ABSTRACT

FRICK, KONOR L. Modeling and Design of a Sensible Heat Thermal Energy Storage
System for Small Modular Reacto(&/nder the direction ddr. J. Michael Doste)

The contribution of intermittent (renewable) energy sources such as wind andatlaues to
increase asenewablesmprove in efficiency and priepoint. However,since renewables have grid
priority the variability of renewablegenerateadditional challenges for the electric gidthe form of
rapidly varyingnetelectric loads

Proposed options for accommodating thetload have included operatimgiclear reactors a load

follow mode, or operating the reactor at or near steady state and bypassingliséedi)n to the
condensemBothstrategies result in lost energy potentimaddition to lost energy potentiddad follow
operationresuls in increased stresm the fuel and other mechanical components. A more attractive
approach is to operate the reactor at or near steady state and bypass excess steam to a thermal energy
storage systenT he thermal energy can thée recoveredater, either for electric generation during

periods of peak electric demand,for use in ancillary applications such as desalinatiodchilled

water productionSuch systems are known as nuctedirid energy systems (NHESJarious methods

of Thermal Energy Storage (TES) can be coupled to nuclear (or renewable) power sources to help
absorb grid instabilities caused by daily electric demand changes and renewable intermittency.

Sensible t¢at Tlermal Energy Storage is a mature technology currently ussmanenergy systems
This research focuses on the design and coupling of such a sySeraltdodular ReactoSMRS,
typical of Integral Pressurized Water Reactor (IPWR) designs currardbr ulevelopment.

The goal of theoupledsystenis tomatch turbine output witlemand, bgass steam to the TES system

for storage and maintain reactor power at approximately 100%. Simulations of the NHES dynamics
are run in a higifidelity FORTRAN modédeveloped at NCSU. Results revaaknsible heat storage
system is capable of meeting turbine demand and maintaining reactor power constant, while providing

enoughthermal energy to operate the TES system as an electric or steam peaking unit.
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Chapter 1 Introduction

1.1 Current State of Grid/Hybrid Energy Field

Renewable energy teobliogies continue to become matradive with improvements in efficiency
and pricepoint. However, the variabilityof renewablesreates additional challenges for the electric
grid. The most commoforms ofinstalledrenewable energy are wind and sol&ind and elar energy,
while zero carbn footprint energy sourceBave energy outputs whiaannotbe directly controlled
and insteadre subject to the variabilifpundin nature Thisimpliesthe energy production side of the
equation is no longer 100&spatchablend depending on the asant of solar and wind installed on
the grid could mean large, uncontrolled variations in energy producTiois can leado mismatches
between energy demand and energy produdiaosh ultimatelysysteminstabilities andblackouts.
Furthermore, the integtion of renewable energy can leadot@rgeneration potential as shown in
Figurel.l. This overgeneration potential can lead to negative electric prices where the ufibitgasl

to pay customers who are viilf to take the power produced. Negative prices occur when large
amouns of inflexible power generatioaccursimultaneously with londemand 1]. This phenomenon

occurs more frequently when a large amount of intermittent renewable energy is introdheegtiah t

Net load - March 31

2012

{ectual]

2013 [actval)

Megowalts

ramp need
~13,000 MW
in three hours

2014

W 2015 ¢
) .

018 2017

2019

; / 2020
overgeneration
10,000 s
risk

120m Jom Gom Pom 12pm ipm bpm Ppm

Figure11l: A Duck Curveo from substanti al renewddll e energy (sol a

It is likely thatbase load plants will still be required to maintain our current lifedtidavever, as the

penetration of renewabléscreasesbase load plantaeed to be more flexible in their operation as



illustrated inFigure1.2 andFigure1.3. Figurel.2 givesa representative logutofile for a hot summer
day in an area with mixed commercial and residential characteri§dcsFigure 1.3 shows
representative energy profiles fwind and solaf4] andthe energy outpuequired of glantoperating
in load follow mode i65% ofthe peak energy demand candrevided by standard base loadits
Without a plant designed to mitigate tload variability,the base load plants woubged the abilityo
quicklyincrease and decrease powen example of the relative load profile that mightexperienced
by the base load plants wig5% renewable penetration is illustratedrigure1.4.
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Figure 1.2: RepresentativePeak Summer Day Load Profile[2]
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Figure 1.4: Peak sunmer day including intermittent generationof up to 35% penetration.

Under these conditions, the reactor can be subjected to significantatiymegvelectric loads. Options
for accommodating this load have included operating nuclear reactors in a load follow mode,

operating the reactor at or near steady state and bypassamg directly to the condenser].[Both

or



strategies result in lost ergy potential. Load follow operation can also result in additional stresses on
the fuel and other mechanical components. A more attractive approach is to operate the reactor at or
near steady statend store/use the excess energy in either a thermalyesiemgge unit (TES) or
alternative applications. Suslistems arknown as nuclear hybrid energy systems (NHE®¢grated

nuclear hybrid energy systems involve the desigtegration and coordinated operatiohseveral
complex, standalone systems. Tdomtrol algorithms involved are unigue to each application and the
particular design of the component$HES architecturecan include process steam applications,
thermal energy storagand the presence of intermittent enesgyirces such as wind and solan

example NHES is shown fRigure1.5. Potential alternative energy applications for excess power are

considered below.
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1.2 Candidate Ancillary Energy Applications

A benefit of NHES systems the ability to store and use excess energy from the re&atancillary
applications However, not all ancillargpplications are created equally. Some require process steam

at high pressure and temperature, others require process steam at low pressure, and some only require
electricity. This makes the selection of ancillary applications both region and NHES powee so
specific.Applications considerefibr usein this studyinclude desalination of brackistater seawater,

hydrogen production, and chilled water productising absorption chillers
1.2.1. Desalination ofBrackish/Sea Water

A promising alternative energypglication is the desalination of sea water. This would be a particularly
usefu application in areas such as Southern California or th&h®esern United States where
availability of potable drinking water is aimcreasingconcern.To ensure adequate W supplies,
desalination plants areeing brought onlingreatty in Southern Californiawith the most recenin
Carlsbad near San DiegoDecember 201§7], [8].

MULTI STAGE FLASH DISTILLATION
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Figure 1.6: Example of a multistage flash desalination plant P]

For desaliation plants with a capacity 4000 ni/d and abovehe two main desalinaticiechnologies
are multistage flash desalination (MpE69%) and reverse osmosis (RM3%) [10]. The process
mechanics and energy requirengenf the two are vastly different. Multistage flash desalinaigon
based on heating seawatenibrine heater to around-900 degees CelsiusThe hot brine then enters

a flash chamber which is held at vacuum. Since the water entearnthambeis abwe the boiling



temperature at vacuurpart of the water flashds steamThis steam rises to condensing ceilsere
it condenses into fresh water. A diagram of this process is showgure1.6.

Reverse Osmosis is the maimguetitor to multistage flash desalination. The RO process works by
passing water at high pressures through fine membranes thatllont water molecules to pasd
typical RO plant works in two stages, the first being a matment stage where chloriaed other
chemicaladditives are used t@move biological organisnandcontrol both the pH and hardness of
the waterThe water ighensent to the membrane filtration systesmerehigh pressure forces the water
moleales through the membranes i@oinner collection tubg11]. A representative diagram of an
RO system is shown iRigurel.7.
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Figure 1.7: Example of a Reverse Osmosis (RO) plaft1].

MSF isa proventechnologyfor water desalination. It is simpleandextremely reliablgorocesghat
requiresno moving parts other thaggumps. Unfortunately MSF is more energy intensive than current
RO plantsrequires a diregteamconnection to the power plardrd typically runs at full capacity to
limit potential system instabilitigd 2]. Thesechallengedimit MSF applications when steam shedding

is being used as a load leveling strategy.



Reverse Osmosis has the benefit@misunmg less energghanMSF. RO #so0 does not needl direct
steam connectioto the power plant as it only requirekectricenergyto run pumpsand has simple
start/stop operatingapability[12]. Since RO is operated in modulgsperation can be staged to take
advantage of available e2€s energy instead of the all or nothing operation of M&Ese properties
makeRO a highly attractive secondary energy application for hybrid energy technologies.

1.2.2. Hydrogen Production

Excess thermal and electrical energy can be used for a wide raaljeroative applications. One of
the most intriguing currently is hydrogen productidhe anticipated development and deployment of
fuel cell technologyand infrastructurénto the transportation sector will create substantial additional
demand for hydrgen.One of themotivationsto switch to ehydrogen based infrastructure is to reduce
greenhouse gas (GHG) emissions. Howevgnjficant GHG reduction will only occur if the hydrogen

is produced frm carbonfree source

Currentlargescalehydrogen poduction isaccomplishedoy stripping hydrocarbon fuelia steam
methane reforming [13]In stearmethane reforming, methane reacts with steam in the presence of a
catalyst to produce hydrogen and carlmoonoxide I n a s ub-gas shiiteeaction i whter
carbonmonoxideand steam are reacted usangatalyst to producsarbon dioxide antydrogen.

Steam methane reforming reaction

CH,+H,O + (heat)- CO + 3k
Water-gas shift reaction

CO+HO- CQ +H (+small amount of he

A byproduct of this reaction 80O;, which does not meet the GHG reduction standastizblished in
the Paris agreemerit4], [15]. Fortunately, an alternativedean source of hydrogen, meanaayoCO»
emissiors, comes from the disassociation of watéo lmydrogen and oxygen via eledirsis. Currently,
there are two ways of disassociating water via electrolgsis/entionallow temperatureglectrolysis
and High Temperate Steam ElectrolysifHTSE) [16]. HTSE is ~40% more efficient than
conventional electrolysiBut requires temperatuwef ~ 800°C [16], [17]. HTSE uses approximately

79% electrical energy and 21% thermal ener@y.[1

A case studyecently compited byNuScale[16] to establish a baseline cost for producing hydrogen
viathe HTSE proces§l6] showed tht one 160MWth NuScale module could optimally produce 1,310



Ib/hr of hydrogen using one matched HTSE modilee hydrogen would b89% purewith no
greenhouse gas emissiofifie results of the economic analysis showed natural gas reforrnunige

more ecaomicaldue to natural gas costs and twerallmatuity of reforming technology. However

it also statedhata coupled hybrid technology plant for hydrogen production could become competitive
as a result ofdifferent economic factors including increaseatural gas prices, carbon emission

penalties, and optimization of the HTSE process.

1.2.3. Chilled Water Production

Chilled water is used in large manufacturing facilities, college campuses, and district heating and
cooling sysems to satisfy cooling demand3uring warmer months of the year, a large portion of a
facilityds electricity demand i -sondganinge(HWC)ed fr o
equipment. Because building cooling loads regularly peak during the early to late afternoon hours, the
HVAC equipment is sized to accommodate these peak loads. At night or during early morning hours
when cooling loads are low, excess chiller capacity exists. Moreover, these facility cooling loads often
coincide with peak electricity demands, thereby puttimgher strain on utilities. TES, in the form of
chilled-water storage, is a way to combat peak cooling loads by shifting them frpeadirio offpeak

hours[19].

Stratified chilledwater storage tanks have emerged as an effegiven for storing chilld water R0].

In a stratified chilledwvater storage tank, warm and cold water are stored in the same vessel with no
structural interface. Instead, dferences in density between cold and warm water cause a thin
thermocline, or sharp temperature gradieatfdrm. Excess chilled water, produced when facility
cooling demands are low, is deposited in the bottom of the tank via diffusers. Because the tank is a
constant volume device, charging the tank with cold water means simultaneously removing warm water
from the top of the tank to be sent to the chillers. Conversely, discharging the cold water to be used
during times of peak facility cooling loads results in warm water being deposited in the top of the tank.
Therefore, a fully charged tank implies the tasmkuill of chilled water, while a fully discharged tank

implies the tank is full of warm water.

A previous case study examined using stratified chilater storage in conjunction with centrifugal
electric chillers to offset cooling loads synonymous wilarge office spee or college campus in a
NHES[2]]. Results demonstrated that chillwdter storage can shift cooling loads to-péiak hours

and help promote more steashate reactor operatig@1]. Another option for cooling water involves

the use okingle effect, lithium bromide absorption chillers, which use steam less than 205 kPa (15

psig) or hot water and the affinity between an absorbent and a refrigerant to create a chilling effect.



Absorption chillers become particularly attractive when a®of waste heat that would normally be
rejected to the environment or some other low temperature sink is available. In a NHip&deure
steam can be divertddom wasteheat reservoirs or low pressure sections of the energy conversion

cycle to absorpon chillers to make chilled water for facility cooling.

1.3 Region Selection

Since renewable energy tends to be highly region spetifis important to determine the sio
economically feasible regian which to buildanuclearmybrid energy systenthreepromising regions
for deployinga nuclearnybrid energy systemarepresentedbelow.

1.3.1 Southern California

The implementation of auclear hybrid energy systemalies on three things: Bufficientrenewable
resourcegwind, solar, etc.)2) ause forthe excess energy, arg) availability of enegy transmission

lines to supplyustomers. The California Renewable Portfolio Standard set a goal of 33% of electricity
generation to come from eligible renewable resources by PZR0Currently Californialeads the

nation in energy production from solar and biomass further evidence oftheir commitment to
renewablesCaliforniarecently completedonstruction otheword 6 s | ar gest sThd ar t he
Ivanpah Solar Power Facilitiocated in San Berndino Countybecame operationain February 13,

2014and iscapable of producing upwards of 392M\28]. Excess energgeneratediuring times of

nonpeak demand or times of high renewable output could be put to use by desalination plants or for
hydrogen poduction.

