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ABSTRACT

The purpose of this research is to develop a conceptual design for a balance of plant
(BOP) layout to coordinate with small nuclear power plants and to demonstrate the
feasibility of transporting this BOP via US waterways. The Westinghouse International
Reactor, Innovative and Secure (IRIS) is used as the primary plant for the base-case
study. IRIS is an advanced design pressurized water reactor (PWR) with a power rating
of 1000MWt (approximately 335 MWe). A Matlab® script file, named BOSCO,
automates the process of calculating the BOP component sizes for different initial
conditions, enabling the use of different primary systems and/or initial conditions without
difficulty. The results are used to create 3-D solid models of the components. These
solid models are used to design a layout for a barge-mounted balance of plant. The
feasibility of transporting the primary and the secondary systems via two separate barges
traveling from the Gulf of Mexico to Chattanooga, TN has been analyzed. Limitations
imposed by locks, dams, bridges, aerial power crossings, and river channel depths
determine the maximum allowable barge dimensions. The final dimensions for both the
reactor building and turbine-generator building barges are 30 meters wide, 100 meters
long, with 2.74 meters draft. The reactor building barge displaces approximately 4992
metric tons, while the turbine-generator building barge displaces approximately 2195
metric tons. Figures containing visualizations of plant components layout and solid
modeling have been developed and are presented. Further travel up the Tennessee River
with a barge of these dimensions is currently restricted due to width limitations imposed

by several locks and dams.



TABLE OF CONTENTS

o INEPOAUCHION ...ttt ettt st s e st s 1
1.1 Problem Statement and ObjJECtIVES ...........cccirvuerierieriiiieieniceectee e 1
1.2 Organization Of ThesiS........ccccvieriiiinerieieteeteteee ettt 3

. Background INfOrmation............coceeviiiiiiiiiniiieeeert ettt 4
2.1 NERIPIOJECL ...ttt ettt st et e 4
2.2 Westinghouse TRIS ........coooiimiiiieett et 4

. BOSCO Code Development ..........ccccevueereeriierieniienieeeteeie et st s et e s aessaeesaeeas 10

CORCENTZ.....cc ettt ettt et ettt et s e bt st et et e s st e sse et e saeene s 13
4.1 ORCENT2 INPUL ..c.ueiiirieienteteieete ettt et e st e e te st s e s s st e s sae s s s st sse s s 13
4.2 ORCENT2 Methodology ........coeierienienieeieeeeeee et 14
4.3 ORCENT2 OULPUL .....oouirieiiriieieniteteieetest st ete st sse s ste st e ssesse st e st s s nesseenes 15

. COMPONENE SIZINE.......ooriiiiiniiiiieiietete ettt sttt et sb et ne e 19
Sl THEGHEY ... commmco s o-vvoeononsens dhoesonb usallhi se smus RTEE s « o 5 s> SRR 5 5 B SRS e o 20
5.2 Component Size ReSUILS ........cc...oeeeiiiieiieceeeeeeee e ee e e e 26

. Transportation Limitations............cceceeruieriieniierrienieeesie ettt et eaeeseeesae e e 28
6.1 Mississippi River System.........ccccocevernieviiiennnniiienieene oo v s sou ns s 404+ s ke o+ 28
6.2 Ohio RIVET SYStEIM ... .coiuiiiiiiiiiieeieetee ettt ettt e st sne e 30
6.3 Tennessee RIVEr SYSIEIM .......coouiiiiiiiiiiieieeeee ettt 30

. Individual Component Solid Modeling ..........cccccceeeeriienieniiirenteneneeee e 38
7.1 Steam TUIDINES ......coveeeiriieiirieieeteeeet ettt ettt ettt se st sne e 39
7.2 MOISHUTE SEPETALOT......ccccuiereieriieriiereteeeeie e st essreessaeeessateessaaessaeessssaessssnessssnassnns 41

Vi



7.3 RENEALETS ..ottt ettt e e e e e e e e eeeetaa e eeeesessseesanannnnnnenesessseessnsnnnnnnsaaassanes 41

7.4 Feedwater HEaters.......ccc.ciiiiiiiiieeeeeeee ettt 42
7.5 CONAENSET .....conviriieiieeiteetee et sttt st e et e s e s e e st e sse e s e e e st e se e s e e e st e meeenees 45
8. Barge Building Solid Modeling ...........ccooeieuiiriiniiinniiiieeeeteeieeeee sttt 48
8.1 Primary Building Barge CharacteristiCs .........ccccceeeerruerruereeenneenrierseeseeseeseeeeneenne 49
8.2 Turbine Generator Building Barge Characteristics..........ccccceveeeerneeneenecnneenneennnes 51
9. BOSCO Sensitivity StUAIES ......cccoeueeruirriirierteneceeeeeeeee st eee et e seeseesesee e ene 54
9.1 Cooling Water Inlet Temperature Study ..........cccoeceeeierierriieniencnceceeeeeeeeeee 54
9.2 Steam Generator Outlet Flow Rate Study...........ccccoiiiiiniiiiiiiieece 57
10. Conclusions and FUture Work ..........coccooeeienierinnieninniirentecceteseeeeeseeeeesreseesvesaeeene 60
10.1 CONCIUSIONS.......eeiuiiiieeiieiteeteete ettt ettt et et e st e st e e st e s e e st e e seesse e s e e sanenane 60
10.2 FUUIE WOTK ..ottt ettt st 60
RETETENCES ...ttt ettt e a ettt aeeae s 61
APPENAICES .....eeeiieiieiieieteeeteeete et e et e st e st e st e e s se e s st e e st e e sbe e s st e s s te s e s e e e nee s neeeeneeeane 66
Appendix A — BOSCO Source Code..........covvuiirriiirnieennienrieenieensteseeessseeessneessseessnnes 67
Appendix B — BOSCO Diary (Base Case) .........cceceerruerruerreeneenienieniesseeeseessseesseenns 114
Appendix C — ORCENT?2 Input Deck (Base Case)........cccceevuerreenerneeneeneeneeneennen. 117
Appendix D — ORCENT?2 Output Deck (Base Case)........ccoceeeveereerveerreerseeenenneennens 118
Appendix E — Mississippi River Obstructions...........coccceceeveinienieniennenncenceseeeneen. 129
Appendix F — Ohio River ObSIIUCHONS .......ccccovuerriirrirrirrienienteeteete e ee s 132
Appendix G — Tennessee River ObStructions..........c..ccceeeeeverirniercnnienenneenenneennennce. 133
VA, ettt ettt ettt a e ettt e s bet s et e ae et e s et e aeeaees 140

vil



LIST OF TABLES

Table 3-1. Comparison of Preliminary and Current IRIS Design Values ........................ 11
Table 4-1. IRIS Steam Generator Parameters...........cccoeoueeiirnienniiniienicnreeeeeeeceeeeeeene 13
Table 4-2. ORCENT?2 Turbine Cycle Performance Output............cccccceeiieinrrcenneennncnn. 15
Table 4-3. ORCENT2 Turbine Expansion Line OQutput...........cccoeeeereeiernceennceeenceeennnnens 15
Table 4-4. ORCENT?2 Live Steam Reheater Qutput ..........ccocceeeiiiiiniiinnnnienieeeceeeeene 16
Table 4-5. ORCENT2 Condenser OUtPUL...........ccccuerrerruienienrierrienreesseeeseeeseesseessneesneens 16
Table 4-6. ORCENT2 Feed Water Heaters Output .........ccccceeceervieriennienieensenneeereeeneenne 17
Table 5-1. Base Case Balance of Plant Parameters ............cccccceeveereiinciennennneennennceneene 27
Table 6-1. Mississippi River Horizontal Clearance Obstructions ...........cccccceeeveeerueennnne 3
Table 6-2. Mississippi River Vertical Clearance Obstructions...........c.ccceeeeeerueernereneennee. 31
Table 6-3. Ohio River Horizontal Clearance ObStructions............cccecceeceeeecenseeenueeneennnes 33
Table 6-4. Ohio River Vertical Clearance ObStructions.............cceeeueeeeerseereeeeseenseeeneenne 33
Table 6-5. Tennessee River Horizontal Clearance Obstructions..........cccccceeeeeveeenecenueense 37
Table 6-6. Tennessee River Vertical Clearance Obstructions...........ccccceeeceeeveeenreencnennnen. 37
Table 8-1. Primary Building Barge Component Weights...........cccoceeveerernenncnneenncrneennen. 51
Table 8-2. Turbine Generator Building Barge Component Weights............ccccceeeeeuenen. 53
Table 9-1. BOSCO Input Conditions for Sensitivity Study 1........ccccceevirniinnvinnenneenneen. 55
Table 9-2. Balance of Plant Parameters for Sensitivity Study 1..........cccccoiiiiiiinnnnnncen. 56
Table 9-3. BOSCO Input Conditions for Sensitivity Study 2..........cccceevirviencnnenrcnneennen. 57
Table 9-4. Balance of Plant Parameters for Sensitivity Study 2........c.ccceeveeverrcennennneen. 59
Table E-1. Mississippi River ObStrUCHONS ..........cocieeierieriieniienrtenieeeteeeeseeeeeeesaeenne 129
Table F-1. Ohio River ObStIUCHIONS.........ccceetrruertenieneetenteeeneeeseereestesneeeneseesneeseeane 132
Table G-1. Tennessee River ObSIUCIONS .........c.coevieeiierreeiriiiniieeeteeteee et e e eeeas 133

