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PREFACE

The study reported herein was authorized by the 0ffice, Chief of
Engineers (OCE), U. S. Army, at the request of the U. S. Army Engineer
District, Little Rock,

The investigation reported herein was conducted during the period
January 1981 to June 1981 in the Hydraulics Laboratory of the U, S. Army
Engineer Waterways Experiment Station (WES) under the direction of
Messrs. H. B. Simmons, Chief of the Hydraulics Laboratory, J. L. Grace,
Jr., Chief of the Hydraulic Structures Division, and Dr. D. R. Smith,
Chief of the Reservoir Water Quality Branch {(Physical). The study was
conducted by Messrs. J. P. Holland and M, S. Dortch. The report was
prepared by Messrs. Holland, Dortch, and Dr. Smith and was reviewed by
Mr. Grace and Dr. Smith.

Commanders and Directors of WES during the conduct of this study
and the preparation and publication of this report were COL Nelson P.
Conover, CE, and COL Tilford C. Creel, CE. Technical Director was

Mr. F. R. Brown.
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

U. 8. customary units of measurement used in this report can be con-

verted to metric (8I) units as follows:

Multiply By To Obtain
acres 4046.856 square metres
acre-feet 1233, 482 cubic metres
Btu (International Table) 1055.056 joules
cubic feet 0.02831685 cubic metres
cubic feet per second 0.02831685 cubic metres per second
Fahrenheit degrees 5/9 Celsius degrees or Kelvins#®
feet 0.3048 metres
miles (U. 5. statute) 1.609344 kilometres
pounds (mass) per cubic 16.01846 kilograms per cubic metre
foot
square feet 0.09290304 square metres

* To obtain Celsius (C) temperature readings from Fahrenheit (F) read-
ings, use the following formula: C = (5/9)(F - 32). To obtain Kelvin
(K) readings, use: K = (5/9)(F - 32) + 273.15,
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NORFORK LAKE, ARKANSAS, TEMPERATURE ANALYSIS

Mathematical Model Investigation

PART TI: INTRODUCTION

Purpose and Scope of Study

1. The Norfork Lake project was authorized by Congress in the
flood Control Act of 28 June 1938 (Public Law 75-761) and modified to
include hydroelectric power generation in the Flood Control Act of
18 August 1941 (Public Law 77-228). In addition to flood control and
hydroelectric power, Norfork Lake provides recreation and fishery en-
hancement. The existing project operates with two conventional turbines.
The U. S. Army Engineer District, Little Rock (SWL), is presently evalu-
ating a proposed hydropower modification to the project involving the
addition of a reregulation pool below the dam and two reversible tur-
bines capable of pumped-storage operations. This study was conducted to
investigate the temperature characteristics of the existing Norfork Lake
project and to assess changes in these characteristics resulting from

the proposed hydropower modification.

Project Description

2. Norfork Dam is located on the Norfork River 4.8 miles® up-
stream from its confluence with the White River in Baxter County, Arkan-
sas, as shown in Figure 1. The dam reaches a maximum height (el 590%%)
of 216 ft above the streambed. The length of the dam is 2624 ft; the
crest of the spillway, which is 568 ft in length, is at el 552,

3. The top of the conservation poel is at el 550 and el 554 from

* A table of factors for converting U. §. customary units of measure-
ment to metric (SI) units is presented on page 3.

%% All elevations (el) cited herein are in feet referred to National
Geodetic Vertical Datum (NGVD).



September to April and April to September, respectively, The lake im-
pounds 1,295,700 acre-ft and covers 22,620 acres at the latter elevation.
With the elevation of the lake at the top of the flood-control pool,
el 580, the lake impounds 1,983,000 acre~-ft, covers 30,700 acres, and
has 510 miles of shoreline.

4. Construction of Norfork Dam included the installation of two
35,000-kw generating units and penstocks for future installation of two
additional units. The intake center line of the penstocks is at

el 447.4 (Figure 2). Should the proposed hydropower modification be

EL 590.0

EL 4474
EL 4285

AXIS OF DAM —
AZaw

SECTION THOUGH DAM

Figure 2. Configuration of penstocks

instituted, two reversible turbines would be added to the project. The
proposed hydropower modification would also result in construction of an
afterbay just downstream of the dam. The proposed afterbay (at the
initiation of this study) would have a volume of 12,600 acre-ft and cover
an area of 470 acres at maximum pool el 405. The volume and surface

area are 2100 acre-ft and 150 acres, respectively, at minimum pool

el 373.

Approach

5. This study was accomplished with the use of a numerical reser-
voir thermal simulation model adapted from previous analyses of pumped-

storage projects (Fontane and Bohan 1974, Dortch et al. 1976, and



Fontane et al. 1977). The approach involved selection of three study
years and simulation of lake operation for each year. In order to eval-
uate the effects of the proposed hydropower modification, simulation was
divided into two phases. In the first phase, simulation results from
three years of historical data were used to verify the accuracy of the
numerical technique and to evaluate the thermal characteristics of the
existing project without pumped-storage operations.

6. In the second phase, operating schedules that reflected pro-
poséd pumped-storage operations (provided by SWL) replaced their histori-
cal counterparts. Simulation results with pumped-storage operations
were compared with their Phase 1 counterparts to assess the impact of
the proposed hydropower modification upon the thermal characteristics
of the project. Output from the simulations for each study year included
prediction of in-lake temperature profiles and release temperatures from
the dam for both the historical and proposed conditions. In addition,
the output also included predicted release temperatures from the after-
bay (Phase 2) and predicted stream temperature at the site of the pro-
posed reregulation structure (Phase 1). A one-dimemsional steady-state
description (described in Appendix A) was used to estimate the change in
temperature of releases from the existing Norfork Dam as the flow travels
downstream to the site of the proposed reregulation structure. Comput-—
ing the temperature of the historical releases at the site of the pro-
posed afterbay dam allowed the addition of a more valid assessment of the
changes in downstream release temperature resulting from pumped-storage

coperations.



PART II: NUMERICAL MODEL INPUT REQUIREMENTS

7. The downstream release characteristics and in-lake temperature
structures for both the existing and modified versions of Norfork Lake
were predicted with a numerical simulation model. An overview of the

numerical model and the input data required appears below.

Thermal Model Description

8. The thermal model, hereinafter identified as WESTEX, was
developed at the U. S. Army Engineer Waterways Experiment Station (WES)
based on the results of Clay and Fruh (1970), Edinger and Geyer (19653),
Dake and Harleman (1966), Bohan and Grace (1973), Fontane et al. (1977},
Dortch et al. (1976), Bloss and Harleman (1979), and Ford (1976).

9. The WESTEX model provides for the solution of the unsteady
one-dimensional {(vertical) thermal energy equation for an impoundment
and results in the prediction of vertical temperature profiles and re-
lease temperatures in the time domain. The model includes computational
methods for simulating heat transfer at the air-water interface, advec-
tive heat due to inflow, outflow, and pumpback processes, and the inter-
nal dispersion of thermal energy. These computational components require
various hydrological and meteorological data which are explained in the
following paragraphs. The model further requires determination of sur-
face heat exchange coefficients. This determination procedure is ex-
plained at the close of this section. A more complete discussion of

the WESTEX model appears in Appendix A,

Development of Thermal Model Inputs

10. As stated in the previous paragraph, the WESTEX thermal meodel
requires data for lake inflow and outflow rates, inflow stream tempera-
ture, operation schedules, and various meteorological data. Three study
years, 1974, 1975, and 1976, were selected due to the availability of

historical hydrology and observed temperature profiles. Although it is



customary to select historical study years that display a range of
hydrological and meteorological conditions for analysis, the availability
of observed temperatures from the U. 5. Geological Survey for these

years was felt to provide a better reference to the existing project

than study years without observed profiles. An overview of the compo-
nents of input data for the simulation model appears below.

Lake geometry

11. The area-elevation and volume-elevation curves and data de-
scribing the location and design of the intake structure were furnished
by SWL.

Meteorology

12. Daily averaged values for equilibrium temperature, surface
heat exchange coefficient, and net shortwave solar radiation are used
within the simulation model to account for the effects of surface heat
exchange and short-wave penetration (see Appendix A). Daily averaged
values of these parameters are computed {(for the study site) from obser-
vations of dry bulb temperature, dew-~point temperature, wind speed, and
cloud cover taken every three hours. These and other meteorological
data are collected at weather stations throughout the United States and
can be obtained from the National Climatic Center in Asheville, North
Carolina,

13. The weather stations nearest the Norfork project which were
operative during the study years were at Little Rock, Arkansas, and
Springfield, Missouri. The Springfield and Little Rock stations are
80 miles northwest and 100 miles south, respectively, of the Norfork
project. Neither of the two stations, as is the case with the project,
is located in the Ozark Mountains. As a result, meteorclogical data
considered representative of the conditions at the project were not avail-
able. Simulations were executed with the respective data sets to deter-
mine if either could be used to approximate meteorological conditions at
Norfork. Simulation with the Little Rock meteorological data resulted in
predicted thermal profiles at Norfork that were too warm when compared

with the observed data. Similar comparison of predicted profiles



obtained using Springfield meteorological data resulted in thermal pro-
files that were too cold.

14, To circumvent this problem, a regression technique was used
to predict representative meteorological conditions at the Norfork proj-—
ect. These predictions were predicted on the correlation of meteorologi-
cal data from Springfield, Missouri, and Little Rock, Arkansas, with
meteorological data from Harrison, Arkansas. A weather station was
operative through 1968 at Harrison, Arkansas, which is about 45 miles
southwest of the project site. The meteorological data from Harrisen,
the nearest weather station to the site with any available data and also
located in the Ozark Mountains, was considered to be the most representa-
tive of the conditions at Neorfork Lake. At the time these regressions
were performed, meteorological data were available for the entire period
of record for Little Rock and Springfield; however, only the period
1967-1968 was readily available for Harrison. With the time constraints
of the study, there was not adequate time to order meteorological data
for previous years at Harrison. Therefore, observed data for 1967 were
used to perform the regression analysis and observed 1968 data were used
to evaluate the regressions.

15. Regressions were developed for the dew-point temperature, dry-
bulb (or air) temperature, wind speed, and cloud cover. A stepwise,
multiple linear regression program obtained from the International and
Mathematical Statistical Library (IMSL) was used to perform the regres-
sions and tests for significance. The general form of the regression

sought was:

> 2 2
X=a+ bl XLR -+ b2 XS + b3 XLR + b4 XS + b5 XLR XS
where

X = the estimate from the regression of the meteorological
parameter at Harrison '

XLR’ XS = the observed values of the meteorological parameter at
Little Rock and Springfield, respectively

a, b, = values of the coefficients of the regression

10



A level of 0.05 was used to test the significance of each term of the
regression. During the stepwise procedure, insignificant terms are
dropped and the regression is repeated. The following regression equa-

tions were found for the four meteorological parameters correlated:

T, = 0.551 + 0.831 T, -+ 0.002 Tﬁ
LR S
T = 0.05+0.721L T  + 0.240 T
a 1R S
W= 5.492 + 0.047 W W
C =

1.205 + 0.782 CLR

where

= designator for predicted Harrison value of the given

parameter
Td = dew-point temperature, °F
Ta = drv-bulb or air temperature, °F

W = wind speed, miles per hour

C = cloud cover, tenths

The standard deviation of the residuals and the percentage of variation

explained are indicated below for each of the four regressions:

Standard Deviation of Percentage of
Parameter __the Residuals Variation Explained
Td 3.61 95
T 4,13 93
a
W 2.22 52
cC 1.83 65

As indicated from the percentage of variations explained, the wind speed
and cloud cover at Harrison did not correlate strongly with those ob-

served at Little Rock and Springfield. However, dew-peoint and air

11



temperatures from Harrison correlated well with Little Rock and Spring-
field data.

