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Abstract

The Vermont Yankee Nuclear Power Station (Vermont Yankee), an elgetierating
station, is located on the Connecticut River in Vermont above the Vernon Dam.
Vermont Yankee uses a sophisticated cooling system that varies from an open cycle,
oncethroughcooling water configuration to a closed cycle, cooling tower configurat

that recirculates the cooling wateilts cooling system operatios based on river flow

and temperature.In support of a request to increase discharge temperature limits
during the summer period pursuant to a 316(a) of the Clean Water Act, thiswsiad
conducted to assess the thermal discharge from the plant and its effects on the River
using a statef-the-art, general curvilinear boundary fitted hydrothermal computer
simulation model. The unique aspect of this model application was the timeagvary
pool flow of the receiving water caused by hydropower generating activity. The flow
varied onl- to 4-day time scales with the diurnal being the most predominant. The
pool response did vary widely during differemieasurementperiods, however,
sometimes with tidal(diurnal) regularity and other times witthe diurnalcomponent
being only a small portion of largenulti day variations.

A field program collected data from a set of continuous monitoring thermistors from
May through October 200 the tiver with primary focus on the plant thermal plume

The data also included river flows and water temperatures obtained from permanently
deployed instrumentkcated both upstream and downstream of the plantuaed in

Ver mont Yankeeobs oqlératorn and wesification éxercisesouded
data sets acquired in August and Junkily 2002, respectively. The August calibration
period was chosen to be representative of warm river temperatures, low river flows and
relatively regular water level vations. The Juné July verification period was chosen

to include warmer river temperatures occurring during fishway operations at a
downriver dam. Results of the calibration and verification indicated that the model
predicted both river flows and temptmes well. The flow predictions for the
calibration and verification periods were very successful, exhibiting RME and ECV
values less than 3% and 4%, respectively, which were smaller (better) than U. S. EPA
guidance levels (30% and 10%, respectively). r€ations between theflow
predictiors and observations were excellent, withvalues of 0.92 and 0.98 for the
calibration and verification periods, respectively, which were larger (better) than the
guidance level of 0.88.

The calibration results indated that temperature predictions were also good. Best
results were obtained at the upper layerd weresomewhat reduced with depth.
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Squared correlation coefficients at the surface were usually larger (better) than the U.
S. EPA guidance level of 0.7ut the correlations became smaller with depiine
averagesurfacer? value was 0.74while the overall average was 0.6However,
averageRME and ECVvalues were 1.5% and 2.7%, respectivedyaller (better)
than the EPA guidance levels (25% and 45%, rdésmdyg) and suggesting that the
predictions throughout the water column were acceptablee validation results
indicated that the model performed excellently in simulating the thermal conditions of
Junei July 2002. The temperature predictions shoaedverageRME valueof 2.1%
compared to the guidance level of 258 averagdCV valueof 3.7 compared to

the guidance level of 45%), araverager? of 0.91 compared to the guidance level of
0.71. Based on the successful calibration eewfication the moel wasthen used for
predictions under selected plant and river conditions.

Two sets of scenario simulations were performed for the August and Jwhe periods

to investigate the effect & proposed nevd.6 °C (1 °F) increase itemperature limits
within the portion of the lower Vernon Pool affected by the Vermont Yankee discharge
during the summer permit compliance period and during the period of fishway operation,
respectively. For the August period, a 0.6°C (1°F) increase from [22Af to 1.7°C

(3°F) resulted in a marginal increase in the temperature of the water column. For worst
conditions occurring only 1% of the time, 30% of the volume increased by 0.3°C (0.5°F)
and 20% increased by 0.4°C (0.7°F). For typical conditions occurring 50% trinthe

30% of the volume increased by 0.2°C (0.4°F) and 20% increased by 0.3°C (0.5°F).
Similar results were obtained for changes in bottom aneaor the Juné July period.

Based on the hydrothermal modeling results, a 0.6°C (1°F) increase inrifie lpeit
from 1.1°C (2°F) to 1.7°C (3°F) resulteddim minimushanges in the thermal structure of
the lower Vernon Pool.