viil



Figure 2-1.
Figure 2-2.
Figure 3-1.
Figure 5-1.
Figure 5-2.
Figure 5-3.
Figure 6-1.
Figure 6-2.
Figure 6-3.
Figure 6-4.
Figure 7-1.
Figure 7-2.
Figure 7-3.
Figure 7-4.
Figure 7-5.
Figure 7-6.
Figure 7-7.
Figure 7-8.
Figure 7-9.
Figure 8-1.
Figure 8-2.
Figure 8-3.
Figure 9-1.

LIST OF FIGURES

IRIS Reactor Vessel INternals ........c.cccoeeeeereeieieiieinieinceieeeieeeere e 6
IRIS Main FIoW Path ......ccc.oiiimiiiiiieie et e 8
Flowchart for BOSCO... vors s osmwemmemm e ovvapese s gl
A typical heat exchanger physrcal process model ......................................... 20
Correction Factor DIiagram ...........c.ccecevireeiieseieneeeiinieseeesee e e 24
Dripping EffECtsS..... oot e 26
Mississippi River Horizontal Clearance Constraint ..........cccceeceveeeeeeneeennee 29
Ohio River Length and Width Limitation...........c.ccceveecerveniesenieeceniececeennn. 32
Tennessee River Vertical Clearance Obstruction ...........ccceeeeeeeeeeceeenceneennne 35
Tennessee River Horizontal Clearance Obstruction ............ccccevueeeeceeeennennnne 36
Simplified BOP Features... creeeereretennesrnneeseassressesssesssnesssassasanas 40
Tandem-compound turbme Cross sectlon ...................................................... 40
Turbine created with SolidWorks® 2001 .. RPN : 3 |
Combination moisture separator and two stage steam reheater Ccross section
Reheater created W1th SOlldWOI‘kS 2001 ..................................................... 43
Closed feedwater heater SECtION.........ccccueeieieecriiiricrrce et 44
Feedwater heater created with SolidWorks® 2001 .............coooveeveeveesreeennne. 45
Surface condenser CroSS-SECLION ..........ccceeceeererretereeenreenrrinerereeereeeeeseseeeens 47
Condenser created with SOlidWorks® 2001 ............oouvmeeeeeceeeeeeeeee s 47
Elevation view of the primary building barge...........ccccccoeveininiecnciennennne 50
Isometric view of the turbine generator building barge...........cccccceceeeenneene. 52
Side view of the turbine generator building barge...........ccccoeveeericnnnncnenne. 52
Average inlet temperature of circulating water, °F, United States ............... 55

1X



T s Mg >
U_‘—l
E]

3 F OO

A

cHT o vz Z

NOMENCLATURE

Area

Coefficient of linear expansion
Specific heat

Log mean temperature difference
Tube diameter

Correction factor

Gravity

Heat transfer coefficient
Enthalpy

Thermal conductivity of tube wall material
Total tube length

Tube length neglecting thermal expansion
Dynamic viscosity

Mass flow rate

Number

Nusselt number

Prandtl number

Heat transfer rate

Density

Temperature

Overall heat transfer coefficient



Acronyms

BOP
CAD
CRDM
HP
IRIS
LMTD
LOCA
LR
MSR
NERI
ORNL
PWR
RCS
RV

SG
TVA
US DOE

Subscripts

c
fg
film

h

i

in

1

o

out
passes
room
sat
total
tube
w

Balance of Plant

Computer Aided Drafting
Control Rod Drive Mechanism
High Pressure

International Reactor Innovative & Secure

Log Mean Temperature Difference
Loss of Coolant Accident

Low Pressure

Moisture Separator Reheater
Nuclear Energy Research Initiative
Oak Ridge

Pressurized Water Reactor

Reactor Coolant System

Reactor Vessel

Steam Generator

Tennessee Valley Authority
United States Department of Energy

Cold side

Difference between fluid and gas
Film property

Hot side

Internal to the tube

Inlet side

Liquid or film property
External to the tube

Exit side

Number of passes

Room temperature (70°F)
Saturation temperature property
All tubes included in property
Individual tube property

Wall property

X1



1. INTRODUCTION

1.1 PROBLEM STATEMENT AND OBJECTIVES

The purpose of this research is to develop a conceptual design for a balance of plant
(BOP) layout to coordinate with small nuclear power plants and to demonstrate the
feasibility of transporting this BOP via US waterways. The Westinghouse International
Reactor, Innovative and Secure (IRIS) is used as the primary system for the base-case
study. IRIS is an advanced pressurized water reactor (PWR) with a power rating of 1000
MWt (approximately 335 MWe). The motivation for developing the concept is to create
a layout for use in modularity, barge transport, and manufacturing studies. A Matlab®
script file, named BOSCO, is developed for automating the process of calculating
component sizes for various initial conditions. This also enables the use of different
primary systems and/or initial conditions without difficulty. The results from BOSCO
are used to create 3-D solid models of the components. The solid models were used to
design a layout for a barge-mounted BOP. The feasibility of transporting the primary and
the secondary systems via two separate barges traveling on the Mississippi, Ohio, and
Tennessee River systems from the Gulf of Mexico to Knoxville, TN has been analyzed.
Limitations imposed by locks, dams, bridges, aerial power crossings, and river depths

determine the maximum allowable barge dimensions.

This work supersedes an earlier, preliminary design analysis [Williams, 2002]. The

modifications made to the previous research include an increased and more conservative



cold side inlet temperature for the condenser, a corrected condenser duty, more accurate
condenser models, and changes to the number and sizes of feedwater heaters. The
feedwater heaters were also reoriented to a vertical configuration in order to achieve

better maintenance and repair conditions.

The parameters of the IRIS primary system are for 1000 MW thermal power. The
parameters of most importance for this study are the steam generator entrance and exit
conditions. The parameters used are taken from Conway [2003], at steady state operating
conditions and thus the secondary plant calculations are also steady state. Using typical
values for PWR type plants, a general BOP design, and IRIS steam generator values, an
ORCENT?2 [Oak Ridge National Laboratory, 2000] heat balance is carried out for the
secondary side of the plant. ORCENT?2 is an advanced generalized heat balance program
which is used to calculate the complete heat and mass balances. Standard heat transfer

equations are then used to calculate system performance and component sizes.

The BOP has six feed water heaters and dual reheat with one high pressure and one low-
pressure tandem compound turbo-generator unit. Sizes and weights of the components
and associated piping are estimated. The footprint is arbitrarily constrained by
modularity requirements that the plant be transportable by barge from the mouth of the
Mississippi River to any desired TVA sites along the Tennessee River or its tributaries.
This requires that the components fit on a barge no larger than 400 feet long by 110 feet
wide with a draft less than 9 feet. Navigation charts for the Mississippi River from its

mouth to the mouth of the Ohio River, from the mouth of the Ohio River to the mouth of



the Tennessee River, and for the Tennessee River from its mouth to Knoxville,
Tennessee, have been searched and detailed listings of all potential obstructions (bridges,
overhanging cables, locks and dams) and their relevant clearance parameters (height,

width, etc.) and channel depth limitations have been tabulated.

1.2 ORGANIZATION OF THESIS

This work is described in the next nine chapters. Chapter two describes the background
and an overview of the previous research that has been done to address this issue.
Chapters three and four present descriptions of the codes BOSCO and ORCENT?2.
Chapter five explains the theory used in sizing the balance of plant components. Chapter
six describes transportation issues for the barges. Chapters seven and eight give an
overview of the solid modeling for the components and barges, respectively. Chapter
nine presents two parametric studies using BOSCO. Chapter ten presents the conclusions

reached during this research and recommendations for future work.



