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1 BNWL-208 

AN EVALUATION OF THE USE OF SELECTIVE DISCHARGES 

FROM LAKE ROOSEVELT TO COOL THE COLUMBIA RIVER 

INTRODUCTION 

This document is a review of the results of and the general 
"S-

operation of the annual Columbia River cooling program for 1963, 

64, and 65. 

Commencing with some experimental operation in 1958, 

Richland Operations Office has authorized cooperative activity 

directed towards selective releases of cold water from the 

~ depths of Lake Roosevelt to reduce the effective Columbia River 

temperature at the Hanford plant,(1-5) In 1962 some additional 

sophistication of the appraisal techniques became necessary. 

This necessity was partly brought about by the completion of 

additional impoundments between Hanford and the Grand Coulee 

Darn. 

These impoundments increased the travel time between the 

Grand Coulee Darn and the Hanford Reservation by a factor of 1.5 

or more and introduced the potential formation of density 

currents. The analysis of Columbia River heating originally 

conducted by Raphael(6) was based on hydraulic mixing concepts. 

These concepts did not appear valid after additonal information 
was derived from field measurements and after supporting hydrau

lics research wad conducted at other sites. Yet, Raphael's 

work, particularly the concept of the guiding temperature index, 

gave promise of future development. An effort was initiated to 

develop a mgital computer model of the river reach between 

Grand Coulee and the Hanford plant. Because of the complexity 

of the problems and the need for extensive verification, this 

effort was not advanced to a useful stage until August 1965. 

In research operations with the resulting model COL HEAT, 

an appropriate degree of agreement has been obtained between 
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model calculations and measured data. Efforts to obtain further 

generalization are currently in progress. 

In addition, the method of handling the heat budget in the 

impoundments between Grand Coulee Darn and Hanford has involved 

some questionable assumptions regarding the temperature of the 

spill, In 1963, the first temperature recorders (frequently 

calibrated) were installed at strategic locations. Additional 

efforts were placed on improving the validity of the field data 

which supported the entire cooling operation. This emphasis 

has produced a significant improvement in the credibility of 

input measurements and has made verification of the computer 

program possibleo Further, these measurements permitted develop

ment of a rational theory governing the temperature distribution 

of the spillo 

Considerable effort remains to be done to develop a rigorous 

theory concerning the prediction of temperatures from multiple 

sources within deep reservoirs. It is hoped that this report 

can make a contribution to the analysis of complex basin heat 

budgets and the effects of such large projects as those author

ized by the Columbia River Treaty of 19640 

SUMMARY AND CONCLUSIONS 

Based on a continuous record of observations since 1958 

and supplemented by detailed studies of heat balances and 

reservoir behavior, the following conclusions appear appropriate. 

10 Variations of Columbia River temperature introduced by 

upstream manipulation or alteration of the natural 

watercourse persist as far downstream as the Hanford 

plant, During the high flow period, about 85% of the 

temperature alteration, either positive or negative, 

is retained with a tendency towards values of 65% to 

75% in the lower flow (less than 100,000 ft 3;sec) 

periods. This evaluation includes the complete 
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3 BNWL~208 

development of the river including Wells Dam and 

is drawn from the parametric variation of Grand 

Coulee mixed discharge temperatures in the computer 

mode 1 . 

2. A review of the previous effects of the annual river 

cooling program and the detailed study of the 1963 

to 65 control periods leads to the conclusion that 

the reported effects have been somewhat overstated" 

This overstatement is due to two primary causes: 

1) the incorrect assumption that the spill flow is 

drawn primarily from the upper 5 to 10 ft of the 

lake; and 2) an unfortunate accumulation of tempera

ture data inaccuracies emanating from the temporary 

or expedient installation of data input sources o 

3. The existence of density currents and subsurface jet 

formation cannot be ignored in the development of 

heat budgets because large errors are introduced by 

the transition from mixed flow to almost adiabatic 

flow conditions. This transition occurs for the 

intermediate size projects, such as Wanapum, during 

the portions of the year when heat input to the sur

face is high. The high level discharges from the 

Chief Joseph Project appear to minimize the transi

tional nature of the thermal cycles and to retain 

features more like the natural cycle of events which 

existed before the dam projects were erectedo 

4. A high degree of integration among the flood control, 

power, and cooling water user interests is required 

to minimize effects on fisheries. Further, the 

operational plan for the entire river and reservoir 

system will have a greater effect on the resulting 

temperature and dissolved chemical level in the 
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Columbia than is possible by the prescnt scopc of the 

Columbia River Cooling Program. This conclusioll is 

reached from results of Iluth the research reported in 

this review and COil tract studies perfoYillcd for the 

Bureau of Commercial Fisheries, Dept of Interior. (7) 

Roth the timjng and the rate of draw-down of individual 

reserVOirs in the system contribute to temperature 

excurSIons which in turn may affect dj ssolved gas con

centration and other critical parameters. The data In 

this report support the fact that for short peri ods of 

time, minor amounts of river heating have resulted 

from inadequate coordination of attempts to produce 

cooling effects. 

5. Additional research on the format jon and scope of sub

surface jet flo\\ ill Lake' Rooscvclt and other large 

reservoirs in the system is esscntial to develop an 

optimal plait hllich hill lllinimi:c rivcr tCllljleratures. 

S tat is tic a 1 s t II d i c s per form cd i Jl C i de n tal tot his pro

gram show that the tempcrature peal" from Lake 

Roosevelt occurs 30 tu 40 days after the natural peak 

of the j11flo\\ h'aters. Lrectioll of large upstrcam 

storage reservoirs is cxpected to lengthen this lag. 

Top ro per 1 y e val u ate the imp act 0 f t his 1 ago r to 

d eve lop a 1 tern ate pro c e U 1I res, e :\ ten s ion and ref i 11 em e 11 t 

of the 101'1' levcl of rescarch cffort currelltly permis

sible is esscntjal to support all cffecti\'c Columl}la 

River temperature and optimuill flo" pro~ram. 

PIIYS I CAL BAS 1 S FOR TilL LVALUATI n\ 

Lake Roosevelt 

Physical Characteristics 

Gcncral characterjstics of L,d,e Roosevelt j'crtinent to 

this discussion have been outlincd ill a prcvious report. l8 ) 

.. 
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Since that report, the Bureau of Commercial Fisheries, from 

whom the original data readings were received, has undertaken 

additional measurements programs which are unpublished by them 

at this timeo All of this information plus supplementary data 

collected by Ho Ao Kramer, by the author in 1963, and by 

Davidson of the Grant County Public Utility District #2 in 

1962 form a basis for a qualitative description of the perti

nent features of Lake Roosevelto 

Lake Roosevelt contains approximately 9,000,000 acre-

feet of storage at 1030 ft above MSL, At the beginning of 

the annual cycle of operation on October 1, the lake is full 

to treaty limits of 1290 ft above MSL. Depending upon water 

and power needs, the level of the lake is drawn down slowly 

until just before the spring runoff when further reductions 

in level are made for flood control purposes, The flood con

trol reductions are accomplished by opening the tubes at 1030 

and 1130 ft elevations. Ordinarily the surface is drawn down 

to about 1230 ft or down some 4,5 million acre-feet, The 

spring runoff recharges the lake to the 1288 ft level, the 

maximum controlled level with the existing gates; and the 

spill is maintained until just before the sharp drop in flow 

in late July, At this time, the lake is lowered for three or 

four days for installation of flashboards which permit control 

of the reservoir at the 1290 ft level. The lake is then raised 

to the 1290 ft level and held there until the system goes "on 

seal" for the next water year. 

The temperature of the discharge from the project varies 

from the annual low of 2 to 4 °c in late February to an aver

age maximum mixed discharge of 18.3 °c in September. Early in 

July, while flows still exceed 200,000 ft 3/sec, the first ther

mal stratification in the lake begins to develop but is not 

fully developed until around the last week in July, 
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Stratification persists through August and well into Sept- ~ 

ember and depending on the weather, can still exist in early 

October. Figure 1 illustrates typical flow and temperature 

during the critical period from July through September. Any 

A 
~ 
< 

\ , , 
time after September 1, the inflow begins to cool rapidly; and 

the lake begins to fill with cooler water. Figure 2 illustrates ~ 

the typical condition for this time. A flow jet exists and ex

tends through the isotherm system. Cool water, upon entering, 

does not develop a density current in the traditional sense. 

Well into October the discharge from the low level continues to 

reflect the mean temperature of the downstream end of the reser

voir. In effect all of the warm water is discharged from the 

south end of the lake and successively colder isotherms, tilted 

perhaps at a 75° angle, persist until early winter. Then "turn

ove~'occurs and the uniformly mlxed condltlon reoccurs to start 

another cycle. During the first 6 mo of the calender year, the 

reservoir is quite uniformly mixed but slowly increases in 

average temperature until July 1 when the mixed discharge from 

the project is about 13°C. 

Analysis of the typical cycle shows that the lake conditions 

can be summarized as follows: 

1) January through June--Generally mixed, turbulent in 

late spring due to high flow. Little or no stratifica

tion. 

2) July through September--Poorly mixed with stratifica

tion general at the discharge end; although late in 

the season jet flow persists while cold water enters 

from the north. 

3) October through December--Cooling, unmixed with 

oblique orientation of isotherms persisting until 

winter storms. 

~ 
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Flow and Temperature Expected from Grand Coulee During Critical Season 
(Without Columbia treaty dams in Place) 
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Figure 3 illustrates the ordinary density current conditions 

expected in a deep reservoir and verified to some extent by the 

trough experiments of Debler. (9) In the actual case the narrow

ness of the reservoir increases the flow per unit width and 

modifies the straightforward explanation. Since the edge effects 

apparently play a large part in determining the elevation of the 

sheet of flow contained in the flow jet, no existing theory 

fully explains the diving, distorted shape of the Lake Roosevelt 

jets. The following observations do, however, appear pertinent: 

1) The correlation developed by Debler(9) explains the 

actual positions of the upper dividing streamlines at 

Lake Roosevelt provided the computation is done on an 

iterative basis using the apparent lower dividing 

streamline as the "bottom." The densimetric Froude 

number is used as an internal concept. 

2) Observation of the temperature records indicates that 

the lower dividing streamline can be generally des

cribed by a temperature discontinuity. Additional 

current measurements are needed to verify this observa

tion and to develop a generalized theory. 

3) The turbine intakes derive their flow from a distributed 

strata of elevations generally above the 1030 ft eleva
tion. This is apparently due to the vertical orientation 
of the inlet bar screens and to the distribution of 

viscosity and temperature profiles. 

4) The spill flow contains water from depths considerably 

below the surface because the velocity profile expands 

as the distance from the spill nappe increases. 

The resulting hydraulics are quite complex and are currently 

undergoing additional examination. 
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Heat ~alance 
r 

The critical factor in appraising the effects of a cooling 

program is the measurement of the effective temperature of the 

~ spill. Because of the variable depth and the high velocity of 

the currents, measurements are quite difficult to obtain and 

often are not reproducible. For this reason the temperature 
• 

.. 

of the spill is calculated from a heat balance taken through-

out the dam. This approach is valid if the following 

assumptions are satisfied: 

1) There is complete mixing below the dam. 

2) Relatively little temperature differential exists 

transversely from the right to left bank. 

3) Negligible amounts of heat are lost to evaporation 

in the spill or are counter balanced by the slight 

heat gain from release of potential energy. 

Temperatures taken over a 4 yr period verify the first two 

assumptions completely. Temperature traverses taken across the 

pool behind the spill gates and on the bridge below the dam 

reveal no persistant lateral segregation in excess of 0.2 °C. 

Calculation of potential heat transfer to the air reveals no 

quantities large enough to introduce errors beyond the size of 
the temperature measurement. All temperatures are standarized 

against certified thermometers and recording instruments are 

restandarized every 2 to 3 weeks during the critical months of 

August and September. 

Some variation of turbine discharge temperature occurs 

due to shifting of loads and resulting variation of the verti

cal recirculation apparently occuring at the face of the dam. 

Continuous recording of the temperature at the 5 and 20 ft 

depths shows this variation to be limited to about 0.30 °C. 