As of February 2014there were 17 proposed desalination plants in Southern California[24jne
With the population density amdcentextreme drought experienced in this atba need for potable
water is undeniable. Unfortunately, desdiioa of ocean wateis an extremely energy intensive
process that uses on average 15J086hr of power per million gallons of fresh water producEis

is compared to an estimat&3008,300kW-hr for potable water production lwastewater treatment
[25]. Theenergy intensiveness of desalinatmeateopportunites for hybrid energyplantsnot only
from an efficiency standpoinbut also from thenvironmentaktandpoint ofittle to no added carbon

emissions.

By 2020 automakers expect to have thodsasf hydrogen fuel cell based vehiclesCalifornia[26].
This transition to a hydrogen fuel cell based infrastructure will require hydrogen production facilities.

Theability to produce hydrogeduring times ofow electric demand woulddd valudo thefacility.



Finally, Southern California ispgradingtheir grid transmission system. The recent installation of an
extra 800 MW of transmissionnks across southern Californtannectingrenewable rgources in
southeast Californieo San Diego is a majstep[27].

1.3.2 Southwest

Renewable energyesources in the southwest includénd, geothermaland solar photovoltaics.
Ari zona <currently has the one of t he worl dbés
County, AZ completed in 20128]. With furtheraddition of photovoltaic facilities a stronger caaa ¢

be made for an integrated nucleanewable system as the demand for grid fléiggbincrease.

Asin Southern Californiadrought conditions in the southwest illustrate the need for adalitonrces
of potable waterWhile current resources from the upper Colorado RiverrBaig sufficientrecent
studies have showthis water supply to be dwindlinf29]. With increasingpopulation density and

droughtlevels not seein 1,250 year$29], the need for potable water is real.

The availability of tansmission liness anotheradvantage theouthweshas ovemther regions. Due
to the possible closure of existing coal platiie availabiliy of existing gridinfrastructure and the
need for remcement generatiowould beconducive to installing an integrated nucteamewable

system.
1.3.3 Agricultural Midwest

The Agricultural Midwest is considered to be the best opportunity for integrated nresteavable
systemsat presenf30]. The region has abhdant wind energy suppligeroughoutthe Great Plains.
Second tdl'exas,lowa is the leading producer of wind energy in the ngtgdih. This combined with
the recent closures of coal fired power plants in the Midy&%t could lead to a highetemand ér

renewableenergy,making integrated nucleaenewable systems moreratttive

Renewable eneyg technologiescombined with industrial processes such as ammonia/fertilizer
productionlendsadditional benefit to these systerBairing times of peak wind aput or lowelectric
demand excess capacitycould be derted to ammonia productionAn existing transmission
infrastructureleft over from coal plant closuredso makes the Agricultural Midwest an extremely

attractive option for these integrated nuclearewable systems.
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1.4 TES System @nfiguration

Thermal Energy Storagd ES) systems have been proposedtore energyluring periods of excess
capacityandhavealready been employed in concentrated solar plants in thievessern U.S.[33].
Thermal enggy storagecan be classifiethto threemain types; sensibleeatstorage thermochemical
storageand latenteatstorage Sensible heat storage (SHS) systems work by raising the temperature
of astoragamedium usually a solid or a liquidrhestorage raterials undergo no change in phase over
the temperature range of the storage prockgpood SHS materialhas highheat capacityrelative
molecular stability and durability over themperaturerange ofinterest Latent heatstorageis an
approximately sothermal process whidcbkesadvantage of thleat of fision of the storage material

as it changes phasehermochemical storagea newer technology that relies on heat to drive reversible
chemical reactionf34].

For theapplicationproposed here, assible heat system was chos€his allowsfor the simplebypass
of steamto an intermediate heat exchangehjch transfers thermanergy toathermal energgtorage
fluid. A two-tank direct system was choseior this work The twotank system can acconodate
molten salts or synthetic oils that are highly stable oveexpectedoperating range of thgystem.
Currently, the twetank storage system is the mostnmercially mature technolog$4].
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Chapter 2 Reactor Simulator

2.1 Simulator Design

The target SMR in this work is an Integral Pressurized Water Reactor (IPWR) with operating
parametersimilar to those of the ntver reactor proposed by B&W35JB Operating parameters are
given inTable2.1. IPWRs are characterized by having all major primary system components (core,
steam generators, pressurizetc.) contained within the reactor vessel. A diagram of a typical IPWR
is given inFigure2.1.

RCPs Pressurizer RCPs

RCP Inlet Plenum t RCP Inlet Plenum
A —R ;{/)/-
v
e
Steam Generator Tubes | :‘Z Steam Generator Tubes
\]\‘ Ve =
| f
} \\
f !
CRDMS
Upper Internals
Downcomer Downcomer

Core

Figure 2.1: Representative Integral Pressurized Water Reactor
For the IPWR considered in this work the steam generators are a typical once through design, with
steam generator pressure control via the turbine control valves (TCVs) located between the pressure
equalization header and the high pressure turbine. Feealcesives modulate such that feed flow

rate matches a feed demand signal that is proportional to the turbine load plus a skemauttest
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turbine output matches load. Steam generator level (boiling length) is allowed to float. In order to
simulate the dyamics of an IPWR system, NCSU has developed high fidelity simulation tools for
predicting the dynamic response of IPWR systems under normal androfal conditiong36] [37]

[38] [39]. The reactor simulator is capable of simulating IPWRs operating fioied and natural
circulation conditions. Additional features include: a) reactor kinetics with overlapping control rod
banks, Xenon, fuel and moderator temperature feedback, b) decay heat, c) hot channel models including
Critical Heat Flux and peak fueenterline temperatures, d) pressurizer with heaters and sprays, €)
conventional and helical coil Once Through Steam Generators, f) Balance of Plant and g) associated
control functions. Models exist for IPWR concepts spanning a range of thermal ountglutding

designs similar to the Westinghouse IRIS, B&W, mPoaed NuScale reactor concef85]. Primary

loop nodalization is illustrated iRigure2.2.

Table 2.1: SMR Design Parameters

Parameter Value

Reactor Thermal Output 530 MWt

Electric Output 180 MWe

Primary System Pressure  14.134 MPaZ050 psia
Core Inlet Temperature 296.6'C (566'F)

Core Exit Temperature 321.6'C (611'F)

Core Flow Rate 1.361 Mkg/hr 80 Mlbm/hi)
Steam Pressure 5.7 MPa 825 psia

Steam Temperature 299.4C (571%)

Feed Temperature 212.2'C (414%)

Steam Flow Rate 0.953 Mkg/hr 2.1Mlbm/hr)
Number of Tubes 7048

Tube Material Inconet690

Tube Inner Diameter 1.328 cm Q.523 inches
Tube Outer Diameter 1.745 cm Q.687 inches
Pitch 2.093 cm 0.824 inchep
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Chapter 3 Thermal Energy Storage System

Sensible heat storage involves the heating of a swliiquid without phase change and can be
deconstructed into two operating modes: charging and dischargtag-t&nkthermal energy storage
system is a common configuration for liquid sensible heat systems. In the charging mode cold fluid is
pumped froma cold tank through an Intermediate Heat Exchanger (IHX), heated, and stored in a hot
tank while the opposite occurs in the discharge mode. Such systems have been successfully

demonstrated in the solar energy fiebddedload management strat¢g$].

3.1 Connection Point

The performance of a Thermal Energy Storage (TES) System is a strong function of the connection
point to the secondary side of the IPWR. For plants incorporating Once Through Steam Generators
(OTSG) the turbine control valves (TCVs) act assgure control vahgto maintain Steam Generator
pressure at a given set point. Showrrigure 3.1, Turbine Bypass Valves (TBVs) can be configured
such that bypass steam can either be taken off the steam lihe ptessure equalization header
upstream of the turbine control valves (Aux 1), downstream of the turbine control valves prior to
entering the high pressure turbine (Aux 2), or at some low pressure turbine tap (Bi@aB)off-take
upstream of the TCVgrovidesapproximately constaisteam conditionbut the system is only able to
bypass ~50%ominalsteam flow before losing pressure cont&hould moresteam flowbe desired

then placing the taps downstream of the TCVs is an option that has no stedimifiation. However,

steam conditions downstream of the TCVs are a strong function of the load profile. Taking bypass
steam downstream of the turbine control valves can result in highly varying steam pressures and
temperatures and unacceptably low IHXégsureskurther if the TBVs are placed downstream of the
TCVs then TBV operation must be uniform to maintain symmetric operation of the TEdsthe
sensible heat TES system assumed here, it isatétio have roughly constant steam conditions since

the shell side pressure in the Intermediate Heat Exchanger directly affects the TES fluid temperature
leaving the IHX and ultimately stored in the hot tank. This makes taking bypass steam from the pressure
equalization header upstream of the turbinercbnalves the preferred operating mode.
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Figure 3.1: Bypass Steam Options

3.2 Charging System Design

The charging mode configuration of the proposed Thermal Energy Storage System is shown in the
boxed regionbFigure3.2. An outer | oop interfaces with the
through four parallel auxiliary turbine bypass valves connected at the pressure equalization header,
each staged to open atcertain percent of the maximum auxiliary flow demand. Bypass steam is
directed through an intermediate heat exchangeuhimdately discharged to the main condenser. An
inner loop containing a TES fluid consists of two large storage tanks along wétalspumps to
transport the TES fluid between the tanks, the IHX and a steam generator. Flow Bypass Valves are
included in the discharge lines of both the Hot and Cold tanks to prevent deadheading the pumps when
the Flow Control Valves are closed. Comnid&®s fluid properties are given frable3.1. Thermino}

66 is chosen as the TES fluid in this work as it is readily available, can be pumped at low temperatures,
and offers thermal stability over the rang@¢ - 343C) which covers the anticipated operating range

of the TES system (283 - 260C). Molten salts€.g.48% NaNO3 52% KNO3) were not considered

as the anticipated operating temperatures fall below 28#C freezing temperaturpt0]. Other

beneits of using Thermineb6 include itsMaterial Safety Data SheeMEDS) classification as a
nonhazardous materifdl]. In addition, as hydrocarbons do not readily exchange hydatgpans

with other materials42], tritium migration would be mitigated ihe rare event simultaneous leaks in
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the steam generator and an IHX tube allowed activated primary water to mix with the TES fluid. In

this event, the TES tanks would act as holding tanks for the activated water.

Table 3.1: Properties of Possible TES fluids at ~260 degrees Celsius (500 degrees Fahrenheit)

Heat Transfer Boiling Point (‘) Heat Storage (W*hr/m®t) | Operating Range (€)

Fluid

Therminol®66[43] | 358 (678F) 1039 (576.9%*him™¥) | -2.7 to 343.3(27 F to 650'F)
Therminol®68[44] | 307 (586%F) 1013 (563.03v*hr/m*¥) | -25.5 to 36014 F to 680F)
Therminol®75[45] | 342 (649F) 992 (551.54v*hr/m®¥) | 79.44 to 385 (174 to 725F)

The TES system is designed to allow the reactorrt@ontinuously at ~100% power over a wide range

of operating conditions. During periods of excess capacity, bypass steam is directed to the TES unit
through the auxiliary bypass valves where it condenses on the shell side of the IHX. TES fluid is
pumped fom the Cold Tank to the Hot Tank through the tube side of the IHX at a rate sufficient to
raise the temperature of the TES fluid to some set point. The TES fluid is then stored in the Hot Tank
at constant temperature. Condensate is collected in a Hdied@v the IHX and drains back to the

main condenseror can be used for some other low pressure application such as chilled wat
production desalinationor feedwater heating The system is discharged during periods of peak
demand, or when proces®ain is desired, by pumping the TES fluid from the Hot Tank through a
boiler (steam generator) to the Cold Tank. This process steam can then be reintroduced into the power
conversion cycle for electricity production or directed to some other applicatmmtihthe Pressure
Control Valve (PCV) at the exit of the steam dome. While the boil&igare 3.2 implies a Once
Through Steam Generator (OTSG) design;Bulble design could just as easily be substituted. Peessur
relief lines connect the shell side of the IHX with the condenser to prevent over pressurization of the
heat exchanger during periods of low condensation rate. A nitrogen cover gas dictates the tank pressures
during charging and discharging operation.

Note: Tank sizes are a direct function of thesignedpT bet ween t he Hot Tank a
achieve smaller tank si zes ColdTankandHatank.t he desi gne
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Main Steam I I

Intermediate
Heat
Exchanger
(IHX)

Reactor Vessel

i
o

Feed Flow

Condenser

Feed Control Valve

Figure 3.2: Schematt of an IPWR connected to a twdank sensible heat thermal energy storage system, charging

mode

3.2.1. Charging System Model

The time dependent behavior of the TES systembisined by solving mass, energy and simple

momentum balances on the Shell sifi¢the HX (Outer Looyp, and the Tube side or Inner Loop.

