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EXECUTIVE SUMMARY

The choice of thermodynamic cycle configuration is a vital first step in the development of a new
nuclear power plant. Various cycle configurations for High Temperature Gas Reactor power
conversion are under investigation. The choice of optimum cycle configuration is a complex problem
influenced by a large number of interdependent parameters such as component and material
limitations, maintenance, risk and cost. Because identifying the optimum PCU is such a complex and
integrated problem it is often difficuit to assess the comparative cost and feasibility of each cycle
during the concept phase. This forces developers to mainly consider performance and practical
considerations when justifying the choice of cycle configuration. Unfortunately, the effect of many of
these interdependent parameters on the plant cost can be overlooked when only the cycle
performance and practicality are evaluated. An integrated approach is needed in order to highlight the
underlying parameters that will impact on the feasibility of a particular cycle. There is therefore a need
for an integrated decision-support tool that can systematically compare various cycle configurations
and evaluate the efficiency and cost as a function of various design parameters.

The objective of this study was to compare the most promising one-, two- and three-shaft Brayton-,
Rankine- and Combined-cycle configurations in order to evaluate the technical performance, practical
considerations and economical competitiveness when employed in conjunction with a given Pebble
Bed Reactor. The objective was to identify a near-optimum design for each cycle configuration from
which the optimum Power Conversion Unit (PCU) configuration for the Next Generation Nuclear Plant
could then be identified. The order-of-magnitude plant cost was the main parameter used to compare
the various cycle configurations. The following methodology was used in the investigation in order to
arrive at the order-of-magnitude plant cost and ultimately at the optimum PCU configuration:

. Ten promising cycle configurations were identified.
. A thermodynamic cycle analysis was done for each configuration.
. Component models were developed for the turbine, compressor, heat exchanger and blower.

These component models were used together with the boundary values from the cycle
analyses to perform a conceptual design of each component.

. The results from each component model were used to translate the component’s geometry
into cost, using postulated costing models for each component.

. The power output for each cycle was translated into a capitalised income resulting in a
reduction in capital cost.

The temperatures, pressures, efficiency, component capital costs and the order-of-magnitude plant
cost of each configuration were then calculated for various pressure ratios, reactor outiet temperatures
and power turbine speeds. Based on these results, the different operational parameter envelopes were
identified for which each of the different cycle configurations would be most appropriate.

The performance, practical considerations and economical competitiveness of each of the ten selected
cycles were evaluated. The single-shaft inter-cooled recuperative direct Brayton cycle (Cycle B) is
recommended only when the reactor outlet temperature is lower than 900 °C and the reactor power is
lower than 400 MW. Altertatively, at higher reactor outlet temperaures and at higher power levels the
single-shaft recuperative direct Combined Cycle without inter-cooling (Cycle J) is recommended. The
results from this study suggest that the single-shaft recuperative direct Combined Cycle without inter-
cooling (Cycle J) is the most appropriate PCU for the PBMR for the Next Generation Nuclear Plant.
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UITVOERENDE OPSOMMING

Die keuse van die termodinamiese kringloop uitleg is ‘n kritiese eerste stap in die ontwikkeling van ‘n
nuwe kern aanleg. Verskeie kringloop opsies vir koppeling aan ‘n Hoé Temperatuur Gas Reaktor
word tans wéreldwyd ondersoek. Die keuse van optimum kringloop uitleg is ‘n komplekse probleem
wat deur verskeie inter-afhanklike parameters beinvioed word. Omdat die kringloop keuse deur
soveel parameters beinvioed word, is dit dikwels moeilik om die toepaslikheid van ‘n kringloop te kan
evalueer tydens die konsep fase van die projek. Daarom gebeur dit dikwels dat navorsers slegs die
effektiwiteit en praktiese oorwegings van ‘n kringloop in ag neem en nie na die kostes ook kyk nie.
Ongelukkig gebeur dit dan dat die effek van baie van die ontwerpsparameters op die koste oorsien
word. ‘n Geintegreerde benadering is nodig om die effek van die verskeie ontwerpsparameters op die
aanleg koste te kan vasstel. Daar was ‘n behoefte by PBMR vir die onwikkeling van ‘n geintegreerde
keuse-ondersteunings gereedskapstuk wat sistematies verskeie kringlope kan evalueer en die koste
kan bereken as funksie van die ontwerpsparameters.