Introduction

Entergy Nuclear Vermont Yankee, LLC (Entergy VY) owns the Vermont Yankee
Nuclear Power Station (Vermont Yankee), alectricgenerating station located in
Vermont, on the Connecticut River (River) above the Vernon Dam, a hydroelectric
facility owned by PG&E National Energy Group. Vermont Yankee uses a sophisticated
cooling system that varies from an open cycle, géhoeugh cooling water configuration

to a closed cycle, cooling toweonfiguration that recirculates the cooling water. Its
cooling system operatias based on river flow and temperatuie. support of a request

to increase discharge temperature limisiiy the summer period pursuant to a 316(a) of

the Clean Water Act, Applied Science Associates, Inc. (ASA) was contracted through
Normandeau Associates, Inc. to assess the thermal discharge from the plant and its
effects on the river using a staieéthe-art, boundary fitted computer simulation model
accepted by the United States Environmental Protection Agency and numerous state
regulators.

The purpose of this study was to determine what effects, if any, the increased Vermont
Yankee thermal dischargeom 1.1°C (2°F) to 1.7°C (3°Ryould have on the thermal
structure of the river, particularly during the late summer period of low river flow and



warm river temperatures. The study included a field program (i.e., collection) component
to characterize the ghical thermal regime in the Vernon Pool. A hydrothermal modeling
study designed to characterize the circulation and temperature distribution in the River
followed. The modeling study was designed to evaluate the potential effects of Vermont
Y an k e e 6sed ingreasepoo the temperature distribution in the river under expected
and worstcase conditions.Detailed information about the study, including results from
the field program, application and calibration of the hydrodynamic model is found in the
project report (Swanson et al., 2004).

Description of Study Area

Vernon Pool is located on the Connecticut River and situated on the Vermont and New
Hampshire border. The entire pools8 km (31 mi) long, 770 m (0.48 mi) in maximum
width, with a surface aa of approximately 1000 ha (2480 acjnean depth o m (13

ft) and a total volume o040 x10° m® (14 x10°ft%). The area of interest for this study is

the lower portion of the pool including the area from the Vernon Dam at the southern
extent to 7.2 kn{4.5 mi) north. The volume of théower Vernon Poglshown in Figure

1, is approximately 5.4 xfam® (0.19 x18ft%) with a surface area of 131 ha (324 ac) and

a maximum depth df2 m (40 ft)
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Figure 1. Lower Vernon Pool on Connecticut River showig location of Vernon
Dam and Vermont Yankee.

Vermont Yankee is located about 840 m (0.5 mi) north of the Vernon Dam on the west
shore Figure 2). The plant discharges heated water with a maximum heat rejection of
1,100 megawatts (MW) thermal (in June 206&% example), by taking relatively cool
river water from an intake structure 570 m (1,870 ft) north of the discharge. Rigure
shows the plant in the foreground and the Dam in the background.



The Connecticut River flows, and therefore the flows throtigh Vernon Pool past
Vermont Yankee, are highly regulated by hydroelectric generation activities both
upstream and downstream from Vermont Yankee. Five hydroelectric dams and three
storage dams exist on the matem Connecticut River upstream from Varridgam, and

there are three hydroelectric dams and one pursfmege facility downstream.

Di

scharge

Figure 2 Aerial view of the Vermont Yankee plnt Iookin south with the intake in
the lower center and the discharge to the left. The Vernon Dam is shown in the
background.

Vernon Station, a 26 MW hydroelectric generating facility located orvérenontside

of the 366 m (1,208) long Vernon Damgan use uf@80 m*/s (10,000 fi/s) of flow for
generation When river discharge e&eds this capacity, the station generates
continuously and the surplus flow is spilled from crest gates or deep gates. rivénen

di scharge is |l ess than Vernon Stationbs cap:
the Vernon Damand is controlledby the facility. The stipulated minimum flow at
Vernon Station is 35 ifs (1,250 fi/s). This situation leads to two characteristic patterns

of regulated discharge: one of high and gradually varying flow, and one of daily cycling
between minimum and capity flows characterized by rapid transitions. This pattern
exhibits similarities to a tidally varying flows will be shown below Vernon Station
operates a fish ladder and a downstream fish passage conduit to facilitate both the



upstream and downstmapassage of anadromous fishes, including Atlantic salmon and
American shad.