System Equations for Shell Side (OQuter Loop)

Energy Equation
d(ru)

IHX T = a mrB\/n hse - mle hr 'é. TQRM th .QHX (31

For n=&afBdémaly2, €, m

Mass Equation
dr

Vle E = a r'an\/n 'me -é. m>Rv" (3.2)
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Momentum Equations

2
L( Kravine T K TBY, ) Mgy

PHDR = PIHX ' (3.3)
2N, T
K i + K o) AT
Ple — PCond _,_( ACVline - ACV) IHX (3.4)
2'AsACV/‘f
_ _I_(KPRVIine+ K PR%)mZPRM
Ple - Fg:ond ' 2 (3.5
2ADRerg
StateEquations
l‘:xﬁll‘+g% (3.6)
ru = a.g +g%l,bl (3.7
Equations for tube side (Inner Loop) charging mode
Hot Tank Mass Balance
dM . dH
dtHT =M = TESAHTFHT (3.8)
Cold Tank Mass Balance
dMm . dH
dtCT = s Prefcr dtCT (3.9
Momentum Equation
Koo + Ko )P
PCT + leump o (+FCV S FCVIIne) TES (3.10)
2'%:CV,’TES
Hot tank energy balance
dT,; _ .
M H1Cp dt - mTEstTlmgxit -(UA HT( Tir _TAma (31)
Hot Tank Pressure
Pqr=rRT; (312
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Cold Tank Pressure
Rer =7 rRTer (313
The heatransfer rate from equatiB.1) can be written as

QIHX = (UA)|HX (Tsat _TI'ES) (314

where Tres is the average TES fluitemperaturewithin the IHX. Toobtain the average TES

temperature we solve a simple energy balance on the fluid

: dT,
rnTESCp d-l:s = (UPW)|HX ( Tsat - TTEQ
UP
dTI’ES :( . W)IHX (Tsat _TTES) TTES -Q(Tsat T_TE;
dz Mes C, dz L
UA
where, b= ( - )'HX
mTESCp
dT, b
ﬁ + _LTTES :_L[lrsat
bz zp & . ® &
TTES(Z)eL = Tg -|ﬁETsate dZ YTFES(Z)eL :-Il-c T-satej
0 0
Lbz e &z
Tes(@)=Teet 41 et (315

Now defining T resas

_ 1t
Ties = L ﬁTTEgz)dZ

0

where the TES fluid temperatuis fromequation(3.15)

bz T - &
(€ - dz +T fa‘ eff d

0

1
TTES = E

O:#l_
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_ i -
TTES_Tsat %rﬁ - dz
0
L
o [T T)aL g2
TTES_ sat L 695 8
O

Rearraging gives the final equation.

_ To- T,)
T..=T (‘—“1 1 e? 3.16
TES sat b { } ( )
Further,the determination oQ,HX requireshe UA valie

2pnL
— (3.17)
1,18 0.1
he kot 2he

wherean averageondensation heat transfer coefficiermssumed for the shell side of the form

UAHX =

1
re\ k- gaghlfgk? AQC (3.18)
¢

and T, satisfies

KresNU.
=—=— (319

Ny =maxg0.023Re" Pr' 4.6l (3.20)
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In the equations abeyn = number of tubesl; = tube inner radiusl, = tube outer radiug = tube

thermal conductivityl.= tubelength,andd = tube outeloliameterandTCl =inlet temperature from cold

tank Equation(3.20) ensures noizero heat transfer coefficients during periods of zero or very low
TES flow rates.

3.2.2. Charging SystemSolution strategy

The TES system modalequires solvinga system ofhonlinear equations. Theolution method is

outlinedbelow.

Shell Side of IHX

A semiimplicit time discretization is chosen for the shell side equations of the form

Energy Equation

eru” - o U . . i vos e )
Vi ] Dt Fa B\IZ HSG B mle‘)t(lﬁ -a rh>RtM [th QH) (321
| Yy n m

For nztlvadémnlpw.zyé,m

Mass Equation

0 .. wD sk .
l,:l'a BY, ''IHX 'arﬁbR\g1 (322
Y n m

Momentum Equations

.o \t+D
_L(KTBVIine +K TBY, ) (mTBy)

Flor = Flax' " (323
HDR IHX ZAEBVH r .
.o \t+D
t+ D _ t D_I_(KACVIine + K ACV) (m IHX)
P = Feona ™ 2 (3.24)
2'A‘ACVr f
.2 t+ D
t+D_ pt D_._(KPRVIine+ K pw)(m pRM)
Pioc = Feona 2 (325
2A°R\4nr g
State Equations
t+ D — #Dt,t+0Q t + Dt
reP= @t R a gt (3.26)
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-\‘tDt t+tDt Dt t+ t
= a ¥ a Y, (3.27)

Theseequations are nonlineartine new time valueg\pplying a Newtorlteration yields the following
linear equations in theew iterate (k +1) values

Energy Equation

Eru™- o U .. .. . . .
Virx 1 o a B{/n HSG - rTJfH—illx hf a rﬁDFl;M th Gng (3.28)
| Yy n m

22 k+1_ /L g . ) .
Vi T FA M, - A, (329
| Dt y n m
Momentum Equations
K ine +K . + 5 .
Rl = Pl | TBZV'AQBVH,:BV)(Z o ks Mg, (3:30
pti =g Lo o) o o ) o
2'A\ACV
K ine+ K + . .
i mmip A oy ), o
State Equations
= '( gaplt'x) = fQP”I-('X) +gk8ag(%x) 'f(FT.?x) (333
= n( 2P = (P )u(r) @, (#) y (m)u B) @39
=¥+ g8 H/‘ (3.35)
quag ) IHQ
rit= oo+ g5y p g MM (3.36)
g“’ag K IHg B k

Equationg3.28)-(3.36) can be reduced to a 4x4 matrix providing solutionshkc;%, a* ! q’,ﬁl,ﬁlxﬂ.

From thesevariablesdirect solves for the mass flows can be perforniBge equations are iterated to
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convergenckased on the maximurelative difference for any single variable between iteratidhge

converged values become the solution for the new time values.

Tube Side Equatiors:

Tube side Energy Equation

éTﬂxD - T|L|x f]
X exit exit i+ D # D y t-
Vie I 1esC Hes,}T g rT‘iTESC@ES{ TfIerxit - Tp} :QIH)( (3.37)
D ¢ _
|tH><D - (UA)|H>< (Tsat _T(TEE)E (3.39)
_ T, -T UA)'
T'I'tI;SD: Tsamx ( saonb (‘1){1 e 9}1 b (._t+ D)le (339
I‘nTES CRES
Hot Tank Mass Balance
™ EHUP- HE
Mg =7 TP — I o (3.40
i
Cold Tank Mass Balance
™ EHSP- HL
- mtrEsID ad TESACT‘! <l Dt <L (341)
I !
Momentum Equation
2
Kt ( .t ID)
PP+ P SR S L (3.42)
PP 2'AY:CV,‘TES

Hot tank energy balance

eTI-tij—I' °- TIE|T

M tHTCp‘If Dt rﬁ;EgCPEs ( TIH;EXT - -FHTt) ° ¢ UAt HT( THTt : DFAm) (343
|

<G

Hot Tank Cover Gas

o
t+ D _ Fillgas,r

4 AHT (TanKieight_Ht;c'lpt)

(3.44)
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Cold Tank Cover Gas

t+D_ M 'g'”gaSCT
T A (Tank g, HEZ) o
Hot Tank PressuréState Equation)
Rt °= i R © (346)
Cold Tank PressurStae Equation)
Rer "= rer' Ry (347)

Note: For the charging modeold tank temperataris assumed at past tim€onversely, in the
discharge mode hot tank temperature is assumed at past time.

The tubeside equations also form a nbnear system that must be solved iteratively. A general
NewtonRaphson iteration for this system had poamargence characteristidse to the stiffness of
the system As an alternate approach, the dtpres were cast as a single Aarear equation in the
TES flow rate that could be solved iterativelyy Br e nt 0[46]. & hisgpoovided for m much

more robust search.

Tube side nonlinear searclstrateqy:

For a given guess at the neerate flow ratemts, thetube sideequationsare solvedn the following

order.

Average TES fluid temperature

t

Tk T (Tsaqu } T(i){l e-b} b il_iﬁ)i (3.48

TES Safix
b rnTE:S Bes

Energy equation inside tubes

V. .Cc 1T
k+1 1 inner TES" IHXg,
™ UAHX( saby TES) Hﬁ(TESC TCT + prESDt e
IHXExlt - V C ,- (349)
s k+1 inner “pres” TES
rnTESCﬁES + Dt
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Hot tank energgquation

M. .c T
K1 % + mlr(;CRES T:(H;Exn +UA—|T TAmb
Tir = (3.50)
M .C
m1lf+1c +(UA)t } HT ™~ pres
ES™Res HT Dt
Hot tank height
- K+l
+ Dt
Hiot = Ties Ryt (351)
TESAHT
Cold tank height
< K+1
a_ - D
Hit = Thes 2 4yt (352)
TESACT
Hot tank density
M2
k+1 Fillgas,;r
HT — k+1 (353
A—w (TankHeight _HHT)
Cold tank density
(o]
k+1 _ Fillgascy
cT — k+1 (354)
AbT (Tanlﬂ-(eight _HCT)
Hot tank pressure
Pl = r i RS (3.55)
Cold tank pressure
Pt = r &RTE (3.56)

The momentum equation issed to determine how closely the equations are satisfied with the guess

value of miiL
k+1
Keey (M)
k+1 1 FCV TES
P+ By Pt o, e (357
A:CVrTES
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When the error is wiinh some specified toleranteh e ( k+1) i teration val

values Otherwise a new guess value fon!t is chosera ¢ ¢ o r d i n galgdrithm Br ent o s

For this algorithm it imecessaryo bound the possible solution. To do this we consider atera
solution for the mass flow rate.

2rTEs(Ptc+TD+ IPpump pr)j
KFCV / AIZ:CV

The minimumflow possille is when the pressure of the cold tank is O lpkewise, the maximum

possible flow is when pressure in the hot tank is O pgsing the past time pressures as estimates of

the new time values, gives an estimate of the bounds for the new time #ow rat

sAt+ D

mTES -

(3.59)

2rTES(DPpump - P(HT)

Mres| (3.59)
= min KFCV / A12:CV
- t+ D 2rTES(P:3T+ [Ppum;)
Mres| vy (3.60)
KFCV AFCV

The nonlinear solver then does a number line search on a vatnpsuch that all of the equations
associated with the tube sidee satisfiedOnce thiszalue has been determinedf; is the solution for
t+ D

M5 . This value is directly substituted into thetube side equations to determine

t+ b t # Dyt t+Dpt t Dt 5 +D t t t
-I-IHxExit’THT ’HHT ’P|CT ’}:HT J }(::T lpHT lP)CT me l_TrES'

A schemati®of theThermal Energy Systesolution strategys illustrated inFigure3.3.

27

ues



— Time Advancement

W/

Advance Valves

Advance Shell Side of IHX

After Newton Iteration Converges Gives

[+Ar f+AL = [+ Al - [+AL - r+Ar - [+ AL
p T pu 00, Py My M yop: Mpgy

Advance Heat Exchanged Between Two Sides
Qi

Advance Tube Side of IHX

Nonlinear Search Gives

+ AL r+Ar r+Ar + AL [+Ar I+ Ar r+Af [+ Ar Arl+AL
Ty, - Ter -Hgr -Her 2 Par oPer -Par -Por 2T

Figure 3.3: Thermal Energy StorageSystemTime Advancement SchemégCharging Mode)

3.2.3. Charging SystemControl

The TES system has four sets of valves used to control system parameters: auxiliary bypass valves, the

TES flow control valve, the auxiliary control valve, and pressure relief valves.

The goal of the bypass flogontroller is to provide bypass steam to the TES system at a rate sufficient

to maintain the reactor at or near its nominal steady state value. The bypass valve controller generates
an error signal based on the difference between measured bypass fldvypasgsalow demand signal.

The bypass demand signal assumes the required bypass flow is proportional to the relative difference
between the nominal full power turbine output and the instantaneous electric load plus a correction term

(shim). The shim ternmodifies the demand signal such that reactor power is kept approximately

constant.
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— rT]Bypasgemand rr]Bypass

Signaly, = (361)
rnBypasgef m Bypasgs
: . WF [ ) W d :
rrbypasgemand = n‘LOminaI e = +Sh|rr+EE (362)
load
K i . ominal Q - Q D
Shinj.P = Shir, +-m" Qs - Ol (3.63)

QR)?ef

Flow from the cold tank to the hot tank is via a TES flow control valve. The TES flow control valve
operdes off a three element controller where the first error signal is designed to maintain the TES fluid
temperature leaving the Intermediate Heat Exchanger at some reference value. The second error signal
is designed to roughly match the heat input intoTB8 fluid with the heat bypassed to the IHX

Signal., = G Erroy +G Erro, (3.64)
T, = T,
Errorl - THX gyt THX Exitret (3.65)
IHXExmef
Error, = %ypass Mres

YPaSKef mTEﬁef

m]-E — r.nBypasgef (hStearrT h (P IH>))
s Cores (Tleerf - TCT)

is the reference design bypass flow rate for the IHX.

(3.66)

wheremg, ..