Errors which could be introduced from this source are 

minimized by timing the measurements on a programed basis. 
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The following temperature and flow records are used in 

preparation of the heat balance: 

1) Qr Mixed River flow below the dam (at Lone Pine) 

2) Qg Generator flow from plant records 

3) Qt Special tube flow from 1130 and 1030 ft elevations 

4) QS Spill flow: defined as all releases not producing 

electricity 

5) Q! s Spillway flow: calculated by difference 

QI == Q - (Qt + Q ) s s g 

6) T Average temperature of r river below dam (at Lone Pine) 

7) T Average temperature of generator discharge g 
8) '1\ Average temperature of tube flow (taken as T ) g 
9) 'r i Average computed spill temperature s 

lCj Conversion factor for weight and specific heat 

The heat balance around the dam can be calculated as follows 

using T = 0 as an internal energy base, 

or 

Values of TI calculated from this procedure represent the 

average temperature of the spill, usually calculated on a daily 

basis, These values are then compared with the vertical tempera

ture profiles, taken at periodic intervals, of the reservoir 

immediately adjacent to the damo Comparison of these calculated 

temperatures. and the depth of the water mass corresponding to this 

.. 
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temperature yields an estimate of the depth of average water mass 

being discharged over the spillway, Calculations made over a 3 yr 

period have been plotted in Figure 4. The resulting curve is 

essentially linear within the range of spill flow up to 80,000 

ft 3/sec; beyond this flow not enough measurements exist for a 

valid representation although withdrawal from considerable 

depth appears a reasonable conclusion, 

Figures 5, 6 and 7 are included in this section to illus

trate the interim step in the procedure from which Figure 4 is 

derived, They show a consistent pattern of withdrawals from 

depths somewhat greater than previously supposed probable. 

The year 1963 was relatively warm; 1964 was cool; 1965 started 

quite warm but, because of late summer storms which are sta~ 

tistically predictable for the last week in August, failed to 

produce the record river temperature expected earlier. The 

figures illustrate the progress of the mean streamline repre

senting the average spill temperature T~ for the 3 yr for 

which reliable data are available. 

The evidence supports the conclusion that the mean depth 

of withdrawal from the Lake Roosevelt is a function of the 

total spillway flow, Further it appears that the derived 

relationship, while empirical, is consistent enough to permit 

use of this relationship on a generalized basis until addi
tional analytical work, now planned at Battelle-Northwest, 1S 

completed, The net output of this research proposed for 

FY 1967 is expected to produce a mathematical model of the 

three dimensional flow regimen immediately adjacent to the dam . 

Verification of these effects appears to be of vital 

interest in determining an optimal operating plan fOI the 

Columbia Treaty Projects in conjunction with the third power 

house at Grand Coulee, Should essential substantlation be 

achieved, it appears that a good argument can be made for 
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T' Effective Spill Temperature s on Date Noted 
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FIGURE 5 

Isotherm Map for August Through September, 1963 
at Eden Harbor, Lake Roosevelt 
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FIGURE 7 

Isotherm Map for 1965 at Eden Harbor, Lake Roosevelt 
(Some data used in this chart adapted from previously 
unpublished records of Bureau of Commercial Fisheries 

and supplemented by the author) 
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location of the turbine intakes at a high rather than a low loca

tion for mlnimal effects of the downstream average water tempera

turec River cooling under these circumstances would be effectively 

done by favoTlng the discharge from the high intakes of the dam 

durlng the warming season; thus retalnlng the greater portion of 

Lake Roosevelt full of colder water until later in the year when 

this inventory can be used to offset the lag storage effecto 

Other specific operational recommendations directly related to 

the Hanford program are listed later in this document. The 

tabulated computations for this section appear in the Appendix B. 

Downstream Reservoirs 

Some general observations regarding each of the reservoirs 

and their effect on the temperature downstream is discussed 

below, 

Chief Joseph 

The Chief Joseph project was ~ompleted in March 1955, The 

dam helght is 230 ft above the foundation and the spillway is 

about 950 ft wide. Rufus Woods Lake behind the dam contains 

480,000 acre-feet of storage when full with a mean depth of 

672ft calculated over the total length of 51 miles. Levels 

vary less than 5 ft in routine operation. 

The intakes to the turbines draw water from the higher 

elevations of the pool. Temperatures below the dam are generally 

within 0.1 to 0.2 °c of the Grand Coulee discharges except during 

the months of June through September when the differential gradu

ally increases about 0,6 ~C during the latter part of August. 

Short term differentials due to reservoir and generator manipula

tion occur, but are generally limited to about 1,0 ~C differential, 

Since the surface-to-volume ratio is quite low by comparison to 

the other downstream projects and the warmed water is not stored 

but continuously drawn off, the effects of this project upon the 

river temperature are minimal. 

• 

... 
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Some stratification does occur, and it is conjectured that 

a density current exists in the middle reaches of the reservoir 

during the hot water season although no specific studies have 

been made in this area, Time of travel studies indicate rela

tively continuous passage of thermal spikes through the project, 

(Additional discussion of time of travel applying to the 

computer model appears below in "Theoretical Basis for 

Evaluation." 

Wells Project, Rocky Reach, Rock Island, and Priest Rapids 

These dams are discussed as a group because they have basic 

similarities as to size, depth, and reservoir volume, Tempera~ 

ture measurements taken in the reservoirs over a number of years 

indicate little or no stratification except as a thin skin of 

surface water, The vertical position of the turbine inlets 

appears to have little effect on the reservoir heating; however, 

extended forebays create some stratification during reduced 

generator flow, Figure 8 shows the results of a temperature 

traverse series taken at Rocky Reach on July 21, 1965. In 

August a differential of about Oc7 °c exists in the top 6 in to 

1 ft of the surface and enters into the surface interchange 

calculations performed in the computer program, 

Some reservoir regulation occurs in the winter months; 
however, during July to September the river flow usually exceeds 

65,000 ft 3/sec, The surface area changes are relatively minor 

compared to other variables. The most significant effect of the 

low head reservoirs taken as a group is to increase the travel 

time and, to some extent, decrease the average turbidity. How

ever, short term manipulations of the reservoirs during the 

critical river heating period can contribute to heat spikes of 

from 1 to 2 Cc which could be avoided. 
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Wanapum Project 

Wanapum Dam impounds a reservoir volume of 638,000 acre

feet a t the low flow of 50,000 ft 3/sec when filled to level of 

575.00 ft above MSL, While the height of the dam is not sub

stantially greater than Priest Rapids, the reservoir is quite 

wide at the downstream end below Quilomene Rapidso Approximately 

75% of the reservoir volume is in the lower reach, Stratifica

tion commences with the hot season late in July and exists 

through September, depending on the total flowe Since the ten

dency to stratify is a function of the geometry and the rate of 

heat input, the operational scheme of low weekend flow and 

favorable geometry both work to produce densimetric Froude 

numbers(9) below 0026 through the period, 

As a consequence, during the critical period of July 

through September, water moves through the Wanapum reservoir as 

a submerged density current, essentially in an adiabatic condi

tion. A series of temperature profiles obtained in and around 

the Wanapum project (Table I) further confirm that the flow is 

largely adiabatic. 

TABLE I 

TEMPERATURE PROFILE AT WANAPUM PROJECT 

(Temperatures recorded with a calibrated RTD probe) 

Location - Aug. 16, 1963 
Wanapum Wanapum 

Depth Vantage Left Bank- Right Bank-
Meters Bridge Thalweg Power House Pool 

Surf 19.1 19.3 19.3 
1 18.6 1905 19.1 
2 18.4 19.8 19.1 
3 18.2 19.3 19.0 
5 18.2 19.1 . 19,0 

10 18.1 18.5 18.9 
20 18,1 18.3 18.8 
30 18.1 18.2 18.8 
35 18.2 18.8 
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Variations of 5 ft in reservoir height are common, but have 

little or no effect on the density flow, The existence of these 

density currents serves to reduce the effects predicted by 
RaphaeL (6) 

Table II illustrates that the density currents produce 

adlabatic flows, The data was collected by the author in 1963. 

TABLE II 

MEAN TEMPERATURES AT SELECTED 

DATES AND LOCATIONS--1963 

Location Jull 26 Aug 3 Aug 9 Aug 16 Aug 27 

Below Grand Coulee 16,0 16,4 16,4 16.3 16,0 

Rocky Reach 16.3 17,4 18.2 1707 17,5 

Vantage Bridge (Wanapum) 16,8 17.4 18,3 18,1 17.5 

Below Priest Rapids 17,3 17,8 18,6 18,7 17,6 

The discovery of these density currents was the primary 

factor in determining the necessity of a computer program for 
simulation of the river temperature regimen because hand calcula
tion methods were too time consuming and were based on questionable 
theory, 

THEORETICAL BASIS FOR EVALUATION 

Summarl of Previous Investigations 

The study of energy budgets has its origin in efforts to 

account for evaporation, In the landmark publication summarizing 
the Lake Hefner studies,(ll) Anderson states, "Since 1915, when 

Schmidt first attempted to utilize the (thermal) energy budget to 

obtain estimates of the annual evaporation from the oceans, appli~ 

cations of the energy budget have been restricted because of the 

difficulty of evaluating certain terms, such as reflected solar 

... 
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23 BNWL208 

radiation, atmospheric radiation, reflected atmospheric radiation, 

longwave radiation from the body of water, advected energy, energy 

conducted to or from the body of water as sensible heat, and the 

change of energy storage in the body of water . 

"In addition, difficulty has been experienced in evaluating 

the conduction of sensible heat to or from the body of waterY 

From the energy budget equation it is possible to obtain the sum 

of energy conducted as sensible heat and energy utilIzed by 

evaporation. During the early use of the energy budget for ob

taining evaporation rates, the ratio of these two terms was 

estimated to be around 0.1 or 0.2. Later investigations showed 

that the ratio varied considerably. Bowen (1926) theoretically 

examined the ratio and developed an expression for it in terms 

of easily measured quantities. Considerable controversy, however, 

still exists over the meaning and validity of Bowen's ratio. 

"The principal objective of the energy budget investigation 

at Lake Hefner was to determine the utility of the energy budget 

as a method for computing evaporation from natural bodies of 

water. This made it necessary to improve our understanding of 

certain terms in the energy budget, for example, reflected solar 

radiation, change in energy storage, the Bowen ratio, and effec 

tive back radiation." 

No breakthrough in analytical procedure beyond the point 

reached in Paper No, 269 has taken place, but determined lDvesti

gators have used the energy budget method because they lacked a 

suitable substitute. 

In 1962, Raphael summarized the application of the energy 

budget to rivers and reservoirs. (6) In his work he used the 

basic energy budget terms evaluated in the Lake Hefner studies . 
and applied them to a transient expression which sought to 

account for the change in internal energy in a reservoir" For 

purposes of providing background, and because of the large extent 
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to which the original work was used as a basis for the COL HEAT 

program, Raphael's work is reviewed below in some detail. 

The process used by Raphael involved the computation of the 

surface exchange using the heat budget equation: 

where 

where 

(Net insolation) 

(Back Radiation) 

(Evaporation) 

(Conduction) 

Sum = net incoming radiation less reflected 

short wave radiation. This is expressed Q. 
1 

Q. = (1 - 0.0071 C2)(Q - Q) 
1 S r BTU/ft 2 

C is cloud cover in tenths of sky covered 
Qb = 0.070 0(T 4 - ST4) BTU/ft 2 

w a 

o is Stefan Boltzmann radiation constant 
1.714 x 10-7BTU/hr-ft2 

Q IS atmospheric radiation factor 

T is absolute water surface temperature 
w 

T is absolute air temperature a 

Qe = l2U(ew - e a ) 

U is wind speed in knots 

BTU/ft 2 

ew is vapor pressure of water in inches of Hg 

e is partial pressure of vapor in inches Hg a 

BTU/ft 2 

U is wind speed in knots 

P is total pressure of aIr in inches Hg 

ta IS aIr temperature 

t is water surface temperature w 

Qv advected heat; considered as zero in Raphael's 

Columbia River studies. 
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25 BNWL-208 

The heat balance function derived by Raphael is summarized 

by the following expression: 

where 

t = _1_[§1Ae 
+ V.(t. - t)] w VI .5 1 1 w 

VI 1S mean lake volume in acre-feet, 

A 1S mean lake area in acres, 

e is time variable in hours, 

V. is inflow volume in acre-feet for time 
1 

t. 1S mean temperature of inflowing water, 
1 

in degrees Fahrenheit, and 

t is mean temperature of water in lake in 
w 

degrees Fahrenheit. 

g, 

Using Equation 2, he calculated the temperature rise of 

batches of water representing a 3 hr incremental flow. This was 

done in Monte Carlo fashion to arrive at new values of t for w 
correction of the surface exchange rates. Summation of these 

increments produced a net calculated temperature rise for the 

selected river reach. 