16, Meteorological data from Little Rock and Springfield for
1974-1976 were used in conjdnction with the above regressions to predict
meteorological conditions at Harrison for the same period. These syn-
thetic Harrison data were used to'predict the thermal distribution of
Norfork Lake for the study period. Comparison of Norfork Lake tempera-
ture profiles predicted from synthetic Harrison data with observed pro-
files demonstrated poor seasonal correlation. The weak correlation of
Hérrison wind speed and cloud cover (as discussed in the previous para-
graph) with the Little Rock and Springfield conditions suggested that
observed values of wind speed and cloud cover at Little Rock could be
considered at least as meaningful as the synthetic values predicted for
Harrison. Therefore, simulations were again conducted using Little Rock
wind speed and cloud cover data and synthetic Harrison dry-bulb and dew-
point temperatures for the heat exchange data. This produced computed
in-lake temperatures that were in reasonable agreement with observed
temperature profiles. Thus, input data resulting from the combination of
historical and synthetic meteorological data were used for the study.

Stream temperature

17. Stream temperature records for the three study yvears were not
available. A multiple linear regression equation was provided by SWL
based on some observations during 1967 from the nearby Buffalo River.
The regression equation relates stream temperature and equilibrium tem-

perature on various preceding days as follows:

B(t) = O.42TE(t -2) + O.BlTE(t - 5) + 19.8

where
@(t) = stream temperature of day t , °F
TE(t ~ 2) = equilibrium temperature 2 days prior to day t , °F
TE(t - 5) = equilibrium temperature 5 days prior to day t , °F

The equilibrium temperatures used in the development of the régression

equation were computed from 1967 observed Harrison meteorological data.

12



Flow quantity was included in the preliminary regression and was deter-
mined to be statistically insignificant, The equilibrium temperatures
used to generate the stream temperatures in this study consisted of
those computed with the regression analysis for Harrison as described in
paragraphs 12 through 16.

Hydxology

18. Mean daily inflow and outflow rates for the historical rout-
ings and the inflow and afterbay release rates supplied by SWL for the
proposed project are shown in Plates 1 and 2. Proposed pumpback and
generation routings are shown in Plate 3. Because the Norfork Lake
power plant is a peaking operation, it is necessary to consider flow
rates for short time intervals as well as the total release volume in
a day. The total release volume or average flow rate is required to
maintain the water balance in the lake during the computations. The
actual flow rates are important for defining the selective withdrawal
characteristics of the release, especially the upper and lower limits
of withdrawal. The historical operation schedule summaries did not pro-
vide flow rates, but rather the average hourly power production in mega-
watts and the total daily discharge were recorded. Although the model
can accommadate hourly generation and pumpback periods, this degree of
precision was found not to be necessary. Some simplifying assumptions
were made relative to the number of daily operation cycles to conserve
computer time while maintaining sufficient accuracy to describe the oper-—
ation schedules for both phases.

19. Historical. The historical hourly power production typically
ranged from 10 to 75 Mw. Power generation is functionally dependent on
head and flow rate; but, in general, one Norfork turbine operating at
full capacity generates about 35 Mw and two turbines generating at full
capacity generate about 70 Mw. The operation schedule for the model was
determined by identifying the number of hours with the approximate effect
of one turbiue operating and the number of hours with the approximate
effect of two turbines operating. The range of hourly power production
from 10 to 52 Mw was assumed to be equivalent to be the effect of one

turbine generating. The range from 53 to 75 Mw was assumed to be

13



equivalent to the effect of both turbines operating. The operation was
modeled in Phase 1 as no more than two generation periods per day with
the flow duration(s) corresponding to the number of hours in the pre-
viously described power ranges. The actual flow rates were determined
by assuming that the release from two turbines is twice the flow rate
of one turbine. 'By knowing the total daily average release as provided
by SWL and the number of hours of one-turbine release and two-turbine

release, the flow rates can be determined from the following:

F = 24Q
1 (Hl + ZHZ)
F2 = ZFl
where

Fl = flow rate for one turbine, cfs
F2 = flow rate for twe turbines, cfs
Q = daily average discharge, cfs
Hl = numher of hours of one-turbine release
H2 = number of hours of two-turbine release

Conservation of volume is maintained because

HF, + HyF, = 24Q

20. Proposed. Operation schedules and routings were provided by
SWL for the modified hydropower design. These data included the monthly

average value for each of the following items:

a. Daily release rate from the dam,

b. Daily inflow rate into the reservoir.

c. Number of days per week for generation.

d. Number of days per week for pumpback.

e. Number of hours per day that each unit operates for

generation.

Number of hours per day that each unit operates for
pumpback.

14



g. Flow rate for each unit for gemerationm.

h. TFlow rate for each unit for pumpback.
At the request of SWL a constant daily discharge of 100 cfs was added
to the release from Norfork Lake to account for leakage and other sources
of water loss.

21, The generation cycle simulated by the model was the following:

a. One unit operating for 2 hr at 3,250 cfs.

b. Two units operating for 2 hr at 6,500 cfs.

¢. Three units operating for 2 hr at 9,750 cfs.

d. Four units operating for a specified number of hours at

13,000 cfs.

The daily schedule was modeled as one or two generation cycles. For
simulation with one generation cycle per day the release flow rate is

computed as

2(3,250) + 2(6,500) + 2(9,750) + x(13,000)
6 + x

R:

where

R

release flow rate, cfs

If

x = number of hours with four units operating
The duration of this flow rate is (6 + x) hours.

22. For simulation with two generation cycles per day, one flow
rate was computed as the average rate of one, two, and three units

operating.

_ 2(3,250) + 2(6,500) + 2(9,750)
1 6

R, = 6,500 cfs

The duration (Dl) of this flow rate was 6 hr. The second generation

cycle represented the flow rate and duration for four units cperating.

R2 = 13,000 cfs for x hr

15



Thus, simulation of the daily operation schedule as two generation cycles

uses the following generation flow rates and durations:

Rl = 6,500 cfs
Dl = 6 hr
R2 = 13,000 cfs
D2 = x hr

23. The pumpback schedule was created in a similar manner.

back was modeled as one cycle per day in the following manner:

HlRp + HZRp
R = 1 2
P Hl + H2
Dp = Hl + H2
where
= pumpback rate, cfis
D = duration of pumpback, bhr
Hl = number of hours with one pumpback unit operating
Rp = flow rate for one pumpback unit (2,650 cfs)
1
H2 = number of hours with two pumpback units operating
Rp = flow rate for two pumpback units (5,300 cfs)
2

Pump-

24,  Data provided by SWL indicated either 5 of 7 days per week of

generation. During weekends with no generation, the 100-cfs leakage was

the only quantity released from the lake. 1In months that pumpback opera-

tion were specified, a maximum of 5 days per week of pumpback were used

since the schedules provided by SWL indicated no weekend pumped-storage

operations.

16



25. Release flow rates from the Norfork afterbay were computed by
WES to satisfy a minimum downstream release of 800 cfs for May-September
and 100 cfs for October~April. The afterbay volume, and thus the depth
of the afterbay pool, was aliowed to fluctuate during the week. However,
at the end of each week the afterbay returned to the specified initial
volume of 2,100 acre~ft. During weeks with no generation on the weekend,
a sufficient volume was retained in the afterbay during the prior week-
days to meet the minimum release requirement on the weekend. The con-
stant 100-cfs leakage was assumed to be available for release from the
afterbay. It was determined that in September of each of the study years
it was not possible to maintain the 800-cfs minimum release for each day.
Thus, for September, the minimum release was maintained for each weekend
and for as many days as possible. For the remaining days the afterbay
releases were adjusted below the minimum release of 800 cfs so that the
pool would return to the specified volume (2,100 acre-ft) at the end of
the week.

26. For three holidays in each year (Memorial Day, Independence
Day, and Labor Day), no hydropower operations were simulated during the
3-day holiday period. However, the minimum downstream release, which
was 800 cfs for each day of the holiday period, was to be maintained.
Therefore, the Norfork afterbay volume, and subsequently the afterbay
depth, was allowed to increase during the week previous to each 3-day
holiday period in the amount required to meet the minimum release for
each day of the holiday period. ¥ollowing release on the third day of
the holiday period, the afterbay volume and depth returned to the values
specified upon initiation of simulatien (2,100 acre-ft and water—-surface

el 373, respectively).

Determination of Coefficients of Surface Heat Exchange

27. The WESTEX model requires determination of two surface head
exchange coefficients. The first, B , is the percentage of incoming
golar radiation absorbed in the top 2.0 ft of the water body. The

second, A , is a light extinction coefficient. Calibration of these

17



coefficients was net required in this study since Secchi disk data
existed for Norfork Lake. From data furnished by SWL, the average Secchi
disk depth was computed to be 10.1 ft. From this value the light ex-
tinction coefficient, A , was estimated (Williams et al. 1980) to be
about 0,20 ft_l. The fraction of light abscorbed in the top 2.0 ft, B ,
corresponding to this value of A was 0.50. These values were used for

this study.

18



PART I1I: DISCUSSION OF SIMULATION RESULTS

28. As stated previously, simulation of operations at the Norfeork
project were divided into two distinct phases. Phase 1 simulated the
operation of the existing project with historical data. Phase 2 simu-~
lated operation of the project with the proposed addition of pumped-
storage facilities. This discussion section will examine the results of
simulation of each of these phases individually. A discussion of the
sensitivity of the Phase 2 results to the pumpback coefficients used in
this study is given next. Using Phase 1 and 2 results, an assessment of

the impacts of the proposed pumped-storage addition follows.

Phase 1: Historical Operations

29. Simulation of historical conditions constituted the Phase 1
portion of this study. The initial purpose of the Phase 1 simulations
was to validate the numerical model by comparing predicted temperature
profiles with observed temperature data. Following validation, Phase 1
(historical) simulations were then required for comparison with those
from Phase 2 {proposed) in order to assess the impact of the proposed
hydropower modification.