2. BACKGROUND INFORMATION

2.1 NERI PROJECT

The Nuclear Energy Research Initiative (NERI) is a United States Department of Energy
(US DOE) program which awards research and development funding to universities,
national laboratories, and industry for approved proposals. The University of Tennessee
was awarded a three year research grant, number DE-FG07-00SF22168, whose goal was
to “develop compact (100 to 400 MWe) Generation IV nuclear power plant design and
layout concepts that maximize the benefits of factory based fabrication and optimal
packaging, transportation and siting” [Mynatt, 2003]. Three teams were created to
develop three designs that differed by reactor coolant type. This research focuses on the
advanced pressurized water reactor (APWR) design concept utilizing the Westinghouse

IRIS design.

2.2 WESTINGHOUSE IRIS

The Westinghouse IRIS design concept is a pressurized, light water cooled, medium
power reactor that addresses the requirements defined by the US DOE for generation IV
reactors, i.e. fuel cycle sustainability, enhanced safety, and improved economics. An
international consortium including twenty organizations from nine countries, led by
Westinghouse, is developing IRIS. The project began in 1999 as a part of the NERI
program and has developed to a level where market entry is set in the 2012-2015 time

frame [Carelli, 2003].



IRIS is an innovative reactor design with many new safety features, but its design is built
using proven technology from Westinghouse’s AP600 and AP1000 PWR designs.
Current reactors cope and interfere with accident sequences chiefly by utilizing active
means to assure that the consequences of accidents remain within acceptable limits while
a limited amount of passive means are used. IRIS’ “safety by design” approach
eliminates the possibility of certain accidents occurring by designing the system with the
accidents in mind. This approach has either eliminated or reduced the consequences of
seven out the eight Condition IV design basis events that must be considered for PWRs.
The key difference between IRIS and other PWR designs is that IRIS features an integral
reactor vessel (RV) that contains all of the main reactor coolant system components
(RCS). The RCS includes: eight small, spool type, reactor coolant pumps; eight modular,
helical coil, once-through steam generators; a steel reflector which surrounds the core in
the RV downcomer to reduce the neutron fluence on the RV; the control rod drive
mechanisms (CRDMs); and a pressurizer located in the RV upper head. Since no large
primary penetrations of the reactor vessel or large loop piping exist, the large-break loss
of coolant accident has been eliminated. The probability of occurrence for the small
break loss of coolant event is also reduced due to the integral design requiring less piping.

The IRIS integral layout is shown in Figure 2-1.

The IRIS reactor core is being designed for a 48 month straight-burn cycle, making it
more proliferation resistant since the fuel is significantly less accessible. This is

accomplished using a standard enriched fuel (4.95 % UO,) in a fuel assembly that is
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Figure 2-1. IRIS Reactor Vessel Internals
[Source: Westinghouse, 2002]




similar to a Westinghouse PWR assembly. The IRIS fuel assembly consists of 264 fuel
rods in a 17 X 17 square array. Low-power density is achieved by employing a core
configuration of 89 fuel assemblies with a 14-ft active fuel height, and a nominal thermal
power of 1000 MWt. The IRIS primary system components are designed to have very
high reliability. This is done to decrease the incidence of equipment failures and to
reduce the frequency of required inspections or repairs. This allows IRIS to extend the
need for scheduled maintenance outages to at least 48 months. Other results of the four-
year maintenance cycle capability include an expected capacity factor exceeding 95
percent and reduced personnel requirements. All of these factors lead to significant

reductions in operation and maintenance (O&M) costs.

The IRIS steam generators (SGs) are a once-through, helical-coil tube bundle design,
with the primary fluid outside the tubes. Eight SG modules are located in the annular
space between the core barrel and the reactor vessel. Each SG has 656 tubes, and the
tubes and headers are designed for the full external RCS pressure. Feedwater enters the
SG through a nozzle in the RV wall, then flows to the lower feedwater header and to the
SG tubing, where it i1s heated to saturation temperature, boiled, and superheated as it
reaches the upper steam header. Steam then exits the SG through the nozzle in the
reactor vessel wall [Cinotti et al, 2002]. The primary coolant flow path is illustrated in

Figure 2-2.

Due to the integral placement of the CRDMSs, advantages in safety and operation are

attained. Advantages include the elimination of corrosion cracking of the nozzle welds



Figure 2-2. IRIS Main Flow Path

[Source: Westinghouse, 2002]



and seals, which are a recurring problem with current plant designs, due to the absence of
CRDM penetrations in the upper head. The design basis accident of uncontrolled rod
ejection (a Class IV accident) is eliminated because there is no 2000 psi pressure

differential to drive out the CRDM extension shafts [Carelli, 2003].



3. BOSCO CODE DEVELOPMENT

Previous research focused on one set of initial conditions that were taken from the
preliminary IRIS design [Williams, 2002]. Due to progress in the IRIS design, these
initial conditions changed. A comparison of the preliminary IRIS design values used in

Williams research and those of the current design are shown in Table 3-1.

Since the IRIS design is still being developed, it is important to be able to calculate the
component sizes and parameters using different conditions without difficulty. A Matlab®
script file, named BOSCO, was developed to automate the process of calculating the
component sizes for different initial conditions, enabling the use of different primary
systems and/or initial conditions without difficulty. Matlab® is an engineering analysis
software package developed by MathWorks [Mathworks, 1992]. The heat transfer
correlations discussed in Section 5.1 are coded using the Matlab® computational

environment. Figure 3-1 shows the process flow of BOSCO.
When BOSCO is run, the user is prompted to input five initial conditions that are used to

create an ORCENT?2 input file. The five user-defined input parameters are shown below,

with the base case/IRIS input parameters shown in parenthesis.

1. Steam generator outlet steam temperature (IRIS = 602.6 °F)

2. Steam generator outlet steam pressure (IRIS = 841.0 psia)

10



Table 3-1. Comparison of Preliminary and Current IRIS Design Values

Source: [Conway, 2003]

Parameter Preliminary IRIS | Current IRIS
Design Values Design Values

Electrical Output 360 MWe 335 MWe

Secondary Side Inlet Temperature 413.6 °F 435.0 °F

Secondary Side Outlet Temperature | 602.6 °F 602.6 °F

Steam Outlet Pressure 1015.28 psia 841.0 psia

Total Steam Flow 3,970,794 1bm/hr 3,990,543 Ibm/hr

Circulating Water Inlet Temperature | 70 °F 90 °F

Prompt user to mput
system parameters

Create an ORCENT2
mput file using mput
parameters

Compile ORCENT2
using created mnput file

Estract and pnnt the 116 BOP
data poimnts used from the
ORCENTR? output file

Calculate and print the individual
component parameters using the
extracted data pomnts and standard
heat transfer correlations

Stop

Figure 3-1. Flowchart for BOSCO
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3. Steam generator outlet flow rate (IRIS =3990543.3 lb/hr)
4. Plant electrical output (IRIS =335.0 MWe)

S. Condenser cold-side inlet temperature from the heat sink (Base Case =90 °F)

As shown in Figure 3-1, after creation of the input file, BOSCO compiles ORCENT?2.
ORCENT?2 creates an output file which BOSCO opens in order to extract 116 data points
which are used to calculate component sizes. BOSCO prints these data for the user to
review. Next, BOSCO utilizes the equations explained in Section 5.1 as well as the
extracted data points to calculate the component sizes and conditions. Finally, BOSCO
prints an overview of the calculated data presented by component. The source code for
BOSCO is presented in Appendix A, and the output from BOSCO for the base case is

shown in Appendix B.

12



4. ORCENT2

BOSCO incorporates a modified code developed at the Oak Ridge National Laboratory
(ORNL) named ORCENT2 which was released in 1979 [ORNL, 2000]. The program
was written in FORTRAN IV for the IBM System 360 digital computers at ORNL and
has since been updated to the FORTRAN 77 language. ORCENT2 is an advanced
generalized heat balance program that is used to calculate the complete heat and mass
balances. This program is designed for general-purpose studies of power plants using
steam cycles with outputs larger than 100 MWe [ORNL, 2000]. In this work, ORCENT2

determines the system parameters used to size the balance of plant components.