To evaluate the term Qt' several assumptions were required. 

The important observation that boundary layer effects were mini

mal(ll) led Raphael to the use of the Larson Air Force weather 

data as a single point source to represent air temperature, vapor 

pressure, and cloud cover for the entire reservoir area in ques

tion (50 to 75 mi of reservoir). Also despite Anderson'e conclu

sion(ll) Raphael calculated the net insolation using the method 

of Mosby and Kennedy. Lacking actual measured values, little 

alternative was available. 

The calculated values(12,13) of temperature increase deter

mined by Raphael's studies for the reaches studied were twice 

the measured values. Since the Hanford project was involved in 

the River Cooling Program, an evaluation of Raphael's technique 
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appeared justified to determine if it could be adapted for use. 

Other observations pertinent to the heat budget technique are 

summarized in the Proceedings of the Twelfth Pacific Northwest 
Symposium on Water Pollution Research(14) held in November 1963. 

The Conference Proceedings including the summary of heat model 

work by Zeller(14) and Raphael's open literature description of 

his method(6) form the basis for the COL HEAT computer model. 

Heat Budget Work at Hanford 

A ~reat deal of supporting investigation has been performed 

by the author in evaluation of the Columbia River cooling program 

and by J. P. Corley in his research. Two basic approaches are 

utilized: 1) Research into interfacial and diffusion transport 

mechanisms and 2) generalized systems approaches with heavy depen

dence on data analysis. In addition, Battelle-Northwest operates 

extensive meteorological research activities which are of invalu

able assistance in deriving support for various heat budget 

studies. As many as seventeen remote weather stations have been 

operated on a real time comparison basis in order to predict the 

instantaneous behavior of atmospheric contaminants. Weather 

records at varying altitudes are routinely taken and analyzed 
and continuing research into plume disper~ion is conducted. 

One basic problem in using the heat budget approach is the 

matter of interfacial reactions. Most investigators agree that 

wind direction and speed play important roles in interfacial 

reactions, as do surface absorption and reflection. A better 

definition of these factors requires increasing amounts of data 

until the problem becomes one of defining the micrometeorological 

limits to which the investigator can afford to go. Corley(*) has 

determined that wide variations exist among weather parameters 

near the Columbia River and those measured at some distance from 

it. Having determined the size of an acceptable unit river 

* Personal cOMmunication 
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27 BNWL-208 

surface area, the relation of this unit area to other river 

areas reopens the question of experimental design; seemingly 

without a short term solution short of a multiplicity of weather 

stations, 

The alternate approach favored by the author is similar to 

that used by McAdams and other classical developers of chemical 

engineering heat transfer relationships, If a large enough 

system to permit measurement of bulk effects exists, the compen~ 

sating errors from inadequately developed mechanisms may cancel 
out or not require definition, 

Analysis of integrated local weather data collected over 

IS yr at Hanford appears to justify the original assumption by 

Raphael that a single point weather data station can be used to 

represent rather broad land areas if the objective of the study 

is to develop generalized courses of action, With this concept 

in mind, the following observations were developed as a guide in 

the program development: 

1) The empirical relations used by Raphael to define the 

bulk surface exchange of internal energy were substan

tiated by the Lake Hefner project to the extent that 

they were acceptable to provide inputs in the range of 

5 to 10% accuracyo 

2) The availability of routine radiometer readings at 

Hanford enabled elimination of the calculation of short 
wave insolation and the errors introduced by varying 

definition of cloud cover, 

3) Since the model objectives included the entire series 

of reservoirs with travel time of 10 to IS days or more, 

the use of daily averages to describe input variables 

was adopted to minimize data processing in the model, 

Statistical analysis supporting this concept showed 
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that the mean driving forces could be described to within 

3% when compared to the summation of events derived from 

integration of hourly or shorter periods, 

4) The transport model used by Raphael was entirely inade

quate to describe the actual events, A model using 

realistic transport of water masses is essential, Fur

ther, the existence of density currents on a seasonal 

basis requires adjustment of the flow model if represen~ 

tative areas are to be used in interfacial calculationso 

A two region flow model based on realistic current 

distribution reduced to dimensionless form was selected 

with provisions to adjust the ratio of the inner to 

outer region during verification operations, Since the 

solutions of the resulting difference equations involved 

multiple iterations, the digital computer was selected 

as the appropriate instrument, 

Model Development 

A series of velocity traverses observed over a period of 

years within the Hanford reservation is compared to the data which 

was reported by Wasley in 1961(15) and which correlates model 

experiments on turbulent channel flow. The results of the compari

son indicate that the river current velocity distribution is 

similar to that of the model channels, 

Calculations using commonly accepted scaling ratios appear 

to permit extension of Wasley's conclusions and observations to 

straight river sections, In the Stanton diagram of Wasley's 

paper, very little change in the friction factor occurs for large 

changes in Reynolds number. From this observation it is assumed 

that wherever supercritical flow conditions exist, either Larson's 

or Wasley's' expression for current distribution would apply to a 

dimensionless representation (neglecting curb shear) 0 The velo

city distribution diagrams (Figure 9) were developed from this 

concept, 
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The cross sectional representation of Figure 10 was used to 

develop ratios of surface area to volumes in the theoretical stream. 

For example the average velocity contour IT in Figure 10 can be 

used to define two regions as follows: 

1) All water traveling at velocities greater than U is 

represented by an average IT which is equivalent to 1.37 IT, 
This portion contains 53% of the stream cross section 

(volume) and 48% of the associated area. 

2) All water traveling at velocities lower than U is 

represented by a IT which is equivalent to 0.60 IT in a 

region with 47% of the cross section (volume) and 52% 

of the associated area. 

Other regions could be described, but in general the illustra

tions show the concept of a fixed ratio of percentage area 

associated with a percentage volume being close to unity. This 

permits ready mathematical description and variation of the 

region by simple substitution of varying coefficients. 

The use of this concept the actual model assumes the inter

mittant transport, mixing, etc. of water in terms of the ratios 

of the mean velocities of the two regions. The total volume 

considered in each mass is calculated by the program as that 

associated with a single day's travel time. Hence the number 

of days of exposure to the surface interaction is a function 

the system volume divided by the travel time of each region. 

fundamental difference Equation (2) is applied to each region 

the internal energy changes computed. 

of 

The 

and 

Figure 11 is a representation of the region concept as applied 

to the transport instant for one half day. The length of the 

volumetric mass is a function of the outlet flow rate from the 

system and the geometric configuration selected to represent the 

reservoir or river reach in question. Since storage under normal 
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33 BNWL-208 

conditions is minimal, the flow out of the downstream darn in 

the series is used to calculate the effective travel time for 

the system by dividing the reservoir volume by a rolling mean 

daily average flow. The resulting value, to the nearest 

integer, is used to determine the surface exposure days. 

Each addition or reduction of heat as internal energy changes 

the temperature of the surface and, thus, changes the resulting 

air-water interface reactions. This situation requires the use 

of iteritive computation since the model heat balance involves 

the internal energy of the outlet stream. This can only be com

puted by accurate evaluation of temperature and atmospheric 

factors involved in continuous evaluation of Qt (Equation 1). 

An individual difference equation exists in the computer processing 

routine for each region, and for each volume associated with a 

day's travel. Since the latter value is outlet flow dependent, 

no fixed increments of volume are used; the actual values are 

determined in the computation by the flow from the downstream 

darn. 

The resulting model solves the general equations resulting 

from the 

where 

n = actual number of days 

k = river sections as defined (see Table III) 

£ = i + mQ-l number of travel days in region (nearest integer) 

kx = m + 2 - (kQ)-i a derived subscript wherein (kQ) is an 

index of flow days sections affected, or kQ = lQ-nQ 

( oQ) number of river sections + 1 tIt 
N = 2 0 arges integer 
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(nQ) = n··- k + i where i = first day under study or integer 1 

B = Fraction of water in central through 

S = Surface area of affected section 

A = A derived constant related to reservoir parameters of 

volume dimensions and thermal conversion factors 

T = 24 hr average temperature at any point defined by 

subscript 

Q = 24 hr average heat input to a given area (Equation 1) 

Since density currents can cause appreciable error in the heat 

budget calculation, the overall system heat budget must include 

analysis of this effect where applicable. Density currents in 

the rapidly flowing river are only stable when reinforced by heat 

input which produces a density gradient greater than that required 

for maintenance of a densimetric Froude number of 0.28 or less. (9) 

Accordingly the existence of density currents must be verified 

constantly. The verification is done in the COL HEAT model by 

the process delineated in the notes of Figure 12. In the actual 

model the additional subroutine, SMATCH, is used to correlate and 

match the appropriate water masses as they pass through the 

reservoir reach in question. 

Application of the density current concept has solved 

transient errors within the accuracy intended of the program. 

Additional research is planned for nonlinear density gradients 

which are more typical of actual, especially deeper reservoirs, 

and more precise determination of the critical values of Froude 

numbers other than 0.28 for signaling area reductions. 

The actual COL HEAT program requires iterative handling of 

the intermediately generated data required for solution of the 

generalized equation; thus, running times on the IBM 7090 average 

about 2 min for each month of data submitted. Longer times have 

been required for lower flows, and current efforts involve reduc

tion of the program complexity to permit better use of machine 
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time. The exponents (k-l) and (n-l-m) applying to the water 

fraction ratio can be limited by controls without detracting 

from the overall program accuracy. 

Input data consists of the following: 

1. Temperature at the inlet end (Grand Coulee in this case) 

2. Discharge flow from Priest Rapids (24 hr average) 

3. Wind velocity at 1000 ft above MSL 

4. Air temperature at 1000 ft above MSL 

5. Sky cover in tenths averaged over visible sky period 

6. Dew Point (24 hr average) 

7. Short Wave Radiation (integrated over 24 hr period) 

8. Reservoir dimensions (volume and surface areas are 

derived) 

The program is arranged to be addressed by data cards for 

each calendar day with computed output for the same day. The 
varying reservoirs and trough sections of the river are also 

submitted with each data run and can be varied easily by substi
tution of as many as 100 reservoir sections depending on the 

accuracy of the study. Twenty sections are programed for the 

current simulation efforts reported. 

Name 

Chief Joseph 

Wells 

Rocky Reach 

Rock Island 

Wanapum 

Priest Rapids 

TABLE III 

RESERVOIR SECTIONS PROGRAMMED 

Type 

Rectilinear using average depth 

" " " " 
" " " " 
" " " " 

Trapezoidal-Parallel sides 

Trapezoidal-Nonparallel sides 

Number of 
Sections 

one 

two 

three 

one 

seven 

six 
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During the interval of interest, the travel time can vary 

from as little as 5 days to as many as 30 days or more. Data 

cards for a sufficient number of days to fill the memory banks 

to permit calculation on a real time average basis from the out

let structure must precede the desired date. 

A typical comparison between computed and actual data 

measured at Priest Rapids is illustrated in Figure 130 The 

correlation appears quite good, generally oscillating ± 002 °c 
about the measured data except where there is a sudden decrease 

in river temperature from local winds or sharply falling local 

temperatures. Since this is a data averaging program, short 

term transients are not seen in complete detailo This averag

ing process is vital to the success of the program and permits 

the use of inputs measured over a 24 hr periodo 

With this approach, the use of single point weather data 

originally attempted by Raphael appears defensible within the 

accuracy of the output desired. The computed results bear out 

this contention (Figure 13). 

The Battelle-Northwest Atmospheric Sciences section makes 

continuous correlations of regional weather in respect to the 

Hanford weather station. These correlations indicate that with

in the region of interest covered by the model, single point 

measurements are an effective index for those factors which have 

dominant effect on the modelo These are high level winds, alr 

temperature, short wave radiation, and to a lesser extent, the 

dew point. 