30. Predicted and observed (for the same date) in-lake tempera-
ture profiles for Phase 1 (historical) are plotted in Plates 4~6 for
all three study years. The predicted temperatures agree reasonably well
with the observed. The discrepancies that occurred during the spring
are probably due to departures of the meteorological data used for
simulation from conditions actually experienced at the project. The
exception to the above comparison between the predicted and observed
profiles is 15 May 1974, On this date, the predicted and observed
profile do not compare favorably quantitatively or qualitatively. This
discrepancy is believed to be due to instrument failure. Several ob-
servations support this conclusion. The observed profile for 15 May
1974 does not appear correct when compared with the observed profiles

for April or July 1974. The observed profile for 15 May 1974 suggests
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more heat in the hypolimnion in May than that observed in July 1974.
Additionally, the May profile appears atypical when compared with the
general trends of the profile for all of 1974, 1975, and 1976. With
this exception, the comparison between predicted and observed profiles
was adequate and validation was considered to be demonstrated.

31. To provide a meaningful comparison of release temperatures
from the proposed (Phase 2) reregulation pool (afterbay) with Phase 1
(historical) release temperatures, it was necessary to predict the ex-
pected temperature of the release after it is routed to the site of the
afterbay dam (see Appendix A). The Phase 1 predicted average Norfork
Dam release temperatures are plotted versus time in Plate 7. The pre-
.dicted daily average temperature of the release from Norfork Dam which
has been routed downstream to the proposed afterbay damsite is also
plotted in Plate 7 and tabulated in Tables 1-~3. The maximum predicted
release temperature from Norfork Dam in the study years simulated was
18.5°C on 19 Octcber 1974. The maximum predicted temperature of water
released from Norfork Dam and routed downstream to the site of the pro-
posed reregulation dam was 18.8°C on 26 October 1974. Plate 7 shows
that because of the short time of travel from Norfork Dam to the proposed
reregulation damsite, there is little opportunity for significant
change in the temperature of the relcase in most instances. The maximum
temperature difference between the release temperatures at Norfork Dam
and the routed downstream temperature at the proposed reregulation dam-
site was 7.9°C on 7 April 1976. This warming, and most other periods
of significant warming for the years simulated, occurred during a period
of both very low releases (as low as 120 cfs) from Norfork Dam and warm
metecrological conditions. The predominant flow rates for the study
years were well above the very low releases associated with larger
temperature increases. Therefore, warming of the routed releases was
generally small as shown in Plate 7.

32. From comparison of predicted 1974 release temperatures with
those of 1975 and 1976, it was noticed that 1974 releases are warmer
than 1975 and 1976. This was attributed to the larger advection (inflow

and outflow) that occurred during the spring of 1974 (see Plate 1
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routings). The larger advection moved more heat deeper into the reser-
voir earlier in the simulation period in 1974 than in either 1975 or

1976.

Phase 2: Proposed Pumped-Storage Operations

33. The Phase 2 simulations were conducted to evalute the impact
of the proposed pumped-storage operations and the reregulation pool on
the thermal characteristics of the project.

34. Predicted in-lake temperature profiles for Phases 1 and 2 are
plotted together for comparison in Plates 8-10. From this comparison
it is obvious that the proposed pumped-storage operations result in in-
creased summer warming of the hypolimnion of up to 5°C above that ob-
served without pumped-storage operations. Additionally, this increased
rate of warming of the hypolimnion would cause fall overturn to occur
earlier as shown in Plates 8-~10. The thermal characteristics of the
epilimnion are changed very little from that predicted for the Phase 1
simulations. This is due to the tendency of the epilimnion to rapidly
seek an equilibrium condition through surface heat exchange.

35. Most of the changes in the temperature profiles can be
attributed to the advective characteristice of pumped-storage operation
and mixing due to the pumpback jet. The Norfork Lake intake is lo-
cated deep in the hypolimnion and cold water is withdrawn from the
hypolimnion during the generation cycle. The withdrawal volume is re-
placed by warmer water from a higher level in the pocl. This warming
occurs with or without pumped-storage operations. The water released
downstream into the afterbay is exposed to ambient meteorological con-
ditions and subsequently some of it is pumped back into Norfork Lake.
The pumpback volume enters the lake as a jet, entrains water from the
hypolimnion, and the mixed jet seeks a level of neutral buoyancy. All
of the pumpback processes combine to effect a warming of the hypolimmion.

36. ©Some differences in the Phase 1 and 2 profiles do exist,
however, which are due to differences in the proposed and historical

generation schedules rather than the pumpback mixing. For example,
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differences in the profiles prior to August 1974 are due to different
generation patterns between the two phases since pumpback did not com-
mence until August of that year. Although these profile differences in
1974 were prior to the commencement of actual pumpback operations, they
are attributable to variations in project operations due to pumped-
storage capability. With pumped-storage operations, more generation canm
occur prior to or on a given day than with conventional hydropower opera-
tions since the power pool, which is lowered by generation, is later re-
supplied by the quantity of water pumped back. This is particularly
evident during the 1974 study year. With the proposed operations, more
generation occurred prior to August than with historical operations.
This is reflected in the July profiles by a lower water elevation and
warmer hypolimnion region with proposed 6perations than with historical
operations. Thus, pumped-storage capability often affects the water and
thermal budgets of the reservoir prior to pumpback because the genera-
tion pattern reflects anticipation of pumpback.

37. The Phase 2 predicted average release temperatures from both
the Norfork Dam and reregulation dam are plotted versus time in Plate 11.
Additionally, the predicted daily release temperatures from the reregula-
tion dam are tabulated in Tables 4-6. The maximum release temperature
ffom Norfork Dam was computed to be 19.6°C on 5 October 1974; the pre-
dicted afterbay maximum was 20.3°C on 25 August 1974. Retention in the
afterbay of the releases from Norfork Dam allows some matural warming
to occur prior to release from the afterbay. The magnitude of warming
(or cooling) in the reregulation pool depends upon a coupling of meteoro-
logical conditions and operational strategy. As net flow rate through
the afterbay increases, the temperature change within the afterbay is re-
duced. Increased flow through the afterbay results in decreased deten-
tion of Norfork Dam releases in the afterbay. Subsequently, the warming
(or cooling) of these releases is lessened. The warming effect (during
spring and summer) of the afterbay for the operating conditions simulated
is indicated in Plate 11. The release temperature from the afterbay was
greater than 20°C only twice in the three study years; both times were

in 1974.
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Sensitivity of Release Temperature Predictions
to Pumpback Coefficients

38. As stated in Appendix A, the amount of pumpback entrainment is
an input into the model which is specified by the value of the entrain-
ment coefficient E . The amount of entrainment is related to structure
and reservolr geometry, momentum and buoyancy flux, boundary proximity,
and ambient stratification. General descriptions of entrainment for
these relationships are not complete. Research is being conducted at
WES to develop relationships for estimating E for various source and
ambient conditions. Physical models have been used in previous studies
(Dortch et al. 1976, Fontane et al. 1977, Smith et al. 1981) and are
often necessary to evaluate both withdrawal characteristies and E
accurately for site-specific conditions. Due to the time and funding con-
straints of this study, the construction cf a physical model and an ex-
perimental determination of the entrainment were not conducted. However,
the use of this hybrid coupling of both physical and numerical model
simulations may be a future consideration.

39. Estimates of E were made {Roberts 1981%) for a range of
flow and stratification conditions. These estimated values of E wvaried
from about 1.9 for a 1,000-cfs pumped flow per unit into a strong density
stratification to approximately 5.0 for a 2,6530-cfs pumped flow per unit
into a mild stratification. A value of 2.5 was used for E in the
Phase 2 simulationg as shown in Plates 8-11l. To assess the effect on
release temperatures for greater entrainment rates, simulations were
made with E = 5.0 . The computed Norfork Dam and afterbay release tem-
peratures for this condition are presented in Plate 12. As expected,
the larger value for E resulted in increased warming of the hypolimnion
and higher release temperatures. These results represent an approximate
upper bound with respect to the effects of entrainment. To better com-—

pare the effect of higher entrainment on the preoject release temperatures,

* Personal communication, Apr 1981, from Philip J. W. Roberts, Depart-—
ment of Civil Engineering, Georgia Institute of Technology, Atlanta, Ga.
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the differences between predicted afterbay release temperatures for

E=5,0 and E

i

2.5 are plotted in Plate 13 for 1975. This vear was
more sensitive to a change in E than the other two study years. The
higher value of E increased the afterbay release temperature a maximum
of 2°C during the fall. A temperature increase of at least 1.0°C was
noted with the higher E between August and early November.

40. Another coefficlent required by the model, PBCOF, represents
the fraction of generation water released earlier in the day that is
contained in the pumpback flow (see Appendix A). The remaining portien
of pumped flow is composed of afterbay water already in residence in
the afterbay prior to the given day's generation. This coefficient is
important because it ultimately affects the average temperature of both
the pumpback flow and the generation inflow into the afterbay. The
generation water that is not pumped back is mixed with the remaining
afterbay volume., The value of PBCOF used for the initial Phase 2 simula-
tions was 0.5. Additional simulations were made for the extreme condi-
tions of PBCOF = 0 and 1.0 . Of primary interest was the increased
warming of afterbay releases with these latter two values of PBCOF when
compared with the base condition (PBCOF = 0.5). A 0.0 wvalue of PBCOF
simulates no pumpback of water released by the prior generation cycle.
Conversely, a 1.0 value of PBCOF simulates a pumpback flow consisting
totally of water released earlier in that day. Both of these pumpback
scenarios are unrealistic due to mixing of afterbay waters and water
released at the time of generation which would preclude both scenarios.
However, these values for PBCOF were chosen in order to obtain bounds
on the changes in afterbay release temperature resulting from these ex-
treme values. Plots of predicted Norfork Dam and afterbay release tem-—
peratures for PBCOF equal to 0.0 and 1.0 are shown in Plates 14 and 15.
These plates indicate that in general, slightly warmer afterbay releases
occurred with PBCOF = 1.0 than with PBCOF = 0.0 . Thus, afterbay re-
lease temperatures with PBCOF = 1.0 were compared with those predicted
for PBCOF = 0.5 in Plate 16 for the most sensitive study year, 1975.
From this plot, it is recognized that the maximum possible value of

PBCOF (1.0) increased the afterbay release temperature about 2°C during
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July 1975 over the base condition of PBCOF = 0.5 . The remaining dis-
cussions comparing proposed and historical simulations are for Phase 2

results obtained with E = 2.5 and PBCOF = 0.5

Phase 2 Versus Phase 1 Downstream Temperatures

41. The predicted daily average temperatures of the afterbay re-
lease for Phase 2 (proposed) are plotted in Plate 17 with the Phase 1
(historical) release temperatures routed to the afterbay damsite. Al-
though only every second day is plotted for Phase 2, these plots allow a
visual evaluation of the impact of the proposed project medifications
on the stream temperature immediately downstream of the proposed reregu-
lation dam. Tt is readily apparent that pumped-storage and reregulation
operations will warm the releases as compared with historical operations.
Two pumped-storage operational effects contribute to these warmer re-
leases at the reregulation dam. TFirst, pumpback flows warm the lake
hypolimnion (Plates 8-10), which results in warmer releases from the
Norfork Dam. Secondly, the increased residence time in the reregulation
pool will result in additional warming during much of the year. The
magnitude of the latter effect is directly coupled with the operation
characteristics of both the hydropower facilities and the releases from
the reregulation structure. Results presented in Plate 17 reflect
both of these effects. The apparent scatter in the predicted afterbay
release temperatures is primarily due to the operational strategy
simulated.