4.1 ORCENT?2 INPUT

Using typical values for PWR type plants, a general BOP design, and IRIS steam
generator values, an ORCENT2 heat balance is carried out for the secondary side of the
plant. The IRIS steam generator parameters used in the Base Case ORCENT2 input are

shown in Table 4-1.

Table 4-1. IRIS Steam Generator Parameters
[Source: Conway, 2003]

Parameter Value
Feedwater temperature (°C) 223.9
Exit Steam Pressure (MPa) 5.8
Exit Steam Temperature (°C) 317
Steam flow per Steam Generator (kg/s) 62.85
Total steam flow (kg/s) 502.8

13



The general features of the secondary system analyzed herein are as follows: one double
flow high pressure (HP) turbine unit with a single extraction in tandem compound with
one double flow low pressure (LP) turbine unit with five extraction points, dual reheat
with moisture separations between HP and LP units, and six non-mixing feed water
heaters. The reheat is produced by main steam extracted prior to the HP unit. The
typical parameter values for PWR plants used in the ORCENT?2 input include ORCENT2
default values for various pump efficiencies and the generator power factor. The base

case ORCENT?2 input deck is shown in Appendix C.

4.2 ORCENT2 METHODOLOGY

ORCENT?2 is designed to determine the effects due to variations of the following
parameters: main steam pressure and temperature; reheat steam pressure and temperature;
steam generator and reheater pressure drops; condenser pressure; number of feedwater
heaters; type of feedwater heaters; method of heater drain disposal; drain cooler
approach; feedwater heater terminal temperature difference; steam extraction for the
auxiliary steam turbine; turbine extraction pressures; different drive mechanisms for the
best feedwater pump; and part-load performance calculation [Baily, 1967]. ORCENT2
performs calculations at valves-wide-open design conditions, maximum guaranteed
rating conditions, and an approximation of part-load conditions for steam turbine cycles
supplied with throttle steam characteristics of contemporary light water reactors [ORNL,
2000]. Turbine performance calculations are based on a method published by the

General Electric Company [Baily, 1973].
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4.3 ORCENT2 OUTPUT

ORCENT?2 output includes the overall turbine cycle performance including turbine cycle
efficiency and generator output. The output also contains individual component data
including: mass flow rates, enthalpy rise/drop, inlet and outlet temperatures, and pressure
rise/drop. The gross turbine cycle efficiency shown in Table 4-2 includes all of the
generator and mechanical losses, but does not include the losses due to reheat and
feedwater heating. The net turbine cycle efficiency equals the gross efficiency minus the

power required for the turbine driven feedwater pump. Output parameters for the base

case system are shown in Tables 4-2 through 4-6.

Table 4-2. ORCENT?2 Turbine Cycle Performance Output

Parameter Value
Net Turbine Cycle Efficiency 34.38 %
Gross Turbine Cycle Efficiency 34.78 %
Generator Output (MWe) 343.725
Mechanical Losses (MW) 1.51
Generator Losses (MW) 4.51

Table 4-3. ORCENT?2 Turbine Expansion Line Output

Parameter 1% Stage | 2" Stage
Reheater Flow Rate (kg/s) | 3.82E+02 | 3.82E+02
E Reheater Pressure (bar) 1.13E+01 1.11E+01
2 [ Reheater Temp. (°C) 1.85E+02 [ 2.15E+02
Reheater Enthalpy (J/kg) 2.78E+06 | 2.86E+06
© | Reheater Flow Rate (kg/s) | 3.82E+02 | 3.82E+02
2 | Reheater Pressure (bar) 1.11E+01 1.10E+01
% [ Reheater Temp. (°C) 2.15E+02 | 2.59E+02
Reheater Enthalpy (J/kg) 2.86E+06 | 2.96E+06
Duty (W) 2.90E+07 [ 3.90E+07
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Table 4-4. ORCENT?2 Live Steam Reheater Output

1% Stage | 2" Stage
Steam Flow Rate (kg/s) 1.58E+01 | 2.22E+01
Steam Enthalpy 2.82E+06 | 2.95E+06
Steam Pressure (bar) 2.73E+01 | 5.71E+01
Drain Temperature (°C) 2:29E+02 | 2.72E+02
Drain Enthalpy (J/kg) 9.84E+05 | 1.20E+06

Table 4-5. ORCENT2 Condenser Output

Parameter Value

Pressure (bar) 1.01E-01
Condensate Flow Rate (kg/s) 3.84E+02
Condensate Temperature (°C) 4.61E+01
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The locations of the extraction points in the current configuration can be manipulated to
help improve performance through reheating and feed water heating. The output
conditions from ORCENT2, taken at each extraction point on the turbine expansion line,
are used as initial conditions for the correlations discussed in Section 5.1. This assumes
that there are no losses in the piping runs. The base case output from ORCENT?2 is

shown in Appendix D.

18



5. COMPONENT SIZING

The Log Mean Temperature Difference (LMTD) method is used to calculate the surface
area required for adequate heat transfer in each component. For the condenser and reheat
stages, the component lengths are calculated after assuming the number of tubes, tube
diameters, and tube types. For the feedwater heaters, the numbers of tubes are calculated
after assuming the lengths of the tubes, tube diameters, and tube types. This is done to
accommodate restrictions on barge sizes, where the maximum length of the feedwater
heaters is 10m. In order to assure good steam distribution, the lengths of feedwater
heaters numbers 2, 3, and 6 were decreased to lower the length to diameter ratio
[Avallone and Baumeister, 1996]. Factors used in the calculations include heat
exchanger geometry, fluid parameters from ORCENT2 output, and thermo-physical
properties. The heat exchangers are of a two-pass tube-in-shell design, using one inch
outer diameter 20 BWG stainless steel tubes. A typical heat exchanger flow

configuration is shown in Figure 5-1.

The results of the heat exchanger calculations not only give the sizes of the components,
they also give the approximate weights of the units. Each unit’s weight is approximated
as the total weight of the combined tubes in addition to the weight of a pressure vessel to

hold them. The pressure vessels are assumed to be one-inch thick steel.

19



Hot Fluid Out T
Th,out

Cold Fhuid
Out
Te,out
Cold Fluid
In
Tc,in

? Hot Fluid In
Th.,in

Figure 5-1. A typical heat exchanger physical process model

5.1 THEORY

Good estimates of the film, wall, and bulk temperatures are needed to evaluate the
thermophysical properties of a given condensation system. Collier and Thome [1994]
suggest using equations 5.1 and 5.2 to calculate the film and wall temperatures, where the
bulk temperature is taken to be the water inlet temperature.

0.25(T,, —
Tﬁlm = Tw + ( s;t TW)

(Eqn. 5.1)

T, =T, +0.25T,, —-T,) (Eqn. 5.2)

All film properties are evaluated at the film temperatures, with a few given exceptions.

The vapor density is taken at saturation temperature. The evaporation enthalpy is
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evaluated at saturation temperature, but an adjustment may be made to account for

condensate subcooling. Collier and Thome suggest the following modification
H'fg =Hg +0.68C (T, - T,) (Eqn. 5.3)
The dynamic viscosity is calculated using a weighted average method, shown in equation

54.

3u, +
jy =P Ee (Eqn. 5.4)

All thermophysical properties are taken from Todreas and Kazimi [1993].

For the LMTD method, an additional energy balance equation is required in order to
solve for two equations and two unknowns. The first order energy balance for a simple

counter flow heat exchanger is as follows:

q=lc, (T, - T,,)], =lwc, (T, -T,.)] (Eqn. 5.5)
Therefore,
T =y +— E
cout — “c,in . ( qn. 56)
' - mC
and
Toon = Ty += 1 (Eqn.5.7)
thp,h

Equations 5.5, 5.6, and 5.7 assume negligible heat losses to surroundings and the heat
capacities are constant across the heat exchanger. The LMTD method evaluates the
required length of the heat exchanger tubing using the following strategy:

q=UAAT,, (Eqn. 5.8)
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Where A; = tD,L and the LMTD and the overall heat transfer coefficient are:

= (Th.in I Tc,out ) - (Th‘out = Tt:,in )

AT, = (Eqn. 5.9)
I lnIZTh,in - Tc,out ) / (Th.out - Tc:,in )]
U= 1 (Eqn. 5.10)
1 Aln@/t) A, 1 an. >
h, 2nkL A, h,

In order to account for linear thermal expansion in the pipes, Avallone and Baumeister
[1996] recommend using equation 5.11 as an approximation for the change in the pipe’s
length due to thermal expansion.