Superimposed on the calculated data of Figure 13 are the 

output calculations performed to check the longitudinal diffu

sion characteristics of the model. Since conventional diffusion 

equations were not used in the model development, this test was 

of interest in order to determine to what extent generalization 

could be achieved. Three spikes occurring naturally on July 7th, 
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August 8th, and August 27th in the Grand Coulee mixed discharge 

were arbitrarily increased by 5 °Ce The output spikes produced 

in the calculated output match relatively well the travel time 

of the natural spikes at Priest Rapids. Both forward and back

ward diffusion are evident, and the longitudinal spread is 

similar to that expected in the prototype. The distribution of 

the spikes is encouraging, and additional tests of diffusion 

performance on a controlled basis are planned" 

Figure 13 also indicates that the computer model produces 

rate action a llttle sooner than the prototype does, While 

this is acceptable for parametric studies of environmental 

prediction, improved performance for diffusion studies would 

be necessaryc Since the program allows for parametric adjust

ment of model flow time and the mixing ratio, optimizatlon for 

this purpose appears quite feaslble. In addition, wlth some 

reprogramming which is currently underway, the model can be 

generalized further to include advected heat wlth and without 

flow change and the optional use of hourly data submissions. 

Also, efforts to enlarge the model scope both in area and 

variety of stream inputs are planned" This enlarged scope will 

include parametric studies of dissolved oxygen and nitrogen. 

The temperature model is basic, however, in that the density 

currents which appear require simultaneous treatment of both 

the chemical and temperature parameters in order to preserve 

hydraulic simulation. Ultimately, it appears feasible to pro

gram an entire river basin on a model of this type and to 

synthesize the entire environmental cycle on a real time basis 

to generate appropriate policy instructions during the actual 

sequence of events. 

Calculated Downstream Effects from Parametric Inputs 

Verification of the COL HEAT computer model permitted the 

running of a great number of parametric studies of the effects 
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of the input parameters on the calculated output. Of interest to 

this specific evaluation is the answer to the question of how 

effective a cooling program would be indepent of the limits imposed 

by the current power and flood control operating plans. 

To answer this question, a series of cases were run through 

the computer model in which the Grand Coulee mixed discharge 

temperatures actually measured were biased upward and downward 

in 1 °c increments. This experiment was designed to determine 

the following: 

1) To what extent the varying degrees of cooling or 

heating of the natural discharge from Grand Coulee 

is reflected in expected conditions at the Hanford 

plant. 

2) To what extent this effect is flow or seasonal dependento 

The results of the computer runs are indicated in Figures 14 

and 150 The changes as far downstream as the Priest Rapids 

discharge justify the following conclusions: 

1) Any control program which changes the mixed discharge 

temperature from the Grand Coulee project is about 65 

to 85% effective in retaining the indicated effect in 

the reachs under study. 

2) The efficiencies indicated above are highest during 

the flow period exceeding 150,000 ft 3/sec and tend 

to the lower values as the flow decreases and the 

longer interfacial contact time permits approach to 

equilibrium with atmospheric exchange parameterso 

The general conclusion can be drawn that the temperature 

differential resulting from the passage through the series of low 

head dams is relatively low and that the primary determinant of 

the actual temperatures which could be expected below the Priest 

Rapids Project is the mixed discharge of the Grand Coulee damo 

• 
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Qualitative examination of the temperature record (published 

weekly by the USGS) of the Columbia River at the Canadian border 

indicates that under the present circumstances the peak tempera

ture of the inflow to Lake Roosevelt occurs about the same time 

as the peak temperature below Priest Rapids and approximately at 

the same time at Rock Island as indicated by measurements taken 

before the erection of the Grand Coulee project. Since the data 

supporting this study show that the peak temperature of the 

mixed discharge from Lake Roosevelt currently occurs about 30 

days later than the inflow peak, it suggests that the accumula

tion of additional storage above the Canadian border deserves 

additional study in terms of the seasonal effects on conditions 

in the United States. 

In any event, the identification of the discharge from the 

Grand Coulee project as the significant parameter in determina

tion of temperatures as far downstream as the Hanford plant 

appears to be one of the most significant results of this study. 

Discription of additional parametric studies conducted 

with the COL HEAT are beyond the scope of this report and will 

be reported separately. The model permits independent variation 

of all of the wind, air temperature, dewpoint, cloud cover, and 

input radiation factors as well as artificial manipulation of 

the flow and water temperatures. Provided suitable data were 

available to permit calculation of the discharge temperature 

from the Canadian projects, it appears quite feasible to esti

mate the temperature of the Columbia at any point downstream for 

which valid weather data are available . 

MEASURED EFFECTS AT HANFORD 

General Program 

The Columbia River cooling program originated in 1958 when 

observations of hourly river temperatures at the various plant 
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intakes showed a high degree of dependency on the extent of gener

ator usage at the Grand Coulee plant. Detailed studies by Kramer 

identified, to the extent possible at the time, the time of travel 

and the degree of benefit obtained. His observations appeared to 

justify his calculation procedure which assumed that all spill 

flow was drawn from the top 5 ft of the reservoir, and this 

assumption is the cornerstone of the succeeding five evaluation 
reports. (1-5) 

At the time this program was initiated, only Chief Joseph 

and Rock Island Darns were in place and the transport of water 

masses was relatively easily visualized. The average power 

generation at the Grand Coulee powerhouses was relatively low, 

on the order of 1200 MW and went as low as 850 MW on weekends. 

With an installed capacity of some 2000 MW available, consider

able opportunity was seen to exist for a cooperative program 

involving the Bureau of Reclamation, the Bonneville Power 

Administration, and the Atomic Energy Commission. 

Lake Roosevelt has been shown to develop a stratification 
pattern with a miximum differential of from 5 to 7°C. (1-5) If, 

starting at some correct time period, all flow from the surface 

as spill could be stopped and water drawn only from the bottom, 

water at the lower levels would provide a significant temperature 

reduction. Further, as new water flowed into the reservoir, the 

possibility appeared that a density underflow would be created, 

and leave the trapped warm water at the reservoir surface to 

reach equilibrium with the atmosphere at a much later time with

out contributing to the river temperature immediately below the 

darn. The Hanford production reactors, until January 1964~ were 

all of the once-through type that operated against a fixed upper 

temperature limit. Therefore, a reduction of river temperature at 

the intake represented an opportunity to increase the total tem

perature rise available and at the same time to reduce the temper

ature effect of the entire Hanford operationo This is true 

... 
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because the Hanford reactors utilize only a fraction of the 

total river flow. On the basis of the assumptions and observa

tions, river temperature reductions up to 2.5 °c were estimated 

for a period of from 2 to 4 weeks during the critically high 

temperature period. 

In order to implement this plan the following arrangements 

were concluded on an annual basis: 

1) Arrangements were made with the Department of Interior 

for Hanford to accept the fee from special gate opera

tion for a time period set by the Atomic Energy 

Commission. 

2) A request was made with Bonneville Power Administration 

to assign extra generation to the Grand Coulee project 

for a given time period. 

3) Authorization was extended to the General Electric 

Company as prime contractor for the AEC to call the 

appropriate signals as conditions developed. 

4) Weekly temperature measurements were made immediately 

behind Grand Coulee in order to inventory the stratifi

cation and permit estimation of appropriate timing. 

5) Special arrangements for temperature data collecting 
were made at the Chief Joseph Project, Rocky Reach, 

Rock Island and other locations on the system of 

interest (some of the locations evolved into continu

ous data collecting stations). Where manned stations 

were impractical, seven day thermographs were employed . 

When conditions indicated, all excess flow going over the 

spillway of Grand Coulee was converted to low level tube flow. 

It was recognized that some loss of effectiveness might result 

from the need to flow water over the spillway for tourist 

interest and other intangibles related to coordination and 

available control equipment at Grand Coulee Dam. 
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As additional dams were constructed, the conditions which 

formerly permitted prompt observation of cause and effect were 

largely obscured. Additional observations of reservoir behavior 

gave some reason to suspect that the inventory and density 

current behavior assumptions were not entirely applicable. Com

mencing with the 1963 program, a series of reservoir observations 

were conducted. (14) These observations were supplemented by 

additional joint and independent observations in 1964 and 1965 

by G. R. Snyder, Fish Passage Research Program, Bureau of 

Commercial Fisheries. 

The accumulated data, while far from complete enough to 

develop a general theory, have led to the following tentative 

conclusions of interest to the Hanford program. 

1) The correlation of the upper boundary predicted by Yih 

and demonstrated by Debler in trough experiments is 

sufficiently correct to describe the position of the 

upper dividing streamline under a wide variety of flows. 

2) The bottom of the submerged flow jet,created in Lake 

Roosevelt by discharge from a point below the surface, 

does not necessarily remain below the elevation of the 

point of discharge. Rather, because of the conditions 

imposed by turbulence and boundary effects, the flow 

jets form sheets of flow which undulate through the 

system in general conformance with the location of the 

upper dividing streamline and rlse above the discharge 

point if necessary to maintain equilibrium. 

3) It is quite apparent that Lake Roosevelt does fill by 

displacement from the north and does not develop a cool 

density current regime of any significance. Discharge 

operations involve transport from both surface and deep 

locations, and the mean temperature of the resulting 

discharges is determined by the dynamic equilibrium 

rather than purely gravitational forces. 
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The above factors seriously affect the possibilities of 

success of a program of the type presently conducted. In addi

tion, other factors inherent in the nature of the facilities 

cause difficulties. Among these are the following: 

1) Since the cooler water supply is fixed and not replen

ished by density underflows, the scope of the program 

is limited to the inventory in existence when the 

decision to start is made. 

2) The need to provide a display of falling water for 

the tourists seriously hampers, if not eliminates, 

the chances for this type of a program. Heat balances 

show that unless spill flow is essentially zero, the 

resulting transport of the thin, hottest layer at 

times, actually raises,rather than reduces, the river 

temperature below Grand Coulee. 

3) The annual reduction of the Lake Roosevelt level for 

flood control seriously depletes the cooler water 

supply and causes a seasonal imbalance by forcing the 

storage of the hottest incoming water at the poorest 

possible time. This situation is aggravated by the 

annual installation of flashboards which require sudden 

lowering of the lake and refilling with relatively warm 

water. These actions have not always taken cognizance 

of the river cooling program and have at times, operated 

to the disadvantage of the Hanford managed efforts. 

4) Throughout the reservoir system, there is a tendency to 

perform maintenance operations in the period just before 

the annual "on seal" period. This period coincides with 

the peak temperature period and, because of the random 

raisings and lowerings of reservoirs, introduces 

transients which unfavorably affect the temperature. 
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At this point, a detailed examination of the operation of 

the program in the years 1963-65 is meaningful. As a background 

for this discussion, Figures 16, 17, and 18 are included as a 

representative record of upstream and downstream temperatures 

and flow. 

THE 1965 PROGRAM 

At the onset of the critical season, temperatures measured 

at Priest Rapids remained slightly below the four year rolling 

mean. Reservoir inventories conducted during July, however, 

indicated unusual conditions in that the reservoir was both 

unseasonably warm and the inflow from Canada was also somewhat 

above average. The 30 day weather outlook for August published 

in July by the U. S. Weather Bureau indicated that the next 30 

days would be unseasonably warm and dry. The river flow outlook 

was for continuation of the below median flows experienced in 

July. The appropriate preliminaries for the official program 

were concluded, and the calculations of timing were initiated, 

Because of the serious drop in the Grand Coulee discharge, 

installation of the flashboards began with the opening of 26 

high tubes on July 23. The work continued for five days during 

which extremely high air temperatures were experienced. These 

operations caused some warm water to be drawn from the surface 

resulting in a 0 0 3 °c warming of the average. Upon notice of 

this activity, additional computations were made to determine 

if the Hanford program should dovetail into the termination of 

this installation. Tube operation at the initiative of Grand 

Coulee continued until July 29. 

On August 3, the Hanford program was started, more in order 

to minimize surface spill than by actual plan. By August 10, 

the spill flow had been reduced to the point where the bottom 

discharge was producing a net benefit. During the period between 

July 23 and August 10, the river had been heated an average of 

• 
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0.5 °c averaged over the 18 day period. On August 22, the weather 

turned quite cool and remained below average for the rest of the 

control period. The program progressed quite normally until its 

termination on September 10 when the generation plant required 

"on seal" operation. Figure 19 provides a historical progression 

of the actual events. 