The auxiliary control valve (ACV) maintains IHX hot widlel. This valve operates on a three element
controller based on the level of the IHX and the difference in mass flows into antitbatlblX as
shown in equation€3.67)-(3.69) where G and G are error weighting gain§&ains were selected to

allow for smooth operation of the ACV over foreseeable operating bands

Signale, =GE, GE, (367)

E, = Level-Level, (3.68)

E2 = r-n)ypass -mAC\/ (3'69)
Pressure relief valves (PRVOs) have been instal

pressure reach an upper set point the valves will open and will not close uptiésbare falls below

a lower set point.
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P,-P
SignaLRv = _MX  WXsepon (3.70

lHXSelpolnl
The only parametersreictly controlled during charging mode operation of the TES system are the IHX
exit temperature on the inner loop and the level in the IHX. All other variables including IHX pressure,
tank levels, inner loop mass flow rate, and heat transfer across theréHthetermined from the mass,

energy and momentum balances on the system.

A stop valve (not shown) is placed in the flow

pressure and | evel stay bel ow desiogndteevck| s estetp @
exceeded the stop valve will c¢close and TES fluid
on | evel is TEStihhiedheobymeemfi s | ess than the t

3.3Discharge System Design

Additional models are required to simulate discharge mode operation where energy is recovered by
flowing the TES fluid from the hot tank, through a boiler, and back to the cold tank. For the
configuration assumed here, the TES fluid flows through the tigdgeas a Once Through Steam
Generator (OTSG) producing a saturated lieqagor mixture. This twgphase mixture flows to a steam

dome where the steam dome will separate the gas and liquiesratreintroduce the saturaséeam

into eitherthe energy coversion cyclefor electrical peaking or some industrial steam prodess.
electrical peaking, steam will reintroduced prior to the moisture separator before entering the low
pressure turbine. This allows the streams from the steam dome and highepnedsne © combine

andeliminate any moisture that may be present prior entering the low pressure.turbine

A schematic of the proposed discharge mode operation can be $égure8.4.
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Figure 3.4: TES Discharge Mode Configuration

3.3.1. Discharge System Model

A three equation Global Compressibility Model is assumed for the shell side of the steam generator,
where thermodynamic equilibrium is assumed between the ph@ikessteam dome model assumes
the vapor region is saturated and the liquid region is subcooled. A pump is used to provide

approximately constant flow between the steam dome and steam generator.

OTSG (Shell Side) Equation Set

Mass

gdr ¢
VSG%E é’r exitV exitAS@it = e in|e1Asg,;bt & (3.71)
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Energy

d(ru)
VSG[ dt ]+(/’U) it VexitASQ_x,t _( ,u)imetVinlet'A‘Sgﬁ,et =
sa, g "
- PSG{VExitpécExi[ _Vinletp§qnlet} o™ }%(u w Pl f)V Axseg
let
State Equations
r= u,P) or r=,4a fy
ru = fy,Py or u = aur+ . a
Steam Dome Equation Set
Ligquid Mass
gd(a r) ¢
VSDiM or rFDVFDA:D +%G (VSGAxsc
T dt i’
a VYA
- rISDVFCVAFCV l % - AxSG
r SG
Total Mass
édrg, 0
SD:,— ly,j-rFDVFDA:D + @GVSGAxSG - s FC\A Fcv a”f‘smaml
Total Energy
fd(ru),, #
Sl F etk o) Voho fke B s

) (flulso +PSD) Veev Arey (' g

53
+}e%(ufg -}PSEﬁ fg)

I ug P‘ég VgASteamIine

N

u

Vr A(SG l;l

¥

(3.72)

(373

(3.74)

(3.75

(3.76)

(3.77)
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State Equations

(& Ne= @ (Bso, Pep)
roo= @ Usp Psp) + gag(PS[)
I, = @ ((Usp, Rp)Usp + gaf P U,

Momentum Equations

2
Psp + I];)chv P 1 "Tsc( K FCVLinl(VF%)
2
Pso = Fler ¥ ISD( Kpoy K PCVLin) (V;)

Pyt P

cond

pFD PSD r-'l_cond( K FDCV K-FDCVLinl

(veo)’

2

PSG = I:)SD . SG( K S()

2
Equations for tube side (Inner Loop) discharge mode
Hot Tank Mass Balance
dMHT — r dHHT
dt ES TES" “HT dt
Cold Tank Mass Balance
dM¢; _ . dH
= T AT
dt mTES TES" 'CT dt
Momentum Equation
.2
P + [B) :P (5FCV2 + KFCV2Iine) mTES
HT ® CT ) 2
P 2'%:CVZI‘TES

(379
(379

(3.80)

(3.81)

(3.82)

(383

(3.84)

(3.85)

(3.86)

(3.87)

33



Cold tank energy balance

dT, .
MCTC d(;T = M€ TOngll '( UA c{ TCT -T An)t (3.89

Hot Tank Pressure

Pqr=rRT; (3.89
Cold Tank Pressure

P, =rRT (3.90
3.3.2. Solution strategy

The TES discharge system model requires solving a system of nonlinear equations. The solution

method is outlined below.

Shell Side of discharge model

A semtimplicit time discretization ishosen for the shell side equations of the form shown below with

find nodes.

OTSG (Shell Side) Equation Set

Mass
\érTD- {‘ ﬁ t +ID #+D
VJ} Dt gfﬁmvjt A v - f 1;2\{ Vo 12 (3.93)
Energy
eéru’”- o O .
Vi\:, J Dt 3-ru1+1/2\{ w2l w2 T ’11i 1/2}} 2/2,A v —
ea % 1/, /2 (392)
* | .n
B Pt{V;ﬂI/DzA} /2 \% /2D 1/2} ﬁ Ugg L7 fg) V,Aqs U
Y2
StateEquations
— (ult -\‘t’DPI t) Dor ! +_Dt P t+t9, {-Dté (3.93)

4 PP 98 6wt 2Pat A t+Q+-gt &% tgjll’+t (3.99
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Steam Dome Equation Set

Ligquid Mass
ﬁ(a| ()HD' ( 14 )} ﬂ +
Vspi Dt o rFDV[FDDA:D +%G the
f fl (3.95
. aa g%
-r fsthch cv —— A&SG
r SG
Total Mass
ert®. F . . .
VSD:, = Dt = ngDVtFDDA:D + )éG\}S(;t DAxSG (SD\} FIC FCV I ygl ADSteam\ (396)
Total Energy
9fUts+DD /UtSD 0_ \}+ID t t 4D
VSD% Dt g(rFDuFD ) Ao (+ Mg %IZ) Vse As
( +P )t VD ( r Ut %D
1Usp SD FCVA:CV N gug P5[) Vg teamline (3.97)
t
eag t u
|, (ufg -H:)SIZ{7 fg) VrA<SG L;I
| r Yo
State Equations
t+ b [}
(a Ne = &° (s P (399
rest= &5 P By )R A (R (399
t+ b
(rusp)” "= &2 fuen P Vlisy * @ [Pgy) U (3.100
Momentum Equations
k+1 £ r_IIED ( K FCVLine) (VIFJ;CI\D/)2
o 5 (3.101)
(Vt+ ID)2
2 (3.102)

t+ D _ pt #D t
PSD PLPT o ISD( K pPCV K PCVLin)T
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2
t+ D
(v&o°)

I:3:0nd + IPpFD :E)tsi—D[D Iconc( Kt FDCV K tDCVLml 2 (3-103)
VP 2
Pl = oo ' K of L5 ) (3109

These equations are nonlinear in the new time values. Applying a Né&esation yields the following
linear equations in the neterate (k +1) values.
OTSG (Shell Side) Equation Set

Mass
B PR
Vij : Dt : gr}+1/2vjk ilz - f 1;2\{( 1/2 12 (3.109
Enegy
éru™- m 0
V IT] lj' ,+1/2 i ﬂ/2 /Ljf 1/2V 1/21 va =
y vy (3106
e €23 ( v
-P {\/j(+i/2A 4/2 \{(22 2} -ﬁ I % (ufg +PSG” fg) VrA(SG U
Y2
State Equations
If the node is subcooled the state equatiare
k
ro= ru, Rg) (3.107)
k
ru = (U, B u (3.108
=¥ +uw— +Pg’—“1 (3.109
qu“lul Kk s Hk
ru n
rat= o+ Lq’—”( ) +F§g’—‘(l ) (3110
IJuI K H k

If the node is two phase the state equations become
= ’( gapske) = fQP;G) "'kg%ag(gléc) (P@ (3.111)
= n( am) = (B)u(R) vga (@) u(B) ()Pl G2
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‘?4-qﬁL

ua,

"

R

k

rut= oo+ q

uag

k

k

Steam Dome Equation Set

t 1+ A
g Steam

Liquid Mass
& k+1 t 0
F(al ’f) '( |a|)r # +
VSDi Dt U—' rtFDVll(:Dl A:D + %G t(\)(Sé A S(
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reo= 4w P + '@ (KPP (3120
S@L“'\ # 1s5 j‘: (3121

= e (PLYU(P) i (P @122

rust = /ukSD + aéi’la(r—u) +PS§M ﬂ,SDaM (3123
Ha, k R k URL |
Momentum Equations
oo (K rovund) (258~ Vi)V,
Pk+1+ IPpFCV @gg _ILSD( FCVLlne)( \2/FCV VFCV)‘ FC\j’ (3.124)
2Vk+1 _ Vk Vk
I:)SI(I;:l I:)IfP*:I'tD 4 ISD( I<tPCV K PCVLin) ( . 2 g)‘ g‘ (3125)
2Vk+1 _ Vk Vk
Fz:tc:ng)-'- I:PpFD :Ei;DlJr r-il-cond( KtFDCV KtDCVLinl( i ZFD)‘ FD‘ (3-126)
k+1 _ Vk
Psk(;l F)Ist1L SG( K s<) ( )‘ $ (3.127)

Using the Newtositeration scheme, equations (4(4)14) can be reduced to a (n+2) x (n+2) matrix
providing solutiongor the new iterate (k+1) valuh‘%,,\/lﬁz \/;52, o Bl Py, where n is the

number of steam generator nodes. The remaining new iterate values can be obtained directly by back
substitution. The equations are iterated to convergence based on the maxinivendiélarence for
any single variable between iterations. The converged values become the solution for the new time

values.

Tube Side Equations

Tube Side Energy Equation

BT °-T 0 .
erTESCpTESJfT g’rﬁTEDS pTEéT tP-T ) =t1'jt (3.128
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o= (UA) (T *°-Ty) (3129

Rearranging

V. r-C
: TESt pTEST]t +(UA)tj TStGJ- ES pTES-F !

THP= (3.130)
] V.r..C t i
%‘)TES"' (UA)J- ESDCpTES
For node 1, T: = Tur
Hot Tank Mass Balance
8HP- Hi |
- = resPurl —Dt ar (3.131)
Cold Tank Mass Baince
eHYP- HL i
= rTESACT| % i (3.132
)
Momentum Equation
t . t+ D)2
gD Kchz (mTES) (3133

t+ D
I:)HT + [Ppumpz CT 2 2
A:CVZrTES

Cold tank energy balance

t \eTct$D'TéTCJ_ -|-t+tD -I-tt D t -rt+D-F
MCTCp :, T Dt 3’ ES ( oTSG: CT) CUA c( cT Ar)t (3139
Hot Tank Cover Gas
M |c=]||
riP= il (3139
" A—IT (TanK4eight -Ht;EIPt)
Cold Tank Cover Gas
[0}
t+ b _ M Fillgascy (3.136)

rCT - +
AZT (TankHeight _Htc$t)

Hot Tank Pressure (State Equation)
Rir o= ri R (3139

Cold Tank Pressure (State Equation)
R P rRT (3139
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The tube side egations also form a nalinear system that must be solved iterativeBimilar to the
solution strategy during charging mode operatibre, equations were cast as a single-ioear
equation in the TES fl ow r at e algohtmrf46].cThisprodidebe s ol v

for a much more robust search.

Tube side nonlinear search strategy:

Guessmi:s and solve the tube side equations in the following order

Vj rTESCpTESTlt + (UA)t_ TstG. TEsTk 1
K+l Dt ! ;o ©
T = Y (3.139
%NE% (UA)tj T8 Cores
For node 1, jl; = Tur
Cold tank energy
M (t:T TCT K+ k
K1 % + rnTElSCpES TOTiSQX, +UACTT Aml
Ter = i (3.140
K+1 t MCTCprEs
mTES + (UA) CT Dt
Hot tank height
k+1
Hit = mffi H (3.141)
TES" "HT
Cold tank height
k+1
N Dt
HS! = MhesDt -y or (3142
rTESACT
Hot tank density
M (0]
K+l _ Fillgas,;r
A—|T (TankHeight _HH'I%)
Cold tank density
¥ M Ein
= = (3.144)

AbT (Tanlﬂ%eight _HkC+'I%)
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Hot tank pressure

Pt = ARTY (3.145)
Cold tank pressure

Pt = r SERTY (3.146)

The momentum equation is used to determine how closely the equations are satisfied with the guess

value of misy

Lo \k+l
Klt:cv (mTES)
2
2'AY:CVZI‘TES
When the error is within some specified tolerance the (k+1) iteration values becerme t i me (t + @

k+1
F)HT + B,

e et error (3.147)

values. Otherwise, a new guess valuerfdi{ti s chosen according to Brent:¢

For this algorithm it is necessary to bound the possible solution. To do this we consider the natural

solution for the mass flovate.

2r PP+ P p.
m:'TESD: TES( HT pumg CTF (3149

K FCV / AiCVZ

The minimum flow possible is when the pressure of thetdndt is O psi. Likewise, the maximum

possible flow is when pressure in the cold tank is O psi. Using the past time pressures as estimates of

the new time values, gives an estimate of the bounds for the new time flow rate.