Die doelwit van hierdie studie was om die mees belowendste enkel-, twee- en drie as Brayton-,
Rankine- en Gekombineerde kringlope te evalueer om sodoende elkeen se tegniese vermoé,
praktiese beperkinge en kostes te kan vergelyk vir ‘n gegewe Korrel Bed Reaktor. Die doelwit is dan
om die optimum ontwerp vir elk van die kringloop uitlegte te identifiseer waaruit die optimum kringloop
vir die Next Generation Nuclear Plant gekies kan word. Die orde-grote aanleg koste is gebruik as hoof
parameter om die verskeie kringlope mee te vergelyk. Die volgende metodologie is gevolg om by die
optimum kringloop uit te kom:

. Tien belowende kringlope is geidentifiseer.
. ‘n Termodinamies kringloop analise is gedoen vir elke kringloop.
. Komponente modelle is ontwikkel vir die turbine, kompressor, hitteruiler en pomp. Hierdie

komponent modelle is gebruik saam met die randwaardes van die kringloop analise om ‘n
konsep ontwerp vir elke komponent te voltooi.

. Die resultate van die komponent model konsep ontwerp is gebruik om ‘n koste te bereken vir
elke komponent. Die kostes is bereken met gepostuleerde koste modelle.

. Die krag uitset van elke kringloop is omgeskakel in ‘n gekapitaliseerde inkomste wat lei tot ‘n
reduksie in die kapitale koste.

Die temperature, drukke, termiese kringloop effektiwiteit, komponent kapitale kostes en die orde-grote
aanleg koste vir elke kringloop is bereken vir verskeie druk verhoudings, reaktor uitlaat temperature en
turbine spoede. Operasionele gebiede is geidentifiseer waarvoor elk van die onderskeie kringlope

mees van pas voor sal wees.

Die tegniese vermoég, praktiese beperkinge en ekonomiese kompeterendheid van elk van die tien
kringloop opsies is geévalueer. Die enkel-as tussen-verkoelde direkte Brayton kringloop met ‘n
rekuperator word aanbeveel vir kringlope waar die reaktor uitlaat temperatuur onder 900 °C is en die
reaktor drywingsvlak minder as 400 MW is. Vir kringlope wat hoér temperature en drywing vereis
word die enkel-as direkte gekombineerde kringloop met ‘n rekuperator aanbeveel. Die resultate van
hierdie studie wys dat die enkel-as direkte gekombineerde kringloop met ‘n rekuperator die mees
geskikte krinloop is om te koppel aan die Korrel Bed Reaktor vir die Next Generation Nuclear Plant.
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ABBREVIATIONS

This list contains the abbreviations as used in this study.

Abbreviation
AVR
BOP
BWXT
CD
CEA
D.L
D.M.
DOE
EU
FNR
GB
GEN
GFR
GIF
HP
HPC
HPT
HPT
HTGR
HTTR
HWR
IAEA
Ic
INEEL
INET
ITRG
JAERI
KAERI
LP
LPC
LPT
LWR
MIT
NCC
NCC
NEA
NGNP
OECD
OKBM
ORNL

Definition

Arbeitsgemeinshaft Versuchsreaktor
Balance of plant

?