42, The effect of the operational strategy simulated for Norfork
pumnped-storage operations upon release thermal characteristics, and its
severity, may be evaluated in two steps. First, a typical 2-week opera-
tion schedule {18 August-1 September 1975) is given in Table 7 and shown
graphically'in Figure 3. Table 7 shows that pumped-storage operations
resulted in a 2.5-3.0°C increase in the temperatures of releases from
Norfork Dam when compared with the temperatures of Norfork Dam releases
for historical operations. Further examination of the table shows that

detention of Phase 2 Norfork Dam releases in the afterbay during weekdays

25



ainjeiadws] sseoTol uocdn poriaad Woom-g

1oummns TeoTdAl uo suorieiado asmedoapiy pssodoad Jo s39933 ¢ 2and
S/61 'HYIA 40 AVO
13

1€ 0g 62 8Z Lz 9z ST e £C [44 (14 0Z 6l

Td

nony
1)

g \
s\

/ Frrosaseeas
! :

/s

I

l:

: i
.—.0..........4..-....:.4......:...0 1

\ /

r.......:........fl.l.?.llluollu|L

VohetessessaDrosocoircnceTeonansorseDenrncrnnee

\

sainiesadiig) aseajay Aeqlely
PUE WeQ Ussmlag aoualayl O
suosiesad) sber01g-padwing yim
Aequayyy woy) aunleladuwist aseapy &
suoltesadQ abeicig-padung yum
weq] woJf aunessdua] aseatay ©
suoneladQ obeioig-padwing yim
Aequayy woyy mojq aseajsy 9
suonesad( abeioig-padwing yiam
WRQ WOl MO|4 aseapy @

r|||0.|||o|||.o.||||..

=10051

—10002
4

=]005Z

= ooo0e

S40 ‘AvEHIL4Y HO WvA WOHS MOTd asv3nay ATiva

zlL

43

i)

Sl

91

Ll

8l

0, ‘AVEHILIV YO Wvd WOY4 IHNLYHIHWIL 3SvI3H

3, 'AVEHILIV ANV WYQa WOYS 35v313Y JO STUNLYHIJWIL

NIIMLIE JONTHIIJIQ JLNTOSaY

26



(e.g., 18-22 August) resulted in an additional 1.0-1.5°C warming of

these releases. During this period, both generation and pumpback opera-
tions occurred. However, on weekends (e.g., 23-24 August) no hydropower
operations occurred; only 100-cfs leakage from Norfork Dam flowed into
the afterbay. Thus, waters warmed by afterbay residence remained warm
on weekends due to the lack of cocoler generation flow from Nerfork Dam.
However, the minimum downstream release, 800 cfs, was still required.

To meet this minimum on weekends, these waters warmed by increased after-
bay residence times must be released. The effect of this operation is
shown vividly both in Table 7 and Figure 3. The difference between the
temperature of release from the dam and the release from the afterbay
increased from 1.59C on 22 August to 3.3°C on 23 August. This difference
increased further to 4.8°C on 24 August (Sunday). Resumption of genera-
tion on Monday, 25 August, reduced the predicted "afterbay-dam" tempera-
ture difference back to 1.3°C.

43. The severity of "no weekend generation' is further enhanced
when a 3-day holiday weekend cccurs which experiences warm meteorological
conditions. Three such heolidays (Memorial Day, Independence Day, and
Labor Day) were simulated with no hydropower operations during any part
of each 3-day holiday pericd. The effect of this operation upon
-predicted afterbay release temperatures is seen in Table 7 for Labor
Day, 1975. Afterbay release temperatures increased appreximately 1.1°C
for each day of the holiday period. Further, the difference in the
afterbay release temperature and the routed release temperature from
Phase 1 increased from 4.0°C on 29 August to a maximum simulated dif-
ference of 7.0°C on 1 September. Thus, approximately a 3.0°C increase
in afterbay release temperature is directly attributable to the opera-
ticnal strategy employved for this holiday period. Table 8 shows very
similar results for the majority of the holiday periods simulated.
Further, from the above analysis, it is apparent that most regular week-
end periods with no hydropower operations and warm meteorclogical condi-~
tions will experience an analogous warming of generally lesser severity.
When historic releases from Norfork Dam are small and warm meteorologi-

cal conditions occur, the routed release temperatures will increase as
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explained in paragraph'31. When this occurs on a weekend (i.e. 23-24
August 1974) the difference between the routed and afterbay release
temperatures may be less than expected. This smaller difference should
not be viewed as an overall lessening of warming due to pumped-storage
operations for the period, but rather as a period in which, for the
conditions simuylated, significant warming would have occurred with or
without pumped-storage operatioms.

44. The maximum afterbay release temperature predicted for the
3 years simulated was 20.3°C on 25 August 1974, Only two times in the
years studied did the afterbay release temperature exceed 20.0°C. Both
occasions were Sundays with no weekend hydropower operations. By com-
parison, a maximum routed (Phase 1) release temperature of 18.8°C was

predicted on 26 October 1976.
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PART 1IV: SUMMARY

46, Effects of proposed pumped-storage operations on Norfork Lake
thermal characteristics were predicted for three study years. Numerical
simulation indicated that the hypolimnion of Norfork Lake may be up to
5.0°C warmer in the summer and will overturn faster with pumped—stﬁrage
operation than with the existing conventional hydropower operation. This
warming is due both to pumpback jet mizxing and differences in generatiom
quantity between the proposed and historical phases. The epilimnion,
however, will remain relatively unchanged with either type of hydropower
operation. As a result of this hypolimnion warming, releases from
Norfork Lake will be warmer with pumped-storage operation than with the
existing hydropower operation.

47. The predicted maximum temperature of release from the Norfork
afterbay was 20.3°C; further, only two times in the 3 years simulated
was an afterbay temperature predicted greater than 20.0°C. Both occa-
sions were on weekends with no hydropower releases. Considerable warm-
ing can occur in the afterbay during periods of warm meteoroclogical
conditions and little or no release from Norfork Dam. The afterbay re-
lease temperature warmed approximately 1°C each day of several 2-day
weekends that had no hydropower operations. The severity of this tem-
perature increase was exacerbated for three simulated holiday periods
(Memorial Day, Independence Day, and Labor Day) during which no hydro-
power operations occurred for a 3-day period. A maximum predicted in-
crease of 7,0°C in the afterbay release temperature (Phase 2) over the
expected temperature of releases routed downstream from Norfork Dam to
the site of the proposed reregulation dam (Phase 1) occurred on 1 Septem-—
ber 1975 (Labor Day). At least 3.0°C of this difference was found to be
directly attributable to the lack of hydropower operations for the 3-day
period. For the three holiday periods simulated, the temperature of re-
lease from the Norfork afterbay was generally 1.0 to 3.5°C warmer on the
third day of the holiday period than on the first.

48, The confidence with which these temperature predictions are

asserted must be weighed against the assumptions made in the numerical
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model. As explained in paragraphs 38-40, a coefficient representing the
total entrainment wvolume of the pumpback jet (E) was assumed to be 2,5,
Sensitivity analysis indicated that the choice of E = 5,0 warmed the
afterbay temperatures 1 to 2°C from August to early November for 1973.

A second pumpback coefficient relating tﬂe percent of generation flow
returned to the lake in the pumpback flow, PBCOF, was assumed to be 0.5
for the study. Analysis showed that simulation with PBCOF = 1.0 warmed
the afterbay releases up to 2.0°C in July 1975 above the afterbay re-
lease temperatures predicted for PBCOF = 0.5 . Further variability of
prediction could be introduced due to the difficulty with which repre-
sentative meteorological data (described in paragraphs 12-16) were ob-
tained. Two sources of variability remain. The descriptions of selec-
tive withdrawal and pumpback used in this study were assumed from
previous studies (Bohan and Grace 1973, Fontane et al. 1977, and Dortch
et al. 1976) without aid of a physical model study. Finally, the pro-
posed routing scheme with pumped-storage cperations supplied by SWL
contained monthly average hydropower operations since the study was con-
ducted early in the planning phase. These routings may not accurately

represent the daily operations which will be implemented.
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Table 1

Average Temperature of Historical Releases from Norfork Pam Routed Downstream

to Proposed Reregulation Structure, 1974
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emp Julian Temp Julian Temp Julian Temp

Day. °C Day °C Day °C Day °c
51 7.6 101 8.2 151 9.8 201 12.1
52 7.7 102 5.3 152 9.9 202 1z.2
53 7.1 103 13.8 153 10.1 203 12.4
54 7.8 104 10.6 154 9.9 204 12.6
55 7.5 105 8.1 155 9.9 205 12.5
56 7.6 106 8.2 156 10.0 206 12.6
57 7.6 107 8.2 157 10.3 207 12.8
58 7.7 108 8.3 158 10.9 208 13.0
5% 7.7 109 8.4 159 1i.4 0 209 12.9
60 7.8 110 12.1 1860 11.5 210 13.0
61 7.9 111 8.5 161 10.8 211 12.9
62 8.0 112 8.5 162 11.1 212 13.1
63 7.9 113 8.4 163 10.6 213 13.7
64 7.7 114 B.4 164 11.1 214 13.4
65 8.0 115 8.4 165 11.5 215 131.9
66 7.9 116 8.5 166 11.2 216 14.0
67 7.9 117 8.7 167 11.0 217 13.5
68 8.0 118 8.9 168 11.1 218 13.5
69 7.5 119 8.9 16§ 11.8 219 13.8
70 7.9 120 8.9 170 11.7 220 14,4
71 7.7 121 8.7 171 12.5 221 14.6
72 7.7 122 8.8 172 11.8 222 14.8
73 7.7 123 8.6 173 12.3 223 14.4
74 7.8 124 8.5 174 11.4 224 14,0
75 7.7 125 8.5 175 10.7 i25 14.7
76 7.7 126 8.6 178 10.6  22& 14.8
77 7.9 127 §.8 177 1c.6 227 14.8
78 7.7 128 3.9 178 ig.6 228 15.0
79 7.7 129 8.8 179 10.7 229 15.3
80 7.7 130 8.7 180 11.2 230 15.5
81 7.7 131 3.9 181 11.2 231 15.0
8z 7.4 132 9.0 182 11.3 232 15.3
83 7.5 133 9.4 183 1.3 233 15.4
84 7.7 134 9.1 184 1.4 234 15.4
85 7.8 135 9.2 185 11.5 235 15.5
86 7.9 136 9.3 186 11.3 236 15.7
a7 7.9 137 9.6 187 11.3 237 16.0
88 7.9 138 9.5 188 11.7 238 15.7
89 7.8 139 9.5 189 11.5 239 15.9
20 8.2 140 2.5 190 11.6 240 16.0
91 11.7 141 9.3 191 11.9 251 15.8
92 8.0 142 2.5 192 12.1 242 15.9
93 8.0 143 9.4 193 11.6 243 6.1
945 7.8 144 9.4 1% 11.6 244 16.6
95 7.8 145 9.3 195 11.8 245 15.0
95 7.9 146 9.3 196 12.1 246 16.0
97 8.1 147 9.5 197 12.0 247 16.0
98 7.9 148 9.9 198 11.8 248 16.1
99 7.9 149 10,1 199 12.2 249 16.3
100 8.0 150 10.1 200 12.3 250 16.4