2rTES(DP 'PtCT)

s t+ D) pumg
Mhes] 2 (3.149
FCV AFCVZ
t
o t+ D o 2/‘TES(PHT-*- Ippumﬁ)
Mhes), . R (3.150
FCv AFCVZ

The nonlinear solver then does a number line search on a vatopéuch that all of the equations
associated with the tube side aatisfied. Once this value has been determind,is the solution for

mitP. This value is directly substituted into the tube side equations to determine the values at new

time.
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3.3.3. Control

The discharge modean be operated in two different modes. It can operate either as an electrical
peaking unit to supplement the electric grid during times of high demand, or it can be used as a source

of steam for ancillary industrial applicatiorBoth modes are considerelac h wi t h it sdé ow
control algorithms.

3.3.3.1.Electrical Peaking Unit

The electrical peaking unit contra@trategy assumes three control valves. A Pressure Control Valve
(PCV) on the steam dome to ensure constant pressure steam conditions in therseztor gg Feed
Control Valve to allow for level control within the steam dome and a Flow Control Valve on the tube
side of the steam generator to regulate the amount of TES flow from the hot tank to the cold tank. Feed
control is based on a standard thedement controller where the error signals are level and steam
flow/feed flow mismatch. The TES flow control assumes the TES flow required is proportional to
relative demand of the maximum design TES flow plus a correction term (shim). The shim term

modifies the demand signal such that the instantaneous electric load is met.

m

Signachz — Mres demand” TES (3.15))
mTESZ ref
. — A a Vvtarget 0 P
Mres demand— M 1es rdliy 8+m TES, (3.152
Q Peaking,, =
Kres, Mres, (Wagerw Wisonargd O
i+ D s TEShm = TESet arget discharg
rnTE%him - rﬁTE%him *+ W (3153
Peaking|,,

During times of discharge the reactor power is held constant by changing the feed demand on the

main system fed control valve that modulates flow through the main steam generator.

FeeQenna= Flow, — +Feedy, (3.159

emand —

Fee ;if]: Fee@him +KShimF|OWS(ﬁomma|(QRef- Qﬂr) ]
QRef

This modification allows the reactor to remain gbraximately 100 percent power while the thermal

(3.155)

energy storage system matches the demand of the turbine.
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3.3.3.2.Industrial Steam Production

As when configured as an electrical peaking unit, the control strategydigstrial steam production
alsoassumes thremontrol valves. A Pressure Control Valve (PCV) on the steam dome sosustant
pressure steam conditions in the steam generator, a Feed Control Valedfallewel control within

the steam dome and a Flow Control Valve on the tube side of the steamatgr regulasghe amount

of TES flow from the hot tank to the cold tank. Feed control is based on a standard three element
controller where the error signals ateam doméevel and steam flow/feed flow mismatch. The TES

flow control assumes the TE®Bw required is proportional to the maximum design TES flow plus a
correction term (shim). The shim term modifies the demand signal sudhé¢hastantaneous steam

demands met.

. i - Mo
SIgnaLCVZ — mTESZ demand TES (3.156)
mTESZ ref
é‘ r:n\‘Steamtar 6
. — get o,
Mhreso demana™ Mres e G 155, (3157
g teampeakref =+

t+ D _ rﬁT _I_KTESShimrnTE$ef ( rQteamtarget- mStea)w B
mTE%hlm - ESahim )

. (3.159
n%teampeakref

3.4 Charging/Discharge Cycle Realignment

Over the course of time, whether it is days, weeks, or months, there will come a point where the
discrepancy in time spent charging and discharging will causefdhetanks to fill while leaving the

other empty. Whethis occurs one of the two operating modes, charging or discharging, will need to

be suspended until such a time that the tanks levels have realigned. Options to mitigate such scenarios

are outlined below.

Scenario 1: Hot Tank is nearly fudind the sysim is charging

1. Decrease charging by decreasing the reactor power. This can be planned and does not require

switching to full load follow operation.

2. Should the Hot Tank fill up the pressure relief valves in the IHX will open when theaiap
between th Cold Tank and Hot Tamitoses shutting off TES fluid flow. Thus, all the bypass
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flow into the IHX will bypass through the pressure relief valves directly to the condenser,

allowing the reactor to maintaoperationat 100% power.

Scenario 2: Cold Tanis nearlyfull, and the system is discharging

1. Turn on additional peaking units. These can be smaller fossil fuel peaking units.

The mitigation of scenario 1 is easier in terms of infrastructure, especially if the system is deployed on
a constrained grid. Wh this in mind most of the systems presented will be designed such that more

time is spent charging than discharging when subjected to typical electric dgelant&c or steam)
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Chapter 4 Condenser Model

4.1 Design

The presence of the TES system places additional demands on the condenser, and its time dependent
behavia is necessary to predicwverall system performanc&he condenser model is sufficient to

handleall foreseeabl®perating modedncluded in the Condenser model are flows fromtthvbine

andtheTES systemds ACV and P R\pmvidetheliree varyong cbedensee r mo d -
pressure and associated system dynamiCendenser parameters fan mPower sized reactor/TES

system are giveim Table4.1.

O Q)

M ass Flows from Turbine @

i ass Flows from PRV

i ass Flows from ACY
Feed Flow Condenser

Cooling Water Mass Flow

Figure 4.1: CondenserConfiguration

QISR

g N
R

4.2 Condenser equation set
To model the Condensean equation satimilar to thatfor the Intermediate heat exchangeused.

Energy Equation

dru_ ..

Vcond T - an. r.nIHX h@HHx +r?. rnDR\{,'x hbHHx -I;é:murg(h ngh .Frkeed r@],f&Dnd . Q?or (4.1)

45



Mass Equation

dr _ :
Vcond dt a. mIHX + avayHX + anurg(h rﬂ:ee( (4-2)
I

State Equations
=@.rt+,4 4.3
ru=ang +,4y (4.9)

Differencing in time gives

vV eru”’- m Q_ t+IDH+tD + A M PPl t D th t+D °
cond : Dt g a IHX " o p, arﬁPR\{H>< % A a-rhurg(h xp r}Eleed I; tion (45)
er*®- Fa . vt e D el
Vcond | T ,E a rntIH)( + arﬁPRyH + a:TLllurg(h eec (4.6)
| Yy n |
State Equations
— +# Dt . t+ t + Dt
=a"rh g g 4.7)
/,ut+ a +# Dt t+tD t é t+ % t+ (4.8)

Assumingthe inlet flows and enthalpies are known, casting the problenNasvion Iteratiorngives

for the new iterate values

gru - m 0 LR H* t+ t o+ t+ "
Vo | —— 9: a i oH e+ an1 L amu@ R Rt Q. 49
éfk+1 = }- 0 + b e, + D -
Vcond |, Dt ,E a. rntIH)( + anﬁP + aﬁ[ur;(h ete( (4'10)
| Y n I

F'= A @Phu) = ([Phn) +i82d Plon) - {PE) (4.11)

s ap) = ) u(p) #fa () u(8) -(n) o £)] e
=+ qE-| —“1 4.13

guagk coff Rl (413)

rdt= oo+ gy g 414

quagk g k (4.14
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The system of equations can be rewritten as a direct solve for™, F2, (g’,aF{:ogg . Upon
convergence, the heat transfer rate for the next time s@p, ) can be obtained from

QCond = UA:ond D-n Where

DT _(Tsat' TCo\nqx.‘) '(Tsat Tcmm) (4.15

In ?Tsat - -I—Conqxi1 g

u
é sat TConqinlet C]

2pnL
U 4.16
Atond 1 1 ar O 1 ( )

—I
hr a‘? Ty

The heat transferoefficientsh. and h, are obtained in the same manner as in the internecllést

exchanger equatior§8.18) and(3.19).

It will be assumed that the mass flowte of the cooling water is constant and known along with the

cooling waterinlet temperature and pressure. TlgisesT, To calculate T, an energy

annlet

balance can be applied betweenttitee and shell side of the condenser.

t+ID

e Cond, can ﬁ + b y
VCondr rowC p‘ow,lf tu ‘ g’ CondC now{ TtCong‘t B TCorﬂqel} :QCor (4.17)
Rearrangingjives for Tooq
Tt VCondr flowC Biow
¢ .
t+ D QCond _I_rrkondcpﬂow TCan“e[ _LCOHCLXK Dt
TConde ' y (4.18
Xit Z Z
_VCondr flowC Riow .
Where,Z = —————" #1,,(C, .

Dt
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Table 4.1: Condenser Parameters fomPower sized Reactor/TES system.

Parameter Value

Design Heat Transfer Rate 530 MWt
Temperature of Cooling Water 10C (50%)
Volume of Condenser 215.4 M (7607 &)
Number of Tubes in Condenser 76824

Length of Tubes 7.34 me4.11)

Mass Flow of Cooling Water
Condenser Tube Inner Diameter
Condenser Tube Ouer Diameter

1.547x10 kg/hr (3.411 x 101bm/hr)
0.013 m (0.044 ft)
0.018 m (0.058 ft)
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Chapter 5 Flash Vessel Model

Once the bypass steam has been condensed in the Intermediate Heat Exchanger it is no longer useful
to the TES system, and would normally be directed to the condenser. However, for the systémg operat
parameters assumed here, this condensate is sitting at a pressure of approximately 4.82MPa (700psia),
making it high grade waste heat for other applications. To utilize this waste heat for low pressure
applications such as chilled water production citredensate from the IHX is dropped across a let down
orifice to produce a low pressure steam/water mixture. This two phase mixture is sent to a flash vessel
where the liquid and vapor phases are separated. The saturated steam is then sent to an ancillary
application to utilize the high grade waste heat byproduct produced in the TES system. A potential
configuration for chilled water production is illustrated Rigure 5.1, where the chilled water is
assumed to bsetored in a stratified storage taj¥7]. Other potential applications include using the

waste heat for desalination ior an additionafeedwater heatgrlaced at the end of tHeed train to

minimizefeed temperatureariations withturbine load.

Pimpulsel
Y
b
N
Y

T Chiller Line
Eed Chiller Valve  Pressure Control Valve

IHX
T ﬁ ~. % Vapor to Chillers

— T "~ Pehiller
IHX Hotwell

ﬁ ﬁ Vapor Return to Condenser

H-' Auxiliary Control Chiller Bypass Line

- \';n]\'e Pressure Control Valve

Bank of Pressure
Contreol Valves

‘ ‘ Flash Vessel

Let Down Orifice

I

L
Level Control Valve

= Liquid Return to Condenser

Figure 5.1: Flash Vessel Configuration

5.1 Flash Vessel Equation Set

The flash vessel is assumed to be ideal and works to separate the steam/water mixture into saturated
liquid and vapor.
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Mass Balance

drq,

Vev T =My - r'n>cv 'm:onq (5.1)
Energy Balance
dru . , .
v thV = Mhax hlex "My ka Tong rlv (5:2)
State Equations
ley = ,f’(PFV) b (fg( fQPFv) 'g( PFV)) (5.3
Fue = fug, - @l o, -our) (5.4)
Momentum Equations
K. +K 1%
P =P, _,_( ACV2A2 Le/t‘dowr) IHX (5.5)
ACVT finx
P =p L(Kpcvn + KPCVIine) mzpcy (5.6)
Fv ~ Timpuise .
impuls ZAECVH r .
P. =P _,_(KLCV + KLCVIine) ri-lzcong
Fv = Tcond ZA? r (5-7)
cev! oy
Keniter + Keniterine ) M
Fi,mpu|sg - Pcond _,_( Chlllerzpé Chlll;rllne) chiller (5.8)
hiller * ggy
Kg oot K A
F?mpwsg — P _1_( Bypass Bypasshnl bypas (5. 9)

d = 2
2R pasd g,
5.2 Flash Vessel Control

The Fhsh Vessel has six sets of valves used to control system parameters: the auxiliary control valve,

level control valve, three sets of pressure control valves, and a chiller valve.

The auxiliary control valve modulates to maintain level in the Intermetiatg Exchanger. Thus

during times of high bypass steam flow, there will be a corresponding high condensate flow exiting the
IHX. The goal of the first bank of pressure control valves is to maintain the flash vessel at some user
specified pressure. The s&d pressure control valve is located at the exit of the chiller line. This
pressure control valve modulates to maintain a user specified pressure downstream of the chiller valve.

The chiller valve operates on a binary signal such that if the thermoeliekih thestratified storage
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tank is below some lower set point the valve goes to its full open position. Conversely when the
thermocline level hits some upper set point the valve shuts. The third pressure control valve located on
the bypass line arourttie chiller modulates to maintain a user defined pressure downstream of the
main pressure control valve bank, this point is cafledpulseZn Figure 5.1.