Condenser

The French Atomic Energy Commission
Derek Lee

Dieter Matzner

Department of Energy

European Union

Fast Neutron Reactors

Gear box

Generator

Gas-cooled fast reactor

Generation 1V International Forum
High-pressure

High-pressure compressor

High-pressure turbine

High-pressure turbine

High temperature gas reactor

High Temperature Engineering Test Reactor
Heavy Water Reactors

International Atomic Energy Agency
Inter-cooler

Idaho National Engineering and Environmental Laboratory
Institute of Nuclear and New Energy Technology
Independent Technical Review Group

Japan Atomic Energy Research Institute
Korean Atomic Energy Research Institute
Low-pressure

Low-pressure compressor

Low-pressure turbine

Light Water Reactors

Massachusetts Institute of Technology
Nuclear capacity cost

Nuclear capacity cost

Nuclear Energy Agency

Next Generation Nuclear Plant

Organisation for Economic Co-operation and Development

Experimental Design Bureau of Mechanical Engineering
?
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Abbreviation Definition

PBMR Pebble Bed Modular Reactor Pty. (Ltd.)
PBR Pebble Bed Reactor

PC Pre-cooler

PCU Power conversion unit

Pax Maximum cycle pressure

PT Power turbine

REC Recuperator

RIT Reactor inlet temperature

ROT Reactor outlet temperature

RX Recuperator

SBS Start-up blower system

BC To be Completed

78D To be Determined

Tmax Maximum cycle temperature

Tamin Minimum cycle temperature

TWG-GCR Technical Work Group on Gas-cooled Reactors
VHTR Very High Temperature Reactor
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LIST OF VARIABLES

This list contains the variables as used in this study.

o [rad] rotor blade angle
A [] reaction
Phiade [kg/m3] compressor / turbine blade density
o [Pa] compressor / turbine blade stress
Comn_cs [m$] fixed capital cost for the generator and gearbox combined
Coss 1o [mS] fixed c_:apita/ cost for the SBS blower and resister bank
= combined
C buitaing [m$] fixed capital cost for the building - Brayton
Cpuitding_cc [m$] fixed capital cost for the building — Combined Cycle
C tocior [m$] fixed capital cost for the reactor
%APyye [ S}ZQ pressure loss on each side for each heat exchanger in
%dPpipinG [l 0.3% pressure loss assumed for each pipe in the cycle
%dPry [%] losses in re-heater
%dPss [%] losses in steam generator
B, a [rad] rofor blade angle
p/rho [kg/m’]  fluid density
A [m’] area
BLOCK [MWth] block reactor thermal power
C [m$] capital cost
C, [m/s] compressor / turbine axial velocity
CDx [] minimum allowable condenser two-phase quality fraction
Coenerator_Gearbox [M$] capital cost: Generator and Gearbox
Cp [J/kg. K] specific heat at constant pressure
Cr [ heat capacity ratio
Cresctor sung  [MS] gapital cost: reactor and building (incl. balance of plant) -
- rayton
Creactor_Buiding cc [M$] capital cost: reactor and building (incl. balance of plant) - CC
Csss_rs [m$] capital cost: SBS blower and Resistor bank
Cuw1 [m/s] absolute tangential velocity at the inlet
Cuwz [m/s] absolute tangential velocity at the outlet
dix [m] hydraulic diameter - IHX
daT [°’C]/[K] total temperature difference over turbo machine
dTiux [°cl temperature difference over the IHX for indirect cycles
dTirxsteam [°C] temperature difference over the IHX for direct cycles
Fu1 [kg.m/s?]  tangential force on rotor from entering fluid
Gamma ] ratio of specific heats
h [m] blade height
H2et paratier [%] hydrogen process efficiency — parallel configuration
H2og.serie [%] hydrogen process efficiency — series configuration
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H2mw-pararier Mwj power available for Hydrogen plant - parallel configuration
H2uw-serie MW] power available for Hydrogen plant - series configuration
k W/m K]  conductivity as function of temperature
Kbaseux [m$] cost offset: IHX (development cost)

ksLock [ loss coefficient for Block reactor - fixed

Ket ] proportionality constant. compressor (material)
Kcomp [] loss coefficient for diffuser - compressor

Kic [ proportionality constant: Inter-cooler (material)
Kix [ proportionality constant: IHX (material)

| — [m*] loss coefficient for PBR - fixed

Kpc [ proportionality constant: Pre-cooler (material)
Krecuperator [ proportionality constant: recuperator (material)
Ky -] proportionality constant: turbine (material)
Kiurp [l loss coefficient for diffuser - turbine

