reasonable future 
development creates a need for reallocation of the assirr.i la­
tive capacity of the receiving stream as defined in the 
regulation above. 

7. The owner or operator of a source of heated effluent shall 
maintain such records and conduct such studies of the 
efflue:1ts from such source and of their effects as lOa)' he 
required by the Environmental Protection Agency or in any 
permit granted under the Environment'Jl Protection Act. 

8. Appropriate corrective measures wi 11 be requ ired if, upon 
complaint filed ill accordanee with Board rulcs, it is found 
at any time thut any heated effluent cause~3 5ignifil'ont 
ecological damage to the receiving stream. 

Mixing Zones 

a. In the application of any of the rules und regulations, 
whenever a water quality standard is more restrictivc than 
its corresponding effluent stllndard, t.hen 1111 opportunity 

" shull be allowed for the mixture of an llfflucnt with its 
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receiving \iaters. Water quality standards must be met at 
every point outside of the mixing zone. The size of the 
mixing zone cannot be uniformly prescribed. TIle govern-
ing principle is that the proportion of any body of water 
or segment thereof within mixing zones must bt! quite small 
if the water quality standards are to have any meaning. 
Tllis principle shall be ~pplicd 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 us~d 
totally as a mixing zone for a single outfall or combination 
of outfalls. Moreover, except as otherldse provided, no 
single mixing zone ~hall exceed the area of a circle with 
a radius of 6UO feet. Single sources of effluents which 
have mOTe than one outfall shall be limited to a total 
mixing area no larger than that allowable if a single 
outfall were used. 

In deterrnining the size of the mixing zone for any discharge, 

the following must be considered: 

1. The character of the body of water . 

2. The present and anticipated future llse 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 futuro water qunli ty. 

5. The dilution ratio. 

6. The nature of the contaminant. 

b. In addition to the above, the mixing zone shall be so 
designed as to assure a reasonable zono of passage for 
aquatic life in which the water quali ty standards are met. 
The mixing zone shull not intersect any area of any such 
waters in such a manner that the maintenance of aquatic 
life in the body of water {IS a whole would be adversely 
affected, nor shall any mixing zone contain more than 25% 
of the croln-sectional area or Volume of flow of a stream 
except for those streams I'lhero tho dilution ratio i!l loss 
than 3:1. 
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APPENDIX B 

EXCESS TEMPERATURE PLOTS POR CROSS-SECTIONAL SUrWEYS 
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August 17 and August 30, 1973. 
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Fig. B.8 Observed excess temperatures in OF 500 ft dO\o,ilstream from diffuser pipe on 
Sep tember 12 and October 8, 1973. 
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October 31 and ~ovember 14, 1973. 
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Fig, B.13 Observed excess temperatures in "F 500 ft dOwtlstream from diffuser pipe on 
July 23 and July 25, 1974. 
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Fig. B.14 Observed excess temperatures in OF 500 ft co\-mstream from diffuse. pipe on 
August 22 and September 10, 1974. 
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Fig. 8.15 Observed excess temperatures in OF 150 ft aOIo,Tlstream from diffuser pipe on 
October 2 and November II, 1974. 
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Fig. B.16 Observed excess terr;peratures 1n OF 500 ft do~,nstream from diffuser pipe on 
January 8, 1975. 
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APPENDIX C 

EXCESS TEMPERATURE AND VELOCITY PLOTS FOR SINGLE-PORT SUIWEYS 
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Fig. C.6 Excess te;nperature in cF and velocity in ft/sec measured dO\o.-nstream 
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