AL=CL'(T,;, — Tioom) (Eqn. 5.11)

C is the coefficient of linear expansion and is defined as the increment of length in a unit
of length for a rise in temperature of 1 °F. Tioom is taken as room temperature, or 70 °F.
The required length of the tubes neglecting thermal expansion (L’) is calculated using

equations 5.9 and 5.10 and is shown in equation 5.12.

L'= 9 (Eqn. 5.12)
UQ@nD,N .. JFAT,

tubes
The total length of the tubes is taken as the summation of equations 5.11 and 5.12.
L=L'+AL (Eqn. 5.13)

Rearranging the terms of equations 5.12 and 5.13, the number of tubes required with a

predetermined tube length is found and shown in equation 5.14.

= d (Eqn. 5.14)
U(2nD, L)FAT,
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In equations 5.12 and 5.14, F is a correction factor for multipass and cross-flow heat
exchangers. Incropera and Dewitt [1996] have developed algebraic expressions for F for
various shell-and-tube and cross-flow heat exchanger configurations, and the results are
represented graphically in Figure 5-2. The parameters P, shown in equation 5.15, and R,

equation 5.16, are required to determine the correction factor.

T .-T.
p=—>_°" (Eqn. 5.15)
Th,in _Th,out
To = Thou
== Eqn. 5.16
Tc,out —Tc.in ( b )

First, the inner pipe heat transfer coefficient (h;) is calculated and then an iterative
procedure is used to determine the outer pipe heat transfer correlation (h,). The inside

heat transfer coefficient is found using the following equation:
h, =Nu, = (Eqn. 5.17)

The Nusselt number is given by the following equation:

Nu, =0.023Rep® Pr** (Eqn. 5.18)

The Reynolds and Prandtl numbers for flow through the tubes are given by equations

5.19 and 5.20, respectively.

4m

Re. = £ Eqn. 5.19
> = b (Eq )
C

Pr= ;” (Eqn. 5.20)
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Figure 5-2. Correction Factor Diagram
[Source: Incropera, 1996]
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The tubes in the condenser and reheaters are arranged in horizontal tube banks, while the
tubes in the feedwater heaters are arranged vertically. For condensation outside the
horizontal tubes, as in the condenser and reheaters, Incropera and Dewitt [1996] suggest

using equation 5.21 for the outside heat transfer coefficient for a single horizontal tube.

) ) O h 0.25
[gpl(pl p,)k; fg] (Eqn. 5.21)

h,.. =0.729
o l“"l (Tsat -Ti)D

To account for the effects of dripping condensate and turbulence in the film, one must
consider a stack of horizontal tubes and determine an average heat transfer coefficient to

cover all tubes in the stack. This effect is shown in Figure 5-3.

Butterworth suggests using equation 5.22 for the average heat transfer coefficient given

the single tube heat transfer coefficient [1990].

(1/6)

ho,(otal =Ho,mbc (.\/Ntubes * Nshells )_ (Eqn 522)

For condensation outside of vertical tubes, as in the feedwater heaters, the outside heat

transfer coefficient is given by equation 5.23.

whi k, | p,(p, —ng

h = (Eqn. 5.23)

o 1 1.22
1.08 [ ]J.IZ }A [ 4(Th_in o Tinner pipe surf )L }

kl pl(p] —pg)g U|h:‘g
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Figure 5-3. Dripping Effects

5.2 COMPONENT SIZE RESULTS

The heat transfer correlations are coded into BOSCO using the Matlab® computational

environment. The results of the BOSCO calculations are shown in Table 5-1.
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6. TRANSPORTATION LIMITATIONS

Size limitations on barges traveling on the Mississippi, Ohio, and Tennessee Rivers are
analyzed to determine the feasibility of transporting a modular power plant to a site
accessible by these river systems. Navigation charts for each of the rivers were reviewed
to determine constraints imposed by channel depths, lock and dam dimensions, and
overhead obstructions including cables and bridges. The limiting constraints for each of
these river systems are presented. Excel spreadsheets listing all constraints from the Gulf

of Mexico to Knoxville, TN are contained in Appendix E through Appendix G.

6.1 MISSISSIPPI RIVER SYSTEM

The Mississippi River travels upstream from the Gulf of Mexico at mile marker 0, and
merges with the Ohio River at mile marker 981 in Alexander County, Kentucky. No
locks exist between these points. The minimum vertical clearance is 25.6 meters (80
feet) minus gage at mile marker 369.1 caused by an aerial power crossing in Adams
County, MS. The horizontal clearance constraint is 152.4 meters (500 feet) at mile
marker 229.3 at the Baton Rouge Highway Bridge in Baton Rouge, LA. A series of
dams maintain a minimum water depth of 2.74 meters (9 feet) in the channel of the river
during low water conditions [U.S. Army Corps, 1998]. Figure 6-1 shows the Baton

Rouge Highway Bridge horizontal clearance obstruction.
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Figure 6-1. Mississippi River Horizontal Clearance Constraint
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Table 6-1 shows pertinent information for the 10 narrowest horizontal clearance
obstructions for the Mississippi River. Table 6-2 shows the pertinent information for the

10 lowest vertical clearance obstructions for the Mississippi River.

6.2 OHIO RIVER SYSTEM

In Paducah, Kentucky, the Tennessee and the Ohio Rivers merge at mile marker 933.
Forty-eight miles later, the Ohio River flows into the Mississippi River at mile marker
981. Two lock systems exist between these points, both with dimensions of 182.88
meters (600 feet) length and 33.53 meters (110 feet) width. The minimum vertical
clearance is 27.7 meters (91 feet) minus gage at The Irvin S. Cobb Bridge at mile marker
937.3. The minimum water depth is maintained at 2.74 meters (9 feet) [U. S. Army
Corps, 2003]. Figure 6-2 shows the Lock and Dam #53, one of the limiting horizontal

clearance obstructions.

Table 6-3 shows the pertinent information for the 5 narrowest horizontal clearance
obstructions for the Ohio River. Table 6-4 shows the pertinent information for the 5

lowest vertical clearance obstructions for the Ohio River.

6.3 TENNESSEE RIVER SYSTEM

The main navigable channel of the Tennessee River begins near Knoxville, TN and ends
652 miles later when it empties into the Ohio River in Paducah, KY. Over the course of
the river’s length, the elevation drops a total of 156.4 meters (513 feet). Nine main and

four auxiliary locks exist on this river system. Three of the locks have limiting clear
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Table 6-1. Mississippi River Horizontal Clearance Obstructions

Mile Structure Type Horizontal Closest City/County
Marker Clearance (ft)
229.3 Baton Rouge Hwy. Bridge 500 Baton Rouge, LA
9717.7 Illinois Central R.R. Bridge | 503 Cairo, IL
psay | PawomRouge Rik.and Huvyul)opg Scotlandville, LA
190 Bridge
95.7 Crescent. Eiity " Eomection 750 Orleans Parish, LA
Hwy. Bridge
9s.g | Crescent City Connection | 45, Orleans Parish, LA
Hwy. Bridge
106.1 ngy Eoslong R.R.angy HVY, 750 Jefferson Heights, LA
Bridge
145.9 Gramercy Bridge 750 Wallace, LA
167.4 As.censmn - St. James Hwy. 750 Salsburg, LA
Bridge
734.4 Memphis Hwy. Bridge 770 Crittenden County, AR
734.7 Harahan Railroad Bridge 770 Crittenden County, AR
Table 6-2. Mississippi River Vertical Clearance Obstructions
Mile Structure Type Vertical Closest City/County
Marker Clearance (ft)
369.1 Aerial Power Crossing 84 Adams County, MS
361.2 Aerial Power Crossing 93.5 Adams County, MS
434.7 Aerial Power Crossing 93.5 Madison Parish, LA
838.7 Interstate 55 Bridge 99.2 Dyer County, TN
971.7 Illinois Central R.R. Bridge 104.6 Cairo, IL
. . Alexander County, IL /
980.4 Cairo Hwy. Bridge 105.3 Ballard County, KY
734.7 Harahan Railroad Bridge 108.3 Crittenden County, AR
736.6 Hernando Desoto Bridge 108.7 Crittenden County, AR
734.7 Burlington Northern R.R. Bridge | 109 Crittenden County, AR
734.4 Memphis Hwy. Bridge 112.8 Adams County, MS
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Table 6-3. Ohio River Horizontal Clearance Obstructions