Leak flows [%] percentage of total mass flow

mflow [kg/s] mass flow — Brayton cycle

ms [kg/s] mass flow — Rankine cycle

N [rev/s] turbo machine rotational speed

NCC [m$/MW]  nuclear capacity cost

p [Pa] total pressure

PBR [MWth] Pebble bed reactor thermal power

Pmax [bar] maximum cycle pressure

R [Jkg. K]  gas constant

Re [ Reynolds number

I [m] turbine / compressor hub radius

Iy [m] turbine / compressor tip radius

s [m] turbine / compressor blade pitch

SF [ turbine / compressor blade safety factor
SteaMparginar  [$/kW] Y=ax+b... (a) marginal cost

Steamgset [mgj Y=ax+b... (b) cost offset

t K] temperature

T; [kg.m?/s?] torque on rotor at the inlet

tax [°C] maximum cycle coolant temperature

tmin [°C] minimum cycle coolant temperature

Th [kg.m*/s’] net torque on rotor

teinen [°ci pinch temperature for steam generator

u W/m?.K]  heat transfer coefficient

Uic [ heat transfer coefficient for the inter-cooler

Un [m/s] turbine / compressor mean speed

Upc [ heat transfer coefficient for the pre-cooler
URrecuperator ] heat transfer coefficient for the recuperator

U [m/s] turbine / compressor tip speed

w [MW.s/kg] work per unit mass flow

w [mMwj work

z [ compressor / turbine number of stages
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Nbiower

Ne

n cycle

Nic
Nmechanical
Nec

Npump
nRecupelator
Ns

yn

Nturbine

Gm ax

(o2}
W

[%]
[%]
[%]
[%]
[%]
[%]
[%]
[%]
[%]
[%]
[%]
[MPa]
FI
FI

blower isentropic efficiency

compressor isentropic efficiency

thermal cycle efficiency

inter-cooler efficiency

mechanical shaft efficiency

pre-cooler efficiency

pump efficiency for Rankine cycle
recuperator effectiveness

stage efficiency

turbine isentropic efficiency for Brayton cycle
turbine efficiency for Rankine cycle

blade material maximum allowable yield strength
flow coefficient

work coefficient
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Chapter 1 — Introduction

Chapter 1

Introduction

in this chapter, the background to the study is given and the problem statement and objective of the
study are stated. The cycles under investigation are discussed and the methodology used for the
study is explained where-after an outline of the study is given.

Copyright 2005 by PBMR CONFIDENTIAL Page 16 of 210



YUNIBESITI YA BOKONE-BOPHIRIMA

NORTH-WEST UNIVERSITY

% NOORDWES-UNIVERSITEIT
Chapter 1 — Introduction

1. INTRODUCTION

1.1 BACKGROUND

There is a continuing increase in the demand for electrical power in most industrialized countries. The
Bush Energy Policy warns that declining supplies of oil and gas threaten to drag the United States into
the worst energy-supply crisis since the 1970’s (Anon, 2002). Since 1980 the total world energy use
grew by nearly 50 percent, with electricity growth even stronger (WNA, 2002a). The renewable energy
sources for electricity constitute of solar, tidal, hydro, geothermal and biomass-based power
generation. Except for hydropower in the few places where it is plentiful, none of the renewable energy
sources are suitable for large-scale power generation where continuous, reliable supply is needed
(WNA, 2002a). The world relies on fossil fuels to produce almost half of all base-load electricity
production. Unfortunately carbon dioxide emissions from fossil fuels contribute to significant global
warming. The world needs an alternative energy source which will be sustainable, economically viable
and which will minimize global pollution.