Cooling efforts for the period August 10 through September 7 

produced net cooling at the Hanford plant averaging about 0.25 °c 
for a 28 day period. The net benefit of the entire program to 

Hanford was minimal for 1965; probably the heating just about 

balanced the cooling. 

be: 

The specific causes for this marginal performance appear to 

1) Lack of integrated purpose among the involved agencies. 

Delays resulted from the lack of factual basis for 

planning. 

2) Continued heavy electrical generation at Grand Coulee 

which placed the burden of water control on the tube 

operation. Generation before, during, and after the 

period averaged in excess of 1500 MW (60,000 ft 3/sec) 

with little hourly fluctuation. 

3) Continuation of tourist flow which defeated the purpose 

of the tube discharge program until the flow was 

minimized on August 10. 

Overall, the 1965 results point out the need for close 

cooperation and a tightly integrated plan. Such a plan is dis

cussed later herein under Recommendations. 

THE 1964 PROGRAM 

With the exception of a few weeks in April, water temperatures 

measured at Priest Rapids were below the average for 1961, 62, and 
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63. Reservoir inventories conducted in July indicated colder than 

normal conditions and little or no stratification. By July 21, 

weather conditions warmed considerably and plans were made to 

initiate the cooling program during the next cold spell or storm 

in order to minimize warm surface withdrawal. During this period 

and after, the river flow was 10 to 20% greater than the 25 yr 

average, and an extended period of tube operation was planned 

for. The onset of a cooling trend on August 1 permitted coordi

nation of the flashboard operation with the Hanford releases; 

and on August 3, 17 tubes were opened to permit this installa

tion. Tube flow was continued without interruption until 

September 18. Spill flow was minimized, but tourist flow was 

held at relatively high levels until August 20 when it was re

duced to optimal levels. 

Effective cooling at Grand Coulee was produced during the 

period August 20 until September 15, and the resulting tempera

ture decrease at the Hanford plant averaged 0.25 °c during the 

period August 25 until September 20. Some inadvertent heating 

also resulted from high spill flow, averaging about 0.20 °c 
during the period August 16 to August 25. 

On balance the program produced about 8 degree days of net 

effect at the Hanford plant (Figure 20). Considering the 

resources available, this performance is marginal. Because of 

the higher river flows, the water management for power purposes .. 
was less critical and the beneficial results were more easily 

obtained. 

Later In the season, from September 28 through October 20, 

after the cooling program was complete, tube discharges were 

again started in order to test the theory that such flows could 

assist in the formation of submerged flow jets. With continua

tion of 2 to 3 °c stratification at the lower end of the lake, 

the expected flow jets were confined to the stratified downstream 

.. 
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portion while the upper end of the lake continued to fill with 

cool water. By the time the maximum Grand Coulee discharge 

temperature (16.4 °C) was recorded on September 28, the inflow 

temperatures at the international border were 14°C. The tempera

ture at the international border dropped 4 °c below the Grand 

Coulee discharge temperature by the time tube flow was stopped. 

Intermediate records of temperature measured by G. R. Snyder of 

the Bureau of Commercial Fisheries confirmed this analysis. Our 

mathematical analysis of the Bureau of Commercial Fisheries 

information indicated that the upper dividing streamline loca

tion predicted by the Debler correlation did in fact describe the 

prototype. 

THE 1963 PROGRAM 

As the critical period of 1963 approached, conditions were 

in general quite average in almost every respect. River averages, 

reservoir conditions, and air temperatures followed this trend. 

River flows, however, had been quite low and had crested at 
3 around 300,000 ft /sec at the Hanford plant. From that time on, 

flows were at or below median and forecasts indicated early 

recourse to "on seal" operation of the Coulee project. Wanapum 

Dam had just been filled in May, and the additional time delay 

in water transit time through the project was noted significantly 

for the first time. The prediction of an above average weather 

for~cast for the month of August indicated a season of higher 

than normal river temperatures. 

By the time the flashboard installation was started on 

July 21, the river flows were quite low. While it was desirable 

to time this installation with the onset of the Hanford program, 

retention of the majority of the cooler water was selected as 

the desirable alternative; and the starting of the cooling pro

gram was held off until August 4. The advance preparation time 

in this case permitted very close coordination of the resulting 

tube and spillway operation, and the spillway flow was held to 

to 
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the absolute minimum. Tourist flow was only continued during the 

noon to midnight hours wi th "on seal" operation for the balance 

of the time. Lake inventory was balanced between overdraft and 

unde rdraft. 

Despite these precautions, some heating occurred in mixed 

discharge between August 4 and August 10, averaging about 0.20 °c 
for the period. Beginning on August 10, even tighter controls 

were applied; and the results are apparent in Figure 21. When 

the low tube flow available was considered, cooling effects 

averaging 0.40 °c were developed at the Hanford plant during the 

period August 18 through September 14. This represented a net 

gain of about 11 degree days (Figure 21). 

During this 1963 cooling program period, this author began 

the investigation of the factors effecting the program with an 

extensive reservoir inventory. Weekly vertical temperature 

probes were made at the dam site, Keller Ferry, Spokane River, 

Gifford Ferry, and the Kettle Falls Bridge. 

These data gave the first indication that because of the 

relatively high flow through Lake Roosevelt some of the concepts 

governing the cooling program needed rather extensive review. 

While only incompletely developed, the following hydraulic con

cepts became apparent from my 1963 notes. 

1) The reservoir isotherms are highly tilted. Warm water 

flows horizontally quite readily, but cooler water 

caused tilted isotherms. No significant cool underflow 
from Canada was detected. 

2) The cooler flow of the Spokane River appears to make a 

contribution to the cooling program by a density under

flow to the 1030 ft discharges. 

3) The turbine inlets at Grand Coulee while nominally at 

the 1030 ft level, affect the upper water all the way 
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to the surface, probably due to the pressure drop in the 

bar screen inlets. This means that the 1030 ft discharges 

will contain a relatively broad inventory of water and 

will average higher in temperature than the level posi

tion would indicate. The average 1030 discharge tempera

ture is always somewhat higher than a vertical temperature 

map taken at Eden Harbor 1 mi upstream. (See Figure 22 

for a 1965 confirmation of this effect.) 

Based on the performance calculations possible in 1965 using 

the COL HEAT program, the results of the 1963 program were quite 

good cDmpared to following years. At the time no serious evalua

tion of the results were possible with the manual calculation 

methods of Raphael or others. Development of the analytical 

technique and improvements in temperature records permitted the 

analysis in this report. 

RECOMMENDATIONS FOR FUTURE PROGRAMS 

While the research supporting the definition of current jets 

ln Lake Roosevelt is far from adequate and if a degree of specula

tion is permitted, two general courses of action for the near 

future take shape. Since the Canadian Treaty darns and the third 

power house at Grand Coulee are involved, ultimately, the scope 

of these recommendations relates only to those efforts which can 

be accomplished in the next 3 to 5 yr. In this limited period, 

~ the opportunity exists to develop the basis for a cooperative 

program which will lay a foundation for the post-treaty and post

third powerhouse conditions. 

The data in this report indicate that within the present 

scope the Columbia River cooling program is a feasible operation 

which can produce downstream benefits only if the following condi

tions can be brought about: 

1) That the cooling effort be conducted as a truly multi

agency operation with technical inputs from all signifi

cantly affected parties. 

to 
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2) That once the decision to proceed with the program is 

established, the full cooperation of affected parties 

is necessary. This involves assessment of related 

commitments to the power fishery, flood control, and 

park and recreation impacts of the program, in addi

tion to those of the Atomic Energy Commission, 

3) That within this framework, a supporting technical 

plan based on current input data, be adopted and 

continuously updated as water and weather conditions 

of interest are available. This would include continu

ing assessment of the water quality impacts of the day 

to day power and maintenance operations on the reservoir 

and river systems. 

In the absence of this degree of integrated planning and 

operation, the potential benefits of the program are either 

incapable of attainment or of negligible value. Since all of 

the agencies involved currently have staffs and experience in 

some phase of integrated operation of the Columbia River, it 

would appear that effective coordination could be achieved and 

that the integrated plan could be drafted onto the present 

communications network supporting the Northwest Power Poolo 

The following course of action is suggested for consideration 
as the cooling plan for the immediate future. 

Proposed Water Quality Program 

1) Affected agencies would meet not later than May 1, 

1966 to review individual plans which may affect water 

quality. 

2) On the basis of available flow and weather forecasts, 

adjust the timing and actual release of flood control 

water space to minimize potential temperature and 

dissolved gas content fluctuations. It appears desir

able, that to the extent possible, that the reservoir 
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remain in the drawn down condition just before the 

flood control season in order to conserve the inven

tory of cooler water lost by sudden drainage later. 

This appears to offer opportunity for spring maintenance 

operations. 

3) During the period immediately after the end of flood 

threat, the generation and low tube discharge at Grand 

Coulee should be minimized in order to conserve cooler 

water. Since other projects have large capacity 

flexibility at this high flow period, this type of 

operation appears feasible. 

4) The installation of flashboards should be accomplished 

with a minimum of drawdown and as early as possible in 

the season as hydraulics and manpower permit" The 

schedule for this operation would be set by the permitted 

spill flow. This would occur at or near mid-July during 

the time when power generation would be temporarily re

duced. After completion of installation, no tube flow 

and a minimum of generator flow would be scheduled. 

5) Low releases would commence on the basis of optimal 

conditions for affected agencies. Technical support 

would be provided by agencies with computer facilities 

in order to minimize policy delays. Generation would 

return to normal. The onset of low releases for cool

ing would involve strict regulation of tourist flow to 

fixed hours of the day. This would permit the flow of 

an appropriate number of acre-feet at the high rate in 

order to take advantage of the linear mixing character

istic of Figure 4. This may be of benefit to the 

tourist program by permitting short planned programs 

of maximum water release instead of a continuous thin 

trickle. Low releases should be continued until the 

... 
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"on seal" operation begins at which time the cooling 

program would terminate for the year. 

6) Concurrently with these operations 1 through 5, all 

affected agencies with data to offer would make it 

available on a routine basis. The existing weather 

network of Battelle-Northwest and the teletype 

facilities of the Northwest Power Pool would provide 

ample data channeling to be supplemented by other 

communications as appropriate. The existing power 

optimization programs of the Bonneville Power Adminis

tration and the COL HEAT program described in this 

report would provide a technical basis for daily 

operation. 

7) Summary reports of the resulting operation would be 

prepared on a joint basis with responsibility dele

gated by participation. Publication could be under 

the auspices of the Columbia Basin InterAgency 

Committee or a special subcommittee or task-force 

of the committee. Affected agencies would make 

independent appraisals as desirable to describe 

independent interests beyond the scope of the Water 

Quality Control Program, 

Adoption of this Program appears desirable from three major 
standpoints: 

1) It will provide invaluable experience in the develop

ment of a functioning water quality plan for future 

years. 

2) It will meet the immediate needs of fisheries and the 

production goals of the Atomic Energy Commission by 

reduction of water temperatures during the critical 

early fall season. 
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3) It offers immediate benefits to research in the potential 

reduction of the "super-saturated gas problem" by 

reducing the sudden flow of cool water in the spring. 
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APPENDIX A 

Columbia River System 

(Comments prepared by J. L. Spurgeon 
of Computer Sciences Corporation, Richland, Washington) 

General 

The Columbia River Studies system comprises a computer pro

gram simulating the flow and mixing of water in order to predict 

the temperature of water leaving the river system. The model 

used divides the river into longitudinal sections whose lengths 

are roughly 1 day's flow, and into lateral sections such that 

water in a central trough flows faster than water at the edges 

of the river. 

Twelve hours 1S the shortest unit of time employed. The 

model takes into account such factors as heat gained from solar 

radiation, losses and gains from evaporation and condensation, 

and other variables affecting the temperature, such as vapor 

pressure and barometric pressure. 

The system was written in FORTRAN IV and is currently being 

run on the UNIVAC 1107 at Richland, Washington for investigation 

of the Columbia River between the Grand Coulee and the Priest 

Rapids darns. 