Mile Structure Type Horizontal Closest
Marker Clearance (ft) | City/County
962.6 Lock and Dam #53 110 Ballard County, KY
McCracken
939 Lock and Dam #52 110 County, KY
0787 Illinois Central Railroad Bridge | 500.5 Ballard County, KY
. . McCracken
944.1 P. & 1. Railroad Bridge 530 County, KY
. : McCracken
937.3 Irvin S. Cobb Bridge 700 County, KY
Table 6-4. Ohio River Vertical Clearance Obstructions
Mile Structure Type Vertical Closest City/County
Marker Clearance (ft)
9373 | Irvin S. Cobb Bridge 91 II‘(’I;C’aCkC“ Cotnty,
9409  |1-24 Hwy. Bridge 95.2 Ir‘gcr“ke“ Courtly;
944.1 P. & 1. Railroad Bridge 98 II\(/I\(;Cracken CQuig
971.7 Illinois Central Railroad Bridge | 104.6 Ballard County, KY
980.4 Cairo Hwy. Bridge (U.S. 60) 116.4 Ballard County, KY
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chamber dimensions of 109.7 meters (360 feet) length by 18.3 meters (60 feet) width,
which is considerably less than the dimensions of the other main locks of 182.88 meters
(600 feet) length by 33.53 meters (110 feet) width. The first of these smaller locks is the
Fort Loudoun Lock and Dam located at mile marker 602.3 in Lenoir City, TN, and the
last is the Chickamauga Lock and Dam located at mile marker 471.0 in Chattanooga, TN.
The Chickamauga Lock, however, is deteriorating and is likely to be replaced by a larger
lock within the next several years. The minimum vertical clearance along the river is
limited to 15.24 meters (50 feet) minus gage when the water is at pool stage at mile
marker 647.3 at the Southern Railway Bridge in Knoxville, TN [U.S. Army Corps, 2000].
TVA maintains water levels sufficient to provide a minimum navigation channel depth of
2.74 meters (9 feet) throughout this navigable waterway [TVA, 2003]. Figures 6-3 and
6-4 show the Southern Railway Bridge and the Chickamauga Lock and Dam, the limiting

vertical and horizontal clearances, respectively.

Table 6-5 shows the pertinent information for the 10 narrowest horizontal clearance

obstructions for the Tennessee River. Table 6-6 shows the pertinent information for the

10 lowest vertical clearance obstructions for the Tennessee River.
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Table 6-5. Tennessee River Horizontal Clearance Obstructions

Mile Structure Type Horizontal Closest
Marker Clearance (ft) | City/County
471 Chickamauga Lock and Dam 60 Chattanooga, TN
529.9 Watts Bar Lock 60 Rhea County, TN
6023 Fo.rt Loudoun Lock and Dam Hwy. 60 Lenait City, TN
Bridge
224 Illinois Central Railroad Bridge 110 Gilbertsville, KY
225 Remticky, JLocls jand, Dam Elighsay i g Gilbertsville, K'Y
Bridge
206.7 Plcfkwell Landing Lock and Dam Hwy. 110 Hardin  County,
Bridge N
2594 Wilson Dam Hwy. Bridge 110 East Florence, AL
259.5 Wilson Lock Access Bridge 110 East Florence, AL
274.8 Wheeler Lock and Dam Hwy. Bridge 110 ‘I;iwrence Cetlnty,
Guntersville Lock, Dam, and Hydro P. Marshall County,
349 110
Plant AL
Table 6-6. Tennessee River Vertical Clearance Obstructions
Mile Structure Type Vertical Closest
Marker Clearance (ft) | City/County
6473 Southern Railway Bridge 50 Knox County, TN
385.8 B.B. Comer Hwy. Bridge 54.4 Jackson County, AL
358 Veterans Memorial Hwy. Bridge 56 Guntersville, AL
584.8 Interstate 75 Hwy. Bridge 57 Loundon County, TN
Capt. William J. Hudson Bridge
305 (Steamboat Bill) 57 Morgan County, AL
309.6 Interstate 65 Hwy. Bridge 57 Morgan County, AL
645.1 James E. Karnes Hwy. Bridge 57 Knox County, TN
498.9 State Route 60 Hwy. Bridge 57 Hamilton County, TN
206.7 glrci:(li(;:ell Landing Lock and Dam Hwy. 57 Hardin County, TN
259.4 Wilson Dam Hwy. Bridge 57 East Florence, AL
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7. INDIVIDUAL COMPONENT SOLID MODELING

The creation of three-dimensional virtual components in a computer aided drafting/design
(CAD) environment is known as solid modeling. These virtual models reflect the overall
geometries of their real counterparts and are useful in determining conflicting geometries
and layouts, as well as determining rough masses of the components. Two software
packages were used in the solid modeling process. The first CAD software package,
SolidWorks® 2001, was used to model the individual components. The second CAD
package, Innovation®, was used to assemble the individual components on transportable

barges.

SolidWorks® 2001 has the capability of implementing parametric equations into the
models in order to place constraints on one feature while varying another in the model or
assembly. Parts are created for each component in the system, which then can be
arranged in various layout configurations and connected with piping. The component
models in this section, with the exception of the steam turbine and generator, differ from
those created in the previous study [Williams, 2002]. This results from changes in the
component sizes which in tum modify the piping runs. Only selected features such as
general volumetric sizing and approximate connection points for piping are modeled in
this study. This is sufficient to achieve a model of the plant layout for modularity and

transportation studies. The following paragraphs describe the individual components as
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well as the component assembly in more detail. The simplified BOP features are shown

in Figure 7-1.

7.1 STEAM TURBINES

The steam turbine used in this study is a condensing turbine. In a condensing turbine, the
exhaust steam pressure is lower than atmospheric pressure. Condensing turbines of this
size are normally multistage, with a small portion of the steam being extracted for
feedwater heating. The turbine configuration used in this study is an axial-flow tandem
compounded HP and LP turbine set. The term “tandem compounded” refers to the
separate casings of the HP and LP stages of the turbine being coupled in series. The HP
turbine unit has two stages of reheat and is double flow (meaning that the steam is
equally split into two directions in order to expand). The HP turbine is much smaller
than the LP turbine. This is due to the HP unit utilizing higher pressure, temperature, and
quality steam which makes it much more efficient than the LP unit. There are three
extraction points on the HP turbine. These extraction points lead to the moisture
separator, feedwater heater number 1, and feedwater heater number 2. The LP turbine is
also double flow. There are four extraction points in the LP turbine which feed into
feedwater heaters 3-6 individually. Figure 7-2 shows the cross section of a typical LP
tandem-compound turbine. Figure 7-3 shows the turbine created with SolidWorks®

2001.
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Figure 7-1. Simplified BOP Features
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Figure 7-2. Tandem-compound turbine cross section
[Source: Avallone and Baumeister, 1996]
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Figure 7-3. Turbine created with SolidWorks® 2001

7.2 MOISTURE SEPERATOR

The steam from the HP turbine is passed through a moisture separator, and the separated
liquid is diverted to a feedwater heater number 2 while the vapor passes to the LP turbine.
The moisture separator unit is usually combined with the reheater and called a moisture
separator reheater (MSR). This moisture removal is important due to turbine blade

corrosion and lubrication removal issues.

7.3 REHEATERS

Reheaters are used improve the thermodynamic gain in the Rankine cycle and to reduce
heat loss due to moisture in the LP stages of the turbine. There are two stages of reheat,
both of which are non-mixing counter flow heat exchangers. The reheaters utilize
extracted steam from the HP turbine that has partially expanded. This steam is reheated

to the maximum temperature and expanded, and then the steam is routed back to the
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turbine to continue the expansion until the condenser pressure is reached. The two stages
of reheat are located between the HP and LP turbines in the flow diagram. Both stages of
reheat drain off to feedwater heater number 1, which is closest to the steam generator.
Figure 7-4 shows a typical combination moisture separator and two-stage steam reheater

cross section. Figure 7-5 shows the reheater created with SolidWorks® 2001.

7.4 FEEDWATER HEATERS

Feedwater heaters serve two purposes. First, they increase the thermodynamic gains of
the regenerative steam cycle to improve overall efficiency, and second, they raise water
temperatures sufficiently to avoid thermal shock to the boiler metal. Steam is extracted
from various turbine stages and directed to the feedwater heaters where the feedwater is

preheated prior to entering the steam generator.

For this system, six feedwater heaters are used. These feedwater heaters are closed,;

meaning heat is transferred from the extracted steam to the feedwater without any mixing
taking place, and they are in a two pass cross flow tube-in-shell arrangement. Steam

traps at the bottom of each heater allowing the passage of saturated liquid only.