- P
. FlashVessel FlashVesgglgn
Signabe,,, =~ (510
FlashVessglgig,
. PChiIIer_ Fg:hiller -
Signale,, = = (5.11)
Chilleregign
Prpusez” P
. _ pulse2 Impulsegegign
Signal, = 5 ! (5.12

|mpUIse%eslgn
The level control valve, located at the bottom of the flash vessel maintains Flash Vessel level. This
valve operates on a three element controller based on the level of the flash vessel and difference in mass

flows into and out of the flash ve$se

Signal., =G, E, 1GE, (5.13
E = Level-Level, (5.14)
Ez = me 'm>cv irQonq (519

Parameters directly controlled in the flash vessel model are the flash vessel level, flash vessel
pressure, pressure downstream of the first pressure control bank, and pressureatovenhshre

chiller valve.
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Chapter 6 NHES Dynamic Simulation Results

The goal of this work is to eliminate stressors on the reactor associated with load follow operation by
storingthermal energy during periods eXcess reactarapacityin a TES system to becoveredat a

later time. To fully demonstrate such capabilities several ssimafationswere performed. The first

set ofsimulatonss how t he systemds ability to move stress
sidesof the reactor system ovew the TES system. The second detnonstratethe ability of TES

systensto operateas electricabeaking uni. Thelast set okimulations demonstrates the potential for

ancillary applicationsanging from chilled water production to desalinatibor thesesimulations an

mPowerstyle reactor with the geometry and design parameters specifiablie2.1 was utilized TES

design parameternd set point valueare given inTable6.1. For al | simul ations tt

demando r eefdemasd reqairedtohtree Reactor/TES system.

Table 6.1: TES Design Parameters for connection with an mPower size IPWR

Parameter Value

TES Fluid Therminol®66
Hot Tank Volume 226,535 M
Cold Tank Volume 226,535 m
IHX Reference Exit Temperature 260'C (500%)
Number of TBVOSs 4

~45% nominal steam flow
5.377 MPa (780 psia)
5.240 MPa (760 psia)

TES Maximum Steam Accommodation
Pressure Relief Valve Upper Setpoint
Pressure Relief Valve Lower Setpoint
Turbine Header Pressure 5.688 MPa (825 psia)
Shell Side (outer loop) IHX Volume 101.94 M (3600 fé)
Number of Tubes 19140

Length of Tubes 11.25m (36.9t)

Tube Inner Diameter
Tube Outer Diameter

Steam Dome Reference Pressure

Steam Dome Volume
LPT reentrance point

0.013 m (0.044t)
0.018 m (0.05&)
1.379 MPa 200 psia
509.7 n3 (18000 ft})
1.207 MPa 175 psia

TES Steam Generator tube count 32761
TES Steam Generator volume 42.475 m (1500 ff)
TES Steam Generator Height 9.144 m 80ft)

TES Steam Generator Thermal Conductivity 10.3Btu/hr-ft-%
TES Steam Generator pitch to diameter ratio 1.606
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Components on the charging system were designed to accommodate 45% nominal steam flow from an
mPower size IPWR while maintaining IHX pressure abav826MPa 700 psid. Discharge
components ere sized to accommodate approximately 45MWe of peaking capacity assuming a 33%

balance of plant conversion rate
6.1 Charging System Capability

Thefirst set of simulationkighlightsthe advantage of having a thermal storage system attached to the
reactor a opposed tgimply operating the reactor in load follow modéese simulations focus only

on the charging mode of the TES systédperation ofthe TES system as a peaking unit will be
discussed lateA 24-hour simulation was ruwith anelectric load pofile representative of a typical
summer day in an area with mixed commercial @sitlential characteristics [3The load profile has

been scaled such that the minimum load is approximately 60% of nominal full power. Time zero
corresponds to midnight. 24 hour cycle was chosen because it is the minimum amount of time
required to show a full daily cycle for a region during a season. Week or month long runs will show the
same general trends as the daily cycle with the only distinction being itetarhk

6.1.1. Load Follow Operation

As a basis for comparison, the SMR is operated in Load Follow mode, where the reactor power is
modulated to match the electric demand. As shovkFigare6.1 andFigure6.2, the system is able to
maneuver such that the turbine output is effectively identical to the electric demand, and the reactor
power followsthe load. For this simulatiora constant F. program was assumed with the
corresponding attrol rod positions given ifrigure 6.4. Four control banks are modeled. At the
beginning of the maneuver, banksCAare fully withdrawn, with D bank approximately 50% inserted.

Over the course of the maneuwank D moves to its full out position, and by the end of the transient
has returned to its approximate starting point. The average primary coolant temperature varies by 4
degrees Celsius over the course of the run as illustratEgyine 6.5. The changes in core coolant
temperatures, along with changes in core power distribution and associated fuel temperatures add
additional thermal stresses to the system, especially if repeated for multiple Eigtles6.6 gives the

variation in steam generator dryout location. Over the course siftiéationthe dryout location varies

by 15% of the tube length. The dryout location represents a sharp temperature ,qaadiepeatd

cycling of this location can induce stresses that decrease the lifetime of the steam generator tubes. Of
additional interest is the steam pressure downstream of the TCV (Turbine Impulse Pressure). As stated

previously, steam conditions at this locatiare a strong function of the load profile and create
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additional challenges if connections to the TES system are made downstream of this goations

in turbine impulse pressure directly impact the downstream pressures at all turbine taps andtas a res
impact feedwater temperature as illustratelligure6.8. Cycling of feed temperature adds additional
stresses to the steam generator tubes.

Load Reactor Thermal Power
180 ‘ 550 r : ‘ ;
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Figure 6.1: Turbine Output and Demand
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Figure 6.4: Control Rod Position
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Figure 6.7: Turbine Control Val ve Position (all TCVs Figure 6.8: Temperature of feed water entering bottom

move to same position) of Steam Generator

6.1.2. Reactor Coupled with TES Storage System (Charging only Operation)

The same 24 houun was simulatd with the TES system activéAs illustrated inFigure 6.9 and
Figure6.10, the plant is able to maneuver such that the electric demand is satisfiedegpilegaeactor
power effectively constant. Singeactor power and reactor coolant temperatures were essentially
constant, this maneuver could be executethoumt control rod movement anthermal stresses
associated with changes in temperatures and pdisteibutions The corresponding bypass flow to the

TES system is shown iRigure6.13. As would be expected, the bypass flow rate is essentially the
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inverse of the load profile. The steam generator dryout lotatiwies by only 2% of the steam
generator tube length for this simulation as compared with the 15% variation present during straight
load follow. The TES fluid flow rate is shown kigure6.14 and closely follows the bypass flow rate.

Steam generator and turbine impulse pressure are essentially unchanged from the Load Follow
simulations.
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Figure6.16 demonstrates that the flow controller for the TES flow control valve (FCV) is effective in
keeping the IHXexit fluid temperature at its target value. The hot and cold storage tank levels are
given inFigure6.15. For the lad profile considered here, the tanks have more than enough capacity

to accommodate the excebgrmal energy in the system.
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6.1.3. Reactor Coupled with TES Storage System and intermittent renewables

An advantage of the TES system is the ability to accommodate the presence of intermittent energy
sources on the grid, particularly solar energy generd#tatrcan vary depending on time of day or cloud
cover. To illustrate these effects the load profile was modified to reflect upwards of 40MWe installed
solar capacity as shown figure6.17 andFigure6.18. Over the course of the simulation, turbine load

is met while thermal power stays approximately constant as illustrakégure6.19 andFigure6.20.

The response of other system parameters is similar to that shown previously for the typical summer
day. The TES system has the capacity to charge for the full 24 hour run as tank levets 8@frto

57%, shown inFigure 6.22. Similar results have been obtained for a variety of load profiles with
varying levels of renewable resources]4
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Figure 6.17: Typical Solar Output for a Summer Day Figure 6.18: Demand profiles of a Typical Summer Day

with and without Solar
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6.2 Electrical Peaking Unit

The

means of heat storage and load variability confrbls second set of simulations highlight the TES

fi ¢ h a rresulta showahe ladvantages of having a TES system attached to theasactor

systends ability to operatas an electrical peaking unit. The electricahlpeg unit is designed to
accommodate ~35MWe peaking potenflal.give a representative chaftgjischarge cycle the 2dour

electric load for a typical summer day was scaled so that for a typical summer day the integral amount
of energy spent charging i2 5% of the total energy spent charging and discharging as illustrated in

Figure 6.23. The deployability of these systems necessitates that a single design be able to
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accommodate a large range of load profilesteBd this capability, three scenarios were run: a typical
summer day, a typical summer day with 15% (31.76Mwe) maximum solar penetration to the grid, and
a typical winter dayf-or these runs the amount of thermif6lin the tanks has been drastically reeld

from the charging only modsince the cost of this fluid is substanté®]. Rather than having enough

TES fluid to fill 226,500M (height=18.28m)the volume hs been reduced t&1,164nd
(height=18.28m)It should be noted that a load profile coukl dhosen purely for economic reasons.

A system with this storageapacitycould operateto store heat during times of low electric prices and

then discharge during times of high electric prices. Simulations run here assume the system is the main

source ofpower as opposed to a piece in a larger network where glishadch strategig feasible.

Demand
220 . T

200 ¢

-
=]
o

Demand (MWe)
>
o

-
»
o

——Electric Demand

- - Nominal Turbine Output

0 5 10 15 20 25
time (hour)

120

Figure 6.23: Electric Demandfor a Typical Summer Dayin a region scaled for charg/discharge operation with
standard residential and commercial electrical needs.

6.2.1. Typical Summer Day

As illustrated inFigure6.24 andFigure6.25, the TES system is able to maneuver such that the electri
demand is satisfied while keeping reactor power effectively constarihe demand begins to exceed
themaximum nominal turbine optit of 180 MWe the peaking undictivatesas shown irFigure6.33.

The primary ad secondary loops of the reactor remain unchanged from when the system was operated
in the charging only mode as seefrigure6.26 andFigure6.27. Bypass flow into theharging system,
illustrated inFigure 6.28, is approximately an-axis reflection of the load profile up until the load
reaches the nominal Airatedod output of 18&® MWe.
electrical peakingnodeautomatically activatesThe mass flowing from the cold tank to the hot tank

follows this same shape as seeffrigure6.29. From about 8am to 9pm the system is operating as an
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electricalpeaking unit as illustrated iFigure6.33. During this time the mass flow from the hot tank to
the cold tank is modulated to ensure the electrical demand isrbetras seen iRigure6.32. Overthe
course of the day the tank levels oscillate al28b of maximumarriving back at approximately the
same level as at the start of the day as illustratédgure 6.30. The TES fluid temperature entering
the hot tank is maintained at the reference set point as sEguie6.31.
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6.2.2. Typical Summer Day with 15% Solar Penetration

For this simulation15% solar PV is assumed along with the reactor and TES system operating as a
electricpeaking unitFigure6.34 andFigure6.35 showthe TES system is able to maneuver such that
the electric demand is satisfied while keeping reactor power effectively constant. The primary and
secondary loops of the react@main unchangeds before lgpass flow into the charging system,
illustrated inFigure 6.36, is approximately an-axis reflection of the load profile up until the load
reaches the nominalrbineil r a t e d of 180MWepAt this point the charging modatomatically

shuts off and the electrical peaking unit turns on. The mass flow from the cold tank to the hot tank
follows this same shape as seerfigure 6.37. The TESfluid temperature entering the hot tank is
maintained at the reference set point as sedtgre 6.39 throughout the course of the day. Once
demand goes above 180MWe the system is operating as an electriaad) peékDuring this time the

mass flow from the hot tank to the cold tank is modulated to ensure the electrical demand is being met
as siownin Figure6.40. Overthe course of the dahe tank levels oscillate aht 50%o0f maximum
arrivingat a new point that is much higher than at the start of theadajustrated irfFigure6.38. This
meanghatthe systenas sizedvould not be suitable as a long term solution witk #iihount of solar
penetration. However, should this be the desired operating mode theanthmed systerwould be
designed such th#ttechargingnode would operate lessther through grid design or through addition

of ancillary applicatios.
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6.2.3. Winter Day
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Along with typical diurnal electric demand there is also seasonal demand. T@u4imulation

below is tha of a typical winter dayn the southeast United Staté&g)]. As illustrated inFigure6.42

andFigure6.43the load is met throughout the entire day while maintaining reactor thermal power at

the nominal leveljust as in the summer daymulations Primary and secondary loop dynias remain

unchanged from previous TES systams. The bypass flow intheintermediate heat exchanger and

the flow from the cold tank to the hot tank is approximately -axix reflection of the load up to the
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180MWe line as seen irFigure 6.44 and Figure 6.45. Over the course of the dayetiank levels
oscillate about Z& with the hot tank being abod2-13% fuller than at the start of the day. The
temperature of the fluid leaving the top of the IHX going intolibetank is held at the reference
setpoint temperature of 26D (500F). Figure6.48 andFigure6.49 show that vaen demand increases
above the 180MWe nominal reactor limit the electrical peaking unit turns on and fluid is released fr
the hot tank to heat fluid in the OTSG.
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To further show the robustness of the system aniirtbact oftank sizing(61,164mq), the system was

subjected to three different three day runs. The finstis threeconsecutivesummer daysvith 15%

solarPV, the secondun isthree typical summer daygth 15% solar PMvhere the third day is cloudy

and the thirdunis three winter days with5% solarPV whereday two is cloudyOn cloudy or rainy

days solar panels are assumed toatuonly 10% capacitys[l]. These runsighlight the versatility of

the system over time and that gesumedank sizing is appropriate to accommodate such lokds.
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these runs the systems electric demand was shifted upward so that on a typical summer day with 15%
solar penetratinthe hot tank fills more than the cold taflis allows the system to be more adaptable
to times of lowsolar output (e.g. rain or cloud cover).