Definition of Terms and Symbols 

V : w 
3 Volume of one flow day of water, ft 

Flow day of water: Average of water entering and leaving 

the system in one day. 

~t = Time interval used by the program. In the present 

model, ~t = 12 hr. This span of time is either 12:00 AM 

to 12:00 noon, or 12:00 noon to midnight. 

Water Density: 62.5lb/ft 3 

A: t/(62.5 x Vw) 
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vZ: Volume of water in the central trough of one river 

section. 

VZ: Total volume of water in the inner trough of the 

river bed. 

B: VZ/Vw = fraction of the water in the inner trough. 

Sk: Surface area of river section k (ft 3 ) 

Ql. k: 
1, 

Algebraic sum of heat added to the kth river 

in the morning of the .th day. 1 section 

QZ. k: 
1 , 

Algebraic sum of heat added to the k th river 

section in the second half of the day. 

~Ti,k: AS l Qli,k = Algebraic change in water in the 

morning of the i th day. 

TZ. k: Temperature of the water in the second half of 
1 , 

the ith day in the inner trough of the kth river section. 

Trough: The river is divided into two troughs. The 

assumption has been made that the water in the inner trough 

moves at twice the speed of the water in the outer trough. 

T .. : The average temperature of the water in river 
~ 
section J at the start of the ith day. 

Method 

Water Transport Equation 

The Columbia River model used Equation (A-l) 

where T. a 
1, 

~T. 0 = 0.0 
1 , 

to transfer water into section (k + 1) on the i + l)st day. The 

outer trough of river section k with temperature T. k receives the 
1, 

<to : 

. ,. 
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temperature change ~T. k as the result of being in river section 

k during the entiretyl~f the ith day. The inner trough of 

river section (k-l) receives the temperature change ~T. k - 1 
I, 

from being in section (k-l) during the morning of the Ith day, 

and ~ T. , from being in the inner trough of section k during the 
I,K h 

second half of the it day. Thus on the (i+l)st day the above 

two troughs of water are moved into the (k+l)st section and are 

mixed. 

The application of Equation (A-I) to determine the tempera

ture of a flow day of water as it leaves the system requires an 

extensive accounting system. An example will best illustrate the 

use of Equation (A-I). We will display the equations necessary 

to determine TS S for the system in Figure A-I. The determina-, 
tion of the temperature TS S requires the calculation of , 

(1) TS s = (I-B) [T 4 4 + ~T4 4] + B[T 4 3 + ~T14 3 + ~T24 4] , " , , , 
(2) T4 4 = (I-B) LT3 3 + ~T3 3] + B[T 3 2 + ~T13 2 + ~T23 3] , , , , , , 
(3 ) T4 3 = (I-B) [T3 2 + ~T3 2] + B[T 3 1 + ~T13 1 + ~T23 2] , , , , , , 
(4) T3 3 = (l-B) [T 2 2 + ~T2 2] + B[T 2 1 + ~T12 1 + ~T22 2] , , , , , , 
(S) T3 2 (I-B) [T 2 1 + ~ T 2 1] + B[T 2 0 + ~T12 0 + ~T22 1] = , , , , , , 
(6) T2 2 + (I-B) [TIl + ~ TIl] + B[T I 0 + ~Tll 0 + ~T2l 1] , , , , , , 
(7) T2 1 = (I-B) [T 2 0 + ~T2 0] + BLT2 0 + ~T22 0] , , , , , 
(8) Tl 1 (I-B) [T l 0 + ~T2 0] + BLTI 0 + ~T2l 0] , , , , , 
19) T2 0 measured temperature of incoming water on the second , 

day 

water on the first (10) T 1 0 measured temperature of incoming , 
day. 
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temperatures T4 4 and T4 3 which in turn require the calculation , , 
of temperatures T3 3' T3 2' and T3 1 which themselves 

" , 
the calculation of temperature T2 2' T2 l' and T2 O' 

" , 
shows the network of antecedent calculations. 

FIGURE A- 2 

Direct Temperature Calculation Dependency 

require 

Figure A-2 

In addition to the dependency shown in Figure A-2, the tem

perature T. k must be known before ~T. k' ~Tl. k' or ~T2. k can 
1, 1, 1, 1, 

be calculated. 

Heat Exchange Equations 

The change in the internal heat energy of the system is 

equal to the enthalph-in minus the enthalph-out, plus the heat 

transferred at the surface. From Equation A-2 developed in 

Raphael, the heat exchange equation used by the computer pro

gram is developed. 
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m cT = M. cT. - m.cT + QA w w 1 1 1 W 

mWTW 
QTA 

+ m. (T. TW) = -
C 1 1 

dm. 
1 

dt QTA + crt (T. - T ) W 1 W = 
m w 

QTA t + m. (T. - TW) 
T 1 1 

W m W 

QTA t + V. 62.S (T. - TW) 
T 1 1 = w 62.S V w 

QTA t V T = + (T. - T ) w 62.S V Vw 
1 W 

W 

1. Net gain or loss of heat energy. 
'1 

Btu/fe' 

2. Net heat gain from solar radiation 

(Qx - Qr) 3.6869 qs Btu/ft 2 

where Q. = the solar radiation for a 24 hr period in 
1 

langleys. 

3. Back radiation (longwave radiation from the water) 

Qb = (24 hr) (l. 66 x 10- 9 Btu/ft 2 - hr - °R4) 

[T + 460.)4 - (T. + 460.)4] Btu/ft 2 
w 1 

(A - 2) 

.' 

r 
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4. Heat lost through evaporation and gain through condensa

tion. 

QE = (24 hr) 
(1.1508 mi/knot) 

u (e - e) Btu/ft 2 
w a 

where: U = wind speed, mi/hr 

e = vapor pressure of water in the atmosphere in a 
inches of mercury 

5. Heat conduction from the water to the air 

= (24 hr) (0.00407) U P (T - T ) Btu/ft 2 

(1.1508 kW~ts) a w 

U = wind velocity 

T = air temperature a 

Tw = water temperature 

P barometric pressure in inches of mercury 

The Density Current 

The density current model was developed from the theory 

advanced by Debler. (9) The interested reader should consult 

Mr. Debler's article for a concise development of the theory. 

Theory 

The model's criteria for the existence of a density current 

in a dam basin is that the calculated densimetric Froude number 

F2 be less than or equal to Fc = 0.26, which is the critical 

Froude number for a density current. The value 0.26 is conserva

tive. For the application of this criteria, the following vari

ables can be selected to define the problem: 

q = volumetric discharge, ft 3 

d l = height of zone in which flow is concentrated, ft 
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d2 = depth of dam bas in, ft 

Po = density of water at the basin bottom, lb/ft 3 

W = width of basin, ft 
0 

gravitational constant 32 ft/sec 2 g = = 

~P = Po -P2 = density difference between water at the 

bottom and at the surface of the basin, lb/ft 3 

~Pc = Computed critical ~p. Values of ~P~~Pc imply 

F2~Fc' lb/ft 3 

The selected variables can be combined to form 

F .(~)~o 
2 d 2 ~P 

2 g cr: 
2 

(A- 3) 

in which ~P is the variable to be determined. 

expression becomes 

The required 

~p = 
F 2 d 3 g 

2 2 

The required critical density is found by replacing F2 by 

Fc = 0.26, thus giving 

~p 
2 q 

(A- 4) 

(A - 5) 

as the critlcal density gradient for existence of a density 

current. 

The density difference ~p between the incoming water and the 

dam basin water depends principally on their temperature gradient. 

For test purposes it is assumed that there does exist a density 

current, and the depth (d2 - d l ) of the stagnant water is 
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calculated from the equation 

(:~)2 = F rr 
C 

(A-6) 

which ln its more convenient form is 

(dZ - d l ) = (1-/rr.Z6)d Z· (A-7) 

The temperature of the stagnant water with depth (dZ-d l ) 

is computed from the incremental surface exchange of heat. 

Now the density Po of the incoming water and the density Pz of 

the basin water can be computed as a function of their respec

tive temperatures. 

The test for a density current can now be applied. If 

Ap = (po-PZ) ~ Apc' then the density current does exist. 

Effect of the Density Current 

The effect of the density current is that the water leaving 

the darn is essentially the same temperature as it was when it 

entered the darn basin. 

Programatic Information 

The Columbia River Studies Computer Program comprises a 

system of an executive program and five subprograms in the simu

lation of water systems for temperature calculation. 

The Executive Program 

The executive program manages the program flow. It sets up 

the river geometry, communicates necessary information between 

itself and its subprogram, and determines the incremental flow 

of water through the river system. In addition, it does the 

accounting necessary to maintain proper control of program flow. 



A-lO BNWL-208 

OVALUE 

From the information supplied by the executive program, 

OVALUE determines the incremental heat exchanges and resulting 

temperature for each flow-day body water. 

TROUGH 

This subprogram aligns the flow-days of water in their 

river sections to determine the program surface area for each 

flow-day. 

SMATCH 

For density current calculations, the flow-days of water, 

and portions thereof, in the density current basin are deter

mined in SMATCH. 

SLESS 

The test for density currents are made in SLESS. If the 

computed densimetric Froude number is less than the critical 

Froude number, the dam basin has a density current. The surface 

areas of the flow days of water in the basin is adjusted to 

account for the density current. 

BEVA 

From the input weather data, BEVA calculates the coefficient 

for the longwave radiation from the water surface. 



.. . 

B-1 BNWL-208 

APPENDIX B 

Data and Solutions to Heat Balance Equation 

Internal Energy Balance: 

where 

then: 

where 

QR flow below dam, 10 3 3 = ft /sec 

Qg flow through 10 3 3 = generators, ft / se c 

QT = flow through tubes, 10 3 ft 3/sec 

Qs QT + Q~ , 10 3 3 = ft /sec 

Q' flow over spillway, 10 3 3 = ft /sec s 

TR = temperature below dam (mixe d) , °c 

T = temperature through generators (1030 ft) , °c g 

T' = effective spill temperature, °c s 

k = conversion factor 

Q' is estimated from isotherm maps and depth chart s 
(Figure 4). 

T' = QRTR - (Qg + QT)Tg 
s Q' s 

where actual data are available. 
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MEASURED AND CALCULATED HEAT BALANCE DATA 
1965 COLUMBIA RIVER COOLING PROGRAM 

(Units defined in text) 

<lJ 

"" .... 
'" ..c "0 

u U <lJ 
0 

_ ....v--, 

'" '" ~ xu 
..... '" .r< .... .... ·r<o 

"0' 
.r<~ 0<lJ <lJU ::<: 

U U 0.U'l '-' ,<::0 ~ U -
<lJ ;. U'l~ <lJ <lJ '-' '-' "O<lJ 
'-' 0 U :> ~ 0 -x <lJ"" 

'" ...-+--, <lJ::<: .r< 
'" '" <lJ 

'-' .... 
..... ..... ..... ~'" u '-' - H"O'-' ..... '" '" '" '" ;:\ '" - U..c .... '" ~.<:: 

MCFS(a) 
;:\ ;:\ U <lJU'l ...... ;. <lJ'-' ~ 0 <lJ ;:\ .r< U 

'-' '-' ..... .J:J~ .... 0 ...... 0. o U <lJ '-' '-'''' 
U U '" ;:\u ;:\ ..... ...... <lJ .... <lJ '" U ",.r< 

~ ~ U E-::<: U'l~ "-10 ~P::~ ~ "-10 

QR Qs ~ QT 
(b) Q' TR T T' QT Q' T' T TR July, 1965 s --L s s D s --L 

Actual Conditions Revised for No Tube Flow 

1 248 183.9 64.1 0 183.9 13.4 13.2 13.6 183.9 13.4 
2 243 180.6 62.6 0 180.6 13.6 13.3 13.8 180.6 13.6 
3 236 175.9 59.0 0 175.9 13.7 13.3 13.8 175.9 13.7 
4 225.4 170.2 55.2 0 170.2 13.7 13.3 13.9 170.2 13.7 
5 221. 1 163.8 57.3 0 163.8 13.9 13.4 14.1 163.8 13.9 
6 224. 3 160.5 63.8 0 160.5 14.0 13.5 14.2 160.5 14.0 
7 233.5 169.3 64.2 0 169.3 14.1 13.5 14.4 169.5 14.1 
8 235.6 172.3 63.3 0 172.3 l3.8 13.6 13.6 172.3 13.8 
9 235.8 173.0 62.8 0 173.0 14.0 13.6 14.2 173.0 14.0 to 