Julian Temp
o

Julian Temp Julian Temp

Day Day °¢ Day
251 16.8 301 16.7 351
252 16.5 302 18.0 352
253 16,6 303 17.8 353
254 16.8 304 17.5 354
255 16.8 305 18.5 353
256 16.6 306 18.6 356
257 17.0 307 17.9 357
258 17.2 308 17.4 358
259 16.8 30¢ 17.6 359
260 16.9 310 17.6 360
261 17.1 311 17.3 361
262 17.1 312 17.3 362
263 17.2 313 17.2 363
264 17.4 314 16.4 364
265 16.8 315 15.9 365
266 16.2 316 15.7
267 17.0 317 15.8
268 17.1 318 15.6
269 17.2 319 15.3
270 i7.3 320 15.2
271 i7.0 321 15.2
272 17.7 322 15.1
273 17.3 323 15.2
274 17.3 324 14,9
275 17.2 325 15.0
276 17.4 326 14,8
277 17.4 327 14.8
278 id.0 328 14,5
279 i8.1 329 14.6
280 17.4 330 14.5
281 17.6 331 14.3
282 17.7 332 1&4.1
283 17.8 333 13.7
284 17.8 334 13.0
285 18.2 335 12,7
286 18.3 336 12.9
287 17.6 337 12.9
288 i7.4 338 12.8
28% 17.9 339 12.6
280 17.% 340 12.6
291 ig.o0 341 12.2
292 18.5 342 12,0
293 16.7 343 11.7
294 17.6 344 11.7
295 17.9 345 11.5
206 17.8 346 1.5
297 17.7 347 il.4
298 17.7 348 11.3
299 18.8 349 11.2
300 17.9 350 10.8
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10.
10.
10.
10.
10.
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Table 2

Average Temperature of Historical Releases from Norfork Dam Routed Downstream

to Proposed Reregulation Structure, 1975

Julian TEmp

Julian Temp Julian Temp

Day °C Day °C. Day
1 9.7 51 7.5 161
2 9.6 52 7.6 102

.3 9.4 53 7.6 103
4 9.3 54 6.9 104
5 9.0 55 1.2 105
6 9.2 56 1.4 106
7 9.3 57 7.2 107
8 9.2 58 7.3 108
9 9.4 5% 7.3 109

10 8.9 60 7.3 110
11 8.9 61 7.2 111
12 8.7 62 7.2 112
13 8.5 63 7.3 113
14 8.5 64 7.3 114
15 8.4 65 7.4 115
16 8.1 66 7.4 116
17 8.1 67 7.3 117
18 8.1 68 7.3 118
19 8.0 69 7.3 119
20 7.9 70 7.3 120
21 7.9 71 7.1 121
22 7.8 72 6.9 122
23 7.8 73 7.1 123
24 7.8 74 6.9 124
25 7.8 75 7.1 125
26 7.8 76 7.0 126
217 7.9 77 7.3 127
28 8.0 78 7.3 128
29 7.8 79 7.3 129
30 7.9 8G 7.3 130
31 7.8 81 7.2 131
3z 7.8 82 7.3 132
33 7.7 83 7.1 133
34 7.8 84 7.1 134
35 7.9 85 7.1 135
36 7.6 86 7.2 136
37 7.3 87 7.1 137
38 7.4 88 6,9 138
a9 7.4 89 7.2 139
40 7.2 g0 7.2 140
41 7.1 21 7.3 141
42 7.1 92 7.2 142
43 7.1 93 7.4 143
44 7.1 94 7.5 144
45 7.2 95 7.5 145
46 7.2 96 7.6 146
47 7.3 97 7.6 147
48 7.3 98 7.7 148
49 7.3 99 7.8 149
50 7.4 100 7.8 150

°c

o
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Julian Temp

Day

151
152
153
154
155

156
157
158
159
160

161
162
163
164
165

166
167
168
169
170

171
172
173
174
175

176
177
178
179
180
181
182
183
184
185

186
187
188
189
190

191
192
193
194
195

196
197
198
149
200

a

(g
[ IR =N - L -} :-OKD‘-U

L

14,
14.

Julian Temp Julian Temp Jullan
Day °C Day °c Day
201 12.6 251 11.8 301
202 10.1 252 11.4 302
203 0.4 253 11.5 303
204 10.2 254 14.0 304
205 10.1 255 12.2 305
206 10.4 256 12.4 306
207 10.8 257 12.4 367
208 10.1 258 11.1 308
209 10.3 259 13.6 309
230 10.4 260 15.1 310
211 10.8 261 16.4 311
212 10.9 262 12.2 312
213 10.6 263 13.7 313
214 1.4 264 11.8 314
215 12.1 265 12.4 315
216 12,1 266 11.8 316
217 1¢.9 267 11.5 317
218 12.4 268 11.5 318
219 12.7 269 11.8 319
220 10.5 270 13.3 320
221 12.6 271 11.7 321
222 12,1 272 11.6 322
223 11.7 273 11.6 323
224 0.9 274 12.4 324
225 10.7 275 11.8 325
226 10.6 276 11.6 324
227 12.5 277 12.6 327
228 12.9 278 12,7 328
229 12.7 279 11.7 329
230 11.3 280 11.8 330
231 10.7 281 11.9 331
232 10.6 282 12.2 332
233 10.6 283 12.1 333
234 10.6 284 13.0 334
235 13.6 285 13.0 335
236 13.3 286 12.0 336
237 10.7 287 12.3 337
238 0.9 288 12.0 338
239 16.6 289 12.0 339
240 10.7 290 11.9 340
241 10.7 291 12.1 341
242 10.7 292 12.1 342
243 10.7 293 12.0 343
244 10.8 294 12.4 344
245 10.9 295 12.0 345
246 1.0 296 12.5 348
247 11.1 297 15.1 347
248 11.0 298 10.5 348
249 12.9 299 12.8  34%
250 14.8 300 12.2 350

Terwp Julian

°c
1z,
13,
17.
12,
14.

14.
12.
13.
13.
13.

14.
15.
14,
13.
13.

13.
13.
13.
12.
13.

13.
13.
13.
13.
13,

13
13,
13.
12
12

12.
12.
3.
11.
i1.

11.
11.
1L1.
12.

9.

10.
10.
10.
10.
10.

1.
1z.
13.
10.
10,
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Table 3

Average Temperature of Historical Releases from Norfork Dam Routed Downstream

to Propogsed Reregulation Structure, 1976

Julian Temp Julian Temp Jullan Temp Julian Temp Julian Temp Julian Temp Julfan Temp Julian Temp
L] Qo

Day °c Day °c Day °C Day °c Day °C Day °C Day C Day c
1 10.0 51 7.1 101 7.1 151 11.2 201 9.5 251 12.1 301 14.3 351 7.4
2 9.0 52 5.8 102 7.2 152 B.4 202 9.6 252 12,6 302 14.3 352 7.4
i 5.4 53 6.5 103 7.1 153 7.8 203 9.4 253 14.0 303 10.6 353 7.7
4 6.3 54 6.4 104 7.2 154 8.4 204 9.6 254 13,1 304 11.2 354 7.6
3 8.8 55 6.5 105 7.5 155 B.5 205 9.6 255 13.3 305 13.¢ 355 6.9
6 8.8 56 6.7 106 7.7 156 9.9 206 12.2 256 12,1 306 13.9 356 6.7
7 8.0 57 6.6 107 7.6 157 9.3 207 9.5 257 12.2 307 13.9 357 6.7
8 7.9 58 6.7 108 14.4 158 8.3 208 9.9 258 12.3 308 13.8 358 6.5
9 7.5 59 6.8 109 8.0 159 8.5 209 9.9 259 12.4 309 13.3 359 5.6

10 7.0 60 6.8 110 7.3 160 8.2 210 10.2 260 12.5 310 11.3 360 5.2
i34 7.2 61 7.4 111 7.7 161 8.2 211 9.6 261 14,2 311 13.7 361 6.3
12 7.3 62 7.3 112 7.5 162 B.4 212 10.1 262 14.4 312 12.9 362 6.6
13 7.2 63 7.3 113 9.5 163 8.8 213 10.6 263 13.5 313 12.3 363 6.2
14 7.2 64 8.3 114 12.5 164 8.5 214 11.9 264 13.6 314 13.1 364 6.1
15 7.0 65 5.5 115 11.3 165 8.6 215 12.3 265 14,0 315 13.0 365 5.4
16 6.8 66 6.8 116 7.2 166 8.6 216 11.4 266 13.6 316 12.4
17 6.5 67 6.6 117 7.4 167 8.8 217 12.4 267 13.6 317 8.3
18 6.2 68 6.6 118 7.4 168 8.3 218 11.1 268 14.7 318 7.6
19 6.6 69 7.0 119 8.3 169 9.0 219 10.4 269 14,9 319 11.0
20 6.5 70 7.3 120 8.1 170 9.8 220 11.2 270 13.8 320 11.4
21 6.6 71 7.4 121 9.0 171 11.1 221 10.1 271 14.3 321 11.4
22 6.7 72 7.1 122 11.0 172 8.3 222 9.9 272 13.6 322 11.2
23 7.0 73 6.3 123 9.8 173 8.4 223 10.1 273 13.6 323 11.4
24 8.1 Th 7.0 124 9.7 174 8.5 224 10.4 274 13.7 324 11.6
25 6.4 75 7.0 125 7.8 175 8.8 225 10.4 275 14,0 325 10.9
26 6.4 76 6.7 126 11.2 176 8.7 226 10.6 276 14.3 26 19.9
27 6.5 77 7.1 127 12.2 177 8.5 227 15.3 277 13.0 327 10.8
28 6.5 78 8.6 128 8.5 178 8.8 228 10.4 278 14.0 328 10.7
29 6.6 79 1z.2 129 10.6 179 9.1 229 10.8 279 13.7 329 10.4
30 6.6 80 2.9 130 8.2 180 8.9 230 10.7 280 13.4 330 11.0
31 6.5 81 7.0 131 9.2 181 9.2 231 10.8 281 12.4 331 12.3
32 6.5 82 7.3 132 13.3 182 9.4 232 10.8 282 12.5 332 8.7
33 6.5 83 7.3 133 9.2 183 10.7 233 10.6 283 13,6 333 9.9
34 6.4 84 7.0 134 9.7 184 12.6 234 10.8 284 13.7 334 9.7
35 6.6 85 7.4 135 12.2 185 13.5 235 10.9¢ 285 13.7 335 9.5
36 6.3 86 6.9 136 8.6 186 10.9 236 11.0 286 13,9 3136 9.3
37 6.0 87 7.0 137 11.3 187 8.8 237 11.0 287 14.0 337 9.2
38 5.0 88 6.8 138 7.8 188 9.5 238 11.2 288 15.1 338 8.7
39 6.6 89 7.0 139 7.7 189 8.9 239 11.6 289 14.7 339 7.7
40 6.6 90 6.7 140 8.1 150 8.7 240 11.5 290 13.5 340 8.9
41 7.1 91 6.9 14% 7.8 191 8.8 241 14.1 291 13.9 343 8.5
42 6.4 92 6.9 142 8.3 1%2 B.B 242 11.9 292 14,0 342 8.2
43 6.5 93 7.9 143 e,2 193 9.1 243 12.6 293 14.0 343 7.9
&4 6.5 a5 B.6 144 7.9 194 9.2 244 12.3 294 14,0 344 8.1
45 8.6 a5 7.0 145 8.0 195 9.1 245 12.2 295 14.0 345 8.1
&b 10.4 96 7.0 148 7.9 196 10.0 246 12,3 296 14.0 346 7.5
47 7.1 97 7.1 147 8.2 147 10.2 247 12.9 297 14.9 347 7.8
48 6.6 98 7.1 148 7.7 1498 12.5 248 12.% 298 14.1 348 7-1
49 6.5 99 7.0 149 8.8 199 11.5 249 13.0 299 14,0 349 7.3
50 6.5 100 6.9 150 11.2 200 9.5 250 11.7 300 14.2 350 7.4