Feedwater heaters 1 and 3-6 are the flash drain type. In flash drained feedwater heaters,
the extraction steam from the heater drain flashes down to the adjacent upstream heater.
In the case of feedwater heater number 6, the condensate is flashed back to the condenser.
Feedwater heater 2 is of the pumped drain type. The extraction moisture is pumped up to

the feedwater pressure and combined with moisture separation liquid taken from the HP
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Figure 7-4. Combination moisture separator and two-stage steam reheater cross
section

[Source: Avallone and Baumeister, 1996]
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Figure 7-5. Reheater created with SolidWorks® 2001
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turbine exhaust before it enters the main feedwater pump. Feedwater heater number 1 is
the closest to the steam generator and feedwater heater number 6 is the closest to the
condenser. Feedwater heaters 1 and 2 are HP feedwater heaters, which means that they
raise the temperature of the feedwater by using steam exhausted from the HP turbine
passing on the outside of the tubes. Feedwater heaters 3-6 are LP feedwater heaters. LP
feedwater heaters heat feedwater flowing through the tubes with steam exhausted from
the LP turbine. Figure 7-6 shows a typical closed feedwater heater section. Figure 7-7

shows a feedwater heater created with SolidWorks® 2001.

— Feed H - i
eedwater outlet Steam inlet

T

P U LL\ Drain outlet

Feedwater inlet

Figure 7-6. Closed feedwater heater section
[Source: Avallone and Baumeister, 1996]



Figure 7-7. Feedwater heater created with SolidWorks® 2001

7.5 CONDENSER

The condenser serves four purposes: (1) to produce a vacuum or desired back pressure at
the turbine exhaust for the improvement of the plant heat rate, (2) to condense turbine
exhaust steam for use in the closed cycle, (3) to deaerate the condensate, and (4) to accept
heater drains, makeup water, steam drains, and start-up and emergency drains. The latent
heat removed by the condenser is transferred to cooling water which is usually supplied
by a river, lake, cooling tower, or ocean. The condenser is a water-cooled surface
condenser, and is attached to the LP exhaust of the turbine. It is in a one pass, cross flow,
tube-in-shell arrangement with two water boxes on each end separated by tube sheets.
Water flows inside the tubes while the vapor flows outside around the nest of tubes. The

vapor condenses on the outside surface of the tubes and drips to the bottom of the

45



condenser. Figure 7-8 shows the cross-section of a surface condenser. Figure 7-9

shows the condenser created with SolidWorks® 2001.
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Figure 7-9. Condenser created with SolidWorks® 2001
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8. BARGE BUILDING SOLID MODELING

As a part of the NERI project, Westinghouse assisted with the conceptual design and
layout of the primary and secondary system barges (2003). The Westinghouse effort uses
the sizes and designs for the components derived in this thesis. In order to create solid

models of the barge buildings, Westinghouse utilized the software package Innovation®.

Due to the size restrictions imposed by the locks located in Chattanooga, Rhea County,
and Lenoir City, Tennessee, the reference destination for transporting these barges is
Chattanooga. Using the limitations imposed by the discussed river systems from the Gulf
of Mexico to Chattanooga, the allowable dimensions of the barges are 30 meters wide, 70
meters long, with 2.74 meters draft. Also, the barges are limited to 17.07 (56’) meters
vertical clearance above the water surface by the Veterans Memorial Highway Bridge in
Guntersville, Alabama. Using the barge dimensions and a freshwater density at 80 °F of
996.48 kg/m’, the maximum displacement of either of the barges is 8.19E6 kg. This
weight limitation imposes restrictions on how much structural support and shield
concrete can be placed in the barge modules during transportation. Therefore, these
barges will employ steel structures that can be used as forms for the addition of needed

concrete after the barge has been floated into its final position and founded.

Plant layout design is achieved through various stages of prioritized features. First, each
component is placed and arranged from the viewpoint of functionality. Next, the

modularization aspects of design are implemented. Finally, considerations of increased
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accessibility for maintenance and construction are noted. Some components, including
pumps and valves, are not yet included in the current assembly design due to their lack of

influence on space requirements and minimal impact on the total weight of the system.

8.1 PRIMARY BUILDING BARGE CHARACTERISTICS

The primary building barge contains the reactor inside the containment structure, fuel
handling equipment and facilities, a shield that surrounds the containment structure, and
typical auxiliary building features. The auxiliary building features include the main
control room, safe shutdown panel, steam and feedwater piping and isolation valve room,
and all safety related equipment such as batteries for electrical power and equipment
associated with monitoring reactor operation and initiating required safety functions
[Westinghouse, 2003]. Figure 8.1 shows an elevation view of the primary building

barge. Table 8.1 lists the main components and their estimated weights.

The draft of the primary building barge is calculated using Equation 8.1

My, ~ 4.99E6kg
W, . (996.48kg/m*)(70m)(30m)

barge

Draft = =2.39m =7.83ft (8.1)

water ~— barge

Using a freshwater density at 80 °F of 996.48 kg/m’, the barge draft is calculated to be
2.39 meters (7.83 feet). Since the minimum water level for all of the considered river
systems is 2.74 meters, the assumed barge is capable of successful delivery to its

destination.
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Table 8-1. Primary Building Barge Component Weights

Component / Structure Estimated Weight in
Metric Tons (kg)
Reactor Vessel Shell 950 (9.50E5S)
Reactor Vessel Internal Components
RV Bottom Shield Plates 51 (5.10E4)
Lower Core Plate 14 (1.40E4)
Radial Reflector 50 (5.00E4)
Core Barrel 52 (5.20E4)
Upper Internals 33 (3.30E4)
Steam Generators (8) 280 (2.80ES)
Reactor Coolant Pumps (8) 32 (3.20E4)
Containment Vessel (w/o head) 750 (7.50ES)
In-side CV Concrete/steel 1000 (1.00ES6)
(Estimated Min.)
CV Pedestal Concrete/steel 1500 (1.50E6)
(Estimated Min.)
Barge 280 (2.80ES5)
Total Weight 4992 (4.99E6)

8.2 TURBINE GENERATOR BUILDING BARGE

CHARACTERISTICS

The turbine generator building barge contains the power conversion equipment for the
power plant and other auxiliary and support equipment. Figure 8.2 shows an isometric
view of the turbine generator building barge including major components for the turbine
generator building barge, with the feedwater heaters (shown in blue), the turbo-generator
unit (shown in bright green), the dual reheat (shown in brown). Figure 8.3 shows a side

view of the turbine generator building barge with the condenser shown in dull green.

The main components of the turbine generator building barge and their estimated weights

are shown in Table 8.2.
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Figure 8-2. Isometric view of the turbine generator building barge
[Source: Westinghouse, 2003]

Figure 8-3. Side view of the turbine generator building barge

[Source: Westinghouse, 2003]
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Table 8-2. Turbine Generator Building Barge Component Weights

Component / Structure | Estimated Weight in
Metric Tons (kg)
Turbo-Generator Unit 1451 (1.45E6)
Feedwater Heater #1 37.6 (3.76E4)
Feedwater Heater #2 9.1 (9.06E3)
Feedwater Heater #3 16.1 (1.61E4)
Feedwater Heater #4 32.0 (3.20E4)
Feedwater Heater #5 33.0 (3.30E4)
Feedwater Heater #6 40.7 (4.07E4)
Reheat Stage #1 3.64 (3.64E3)
Reheat Stage #2 5.72 (5.72E3)
Condenser 187.8 (1.88ES)
Piping 281 (2.81EYS)
Barge 280 (2.80ES)
Total Weight 2378 (2.38E6)

The draft of the turbine generator building barge is calculated using Equation 8.1

2.38E6 kg

= =1.14m=3.73ft
(996.48 kg/m3)(70m)(30m)

m
Draft = barge
L barge Wb

p water arge

Using a freshwater density at 80 °F of 996.48 kg/m’, the barge draft is calculated to be
1.14 meters (3.73 feet). Since the minimum water level for all of the considered river
systems is 2.74 meters, the assumed barge is capable of successful delivery to its

destination.
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9. BOSCO SENSITIVITY STUDIES

In order to demonstrate BOSCO’s ability to calculate the BOP component sizes for
various initial conditions, this chapter presents two sensitivity studies. These studies
show how component sizes and masses vary with changes in several important input
parameters including cooling water inlet temperature and steam generator outlet flow

rate.