10 237.7 178.0 69.0 0 178.7 14.2 13.6 13.6 178.6 14.2 I 

11 244.9 192.3 52.6 0 192.3 14.0 13.7 14.2 192.3 14.0 N 

12 244.9 187.3 57.4 0 187.3 14.1 l3.8 14.3 187.3 14.1 
13 245.0 179.3 65.7 0 179.3 14.3 13.9 14.5 179.3 14.3 
14 237.6 171. 5 66.1 0 171. 5 14.6 l3.8 14.9 171. 5 14.6 
15 223.1 156.5 66.6 0 156.5 14.4 13.8 14.7 0 156.5 14.4 .... 
16 222.2 155.3 66.9 0 155.3 14.4 l3.8 14.7 <lJ 155.3 14.4 
17 220.0 156.1 64.0 0 156.1 14.7 13.9 15.0 N 156.1 14.7 
18 203.0 143.3 59.8 0 143.5 14.4 14.0 14.6 "0 143.5 14.4 

<lJ 
19 198.6 l37.4 61.2 0 137.4 14.5 14.1 14.8 ~ 137.4 14.5 
20 196.8 136.0 60.8 0 136.0 14.7 14.1 15.1 

;:\ 136.0 14. 7 
'" 21 196.7 134.3 62.4 0 134.3 14.7 14.2 15.1 '" 134.3 14.7 
~ 

22 204.0 146.0 57.8 0 146.0 15.0 14.3 15.3 146.0 15.0 
23 204.1 145.6 58.5 122 23.6 15.2 14.3 20.8 145.6 25 15.3 14.3 15.0 
24 197.2 l33.7 63.5 103.5 30.2 15.3 14.4 19.9 133.7 25 15.3 14.4 15.0 
25 180.9 119.0 61. 9 94.0 25.0 15.4 14.5 19.4 119.0 25 15.3 14.5 15.0 
26 163.3 102.8 60.5 84.7 18.1 14.8 14.6 16.7 102.8 25 15.3 14.6 15.1 
27 161. 1 100.5 60.6 75.3 25.2 14.9 14.5 16.9 100.5 25 15.3 14.5 15.1 
28 140.7 82.1 58.6 18.8 63.3 15.4 15.0 15.8 82.1 25 15.4 15.0 15.2 
29 127.1 65.9 61.2 14.1 51. 8 16.0 15.0 17.4 65.9 21 15.5 15.0 15.3 
30 119.2 59.4 59.8 0 59.4 16.4 15.0 17.4 59.4 19 15.8 15.0 15.4 to 
31 U8.3 59.0 59.3 0 59.0 16.5 15.1 17.9 59.0 19 16.2 15.1 15.7 Z 

::::E: 

10 3 ft 3/sec 
t"" 

( a) MCFS = I 

(b) Tube flows somewhat from stated N 
vary 0 

values because fractional flows are 00 

occasionally dropped. 
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TABLE B-1 C con td) 

MCFS Ca) °c MCFS C a) m °c 

QR Qs l QT Q' TR T T' QT Q' D 
T' l TR s --L s s s 

August, 1965 Actual Condi tions Revised for Zero Tube Flow 

1 llS.6 60.1 5S.6 0 60.1 16.5 15.0 lS.0 60.1 19 16.4 15.0 16.0 
2 123.7 65.7 5S.0 lS.4 47.3 16. S 15.1 19.6 65.7 21 16.3 15.1 15.S 
3 132.5 73.4 59.1 lS.4 55.0 16.S 15.1 19.1 73.4 23 16.3 15.1 16.0 
4 134.3 73.1 61. 2 26.4 46.7 16.7 15.0 20.1 73.1 23 16.5 15.0 15.9 
5 155.7 90.5 65.2 41. 4 49.1 16.6 15.1 19.9 90.5 2S 16.3 15.1 16.0 
6 139.3 73.1 66.2 41. 4 31. 7 16.5 15.4 20.3 73.1 23 16.7 15.4 16.1 
7 13S.4 79.6 5S.S 41.4 3S.2 16.9 15.2 21. 7 7~. 5 25 16.6 15.2 16.0 
S 137.9 S1.2 56.7 41. 4 39.S 17.1 15.4 21.1 Sl. 2 25 16.7 15.4 16.2 
9 135.3 71. 5 63. S 41.4 30.1 16.6 15.4 20.9 71. 5 22 17.2 15.4 16.4 

10 133.6 64.5 69.1 51. 3 13.1 16.2 15.5 22.3 64.5 21 17.4 15.5 16.4 
II 130.7 61. 1 69.6 39.9 21. 2 16.4 15.6 20.5 61.1 20 17.6 15.6 16.6 
12 132.6 63.5 69.1 45.6 17.9 16.6 15.7 22.9 63.5 21 17.6 15.7 16.5 
13 135.3 69.2 66.1 51. 3 17.9 16.5 15.6 21. 7 69.2 22 17. 7 15.6 16.7 
14 135.0 65.1 65.1 51.3 lS.6 16.4 15. S 19.9 69.9 22 17.9 15. S 16.9 
15 132.5 6S.4 64.1 51.3 17.1 16.5 15. S 21.5 6S.4 21 17. S 15. S 16.S 
16 13S.3 75.3 63.0 57.0 lS.3 16. S 15.S 22.9 75.3 24 17.9 15.S 17.0 
17 137.3 73.3 64.0 62.7 10.6 16.7 16.1 22.6 

0 
73.3 24 lS.0 16.1 17.1 

IS 132.0 71. 7 60.3 62.7 9.0 16.9 16.2 23.9 h 71. 7 22 lS.2 16.2 17.3 
to 19 116.3 61.6 54.7 57.0 4.6 16.9 16.2 23.9 (J) 61.6 20 lS.4 16.2 17.4 N 

20 llS.3 52.7 65.6 45.6 7.1 16.9 16.4 20.2 
"OJ 

52.7 17 lS.7 16.4 17.4 
~ 

21 ll5.1 47.2 67.9 39.9 7.3 17.0 16.5 23.7 (J) 47.2 15 lS.S 16.5 17.5 
22 10S.4 44.1 64.3 39.9 4.2 16. S 16.7 2l. 9 "' 44.1 13 19.2 16.7 17.7 :J 
23 106.2 46.1 60.1 34.2 11.9 16. S 16.7 21.S '" 46.1 13 19.2 16.7 17.9 

'" 24 llO.7 50.2 60.5 39.9 10.3 16.9 16.6 21. 5 .,; 50.2 16 19.1 16.6 17. S 
25 ll2.1 4S.0 64.1 34.2 13. S 17.0 16.6 21.0 4S.0 16 19.1 16.6 17.7 
26 ll4.1 44.0 70.1 34.2 9. S 17.3 16.S 22.7 44.0 13 19.4 16. S 17. S 
27 ll6.5 50.7 65. S 39.9 10.S 17.6 17.0 23.5 50.7 16 19.2 17.0 17.9 
2S 115.5 43.2 71. 7 34.2 9.0 17.6 17.2 23.5 43.2 13 19.5 17.2 18.0 
29 ll5.0 46.9 6S.1 39.9 7.0 17.5 17.2 22.1 46.9 15 19.5 17.2 lS.l 
30 111.0 40.9 70.1 34.2 6.7 17.6 17.2 23.7 40.9 12 19.6 17. 2 lS.2 
31 ll2.0 47.4 69.6 34.2 S.2 17. S 17.5 2l. 9 42.4 13 19.6 17.5 lS.3 

September, 
1965 

1 99.8 29.9 69.9 11. 6 lS.3 17.9 17.5 19.7 29.9 9 19.6 17.5 lS.l 
2 SS.5 19.6 6S.9 11. 6 S.O lS.0 17.6 22.0 19.6 6 19.5 17.6 lS.0 
3 S7.3 lS.2 69.1 5. S 12.6 lS.0 17. S lS.9 lS.2 5 19.4 17. S lS.2 
4 S6.2 17.5 6S.7 11. 6 6.1 lS.l 17.9 20.0 17.5 5 19.3 17.9 lS.2 
5 S5.6 lS.3 67.4 11. 6 6.7 lS.0 17.9 lS.7 lS.3 5 19.2 17.9 lS.2 to 
6 S3.5 14.3 69.2 5. S S.5 lS.0 17.9 lS.S 14.3 4 19.1 17.9 lS.l Z 
7 S1.6 13. S 67. S 5. S S.O lS.l lS.0 lS.S 13. S 4 19.0 lS.0 lS.2 ::E: 
S 75.5 4.7 70.S 0 4.7 lS.2 lS.l 19.3 4.7 2 lS.9 lS.l lS.l t""' 

I 

End of Program N 
0 

Ca) MCFS 10 3 ft3/ sec 00 
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TABLE B- II 

MEASURED AND CALCULATED HEAT BALANCE DATA 
1964 COLUMBIA RIVER COOLING PROGRAM 

(Units de fined in text) 

MCFS (a) 'c MCFS(a) m 'c 

QR Qs ~ QT(b) Q' TR T T' QT Q' D 
T' T TR s ~ s s s ~ July, 1964 

Actual Conditions Tube Flow Revised to Zero 

20 282.8 227.2 55.6 227.2 l4.4 14.2 14.5 I 21 261. 3 307.6 54.3 207.6 14.6 14.5 14.6 ~ 
22 245.8 192.1 53.7 192.1 l4.6 l4.5 14.6 
23 237.0 187.2 49.8 187. 2 14.7 l4.6 l4.7 

I 
24 228. 7 179.5 48.2 179.5 14.9 l4.7 15.0 
25 214.5 166.5 48.0 166.5 15.0 l4.8 15.0 0 ... 
26 206.3 158.6 47.7 158.6 14.9 14.7 15.1 ~ 
27 199.3 146.5 52.7 l46.5 15.0 l4.9 15.0 

I 
28 167.9 ll3.8 54.1 ll3.8 15.1 l4.9 15.2 '0 

" 29 160.7 107.9 52.8 107.9 15.1 14.9 15.2 s 
30 161. 6 108.9 52. 7 108.9 15.1 15.0 15.1 

:l 

"' 31 180.0 127.14 52.6 127.14 15.1 15.0 15.2 "' No Tube Operation This Pe riod « 
August, 1964 j 1 187.1 137.9 49.2 0 137.9 15.2 15.1 15.4 

2 177.0 128.1 48.9 0 128. 1 15.2 l4.9 15.3 
3 157.0 106.4 50.6 0 106.4 15.1 15.0 16.1 
4 154.2 108.5 45.7 80 28.5 15.1 15.2 15.1 108.5 28 15. 1 15. 2 15.1 
5 143.4 100.2 43.2 32.9 67.3 15.1 15.1 15.1 100.2 28 15.1 15.1 15.1 
6 llO.9 67.8 43.1 14.1 53.7 15.4 15.1 15.6 67.8 20 15.5 15.1 15.4 
7 100.9 57.9 43.0 28.6 29.3 15.5 15.1 16.4 57.9 18 15.8 15. 1 15.5 
8 118.8 68.9 49.9 28.6 40.3 15.3 15.1 15.7 68.9 22 15.5 15.1 15.3 
9 137.4 83.9 53.5 28.6 55.3 15.3 15.2 16.0 83.9 25 15.5 15.2 15.4 