Field Program

Spatial and temporal variations in the thermal structure of the lower Vernon Pool of the
Connecticut River were monitored using Onset StowAwaibiT® 32K tempeature

data loggers during June through November 2002. These temperature loggers have a
manufacturer 6s r ep o r4tCaok37@ecanadsauapatedeaccracy oh n g e
+0.4 C. All of the temperature loggers were set to record data at simultafieeus

minute intervals.The sensors were located 0.3 m (1 ft) below the surface, at mid depth,
and 0.3 m (1 ft) above the bottoifwo strings of temperature sensors were deployed in
close proximity to each othet 11stations inower Vernon Pool for redwancy (Figure

3, right panel).Water depths at the stations ranged from 1.5 to 12 m (5 to 40 ft).

The stations, shown in FiguB are referred to by transect (F was the most upstream; C,

D, E were the most downstream, respectively) and by station mufiig. Station
numbers were also assigned systematically, with stations 1 and 2 being the pairs of
temperature sensors located proximate to the Vermont shore, stations 3 and 4 were in the
center of the channel, and stations 5 and 6 were proximate kethédampshire shore.
Upstream control stations (F1/F2 and F3/F4) were located to eliminate the influence of
the discharge, while the remaining transects were at or downstream of the Vermont
Yankee discharge.

® C5/CB

* D102

® E5/ER

Figure 3. Location of thermistor stations for long-term thermistor deployment. The
left panel shows the dwer Vernon Pool and te right panel is a detailed view of the
pool between Vermont Yankee and th&/ernon Dam.

Data from the thermistor arrays, which were setrdoord temperatures atrbinute
intervals, were downloaded on a weekly basis. These raw data were then filtered with a

of



3-hour lowpass filter and subampled at hourly intervals. Theh®ur lowpass filter
was a centered-Bour moving average. This is appropriate dataonditioning step
because the model input data is on a-looer timestep and the model therefore cannot
simulate processes that occur at time scalésssfthan one hour.

Figures4 through6 show representative time series of the riedrstructure at stations
F1/F2, C1/C2, and E1/E2, respectively, which are the westernmost stations on each
transect from upstream to downstream. Each figure shows the redundant thermistors at
the three depths. Figure(stations F1/F2) shows the thernstilucture upstream of the
intake and discharge. The effect of diurnal heating, particularly in the surface layer, is
readily noted. The bottom layer shows the gradual heating of the River for the first five
days followed by a cooling trend. The redumdthermistors generally track each other
very closely.

Temperature Time Series Data at Thermistor Stations F1 and F2
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Figure 4. Temperature time series for stations F1/F2 showing observations at
surface, mid-depth and bottom.

Figure5 (stations C1/C2) shows a transecttloé thermalstructure at the outfall. The
structure is significantly different from the upstream stations F1/F2 due to the effects of
the plant discharge. Both the surface and-dagdth layers show the diurnal cycle of
discharge flows with temperatures higher thaishs F1/F2vhich will be shown below

in the discussion of plant loading to the rivéhe bottom layer temperatures, however,
are similar to those at stations F1/F2.

Figure6 (stations E1/E2) shows the thermal structufekm (0.3 mi)ddownstream of the
plant discharge. The diurnal cycle from both the plant and natural heating is still evident
in the surface and midepth layers, although reduced from statiGifC2. The bottom

layer has increasdzbtween 0.3 and 1 %lie to vertical mixing



Temperature Time Series Data at Thermistor Stations C1 and C2
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Figure 5. Temperature time series for stations C1/C2 showing observations at
surface, mid-depth and bottom.

Temperature Time Series Data at Thermistor Stations E1 and E2
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Figure 6. Temperature time series for stations E1/E2 showing observations at
surface, mid-depth and bottom.