Technological advances have made nuclear power safer, more efficient and less expensive than it has
been in the past. Nuclear power generation is an established part of the world's electricity mix
providing over 16% of world electricity today, see Figure 1.1. On a global scale nuclear power is
reducing carbon dioxide emissions by some 2.4 billion tons per year (WNA, 2002a). The relative costs
of generating electricity from coal, gas and nuclear plants vary considerably depending on location.
Coal is economically attractive in countries with abundant and accessible domestic coal resources as
long as carbon emissions are cost-free. Gas is also competitive for base-load power in many places,
particularly using Combined Cycle plants, although rising gas prices have removed much of the
advantage (WNA, 2004b). Nuclear energy is, in many places, competitive with fossil fuel for electricity
generation, despite relatively high capital costs and the need to internalize all waste disposal and
decommissioning costs. A recent OECD comparative study (OECD, 2003) shows that in 7 of 13
countries considering nuclear energy, nuctear would be the preferred choice for new base-load
capacity commissioned by 2010. Nuclear holds the promise of sustainable and economically viable
energy whilst minimizing global pollution. If the social, health and environmental costs of fossil fuels
are also taken into account, nuclear seems to be the only solution to the world’s energy needs.

100% ﬂ
60% —| ;
: B Nuclear
0% — i
B oit
5 [ Gas
40% | »
p [ Coat
B B Hydro &
20% — 47 1 ‘E other
os | b ARANT VAL R ‘_EL
S Korea Japan Canata usa QECO Ewops UK Aust
2001 TWh: 281 1335 588 88 325E 3 217

Width cf each bar is indicative o powar gererated (groes produshion)
HBownpa GECDACA F02 Easvgy Riancas of QECH Countiins $027

Figure 1.1 Fuel for electricity generation (percent) (WNA, 2004a)
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Substantial interest has been generated in advanced reactors over the last few years. This interest is
motivated by the view that new nuclear power reactors will be needed to provide low carbon
generation of electricity and possibly hydrogen to support the future growth in demand for both of
these commodities. Some governments feel that substantially different designs will be needed to
satisfy the desires for public perception, improved safety, proliferation resistance, reduced waste and
competitive economics. This has motivated the creation of the Generation IV Nuclear Energy Systems
program in which ten countries have agreed on a framework for international cooperation in research
for advanced reactors. Six designs have been selected for continued evaluation with the objective of
deployment by 2030. One of these designs is the Very High Temperature Reactor (VHTR). The
Department of Energy (DOE) has selected the Very High Temperature Reactor (VHTR) as the concept
to demonstrate the use of nuclear power for both electricity and hydrogen production and authorized
INEEL to be the vehicle to meet the NGNP functional objectives.

The Pebble Bed Modular Reactor (PBMR), being developed in South Africa through a world wide
international collaborative effort led by ESKOM, the nationai utility, will represent a key milestone on
the way to achievement of the VHTR design objectives (Matzner et al, 2003). The choice of
thermodynamic cycle configuration is a vital first step in the development of a new nuclear power plant.
The cycle configuration directly influences the cycle efficiency, power output and cost, as well as
maintenance, construction time and risk of the plant. It is therefore essential to investigate various
cycle configurations in order to assess each cycle’s feasibility with regard to these parameters. In
order to partake in this Generation IV initiative, PBMR needs a PCU that can operate at higher
temperatures, higher power levels, and which is practical, efficient and cost effective.

Cycle configurations for the PCU under investigation are the Rankine- , Brayton and Combined Cycle.
The early nuclear plants operated on a Rankine cycle with steam conditions similar to modern fossil
plants. VHTRs offer temperatures in excess of 900 °C. Conventional steam plants do not gain from
reactor outlet temperatures in excess of 650 °C, due to the maximum steam temperature being limited
to 600 °C. Studies indicated that considerable cost savings could resuit from the application of a
closed loop Brayton cycle using advances in technology for gas turbines, compact heat exchangers,
manufacturing and electronics (IAEA, 2001a). Although the Brayton cycle designs are mainly based
on existing technology, the specific configurations and operating environment differ considerably from
existing applications. These differences introduce uncertainties that need to be understood in order to
identify the most competitive cycle design for today’s nuclear market. Combined Cycles hold the
promise of high cycle efficiencies, while utilising conventional steam plant technology which is coupled
to a small Brayton cycle. When investigating the Combined Cycle, the financial gain due to the higher
cycle efficiency needs to be compared to the additional capital costs.