9.1 COOLING WATER INLET TEMPERATURE STUDY

Depending on the location of a power plant, the average inlet temperature of the
circulating water varies significantly. Figure 9-1 shows the average temperatures of

circulating water, °F, for the United States.

The Base Case BOSCO calculations used a conservative 90°F for the condenser cooling
water inlet temperature. However, as shown in Figure 9-1, temperatures below 90°F are
common in most parts of the United States. The circulating water inlet temperature plays
an important role in the sizing of the condenser. In order to demonstrate this, BOSCO
was used to calculate the BOP sizes and parameters using a cooling water inlet
temperature of 70°F, while all of the other parameters used in the Base Case remained the

same. The BOSCO input for this sensitivity study is shown in Table 9-1.

The results of the BOSCO calculations for Sensitivity Study 1 are shown in Table 9-2.
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Figure 9-1. Average inlet temperature of circulating water, °F, United States

[Source: Avallone and Baumeister, 1996)

Table 9-1. BOSCO Input Conditions for Sensitivity Study 1

Parameter Value
Steam Generator Outlet Steam Temperature (°F) 602.6
Steam Generator Outlet Steam Pressure (psia) 841.0
Total Steam Generator Outlet Steam Flow (Ib/hr) 3990543.3
Electrical Output (MWe) 335.0
Condenser Circulating Water Inlet Temperature (°F) 70.0
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As shown in Table 9-2, the heat transfer area for the condenser is 1.27E+04 m2. This
heat transfer area is 42% less than the area that was required for the condenser in the
Base Case. The decrease in the cooling water inlet temperature caused an increase in the
LMTD. As shown in Equation 5.8, the increase in the LMTD causes a decrease in the

required heat transfer area.

9.2 STEAM GENERATOR OUTLET FLOW RATE STUDY

For the Base Case BOSCO calculations, where the IRIS primary system was used, there
were eight steam generators whose steam combined for a total mass flow rate of
3,990,543.3 Ibm/hr. The total mass flow rate of the steam coming out of the steam
generator(s) determines how much electrical output will be generated. The user-input
electrical output is used as a starting point for the iterative procedure used to calculate the
true electrical output within ORCENT2. This sensitivity study confirms BOSCO’s
ability to calculate the BOP sizes and parameters for a total steam mass flow rate of
5,000,000.0 Ibm/hr (a ~25 % increase from the Base Case). All other parameters from
the Base Case remained the same. Table 9-3 shows the BOSCO input conditions for this

sensitivity study.

Table 9-3. BOSCO Input Conditions for Sensitivity Study 2

Parameter Value
Steam Generator Outlet Steam Temperature (°F) 602.6
Steam Generator Outlet Steam Pressure (psia) 841.0
Total Steam Generator Outlet Steam Flow (Ib/hr) 5000000.0
Electrical Output (MWe) 335.0
Condenser Circulating Water Inlet Temperature (°F) 90.0
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The results of the BOSCO calculation for Sensitivity Study 2 are shown in Table 9-4.

As expected, due to the ~25% increase in steam flow, the generator output increased from
343.7 MWe to 428.9 MWe (~25%). Also, as shown in Table 9-4, the average increase in
heat transfer area for the feedwater heaters was ~23%, for the reheaters ~17%, and for the
condenser ~20%. Equation 5.5 indicates that an increase in m, or steam flow rate,
causes an increase in q, the heat transfer rate. Equation 5.8 shows that the increase in q

causes the increase in the heat transfer area required for the component.

58



T0+d6v°C | 00+30F'L | 00+dSL'Y | 10+d19°S | 10+dLv'y | 10+3vE€y | 10+991°C | 1043021 | 10+311°S (suo0y)
W3 M [e10]
v0+dSL'T | TO+A8Y'9 | T0+d99°€ | €0+dST9 | €0+960°S | €0+d26'v | €0+dLTT | €0+3SI'T | €0+dL8’S (;w) eary LH
10+4ST'T | 00+d90°v | 00+d€8°€ | 00+A10°9 | 10+J00°T | 10+J00°T | 00+dZ0'8 | 00+dZ09 | 10+d00°T (w) :.o_.a_m:ou
Jo psuo
00+300°8 | 00+dLET | 00+d90°'T | 00+d8Y'€ | 00+dEYT | 00+T6€T | 00+dT8T | 00+36¥'T | 00+919°C (w) juduodwod
.wo ‘-QuoEﬂ_Q
v0+d0S° T | €0+d00'T [ Z0+H00'9 | €0+dZS9 | €0+d61°€ | €0+d80°€ | €0+dA8LT | €0+40T'T | €0+dLY€ saqny Jo #
80+d0C°8 | L0+306'F | LO+F09°C€ | LO+F01'S | L0+A0OY'9 | L0+30L°L | L0+30S°€ | LO+H09'¢ | 80+H0T'I (snep) b
00+d€1°T | T10+dLL'T [ 10+dS6°T | 00+dET'T [ 00+d€1°T | 00+AET°T | 00+dAET'T | 00+dE1'T | 00+AEIT (s/ur) P
20+3r6'T | 00+300°1 | 00+d81'1 | Zo+d6¥'1 | 10+9¥0°L | 10+dLS'T | 00+3+8°S | 10+d10°S | 00+38S¥ (s/ur) ™9
v0+dSS'€ | To+d6L'y | To+dA6LY | TO+AISY | To+F18v | To+d18y | To+dI8Y | To+d18Y | TO+AOE9 (s/3%) P™w
0+d18'Yv | 10+96L°C | 10+d86'T | 20+3SO'T | 10+99%°L | 10+3LL'y | 10+499S°T | zo+d6v'T | 10+d88°6 (s/3%) *w
10+98L°€ | 20+946ST | 20+3S1T | 10+361°L | TO+3¥0'1 | TO+d1+'1T | T0+d8S T | 20+d08'1 | 20+A¥T'T (Do) 2L
10+922°€ | TO+AST'T | T0+dS8'T | 10+dL9'F | 10+d61°L | TO+A¥0'T | TO+31¥'T | TO+d8S'T | TO+dT8'1 (Do) PL
10+4d19% | TO+d2L'T | T0+d62°T | 10+92T°S | 10+dSL°L | TO+T60°'T | TO+ALY'1 | T0+3€8'T | T0+ALY'T (Do) °HL
104919y | TO+ALI'E | TO+ALT'E | 10+9Lv'L | 20+390° 1T | 2o+avv'T | 2o+d19°1 | 20+d€8'T | T0+dLTT D.) ML
FENTETITT) WHY I#HY 9HMA S#AA v#Ad e#md WM HAd

7 ApmS ANADISUIS 10J SI1djduleaed jueld Jo dueeqg ‘p-6 dqelL

59



10. CONCLUSIONS AND FUTURE WORK

10.1 CONCLUSIONS

A preliminary balance of plant design and layout and, suitable for use in modularity and
barge transportation studies, has been presented. A Matlab® script file has been created
which automates the process of calculating the component sizes for different initial
conditions, enabling the use of different primary systems and/or initial conditions without
difficulty. The components have been assembled on primary and turbine generator
building barges. These components and barge assemblies have been modeled into a CAD
environment. The sizes and weights of the barges have been calculated, and it has been
shown that these barges are capable of traveling from the Gulf of Mexico to Chattanooga,

Tennessee.

10.2 FUTURE WORK

Future work includes completion of the piping runs so tHat the plant layout can be
completed. Mechanical loads due to the effects of contraction and on seismic loads also
need to be evaluated. Analysis will be required to assure that the structural steel and
concrete used in the as-fabricated barge provides the necessary stiffness needed to
prevent buckling of the barge during transportation. The structural steel and concrete
must also be constructed so that the center of gravity is sufficiently low such that the

barge will not capsize. Auxiliary building barges could also be built and shipped.
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APPENDIX C - ORCENT?2 INPUT DECK (BASE CASE)

MRW's IRIS Optimized - new SG parameters
1 602.6 841.0

2 3800000. 1.0 3990543.3
8 335, 0.9
4 .878 A 220. 1,31
5 65
w2 152.3 -1:36 43.
10 3. 20. 10. 5%
I 62, 100.
12 2. 30. 25. 81. 25. i1y
13 6. 2 4
14 1. 414.7 0 a5
14 2. 5)e 155 0.
14 3. 100. 0. iye
14 4. 64. 0 1e
14 5. 20. 0 iy
14 6. 6. 0 iy
15 1. 118
16 1500
17 1.
0
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