Table 4
Average Daily Release Temperatures from Norfork Afterbay,* 1974

Julian Temp Julian Temp Julian Temp Julian Temp Julian Temp Julian Temp Julian Temp Julian Temp

Day °c Day °C Day °c Day °C Day °C Day °c Day °c Day °C
1 6.6 51 7.6 101 8.8 151 11.6 201 15.9 251 19.1 301 18.2 351 10.6
2 7.9 52 7.7 102 9.3 152 il.6 202 15.6 252 19.3 302 19.0 352 10.3
3 7.8 53 7.8 103 9.5 153 11.7 203 16.4 253 19.4 303 19.0 353 10.5
4 8.0 54 7.9 104 8.9 154 11.7 204 16.3 254 i9.8 304 18.5 354 10.2
5 7.9 55 7.2 105 8.9 155 11.7 205 16.1 255 19.5 305 18.7 355 9.9
6 7.8 56 7.5 106 8.8 156 11.7 206 16.2 256 18.8 306 18.8 356 10.1
7 7.5 57 7.6 107 8.9 157 12.2 207 16.3 257 19.0 307 18.7 357 10.6
8 7.5 58 7.8 108 9.1 158 11.9 208 16.5 258 19.3 308 17.5 358 10.1
9 7.0 59 B.1 109 2.5 159 13.4 209 16.4 259 19.0 309 17.8 359 9.6

10 7.0 60 8.2 110 9.4 160 12.7 210 16.4 260 19.3 310 17.9 366 2.6
11 6.5 61 9.4 111 2.1 161 12.4 211 16.1 261 19.6 111 17.5 361 5.8
12 6.4 62 10.¢ 112 G.4h 162 12.3 212 16.6 262 19.7 312 17.6 362 9.5
13 6.6 63 8.9 113 8.4 163 12.4 213 16.8 263 19.7 313 17.3 363 5.2
14 6.6 64 8.1 114 2.1 164 12.6 214 17.0 264 19.8 314 16.9 364 i0.2
15 6.9 65 8.9 115 4.3 165 13.3 215 17.4 265 19.4 315 16.4 365 9.8
16 7.0 6o 8.7 116 9.5 166 13.1 216 i8.G 266 18.8 316 16.1
17 7.4 67 8.8 117 10.1 167 12.8 217 16.6 267 19.1 317 15.8
18 7.3 68 9.% 118 i0.2 168 12.9 218 16.7 268 19.2 3i8 15.4
19 7.2 69 10.2 119 Lo.G 169 13.6 219 17,1 269 19.2 3ig9 15.3
20 7.0 70 8.9 120 4.7 170 13.7 220 17.1 270 19.5 320 14.6
21 7.1 71 8,2 121 9.5 171 14.2 221 17.9 271 19.0 21 14.2
22 7.2 72 8.0 122 10.1 i72 14.4 222 18.6 272 19.1 322 14.5
23 6.8 73 8.0 123 10.1 173 14.3 223 19.3 273 19.4 323 16.7
24 6.9 14 g8.1 124 9.6 174 13.5 224 17.5 274 19.3 324 14,2
25 6.9 75 8.3 125 9.6 175 13.3 225 17.4 275 18.8 125 14.4
26 7.1 76 8.7 126 9.8 176 13.3 226 7.7 276 19.4 324 14,3
27 7.2 77 8.6 127 10.1 177 13.4 227 17.8 277 19.1 327 14.6
28 7.1 78 7.7 128 10.6 178 13.6 228 13.0 278 19.0 328 13.7
29 7.2 19 7.6 129 1¢.8 179 13.7 229 19.2 279 19.3 329 13.9
30 7.2 80 7.7 130 18.5 180 14.3 230 20.0 280 19.3 330 13.8
a1 7.3 81 7.7 131 10.5 181 14.5 231 17.9 281 19.3 331 13.7
32 7.7 a2z 6.3 132 1G.4 182 15.0¢ 232 18.5 282 19.5 332 13.5
33 7,9 a3 5.6 133 11.1 183 15.1 233 18.5 283 19.6 333 13.0
a4 8.0 a4 7.7 134 16.7 184 15.3 234 18.6 284 19.7 334 11.3
35 7.3 85 8.2 135 10.8 185 16.5 235 18.8 285 19.9 335 i0.2
36 7.3 86 8.4 136 11.1 186 15.1 236 19.5 284 20.0 336 11.9
37 6.9 87 8.5 137 11.5 187 14.7 237 20.3 287 18.5 337 12.0
38 6.6 88 8.8 138 11.5 188 14.9 238 18.5 288 18.7 338 i2.0
39 6.7 89 9.5 139 11.6 189 15.2 239 18.9 289 19.2 339 11.9
40 6.5 990 11.6 140 11.2 196 15.6 240 19.1 290 1.3 340 11.9
41 6.6 91 9.3 141 11.1 191 15.7 281 13.8 291 19.4 341 11.1
42 7.0 92 8.9 142 11.5 192 15.5 242 18.9 292 19.3 342 0.5
43 7.5 93 8.8 143 1.4 193 15.2 243 19.1 293 18.7 343 11.0
44 7.6 94 8.3 144 11.8 194 15.0 244 18.4 294 18.7 344 11.3
45 7.3 95 8.2 145 12.5 195 14.9 245 19.3 295 1%.0 345 1¢.9
46 7.0 96 8.3 146 13.0 196 15.0 248 18.7 296 19.1 346 11.1
&7 7.3 97 8.9 147 14.0 197 15.3 247 18.6 297 18.9 347 11.1
48 7.4 98 8.4 148 12.3 198 15.5 248 18.6 298 18.8 348 10.9
49 7.4 9% 8.4 149 1z.7 199 16.0 249 19.0 299 18.9 349 10.5
50 7.5 100 8.4 150 12.6 200 16.1 250 19.1 300 18.9 350 10.3

% With pumped-storage coperatiocus.



Table 5

Average Daily Release Temperatures from Norfork Afterbay,* 1975

Julian Temp
Day °C
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7
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0
7
3
0
5
8
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2
6
9
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2
5
3
2
3
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Ln
k=]

Julian Temp

Day °C

51
52
33
54
55

56
57
58
59
60

61
62
63
64
65

66
67
63
69
70

71
72
73
74
75

76
77
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79
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Julian Temp

Julian Temp

Julian Temp

Day C Day °c Day
101 9.0 151 10,6 201
102 9.1 152 1.6 202
103 8.7 153 10.4 203
164 9.1 154 11.3 204
1G5 9.4 155 11.4 205
106 9.7 156 11.0 206
107 9.8 157 11.4 207
108 10.0 158 12.4 208
109 9.5 159 13.2 209
110 9.5 160 10.7 210
111 9.4 161 10.5 211
112 9.6 162 11,1 212
113 16.2 163 11.0 213
114 10.5 164 11.8 214
ils 10.1 165 13.2 215
116 10.3 166 14,2 216
117 10.5 167 12,2 217
118 10.0 168 11.9 218
119 0.1 169 12.2 219
120 9.7 170 12,1 220
121 9.8 171 11.8 221
122 9.7 172 13.0 222
123 10,0 173 144 223
124 10.0 174 11.1 224
125 10.4 175 11.2 225
126 10.3 176 11.4 226
127 10.4 177 11.6 227
128 10.1 178 11.5 228
129 10.3 179 i3.0 229
130 10.1 180 14.2 230
131 10.1 181 11.8 231
132 10.1 182 11.7 232
133 10.2 183 12.0 233
134 10.0 184 12.0 234
135 10.2 185 13.7 235
136 10.1 186 15.6 236
137 10.2 187 17.2 237
138 10.4 188 11.1 238
139 10.9 189 12,1 239
140 10.6 190 11.9 240
141 11.0 191 11.8 241
142 11.3 152 12,1 242
143 11.6 193 13.1 243
144 12.4 194 14.0 244
145 13.6 195 11.4 245
146 14.1 196 11.6 246
147 11.4 197 11.% 247
148 10.5 198 12,1 248
149 10.3 199 12.3 249
150 10.7 200 14.1 250

°c
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1a.
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17.
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15.
15.
14,
15.
15,
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315

316
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349
350

11

11.
13.
11.
11,

11.
il.

il

il.
1l.

10.
1.
11.
11.
11.

11.
11.
12,
11,
10.

0WPW WRRNKRLY ROl DWW LOW-ANN LWO kW FAPOOWDODO NP WN OOCWW L hWo

351
352
353
354
355

356
357
358
359
360

361
362
363
364
365

10.
10,
10.

0OCO MO MO DWW

MO PR EN S RO R

*

With pumped-storage operations.