Various cycle configurations for high temperature gas reactor (HTGR) power conversion are currently
under investigation. The choice of optimum cycle configuration is a complex problem influenced by a
large number of interdependent parameters such as component and material limitations, maintenance,
risk, and cost. Because identifying the optimum PCU is such a complex and integrated problem it is
often difficult to assess the comparative cost and feasibility of each cycle during the concept phase.
This forces developers to mainly consider performance and practical considerations when justifying
the choice of cycte configuration. Unfortunately, the effect of many of these interdependent parameters
on the plant cost can be overlooked when only the cycle performance and practicality are evaluated.
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The growing demand for electrical power is urgently pressing the nuclear industry for clean, inherentiy
safe, efficient and cost competitive nuclear power plants. If PBMR wants to participate in the NGNP
initiative, it is crucial to propose a PCU that is not only practical and efficient, but also cost competitive.

1.2 PROBLEM STATEMENT

An integrated approach is needed in order to highlight the underlying parameters that will impact on
the feasibility of a particular cycle. A need has been identified to develop an integrated decision-
making tool that could systematically compare various cycle configurations based on the same input
parameters which could evaluate the efficiency and cost as function of various design parameters.

1.3 OBJECTIVE OF STUDY

The objective of this study is to compare the most promising one-, two- and three-shaft Brayton-,
Rankine- and Combined-cycle configurations in order to evaluate the technical performance, practical
considerations and economical competitiveness when employed in conjunction with a given Pebble
Bed Reactor. The objective is to identify a near-optimum design for each cycle configuration from
which the optimum PCU configuration can be identified.

This study was conducted for PBMR Pty. Ltd. in support of the NGNP initiative in order to identify the
most practical, efficient and cost effective PCU design for today’s nuclear market.

s This study aims to assist in long-term strategic planning as to which PCU is best for VHTR
application.

¢ This study aims to integrate knowledge from within PBMR.

e This study aims to provide PBMR with a tool which will give quick, meaningful results of PCU
temperatures, pressures, mass flows, cycle efficiencies, comparative costs and PCU
component designs.

e This study will also assist in identifying a working point for a particular chosen cycle.

Y

Figure 1.2 Practicality and efficiency of PCUs vs. cost
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1.4 CYCLES UNDER INVESTIGATION

In this section the Rankine-, Brayton- and Combined Cycle configurations under investigation are
mentioned and it is explained why specifically only these were chosen. For a specific PCU, one needs
to assess whether a direct or indirect cycle is best. Should one choose an indirect cycle, the choice of
which fluid to use arises. These questions will be addressed in the study. It is assumed that a fixed
PBR will be used and that Helium will therefore be used as coolant for all the direct cycles.

& f f
.
L

Combined Brayton ' C:ombmed Brayton

h 4

Cycle Cycle
He N, He N, He He

STD vs. Custom

Figure 1.3 Option tree for choosing the PCU

1.4.1 Rankine

The maximum steam temperature for conventional steam plants vary between 540 °C and 600 °C.
Thus steam plants effectively utilize only heat below 650 °C. The shaded areas in Figure 1.4 indicate
lost work in the system — heat which is available, but not utilized. For temperatures in excess of
650 °C it is recommended that a Combined Cycle be used. A conventional steam plant is therefore
not recommended as PCU for VHTR application.
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Figure 1.4 T-s diagram indicating lost work for (i) Combined Cycle and (ij) Steam cycle
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1.4.2 Brayton

Because the Brayton cycle and its operating environment differ from existing applications, it is not
clear which Brayton cycle is the best option. Brayton cycle configurations mainly differ from each other
with regard to the number of shafts, inter-cooling or not and whether or not a recuperator is employed
for waste heat recovery. The number of shafts impacts directly on the plant controllability, the number
of compressors and turbines, the turbo machine design, risk and cost. The turbo machine design
impacts on the turbo efficiency, which influences the cycle efficiency, which in turn influences the plant
economics. Inter-cooling and waste heat recovery directly impact on the plant efficiency, but also the
capital cost. The effect of each of these parameters on the plant cost, efficiency and practicalities
need to be evaluated for each of the various options. Cycles A — E of Figure 1.7 were chosen as the
representative cycles for possible Brayton configurations:

e Cycle A : Single shaft, recuperative direct Brayton cycle

e Cycle B and F: Single shaft, recuperative Brayton cycle with inter-cooling
o Cycle C: Two shaft, recuperative direct Brayton cycle with inter-cooling

e Cycle D: Three shaft, recuperative direct Brayton cycle with inter-cooling

e Cycle E: Three shaft, recuperative direct Brayton cycle with two-step inter-cooling