6.3.1. Three Summers Days with 15% Solar Penetration

The first of the simulations is three consecutive sunny surdeyes with 15% solar penetratidrigure

6.50 andFigure6.51 demonstrate that load is met throughout the entire 72 hour run while maintaining
nominalreactor thermal poweBypassflow into the TES system and TES fluid flow from the cold
tankto the hotankis roughly the inverse of the load as showkFigure6.52 andFigure6.53. Figure

6.54 llustrates the oscillatory nature of the tank levels over the cofitbethree day rupwith the hot

tank ending up 30% fuller at the end of day three than at the start of dayodthéank temperature is

not controlled andeer the three day run the cold tank temperature fluctuates about five degrees Celsius.
However, TES fluid temperature entering the hot tanktif maintained at the reference set point as
seenn Figure6.55.
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6.3.2. Three Summer Days with15% Solar Penetration (Third Day Cloudy)

The second of the simulations is three summer days with 15% solar penettagi@nthe third day is
cloudy, thus limiting the solar outpufigure 6.56 and Figure 6.57 demonstrate that load is met
throughout the entire 72 hour run while maintainimagninalreactor thermabutput Bypass into the
TES system and@ES fluid flow from the coldankto the hotankis roughly the inverse of the load as
shown inFigure6.58 andFigure6.59. Figure6.60 demonstrates the effect of a cloudy day on realigning
tank levelsDuring the first two sunny daysvhennominalsolar output is presenhe hot tank goes
from 50% full to about 70% full. However, the following 24 hours when only 10% nominaleadajaurt
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is available the additional peaking requirements causes the hot tank to drop to ~4Ubisfuieather
variability necessitates the need for additional charging on days when nominal renewable output is
available TheTES fluid temperature enterirtige hot tank imgainmaintained at the reference set point

as seen ifrigure6.61.
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6.3.3. Three Winter Days with 15% solar penetration

In additionto typical diurnal electric demarttiere is also seasonal demaid.further testsystem
versatility,a three day winter run was completed with 15% solar penetration. The first and third days
aresunnydayswith nominal solar output while the second dayaisy andovercast. It can be seén

Figure 6.62 andFigure 6.63 that the load is met while reactor power is maintained at approximately
100%. Mass flows through the TES systand tank levels arshown inFigure6.64 throughFigure

6.66. TES exit fluid temperature is maintained at the reference 260C throughout
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6.4 Steam Applications

As opposed to using the TES system to supplement electric demand the system can alternatively be
used for process steam applications. These applications include chilled water production and water
desalination. Desalination can be accomplished through two nethmods. One is Reverse Osmosis
which just requires electrical input. Mukitage flash desalination on the other hand requires a constant
steam supply12]. Another process considered is chilled water produaigingabsorption chillers;

this process reqres low temperature, low pressure steam.
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6.4.1. Multi -Stage Flash Desalination

Multi-stage flash desalination is a process that requires constant steam supply. The desalination process
simulated is a 24 stage MSF system used to produce 7.2 MGD of produaiegaieng 189,100 kg/hr

of steamat approximately 25 psi®2]. To show the capabilities of the TES system when configured

to produce process steam, a 24 hour desalination run was simulated starting at midnight of a typical
summer dawith 226,500m? tanks. While operating under these conditions, the TES system is both
charging and discharging simultaneously. Over the 24 hour simulation period, turbiaadogdctor

power werekept at approximately 100% as showrFigure6.68 andFigure6.69. lllustrated inFigure

6.70 bypass flow into the IHX is an-axis reflection of the load as expected. TES fluid temperature
entering the hbtank is maintained at the reference temperature and the target steam flow is met
throughout the run. For this 24 hour simulatioB26,500m tank size is sufficient for a single day.
However, to support this level of continuous desalination in the lemg Wwould require the tanks to

be sized consistent with expected daily demands. However, these results show that a TES system
operating in conjunction with MSF desalination while simultaneously charging and discharging is
feasible and capable of maintaigireactor power at 100%.
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6.4.2. Chilled Water Production coupled to Flash Vessel Model

The large amount of condensate collected in the IHX hot well, proaidditional opportunities for

applications that can utilize low grade heahislow grade heais perfect for absorption chillerShis

section explores coupling éhilledwater storage system to the flash vessel mdtelvious studies

completed by Misenheimes3] have showihat using steam fromlaw-pressure turbine tap supply

absorptionchillers is unable tosignificantly offset loadvariationsand due to variations in steam

conditions down stream of the turbine control vaigdsnited tonarrowbands of operatior.he flash

vesselconfigurationhas several benefits over tlogv-pressure turbine tap configuration. Specifically,
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the flash vessel system enables use of condensate that would normally be dumped to the condenser. In
addition, the various pressure control valveBigure 5.1 modulate to maintain steam pressure sent to

the chillers roughly constant, thereby ensuring more ideal absorption chiller opefatimentioned

in Chapter 1 bsorption chillers are used in conjunction with a stratified chileter storage tank to

offset cooling loads synonymous with an office spadisenheimer [Z] ran simulations showing
absorption chiller performance when connected to the flash vessiel developed her®uns were
completed witkelectric demandentical to thdoad profile depited inFigure6.1 for a typical summer

day. Further simulation details are availabld @ble6.2.

Table 6.2: Absorption Chiller and Flash Vessel Parameters.

Parameter Value

Number of 4,843 kW absorption chillers 4

Stratified chilled-water storage tank capacity 18,827 m (5,000,000 gallons)
Size of conditioned office space 92,903 M (1,000,000 f})
Evaporator flow rate 0.208 n¥/s (3,305 gpm)
Condenser flow rate 0.31248 /s (4,960 gpm)
Number of 3,407 kW cooling towers 13

Chiller valve open setpoint Tank below 25%

Chiller valve close setpoint Tank above 98%

Flash vessel volume 3,398 ni (120,000 ff)

Flash vessel cotensate level setpoint 3.353 m (11 ft)

PCVi; PCV3; PCV3; PCV4 setpoint 241; 241; 248; 255 kPa (35; 36; 36; 37 p9
Pimpuise2 S€tpoint 212 kPa (30.7 psia)

Pehiler S€tpoint 193 kPa (28 psia)
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Figure 6.78: Absorption chiller capacity Figure 6.79: Condensate level in flash vessel

Simulation resultsrun by Misenheimer [4 are depicted irFigure 6.75 through Figure 6.79. The
simulations begin at midnight. The amount of mass flow into the flash vessel is gb\mrrike
operation of the ACV in the condensate line between thedHKe TES systerand the flash vessel.

The ACV modulates to maintain condensate level in the IHX hotwell constant. Therefore, the
condensate mass flow rate to flash vessel, shown fhigure6.75, is roughly the »axis inverse of the

electric demad curve illustrated ifrigure6.1, and a maximum during periods of low electric demand.

The bank of four presure control valves move based on their specific pressure setpoints in order to
keep pressure in the flash vessel approximately constant. Each pressure control valve in the bank of
four leaving the flash vessel is equipped with a umigetpoint, providedh Table6.2. This control

strategy enables the pressure in the flash vessel to stay roughly constant over the course of the
simulation, as depicted iRigure 6.76. Meanwtile, Figure 6.79 shows that the LCV successfully

modulates to maintain a fixed level of condensate in the flash vessel.

The success of the control strategies surrounding the flash vessel model enables neapoessise

steam to be delivered to the absorption chillers. As a result, the absorption chillers are able to achieve
capacities in excess of 100%, as showirigure 6.78. High absorption chiller capacities metuat

reduced chilledvater flow rates are not necessary in order to chill the water below th€ 7.2
temperature threshold for storage and satisfying local facility cooling loads. The use of nominal chilled
water flow rates is twofold: the stratified chdlevater storage tank can be charged faster, and tank
losses from mass and temperature diffusion across the thermocline are reduced at higher inlet and outlet
storage tank flow rates. Lastly, four absorption chillers can consume a significant portiosteathe

produced from flashing the higiressure condensate in the flash vessel. Onahithed waterstorage
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tank becomes full, the absorption chillers are ramped down, and ehdled in the tank is sent to the
facility to satisfy HVAC loads. When ¢hlevel in the tank falls below its lower setpoint, the chiller
valve opens, the absorption chillers warmup, and chilled water is sent to the tank for storage. Unlike
the lowpressure turbine tap configuration, the absorption chillers achieve nominaitieapaaring

times of excess reactor capacity. Results demonstrate the ability to maintain the reactor thermal output
at 100% and match turbine output with an electric demand profile characteristic of a typical summer
day down to 60% load, while simultanesy using four large absorption chillers to charge a 18,927 m
stratified chilledwater storage tank to offset HYAC loads of an adjacent office spactner studies
completed by Misenheime#T] on the functionality of this configuration have shown thsihg this
configuration allows the absorption chiller system to piggyback on the existing TES reactor

configuration throughout all foreseeable load profike§.[
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Chapter 7 Accident Scenarios

The addition of the TESysteminherently increases the potentialmber of accident scenarios
reactor trip results in lost hours of operation and prafitdsubjects the reactor to significant thermal
and mechanical stress@$us,a TES causetlip would essentially eliminate the benefits of its addition.
This setion focuseson potential TES systemccident scenarios andw different accident scenarios
affect the reactor systericcident scenarios considered are: auxiliary bypass valve tripped open, flow
control valve tripped open, and hot tafioll. Since the prpose of these simulations is to examine
sysem behavior in the presence TES component failures, rather than perform a Chapter 15 type
safety analysisnormal control functionsnot associated with the failukgere assumed to be active.
While not exfaustive, these upsets provide some insight into potential threats to reactor safety due to
the addition of the TES systerReactor system trip set points outlinedable?7.1 are consistent with

the IRIS reactof54], modified to reflect the different operating conditions of the mPower sy3tieen

system is configured as an electrical peaking eonisistent with simulations from Chapter 6.

Table 7.1: Reactor System Tip Setpoints [54].

Trip Value
High Neutron Flux (% Nominal) 118
Low Reactor Coolant Flow (% Nominal) 87
Hogh Pressurizer PressureNiPa) 16.64 e414sia)
High Feedwater Flow (% Nominal) 108
Low Feedwater Flow (% Nominal) 75
Low Pressurizer Pressure [{1Pa) 13.79 O0Msia)
High Pressurizer Level (%) ) 95 )
Low Steam Generator Exit Temp (C) 276.6 b30F)

7.1 Auxiliary Bypass Valve Trips Open

The first accident scenario considered is one of the auxiliary bypass valves that ctham@etssure
equalization header with the TES charging system failing open.bEmk ofauxiliary bypass vahas
adirect connectiofetweerthe TES systerandthe reactoBOP. The most limiting case would occur
with the valve going from full closed to full opeBince the bypss valves are normally open during
times of low load it is morémiting to assumehe valve fails open wittheturbineat 100% load This
accident can be broken up into three distiplohses Immediate effect[0 seonds ~3 se®ndg,

Intermediateeffecs [3 se@mnds 18se®mndg, andlongtermeffects[18 semnds 58 semndg.
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Immediate Effects [0 se@nds, ~3se®ndg

At time zero one of the four banked auxiliary bypass valvesdpis (Figure7.1). As illustraed in
Figure7.2 the mass flow rate from the steam generator to the IHX increasesighe pressure in the
steam generator to decredg$eégure 7.3). Even though steamodiw exceeds feed flowFigure 7.4),
increased vapor generatidone to depressurizati@mauses short term increase the steamgenerator
dryout location(Figure 7.5) and corresponding reduction in theeam generator exit temperature
(Figure7.6).

This initial increasein dryout positionand reduction in secondary side pressiaeses the primary
coolant temperature to drop as the heat transferrdteteecondary sidacreass (Figure7.7). This
drop in coolant temperatumupled with a large negative moderator temperature coefficarges
reactor powe(Figure 7.8) to increaseThe slight delay in this power increase issaciated with the
thermal time constant of both the fuel and primary cocgstem

Intermediate Effects[3 seconds, 18 seconds]

As steam generatopressuredrops,t he TCV6s <close to reestablish
generator(Figure 7.9). Closing the TCVs reducesteam flow,turbine impulse pressure and turbine
outputas seen ifrigure 7.3, Figure 7.4,andFigure 7.10. Following the short ternmcrease in boiling

length, steam flow in excess of feed flow results in a reduction in the boiling length and corresponding

increase in the eam generator exit temperature.