Hydrothermal Model

BFHYDRO, astateof-the-art, boundanfitted computer model (Swanson et al, 1989;
Muin and Spaulding, 1997; Huang and Spaulding, 1995) was used to predict pool
elevations, flow, velocities, and temperature distributiomsthe Vernon Pool. The
boundaryfitted model matches the model coordinates with the shoreline boundaries of
the water body, accurately representing the study areaappisachalso allows the user

to adjust the model grid resolution as desaadis cansistent with the variable geometry

of the local shoreline features of the Connecticut River. Development of the boundary
fitted model approacim BFHYDRO has proceeded over the |asb decads (Spaulding,

1984; Swanson et al., 1989; Muin, 1993; and Huamg) Spaulding, 1995). The model
may be applied in either two or three dimensions depending on the nature of the problem
and the complexity of the study.A detailed description of the basic model with
associated test cases can be found in Muin and Spayl®97).

The basic equations are written in spherical coordinates to allow for accurate
representation of large model areas. The conservation equations for water mass,
momentum (in three dimensions) and constituent mass (temperature [heat] ahg salin
form the basis of the model. It is assumed that the flow is incompressible, that the fluid is
in hydrostatic balance, the horizontal friction is not significant and the Boussinesq
approximation applies.The BFHYDRO model is part of the WQMAP syst€mSA,

1996, Spaulding et al., 1999) which includegralding module, WQGRID, aollutant
transport model (BFMASS) and a geographical based interface which allows model
results to be overlain on maps, charts or aerial / satellite photogtapfailitate
interpretation

The environmental heat transfer model at the water surface contains a balance of the
important terms governing the flow of heat including:

1 short wave solar radiation

1 long wave atmospheric radiation

1 long wave radiation emitted from the wasurface

1 convection (sensible) heat transfer between water and air

1 evaporation (latent) heat transfer between water and air

A detailed description of the equations used for the environmental heat transfer model is
given in Swanson et al. (2004).

Application to the Vernon Pool

Grid Generation

The first step in generating a grid is to define the study area of interest, e.g., the Vernon
Pool in the Connecticut River above the Vernon Dam. Experience with previous model
applications suggests that open bouregashould ideally be located away the specific
area of interest at natural constrictions, since there will be no significant lateral
variability. This principle suggests that the model boundaries be located at the Vernon
Dam and Bellows Falls (Figufd.



The full grid covers a 50 km (31 mile) extent of the Vernon Pool, with a total of 3131
water grid cells in each of 11 sigma layers. The grid is finer (20 m x 20 m [65 ft x 65 ft])
in the area near the Vermont Yankee discharge to better resolve theirogation and
thermal plume. The grid upstream from the lower Vernon Pool is purposely coarse to

minimize the model computations required yet still provide accurate downstream
predictions.
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Figure 7. Model grid for the Vernon Pool study area:

Bathymetry

A depth value must be assigned to each cell in the model grid. The bathymetric
soundings from a field study conducted in June 2002 with associated latitude and



longitude for the area were combined into a digital data set. Each grid cell was
automaically assigned a depth value by interpolation from the data based on a distance
weighting algorithm for soundings close to the grid location. Once the bathymetric
measurements were applied, the WQGRID result shown in Fsgues generated.
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Figure 8. Model bathymetry of the lower area of the study domain.
Boundary Conditions

The model calibration was conducted foir 24 August 2002, while the verification was
performed for25 June- 9 July 2002chosen for warmest low flow conditions and fish
migration, respectively This section describes boundary conditions including
atmosphericconditions river flow and temperature conditionand plant operations
required for model simulations of the calibration period, August 2002, when the flow was
most tidallike.

Meteorological data for this study derive from two separate souvéesl speed and
direction were measured at a meteorological tower located at Vermont Yankee.
Observations of air temperature, dew point temperature, relative humidity and
atmosphac pressurewere obtained from the National Climate Data Center for the
weather station at the Orange Municipal Airport in Orange, MRigure 9 shows
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atmosphericconditions for the first week of the August 200Zhe daily variation
generally continueshtoughout the week with temperatures dropping up téCl8uring
the last few days.

Figure 9. Time series of atmospheric parameters for the first week of the
calibration period, August 2002.
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