Tahle 6

Average Daily Release Temperatures from Norfork Afterbay,* 1976

Julian Temp Julian Temp Julian Temp Julian Temp Julian Temp Julian Temp Julian Temp Juiian Temp
Day °c Day °c Day °c Day °c Day °C Day °c Day °g Day °c

1 8.2 51 7.4 101 8.9 151 1i.8 201 12,1 251 15,5 301 14.8 351 7.8
2 8,8 52 6.8 102 10.2 152 13.4 202 12.7 252 15,5 302 14,7 352 7.9
k] 7.7 53 6.8 103 8.8 153 9.7 203 12,5 253 15,1 303 13.8 333 8.1
4 7.1 54 7.0 104 8.2 154 9.9 204 12.6 254 15.0 304 12.9 354 8.5
5 8.3 55 7.1 105 8.7 155 0.0 205 12.5 255 15,3 305 12,9 355 6.5
6 8.5 56 7.4 106 9.3 156 9.7 206 4.1 256 15.8 306 14.6 356 6,7
7 7.5 57 7.1 107 9.1 157 10.2 207 i5,5 257 15.5 307 14.3 357 6.8
8 7.3 58 7.3 108 11.2 158 11.2 208 13.1 258 15.4 308 13.7 358 6.8
g 7.1 59 8.0 109 11.7 159 9.8 209 13.8 259 15.6 309 13.1 359 6.7

10 7.0 G0 8.9 110 9.3 160 9.7 210 13.9 260 15.6 310 13.2 380 6.3

il 6.9 61 8.6 111 9.0 161 9.7 211 3.0 261 15.6 311 13.3 361 6.2

12 7.2 62 8.7 112 8.6 1862 0.2 212 13.3 262 16.2 312 1z2.6 362 6.9

i3 7.2 63 8,2 113 8,8 163 10.4 213 14.9 263 16.7 313 12.8 363 6.4

14 7.1 64 8.6 114 8.9 164 11.9 214 16.0 264 15.7 314 13.4 364 6.3

15 7.0 &5 7.1 115 10.0 145 13.6 215 12.6 265 15.5 315 13.3 365 4.9

16 6.6 66 7.2 116 9.6 166 11.3 216 12.7 266 15.5 314 11.9

17 6.1 67 7.2 117 8.6 167 11.4 217 13.0 267 15,7 317 11.6

18 5.6 68 6.9 118 8.4 168 10.5 218 13.5 268 15.9 318 10.3

19 6.5 69 7.2 119 8.0 16% 1.0 219 13.8  26% 16.4 319 9.8

20 6.6 70 7.4 120 7.9 170 0.3 220 14,9 270 16.6 320 11.7

z1 6.8 71 7.4 121 8.0 171 11.4 221 15.7 271 15.5 321 11.6

22 6.9 72 7.2 122 8.8 172 12,4 222 13.0 272 15.4 322 11.6

23 7.2 3 7.1 123 10.0 173 10.4 223 13.4 273 15.6 323 1i.6

24 7.5 74 7.6 124 8.7 174 10.4 224 13.9 274 15.7 324 11.7

25 7.1 5 7.3 125 8.7 175 10.9 225 i4.0 275 16.0 325 11.5

26 6.4 76 7.2 126 8.7 176 10.8 226 4.2 278 16.5 326 10.7

27 6.5 77 7.3 127 8.9 177 10.4 227 5.7 277 17.0 327 10.9

28 6.5 78 7.6 128 8.5 178 11.7 228 16.6 278 16.0 328 10.7

29 6.7 79 8.4 129 2.1 179 13.0 229 14.2 279 15.1 329 i1.¢

30 6.8 80 9.1 130 9.7 180 11.2 230 14,4 28O 15.3 330 11.4

31 6.6 81 9.4 131 9.0 181 11.6 231 14.0 281 153.2 331 11.6

32 6.5 82 8.0 132 9.2 182 11,1 232 14.3 282 15.1 332 9.7

a3 6.5 83 7.7 133 9.2 183 10.7 233 14.3 283 15.1 333 8.4

35 6,5 84 7.4 134 5.8 184 11.3 234 15.2 284 15.4 334 9.1

35 6.8 85 8.1 135 9.1 185 12.9 235 16.0 285 I16.1 335 9.2

36 6.3 &6 8.3 136 9.6 186 13.7 236 14.1 286 16.1 336 9.3

37 5.7 87 8.9 137 10.% 187 14.7 237 14.4 287 16.2 337 9.4

38 5.3 88 9.0 138 9.3 188 10.6 238 14.5 288 16,2 338 9.2

39 5.6 89 8.5 139 9.1 189 11.3 239 14.9 289 16,0 339 8.7

40 6.8 50 7.6 140G 9.1 190 11.3 240 14.8 290 15.3 340 8.5

41 7.6 91 7.7 141 2.3 191 it.5 241 15.6 291 14.8 341 8.6

42 6.8 g2 7.5 142 9.0 192 12.9 242 ie.3 292 15.8 342 8.2

43 7.3 93 8.1 143 10,1 183 14,3 243 14.5 293 15.2 343 8.0

44 7.2 94 9.1 144 11.0 194 11.7 244 14,4 294 15,7 344 8.3

45 7.7 95 9.7 145 9.5 195 11.6 245 14.7 295 15.6 345 8.3

46 8.7 96 8.4 146 2.1 196 11.5 246 14,9 296 15.7 346 7.6

47 2.1 97 B.1 147 4.0 197 12.0 247 5.1 297 15.6 347 7.4

48 7.3 a8 8.0 148 9.0 198 1z2.1 248 16.0 298 15.5 348 7.5

49 7.0 99 7.9 149 9.4 199 13.1 249 16.7 299 15.1 349 7.7

50 7.0 100 7.9 150 10.6 200 14.3 250 17.1 300 15.0 350 7.8

# With pumped-storage operations,
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Plate 11. Predicted release temperatures from Norfork Dam and
afterbay with proposed pumped-storage operations for E = 2.5
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Plate 12. Predicted release temperatures from Norfork Dam and
afterbay with proposed pumped-storage operations for E = 5.0
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Plate 13. Norfork afterbay release temperatures for E = 5.0
minus Norfork afterbay release temperatures for E = 2.5
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Plate 14, Predicted release temperatures from Norfork
Dam and afterbay with pumped-storage operatioms, 1975,
for E = 2.5, PBCOF = 0.0
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Plate 15. Predicted release temperatures from Norfork
Dam and afterbay with pumped-storage operations, 1975,
for E = 2,5, PBCOF = 1.0
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Plate 16. Predicted Norfork afterbay release temperature,

PRCOF = 1.0, minus predicted Norfork afterbay release
‘ temperature, PBCOF = 0.5
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Plate 17, Predicted historical release temperature routed downstream to
the site of the proposed afterbay and the predicted afterbay release
temperature with pumped-storage operations



APPENDIX A: DESCRIPTION OF WESTEX THERMAL MODEL

Simulation Model Description

1. Downstream release characteristics and internal structure of
temperature within a reservoir are predicted with a numerical simula-
tion model. The model, hereinafter identified as WESTEX,* was developed
by the U. S. Army Engineer Waterways Experiment Station (WES) based on
results of Clay and Fruh (1970)*%*, Edinger and Geyer (1965), Dake and
Harleman (1966), Bohan and Grace (1973), and Dortch el al. (1976).

Introduction

2, The reservoir is conceptualized as a number of homogeneous
horizontal layers stacked vertically, and the heat sources and sinks to
a general layer are represented as shown in Figure Al. The temperature
history of a general layer is obtained by solving conservation of mass

and energy equations. The governing energy equation is:

%% %o n o af O 1P 4 o
ot AAZ AAZ A 3 oz A 3z pCp A 32
where
6, = temperature of layer, °F
t = time, days
i = inflow temperature, °F

= flow rate into layer, ft3/day

A = horizontal cross-sectional area, ft2
AZ = layer thickness, ft

= outflow temperature, °F

= outflow rate, ft?/day

Z = elevation, ft

% Bruce Loftis, "WESTEX, A Reservoir Heat Budget Model' (first draft),
U. S. Army Engineer Waterways Experiment Station, CE, Vicksburg, Miss.
%% See REFERENCES at end of main text.
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Typical layer in one-dimensional description
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k = vertical diffusion coefficient, ftz/day
Q.. = net vertical flow into or out of layer, ft3/day
p = density of water, lb/ft3

C_ = specific heat of water, Btu/1b/°F

jus]
]

external heat source, Btu/ftZ/day

Appropriate boundary conditions must be supplied for inflow and outflow
rates, inflow temperatures and for surface heat exchange at the air-
water interface. Solution of Equation Al for each layer through time
yields the dynamic vertical temperature distribution of the xreservoir.
Fundamental assumptions and the various processes employed to solve this

equation will be discussed in the following section.

Fundamental Assumptions

3. Reservoir hydrodynamic phenomena and a thermal energy balance
are used to predict temperature profiles and release temperatures in the
time domain. The model includes computational methods for simulating
heat transfer at the air-water interface; advective heat due to inflow,
outflow, and pumpback processes; and the internal diffusion of thermal
energy. The model is conceptually one-dimensional based on the division
of the impoundment into discrete horizontal layers of uniform thickness.

Assumptions include the following:

I

Isotherms are parallel to the water surface both laterally
and longitudinalily.

b. The water in each discrete layer is physically homogeneous,

&. Internal advection and heat transfer occur only in the
vertical direction,

d. External advection (inflow and outflow) cccurs as a uni-
form distribution within each layer.

e. Internal dispersion (between layers) of thermal energy is
accomplished by a diffusion mechanism that combines the
effects of molecular diffusion and turbulent diffusion.

4., The surface heat exchange, internal mixing, and advection
processes are explicitly computed and their effects are sequentially

introduced during each time-step. A simplified flow chart of the
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mathematical simulation procedure is presented in Figure A2. Each of

these processes will be discussed.

Surface Heat Exchange

5. The net heat exchange at the surface is composed of seven heat
exchange processes:

. Shortwave solar radiation.

=

. Reflected shortwave radiation.

. Long-wave atmospheric radiation.

1 |0

Reflected long-wave radiation.

Heat transfer due to conduction.

{=n |@

Back radiation from the water surface.

Heat loss due to evaporation.

ke

6. The surface heat transfer process is solved in the WESTEX model
by an approach developed by Edinger and Geyer (1965). The thermal
equation quantifying the net surface heat exchange (after some lineariza-

tion) is:

HS =K (E - GS) (42)
where
H_, = net rate of surface heat transfer, Btu/ftz/day

K = coefficient of surface heat exchange, Btu/ftz/day/°F

E = equilibrium temperature, °F

0y = surface temperature, °F
Equilibrium temperature is defined as that temperature at which the net
rate of heat exchange between the water surface and the atmosphere is
zero. The coefficient of surface heat exchange is the rate of heat
transfer at the air-water interface. The computation of equilibrium
temperature and heat exchange coefficient is based solely on meteorologi-
cal data as outlined by Edinger, Duttweiler, and Geyer (19€8).

7. The components of surface heat exchange, with the exception of

shortwave radiation, are immediately absorbed at the surface or in the top

Ab
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few feet of the lake. Depending upon the color and clarity of the water,
shortwave radiation penetrates and increases the temperature at greater
depths. Based on laboratory investigations, Dake and Harleman (1966)
have proposed an exponential decay with deptﬁ for describing the heat
flux due to shortwave penetration., This approach is used in WESTEX.