Longterm Effects[18 seconds, 58 seconds]

Diversion of steam through the TB¥sults in turbine output not meeting demakigjire7.10). This
causeshe FCV to open to let more feed flow into the steam gengi@tnire7.14). Feed flow exceeds
steam flow Figure 7.4) increasingthe dryoutlocation (Figure7.5). As thedryout locationincreases

this leads to morsurfacearea for effective heat transfer between the primary and secondary sides and
ultimately leads tdower modertor temperatures aralhigher average reactor poveer reactor power

tries to match the increased steam dem@uaahtrol rod motion is governed by two error signals, the
first being the difference between average moderator temperatigeafid reference Jle (-) and the
secondeingthe difference between relative reactor power and relative turbine ¢tjpGontrol rod

motion is limited due tthecompensating effects tiesewo error signalg¢Figure7.11). As the dryout
locationincreases his ultimately leads to the steam generator exit temperature decreasing to the point

that the reactor is tripped at 58 seconds to ensurstéaen generator does not overfifigure 7.6).
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Increases in reactor per result in a decrease in Minimum DNB Raftagure7.12) and in increase in
maximum fuel centerline temperatufédure7.13), though neither approach typical thermal limits.
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7.2 TES Flow Control Valve Trips Open

An accident scenarioniqueto the addition of a Thermal Energy Storage Systeiintige flow control
valve betweerthe cold tankandthe hot tankvere tofail open.This scenario isnost limiting at low

power levelavhenthe TES TBVs are open

Forthis case the system is initially running at 88% capaciis corresponds to tarbine outpubf

158.4 MWe. At time zero the FCV is instantly forced to full open as illustratéigjime7.16. Instantly,

the mass flovbetween the cold tank and hot tank increases drastically thus increasing the heat transfer
between the tube and shell sides. This increase in heat transfer leads to depressurization in the
intermediate heat exchanges shown irFigure 7.17. This depressurization allovier more bypass

flow into the IHX ultimately leadindo aslight decrase in steam generator pressure sedfigare

7.20. Thisdecreasén pressure causes increase in heat transfer between the primary and secondary
sidesand a slight decrease primary temperature. This leads to th@or increase irreactorpower

seen inFigure 7.15. However, his increase isess than a megawatt and insignificahhe slight
increase in reactor power leads to a slight increasteam generator pressufggure 7.20) causing

the TCVs to openHigure7.22) therefore causingnaincrease in the steam flow ratédure 7.21) and

turbine output over the initial 200 seconds of the simulataogufe7.19).

Ultimately, theTES FCV being full open continues to depressurize the TysEm until it reaches
equilibrium at 228C. Bypass is still being sent to the TES systeawever because tlRRESFCV is
full open there is no temperature control on the hot {&idgure 7.18). In addition, as the TES TBV
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controler is active,the reactor is maintained at 100% power and the load is being megnd@esult

is thatthe hot tank fillgo capacity.Until this occursthis upsethas little effect on the resor.
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The last scenario to be consideresvigenthe hda tank fills to capacityand bypass flovis still being

sentto the IntermediatéleatExchangerThis conditionwill be most limiting at low power levels when

the bypass demand is at its greatest. Simulation parameters for this run are as followsDEuniine
stable at 88% nominal load, hot tank 94% full with a stalpe setpoint of 95% full. For the first 700

seconds of the simulation everything runs normaily700 seconds the stalve between the cold

tank and hot tanklosesas shown irFigure7.24, stopping all flow in the line to ensure the hot tank

does not overfil(Figure7.28). At this point the heat transfer between the tube side and shedif siae

86



IHX isinsufficientto condense the steam being sent into the intermediate heat excliegmessure

in the IHXrises rapidlyuntil the pressure relief valve setpoint isds illustrated ifFigure?7.25. At this

point the PRV opens untihe lower pressuresetpoint is reached and the PRV closes. This oscillatory
behavior continues indefinitely and ultimately causes the reactor power and load to oscillate in the same
manner. However, the oscillations are not severigm to trip the reactoilhese oscillations will

cause thermal and mechanical stress on the reactor but once these oscillations are recognized the TES
system could be forced offline by an operator manually forcing the TES TBVs closedcouldalso

introduce an interlock system into the TES TBVs whereby if thevatlwe closeshe TES TBVs close

This would effectively put the reactor back in load follow modknally, as opposed to the simple
open/closed logic assumed hereh e | H XcouRl R&/@rogammedto modulateas conventional

pressure control valves eliminating the oscillatory behavior.
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Chapter 8 Conclusions

If SMRs are to be deployed in conjunction with intermittent power sources such as wind and solar, load
variations can be significant. Current SMR designs allow for bypass off the pressure equalization
header prior to theurbine control valves thus providing approximately constant steam conditions
perfect for sensible heating thermal energy storage sysiehissstudy investigatethe prospect of
coupling existing small modular reactor designs with atawk sensible heat thermal energy storage

system to minimize power swings during periods of variable electric load.

The results presented demonstrate the féigibf using TES systems coupled to Small Modular
Reactors to minimize power swings during periods of variable electric load. During times of low
electric demand, excess steam is bypassed into the TES system at a rate sufficient to maintain full
reactorpower. The thermal energy can be recovered later for eileetric peaking or ancillary
applications requiring steam such as multistage flash desalination.

Furthermore, it has lea shown that the addition of teensible heat storage system providesusce
of high pressure, low grade heat that can be utilized for other process steam applications such as chilled
water production. The additional ancillary applications increase the overall efficiency of the system

increasing its economic benefit

Coupling the TES system to the reactor inherently introduces potential accident scenarios. Of the
limited accident scenarios considered only TES TBYWefailure causedany significant concet
However, existing reactor trip set poigaughtthe failure and tppedthe reactor on low steam
generator exit temperature. The other two accidents: hot tank fill up and TES FCVgrildueed

only minor perturbations in nominal system parameters

With the implementation of these TES systems, decreases in capatityafadt increased stresses on
plant components associated with load follow operation can be minimized, improving economic

return over the lifespan of the reactor.
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TES Standalone System Response

9.1NuScale Size System

The system was designed to accommodate 85% steam dump from a NuScale size system for 24 hours.
To accommodate this demand, large storage tanks were installed. To ensure that neither tank over

pressurizes the combined anmt of TES fluid in both the hot and cold tanks is slightly less than what

either one could hold on their own. System design parameters are givadnien.1.

Table 9.1: NuScale Size System Parameters

Parameter Value

TES Fluid Therminol®66
Hot tank Volume 2,000,000 ft
Cold Tank Volume 2,000,000 ft
IHX reference Exit Temperature 500F
Number of TBVO6s 4

TES maximum steam accommodation 85% Nominal conditions dfluScale size reactor
Pressure Relief Valve Upper Setpoint 780 psi
Pressure Relief valve Lower Setpoint 735 psi
Turbine Header Pressure 825 psi

Shell Side (outer loop) IHX Volume 755.443 ft
Number of tubes 12190

Length of tubes 36 ft

Tube Inner Diameter 0.044 ft

Tube Outer Diameter 0.058 ft

Mass of Hot Tank Fill Gas 1.122x101bm
Mass of Cold Tank Fill Gas 1.309x101bm
Temperature of Cooling Water 50F

Volume of Condenser (Shell Side) 7607 fé
Number of tubes in Condenser 76824

Length of tubes in Condenser 24.1ft

Mass Flow of Cooling Water 3.411x1G bm/hr
Condenser Tube Inner Diameter 0.044 ft
Condenser Tube Outer Diameter 0.058 ft

96



9.1.1Aggressive Load Profile

To test the robustness of the TES system an aggressive load prafieada for the system ranging

from 85% bypass all the way down to 30% bypass over a sixteen hour run. This load profile is not
typical of standard electrical demand profiles and is only used to test the robustness of the TES system
model. If this demand cabe met then it stands to reason that other less aggressive profiles should be
easily accommodated given proper sizing of the system.

Turbine Load Turbine Bypass Valves
70 ‘ 100 : \ ,
g
—— 50 L
§ g 60/
e 40 o
< X 40¢
230
S
20 20
10 : ' 0 :
0 5 10 15 20 0 5 10 15 20
time (hour) time (hour)
Figure 9.1: Aggressive Load Profile Figure 9.2: Auxiliary Bypass Valve Position
o «10° Bypass Flow IHX Level
8.4
£°
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s g .l
= = 8 M',., - A =
2 o ‘
>
C‘E 4 o 7.8
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i3l
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0 5 10 15 20 0 5 10 15 20
time (hour) time (hour)
Figure 9.3: Bypass Flow Figure 9.4: Level in the Intermediate Heat Exchanger
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Figure 9.5: Pressure in the Intermediate Heat Exchanger Figure 9.6: TES Flow Control Valve Position
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Figure 9.7: Mass Flow of the Therminol66 from the cold
tank to the hot tank

Figure 9.8 TES Fluid Temperature at exit of IHX
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Tank Pressures Tank Levels
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Figure 9.9 Hot and Cold Tank Pressures Figure 9.10: Hot and Cold Tank Levels

The system has a nominal output of ~160 MWth. As se&igure9.1 the system initially starts with
about 15% load orhe turbine. This small turbine load means that the TES system is in full charging
mode as 85% of the net reactor capacity is being pushed through the TES system. At this demand level

all four of the auxiliary turbine bypass valves are open to allow stetanthie IHX.

As the turbine load increases the bypass valves begin to close and subsequently the heat transfer rate to
the inner loop decreases. When the hreaisfer rate decreases so does the TES fluid exit temperature
causing the FCV to close to ketlye temperature at the set point value. The closing of the FCV reduces

the charging rate between the hot and cold tanks as séegune9.7. At the end of the run the cold

tank has gone from 82% full down to aib@6% full while the hot tankas gone from 15% full up to

about 72% full.

At the full design criteria of 85% steam dump with the cold tank relatively full, the FCV is ~25% open.
This extra 75% capacity in the FCV is to accommodate full 85% steam dinap the hot tank
approaches its design capacity.

9.2.mPower Size System

In the next scenario, a TES system designed to handle bypass from a mPower size reactor was
simulated. mPower has an electric output of 180MWe with a 530MWth operating power. $he TE

system bypass lines have been designed to accommodate584b¥%ypass from the reactor at an IHX
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shell side operating pressure of 750psi. The Condenser for this model has been designed to
accommodate 530MW.

Table 9.2: Design Parameters for a mPower size TES system.

Parameter Value

TES Fluid Therminol®66
Hot tank Volume 8,000,000 ft
Cold Tank Volume 8,000,000 ft
IHX reference Exit Temperature 500F
Number of TBV®6s 4

TES maximum steam accommodation ~45% Nominal
Pressure Relief Valve Upper Setpoint 780 psi
Pressure Relief valve Lower Setpoint 760 psi
Turbine Header Pressure 825 psi

Shell Side (outer loop) IHX Volume 1171 ¢
Number of tubes 19140

Length of tubes 36.9 ft

Tube Inner Diameter 0.0441t

Tube Outer Diameter 0.058 ft

Mass of Hot Tank Fill Gas 5.235x161bm
Mass of Cold Tank Fill Gas 4.489x161bm
Temperature of Cooling Water 50F

Volume of Condenser (Shell Side) 7607 ft
Number of tubes in Condenser 76824

Length of tubes in Condenser 24 1t

Mass Flow of Cooling Water 3.411x1G lbm/hr
Condenser Tube Inner Diameter 0.044 ft
Condenser Tube Outer Diameter 0.058 ft
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9.2.1 Typical Summer Day
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Figure 9.11: Summer Day Load Profile
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Figure 9.12: Bypass Flow
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Figure 9.13: Position of TES Bypass Valves
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Figure 9.14: Intermediate Heat Exchanger Pressure
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Figure 9.16: Position of TES Flow Control Valve

8 Q IHX

10 x10 . ‘
=
E -
=
Q
)
o
c
©
<
3]
X
w
©
)
I

o I i I I

0 5 10 15 20 25

time (hour)
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Figure 9.17: Temperature of the TES fluid leaving the
IHX.
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Figure 9.19: Hot and Cold Tank Pressures
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Figure 9.22: Level in the IHX.

The reactor system was assumed to have sufficient capacity to meet 100% load on the most extreme
summer day. The run shown above is representative of a typical summer day. As a result, there will
always be some bypass demand. Bypassadd goes as nominal reactor outpurbine demand. For

the run shown we have bypass ranging from ~45% bypass dowrB8s bypass.Figure9.13 shows

that we are able to meet bypass demand as the valves neyepfkti or shut-igure9.14 shows the
operating pressure at 45% bypass at the 750 psi design pressure, and over the course of the run reaches
a minimum of ~700psi. As the pressure does not fall below 680psi,ghsisle saturation temperature
remains above the tube side set point temperature of 500F. Should the pressure in the IHX fall below
this value the set point temperature on the tube side could not be reached. Further, the pressure in the
IHX never reachethe setpoint of 780psi at which point the Pressure Relief Valves would open. Since
the Pressure Relief Valves do not open this means zero energy is bypassing the TES system through
the PRVO6s.

As shown inFigure 9.16 the flow control valve is ~24% open at the beginning of the simulation, it
continues to move to ~42% open as bypass into the IHX increases. It then begins to close down to ~8%
open as the amount of bypass flow into the IHX decreases later in the Eimaure9.17 shows

the flow control valve is able to maintain TES exit temperature at ~500F over the entire 24 hour

simulation.

As the hot tank fills and the cold tank empties, the pressures in the tanks dhartgecompression
and expansion of the cover gases. As the pressures change the relative position of the FCV required to
achieve the same mass flow rate of TES fluid changes. As a result, the FCV is more open towards the

end of the 24our run than thedginning despite the same demand levels.
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Over the course of the day condenser pressures vary from 0.86psi to 1psi, despite the condenser cooling

water temperatures and flows remaining constant. The level of the IHX remains steady about the
reference valuef 8 feet.

9.2.2.Typical Winter Day

During the winter months there tends to be two peaks in the load profile. One associated with morning
activities around 40am and a second when people are returning home for the evening. Given that

bypass flow goeas trelative demand, the overall bypass demand on the system is larger in the winter
than in the summer months.

Turbine Load
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Figure 9.23: Winter Day Load Profile
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Figure 9.24: Bypass Flow

Figure 9.26: Pressure on the shell side of the IHX.

Figure 9.25: Position of TES Turbine Bypass Valves

Figure 9.27: TES Flow Control Valve Position.
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