10 131. 3 78.2 53.1 28.6 49.6 15.4 15.2 15.7 78.2 25 15.5 15.2 15.4 
11 121. 8 70.4 51.4 28.6 41. 8 15.6 15.3 16.2 70.4 22 15.5 15.3 15.4 
12 118.3 67.2 51. 1 28.6 38.6 15.7 15.3 16.5 67.4 21 15.6 15.3 15.5 
13 ll7.7 68.8 48.9 28.6 40.2 15.8 15.4 16.5 68.8 21 15.7 15.4 15.6 
14 l40.5 97. 3 43.2 28.6 58.7 16.0 15.4 19.5 97.3 28 15.7 15.4 15.6 
15 129.3 84.4 44.9 28.6 55.8 16.3 15.5 17.4 84.4 25 15.9 15.5 15.8 
16 128.3 83.5 49.8 28.6 54.9 16.2 15.5 17.2 83.5 25 16.0 15.5 15.9 
17 121. 3 73.0 48.3 28.6 44.4 16.2 15.5 17.4 73.0 23 16.1 15.5 15.9 
18 ll4.2 62. 8 51.4 22.8 40.0 16.2 15.6 17.3 62.8 20 16.3 15.6 16.0 
19 ll3.4 63.2 50.2 51.4 11. 4 15.8 15.5 18.4 63.2 20 16.4 15.5 16.0 
20 ll3.0 62.0 51.0 51. 4 10.6 15.7 15.6 17.1 62.0 20 16.5 15.6 16.1 
21 109.4 57.9 51. 5 51. 4 6.5 15.7 15.6 18.3 57.9 19 16.7 15.6 16.2 
22 112.3 67.1 45.2 62.8 4.3 15.9 15.6 23.2 0 67.1 21 16.7 15.6 16.2 
23 109.0 67.9 41. 1 62.8 5.1 15.8 15.6 20.2 ... 67.9 21 16.8 15.6 16.5 
24 lll. 3 67.6 43.7 57.0 10.6 15.9 15.7 21. 5 ~ 67.6 21 16.9 15.7 16.5 
25 99.3 53.6 45.7 45.7 7.9 15.8 15.6 18.4 '0 53.6 17 17.4 15.6 16.6 
26 86. 1 33.5 52.6 22.9 10.6 15.8 15.7 17.0 " 33.5 11 17.7 15.7 16.4 s 
27 92.5 32.8 59.7 28.6 4.2 15.8 15.7 17.6 :l 32.8 11 17.6 15.7 16.4 
28 95.0 39.9 55.1 28.6 11. 3 15.8 15.7 15.9 "' 39.9 13 17.5 15.7 16.4 
29 84.3 24.3 60.0 22.9 1.4 15.8 15.7 21. 2 ;;: 24.3 7 17.8 15.7 16.3 
30 80.3 24.1 56.2 22.9 1.2 15.8 15.7 15.9 24.1 7 17.7 15.7 16.3 
31 88.8 30.0 58.8 28.6 1.4 15.8 15.7 17.2 30.0 9 17.5 15.7 16.3 

September, 1964 

1 86.7 26.9 59.8 25.4 1.5 15.8 15.7 22.7 26.9 17.8 15.7 16.4 
2 75.1 16. 7 58.4 11.4 5.3 15.8 15.6 22.5 16.7 17.7 15.6 16.1 
3 63.6 7.3 56.3 5.7 1.6 15.9 15.6 22.5 7.3 17.7 15.6 15.9 >, 
4 65.5 8.8 56.7 5.7 3.1 15.8 15.8 19.7 8.8 17.8 15.8 16.1 
5 63.5 8.2 55.3 5.8 2.5 15.9 15.9 8.2 17.8 15.9 16.2 
6 65.2 12.5 52.7 11. 4 1.1 15.9 15.9 12.5 l7.8 15.9 16.3 
7 69.2 17.1 51. 1 5.7 11. 4 16.0 15.9 18.0 17.1 17.8 15.9 16.1 
8 65.9 7.1 58.8 5.7 1.4 15.9 15.8 20.0 7.1 17.8 15.8 16.0 
9 7Z.9 11. 1 61. 8 5.7 5.4 16.0 15.8 17.5 11. 1 17.8 15.8 16.1 

10 7Z.4 11. 9 60.5 11. 4 0.5 16.0 15.8 21.0 ll.5 17.8 15.8 16.1 
11 78.3 18.5 59.6 11.4 7.1 16.1 15.8 17.4 18.5 17.7 15.8 16.2 
12 68.2 11.6 56.6 10.7 0.9 16.0 15.8 18.9 11.6 17.7 15.8 16.1 
13 69.2 13.9 55.3 ll.4 2.5 16.1 15.9 21. 2 13.9 17.7 15.9 16.3 

:> 14 66.7 7.3 59.4 0 7. 3 16.1 16.0 17.3 7.3 17.7 16.0 16.2 
15 63.3 0 63.3 0 0 16.1 16.0 0 17.6 16.0 16.0 

.. ' 
(a) MCFS = 10 3 ft3 jsec 

(b) Values estimated from operating records 
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TABLE B- I II ------

MEASURED AND CALCULATED HEAT BALANCE DATA 
1963 COLUMBIA RIVER COOLING PROGRAM 

~ (Units defined in text) 

MCFS (a) 'c MCFS (a) m °c 

QR Qs ~ QT Q' TR T T' QT Q' D T' T TR s ----L s S 5 ----L 

July, 1963 Actual Conditions Revised to Zero Tube Flow 

10 216.1 150.1 66.0 0 150.1 14.4 14.2 14.5 
II 212.0 146.1 65.9 0 146.1 14.4 14.2 14.6 
12 201.8 135.3 66.5 0 135.3 14.4 14.2 14.6 
13 208.2 143.1 65.1 0 143.1 14.5 14.2 14.6 
14 202.8 138.9 63.9 0 138.9 14.5 14.2 14.6 No Actual Tube Operation 15 199.1 132.3 66.8 0 132.3 14.6 14.3 14.8 
16 204.1 137.3 66.9 0 137.3 14.7 14.3 14.9 
17 212.0 144.3 67.7 0 144.3 14.9 14.4 15.2 
18 215.7 147.6 68.1 0 147.6 15.0 14.6 IS.2 
19 209.1 139.1 70.0 0 139.1 15.1 14.6 15.3 
20 198.5 130.1 68.4 0 130.1 15.1 14.7 15.3 
21 190.3 124.2 66.1 54 70.2 15.1 14.8 15.7 124.2 28 16.1 14.8 15.7 
22 179.3 llO.9 67.4 54 56.5 15.1 14.8 16.2 1I0.9 28 16. 2 14.8 15.6 
23 173.9 104.5 69.1 54 50.5 15.1 15.0 15.4 109.5 28 16.3 15.0 15.8 
24 165.9 95.8 70.1 54 41. 8 15.5 15.1 16.6 95.8 28 16.4 15.1 15.9 
25 133.0 63.4 69.6 0 63.4 15.4 15.2 15.7 
26 121. 3 52.2 69.1 0 52.2 15.6 15.4 16.7 
27 ]25.1 57.1 68.0 0 57.1 15.8 15.4 16.5 No Actual Tube Operation 28 126.2 59.6 66.5 0 59.6 16.0 15.3 16.8 
29 125.0 54.9 70. 1 0 54.9 16.3 15.6 17.2 0 

30 124.9 54.3 70.6 0 54.3 16.2 15.6 16.9 1-0 

31 " N 

"" Augus t, 1963 " E 

1 121. 8 52.5 68.3 0 52.5 16.3 15.7 17.3 ~ 
on 

2 ll9.4 50.1 69.3 0 50.1 16.4 15.6 17.4 on 
« No Actual Tube Operation 

3 1I8.4 52.5 66.9 U 52.5 16.4 15.5 17.3 
4 1I2.2 49.7 62.5 0 49.7 16.5 15.5 17.8 
5 105.4 44.2 60.8 28.5 15.7 16.4 15.7 21.8 41. 2 14 17.1 15.7 16.2 
6 llO.3 44.5 65.8 28.5 16.0 16.5 15.7 21. 2 44.5 14 17 .1 15.7 16.3 
7 109.8 42.5 67.3 28.5 14.0 16.5 15.7 21. 8 42.5 14 17.1 15.7 16.2 
8 104.1 32.8 71. 3 22.8 10.0 16.4 15.7 22.0 32.8 II 17.6 15.7 16.3 
9 104.7 34.8 69.9 22.8 7.0 16.4 15.7 22.0 34.8 12 16.9 15.7 16.1 

10 103.4 35.0 68.4 22.8 12.2 16.4 15.7 21.8 35.0 12 17.2 15.7 16.2 
11 101. 0 33.5 67.5 22.8 10. 7 16.4 15.7 23.5 33.5 II 18.3 15.7 16.7 
12 100.7 30.8 69.9 22.8 8.0 16.4 15.9 21.6 30.5 10 19.2 15.9 16.9 
13 99.3 28.8 70.5 22.8 6.0 16.4 15.9 23.8 28.8 9 19.9 15.9 17.1 
14 115.8 44.6 71. 2 22.8 19.8 16.4 15.9 20.3 44.6 14 18.7 15.9 17 .0 
15 113.8 42.9 70.9 34.2 8.7 16.2 15.8 20.9 42.9 14 18.8 15.8 17.0 

I 16 1I2.9 42.2 70.7 34.2 8.0 16.3 15.8 22.4 42.2 14 18.9 15.8 17.0 
17 106.6 39.0 67.6 34.2 4.8 16.2 15.8 25.0 39.0 13 19.5 15.8 17.2 
18 1I1. 8 41. 9 66.9 34.2 10.7 16.5 15.8 23.2 44.9 14 19.6 15.8 17.3 
19 107.3 37.9 69.4 34.2 3.7 16.1 15.8 23.8 37.9 12 20.0 15.8 17.3 
20 110.3 39.0 71. 3 23.8 5.7 16.2 15.8 20.7 39.0 12 20.1 15.8 17.2 
21 108.5 36.7 71. 8 28.5 8.2 16.1 15.7 21. 0 36.7 12 20.1 15.7 17.2 
22 103.6 30.4 72.1 28.5 3.0 16.1 15.8 20.6 30.4 10 20.9 15.8 17.3 

'. 23 105.0 34.7 70.3 28.5 6.2 16.0 15.8 20.8 34.7 II 20.6 15.8 17.4 
24 101.0 31.7 69.3 28.5 3.2 15.9 15.8 19.1 31. 7 10 20.6 15.8 17.4 
25 88.5 22.9 67.6 17.1 5.8 16.0 15.8 20.9 22.9 7 20.9 15.8 17.5 

~ 26 85.8 15.1 70.7 11. 4 3.7 16.0 15.8 20.9 15.1 5 20.8 15.8 16.7 
27 82.0 11.0 71. 0 5.7 5.3 16.0 15.8 19.7 11.0 3 20.8 15.8 16.5 
28 79.5 6.7 72.8 0 6.7 16.1 15.9 18. 1 (b) 3 20.8 15.8 16.5 '. 29 76.6 4.7 71. 9 0 4.7 16.2 16.0 19.4 (b) 
30 78.6 9.0 69.6 0 9.0 16.4 16.2 18.3 (b) 
31 75.7 11. 3 64.4 5.7 11. 3 16.4 16.2 19.2 11. 3 21. 1 16.2 16.9 

(a) MCFS = 10 3 ft 3/sec 
(b) No actual tube operation 
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APPENDIX C 
-----

• Q ~ F. COYIPUTATIONS FOR FIGURE 22 
l 

11' Do 
2 

, g (~i) 0 

~ 
Station A B C D ---

D 
0' 

ft (Dep th to 16.0° Isotherm) 260 230 204 197 

11' 
0' 

ft (Width @ Do) 3000 2400 3000 2200 

Q, CFS 132,000 

T 
0' 

°c (at Do) 16.2 °c 16.0 16.0 16.0 

D 2 6.75 x 10 4 5.18 x 10 4 4.16 x 10 4 3.88 x 10 4 
0 

(Y) _Q- 6.52 x 10- 3 10.6 x 10- 3 10.6 x 10- 3 15.4 x 10 - 3 
IV D 2 

0 0 

Ts - °c (Surface Temperature) 24.3 23.4 22.9 23.4 

1 62.365 62.368 62.368 62.368 0 

1 
ft3 s 

62.255 67.264 62.274 62.255 iII , 
0.110 0.104 0.095 0.113 

III ff /ft2 42 x 10- 5 45.2 10- 5 46.3 x 10- 5 57.2 x 10- 5 
1iCf' x 

1 
0 

4560 4280 4180 3360 

g (~) 

( Z) j-l 
= g (tc1) 68.4 65.4 64.6 58.0 

F. (Y) ( Z) 0.043 0.069 0.060 0.090 
l 

d 
\, 0 

(Deb1er, Re ference (9) 0.43 0.53 0.50 o .60 ~ er-
0 

~ 0/0 Depth (from Surface) 0.57 0.47 0.50 0.40 

·f 
Depth, ft 148 108 102 79 

Depth, meters 46 33 31 24 
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