8. The surface heat exchanges are implemented in the model by the
placement of varying percentages of the incoming shortwave radiation in
each layer of the lake and by the placement of all other sources of sur-
face heat exchange inte the surface layer. The shortwave radiation is
distributed exponentially, so that most is absorbed in the tep layers
and relatively little is absorbed in the lower layers. The procedure

can be expressed mathematically by the following two equations:

H, =K (E-0) - (1-8)y (A3)
-Azi
Hy = (1 - B) Ye (A4)
where
HS = heat transfer rate into or out of the surface layer,
btu/ft/day
2
H, = rate of heat absorption in layer i , Btu/ft” /day
8 = percentage of incoming solar radiation abscrbed in surface
layer
y = total incoming shortwave radiation rate, Btu/ftzlday
A = light extinction coefficient, ft_l
z. = depth below surface of layer i , ft

i
Both B and ¢ are numerical model inputs which are generally deter-
mined by calibration or through correlation with Secchi disk measurements
(Williams et al. 1980).

9. Equations A3 and A4 are applied omnce during each 1l-day time-
step. The net heat exchange rate into each layer is computed and con-
verted into a temperature change. The temperature changes are used to

determine an updated temperature profile for the lake.
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Inflow

10. The inflow process is simulated numerically in three basic
steps. The point of neutral buoyancy of the inflow is found, water in
the lake is displaced by and mixed with the inflow, and a new water-
surface elevation is computed.

11, The point of neutral buoyancy is found by a linear interpola-
tion or extrapolation upon the density profile of the lake. The inflow
volume is allocated to the layer of neutral buoyancy. The contents of
the layer of neutral buoyancy are then fully mixed with the inflow quan-
tity, thereby producing a volume-weighted average temperature for this
layer. If the inflow volume into the neutrally buoyant layer (layer i)
causes the physical capacity of that layer to be exceeded, the excess is
displaced upward at the mixed temperature of the inflow layer. This
displacement either flows into the next higher layer (i+l) or forms a
new surface layer (described in the next paragraph). If the layer of
neutral buoyancy is below the surface layer, the excess is fully mixed
with layer i+l and a new volume-weighted temperature for that laver is
produced. This process continues in this sequential fashion until the
introducticn of the excess volume from one layer into the next highest
layer does not exceed the physical capacity of the upper layer. In this
manner increments of inflow, whose magnitude decreases with increasing
distance from the inflow layer, are distributed from the inflow layer to
the surface.

12, If the inflow current is found to be an overflow (the inflow
density is less than that of the surface layer), the inflow quantity is
mixed with volume of the surface layer, If the inflow quantity exceeds
the volume of the surface layer, the excess forms a new surface layer at
the mixed temperature of the inflow layer. The addition of the inflow
quantity in any manner results in an increase in the surface elevation.
A corresponding decrease in the surface elevation occurs as a result of

the outflow simulation process.
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Internal Mixing

13. The internal mixing process 1s represented by a mixing scheme
based on an integral emergy model (Ford 1976). The model assumes the
lake to be composed of a well-mixed upper region (epilimnion) overlying
a stable lower region (hypolimnion). The depth of this well-mixed upper
region is determined by comparing the available kinetic energy influx
from wind shear to the work required to lift an incremental volume {a
layer) of water from the stable lower region to the center of mass of
the well-mixed region. If the available kinetic energy influx is greater
than the computed work required for mixing, the two volumes are mixed.
The available kinetic energy influx is then reduced by the required work
plus dissipation due to viscosity and internal wave effects. This dis-
sipation term is computed from the Richardson number formulation devel-
oped by Bloss and Harleman (1979). Conversely, if the work required to
mix the volume with the well-mixed region is greater than the available
kinetic energy influx, no mixing occurs and the depth of the well-mixed
region is established as its present depth.

14. Mixing in the hypolimnion is approximated by an eddy diffu-
sion approach. A diffusivity coefficient of approximately 10 times the
molecular diffusivity coefficient was used in this approach which
accounted for the effects of molecular diffusion, turbulent diffusion,
and additional internal processes not explicitly addressed. This value
has been investigated in a number of studies including Bloss and

Harleman (1979).

Outflow

15. The outflow component of the model incorporates the selec-
tive withdrawal techniques for orifice flow developed at WES by Bohan
and Grace (1973). Transcendental equations defining the location of the
zero—-velocity limits are solved iteratively. The zero-velocity limits
are functionally dependent on the release flow rate and the intake

density structure. After determination of the withdrawal limits, the
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outflow withdrawal profile and the flow-weighted release temperature

are computed. The change in the internal heat budget is then computed
to account for the vertical advection resulting from the specified out-
flow. 1If multilevel ports are open, then a flow-weighted relative
velocity profile is computed independently for each port, and the veloc-
ity profiles are superimposed on the basis of a controlled shift of

the withdrawal limits in the zone of overlap to achieve a total relative

velocity profile.

Operation Schedules

16. Generation and pumpback flows change markedly in a single
simulation day. Since the rate of these flows affects withdrawal and
pumpback characteristics, it was not adequate to use daily averaged
flows at Norfork Lake to accurately simulate generation and pumpback
operations. Daily average flow routings usually are quite adequate for
less dynamic reservoirs. For this model, the generation and pumpback
schedule was approximated by the weighting procedures discussed in para-
graphs 21 through 23 of the main text, The model can handle several
different flow conditions within a day. The day number, modes of opera-
tion (generation or pumpback), flow rates, and durations of flow are

input for each day that a change in the operation schedule occurs.

Afterbay

17. The afterbay is modeled numerically by maintaining heat and
water budgets. The afterbay is assumed to not be vertically stratified.
This assumption is supported by previous physical model investigations
(Fontane et al. 1977, Dortch et al, 1976). Each of the pumped-storage
projects studied previously has an afterbay deeper and larger than the
proposed Norfork afterbay. It can be assumed that if the larger after-
bays do not stratify vertically then the smaller Norfork afterbay will
not. However, even though vertical temperature gradients may be insig-

nificant, longitudinal temperature gradients may exist which could
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affect the afterbay release temperature. Two extreme conditions may be
assumed for the quantification of these longitudinal temperature gradi-
ents: (a) plug flow (maximum longitudinal temperature gradients due to
no longitudinal mixing); and (b) fully mixed (no longitudinal temperature
gradients with complete longitudinal mixing). Plug flow was assumed be-
cause: (a) it resulted in a worst case condition (maximum warming) for
afterbay release temperatures; and (b) it provided estimates for after-
bay release temperature considered more accurate for the long, narrow
configuration of the Norfork afterbay. A sequential solution was used
to approximate plug flow. Initially, it is assumed that the afterbay is
continuous and homogeneous. Once during each day of simulation the
volume of water in the afterbay is adjusted to account for (a) Norfork
Lake generation volume that is not pumped back, (b) pregeneration after-
bay volume that is pumped back, and (c) afterbay volume that is released
downstream., The net contributions of the generation volumes from Nerfork
Lake at their respective temperatures are added to the postpumpback o
afterbay volume and a volume-weighted average temperature for the after-
bay is computed. The daily surface heat exchange is then introduced by
applying Equation A2 to the afterbay surface area and a new afterbay
temperature is computed. This temperature in the afterbay is assumed to
be the downstream release temperature for that day of simulation. This
order of individual computations can be shown to approach the analytical

solution for plug flow for the Norfork afterbay.

Pumpback Temperature and Entrainment

~18. For the numerical simulations it is necessary to define the
temperature of the volume pumped from the afterbay to the lake. If
generation does not occur on the same day that there is pumpback, then
the temperature of the pumpback volume is defined to be the temperature
of the afterbay. However, if generation occurs prior to pumpback on a
particular day, then the temperature of the pumped volume is determined
by mixing a selected volume of pregeneration afterbay water and water

released during prior generation. The pumpback temperature is computed
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as a volume-weighted average of the two temperatures. A weighting fac-
tor, designated PBCOF in the model, is used to express the percentage of
total pumpback volume that is contributed by the generation process.
19. The pumpback process within the reservoir is represented in
the model with three components--entrainment, mixing, and placement.
Entralnment is expressed as a percentage (designated E) of the pumpback
volume. The entrained water is withdrawn from the lake according to
a specified vertical distribution and numerically mixed with the pump-
back volume at its temperature. This total volume of water at its
weighted-average temperature is placed in the lake at an elevation cor-
responding to neutral buoyancy. The percentage of entraimment is re-
quired as input data for the model. Roberts* has suggested that a nor-
malized entrainment distribution {as shown in Figure A3) could be used
to characterize the entrained flow. 1In the absence of a physical model
to delineate the appropriate description, the normalized entrainment

distribution of Figure A3 was used in this analysis. The temperature
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Figure A3. Normalized ewvtrainment distribution of pumpback jet
for Norfork Lake (as suggested by Roberts)

%* P. J. W. Roberts, personal communication, Apr 1981.
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of the entrainment volume is computed from a weighting of the entrain-

ment distribution and the in-lake temperatures.

Routed Release Temperature

20. In order to more realistically evaluate the warming of re-
leases from the afterbay for proposed pumped-storage operations (Phase 2)
at the Norfork project, predicted afterbay release temperatures were com-
pared with predicted temperatures of historical releases from the exist-—
ing conventional hydropower operations (Phase 1) which were routed from
Norfork Dam to the site of the proposed reregulationm dam. These histori-
cal releases were routed to this point, which is the point of release
from the proposed afterbay for Phasé 2, to show the expected natural
warming of releases from Norfork Dam that could be expected without addi-
tion of an afterbay.

21. For the historical conditions, temperatures within the reach
between the Norfork Dam and the proposed reregulation structure were

assumed to be governed by the one-dimensional (longitudinal), energy

equation
%UE; v % =B : g B KAy(g HVE) (A9)
3 P
where
T = cross~sectionally averaged temperature
t = time
U = cross-sectionally averaged velocity
X = longitudinal distance
EL = longitudinal dispersion coefficient
K = surface heat exchange coefficient
A = surface area
E = equilibrium temperature
vy = specific weight of water
C = specific heat of water
3 = volume of reach
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29, Tor an advection-dominated system with steady-state condi-

tions, Equation A% becomes

(2T _KA(I-E)
% Y Cp v

(A10)

Defining © = E - T , and applying the following boundary conditions at

Norfork Dam (x = 0) and at the reregulation structure (x = L)

at x =0 T = To

E - To

@
Il

and

at x =L T=T

1
=E-~T
BL E 1
the solution of Equation AlQ becomes
KA
YCPQ
TL = (TO - E) e + E (All)
where
To = temperature of release water at Norfolk Dam
TL = temperature of water routed to the reregulation structure

Q

and all other variables are defined by Equation A9. Equation All was

daily average release flow rate

used to predict the temperature of releases at the site of the proposed

reregulation structure.

Density Stability

23. Cooling of the lake surface causes a density instability and
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results in convective mixing within the water column. Stability is
checked by searching adjacent layers from bottom to top, comparing den-
sities. If a density instability is identified, the two unstable layers
are mixed, and the mixed density is compared with the density of the
layer above the mixed region. If an instability still remains, the
layer above the mixed region is included in the mixed region, and the
process continues until stability is achieved or the surface is reached.
By mixing layers above an instability, it is possible to create an in-
stability below the mixed region. If such an instability is detected,
then mixing prpceeds downward until stability is achieved or the bottom

is reached.
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