1.4.3 Combined

Combined Cycles hold the promise of high cycle efficiencies, while utilising conventional steam plant
technology which is coupled to a small custom designed Brayton cycle. A variety of cycle
configurations are possible. For the Brayton section of the Combined Cycle, as in section 1.4.2, the
question remains as to how many shafts to use and whether inter-cooling and waste heat recovery are
necessary. Added complexities are the questions of where the steam generator should be situated in
the Brayton cycle layout and how to customise the steam plant to fit the Brayton cycle.
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Figure 1.5 Brayton t-s diagram for Combined Cycle for various cycle configurations — not
recommended
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Figure 1.5 (i) represents the t-s diagram of a single-shaft inter-cooled Brayton cycle, where the
recuperator has been replaced with a steam generator. The reactor inlet temperature for the PBR is
limited to around 300 °C. In the absence of the recuperator, the reactor inlet temperature has dropped
to around 100 °C. This is below the minimum inlet temperature and therefore Cycle (i) is not an
option. Because of the reactor inlet temperature limit, a recuperator is introduced. Figure 1.5 (ii)
represents the t-s diagram of a single-shaft inter-cooled Brayton cycle, with both a recuperator and
steam generator. The problem with placing the steam generator at the lower end is that the
recuperator is very ineffective, and that the maximum temperature for the steam plant is limited to
around 200 °C. Cycle (ii) will therefore have both an inefficient Brayton due to low recuperator
effectiveness and also a low Rankine cycle efficiency due to the low steam temperature. Cycle (ii) is
not advised. Figure 1.5 (iii) represents the t-s diagram of a single-shaft inter-cooled Brayton cycle,
where the steam generator is coupled in parallel with the recuperator through a three-pass heat
exchanger. Although the steam plant efficiency will be increased because of the higher temperatures,
the Brayton is still inefficient due to the ineffective recuperator. Cycle (iii) is also not advisable.

Figure 1.6 (iv-A) represents the t-s diagram of a single-shaft inter-cooled recuperative Brayton cycle,
where the steam generator is utilized at the higher end with the recuperator at the lower end. The
advantage is that the steam plant has a high steam temperature while the recuperator is still working
effectively. Note that the reactor inlet temperature is low and also that the recuperator is relatively
small due to lower mass flows. This cycle is proposed to be investigated — see Cycle G of Figure 1.8.
An alternative to Cycle G is to compress through the low-pressure compressor (LPC) only by
discarding both the inter-cooler and high-pressure compressor (HPC) — see Cycle J of Figure 1.8. ltis
noted that the recuperator size is smaller now and also that more heat is available in the pre-cooler to
be effectively used to pre-heat the water in the Rankine cycle before entering the steam-generator. An
alternative is to leave out the pre-cooler and directly compress from after the steam generator. In this
case a recuperator will not be needed since the reactor inlet temperature is already in the region of
400 °C - see Cycle H and Cycle | of Figure 1.8.
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Figure 1.6 Brayton t-s diagram for Combined Cycle for various cycle configurations — recommended
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Figure 1.7 Brayton cycles under investigation

(A) Single-shaft (B) Single-shaft with inter-cooling (C) Two-shaft with inter-cooling (D) Three-shaft with

inter-cooling (E) Three-shaft with two-step inter-cooling (F) Indirect single-shaft with inter-cooling
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Figure 1.8 Combined Cycles under investigation

(G) Single-shaft recuperative Brayton with inter-cooling (J) Single-shaft recuperative Brayton without
inter-cooling (H) Single-shaft Brayton without inter-cooling () Indirect Single-shaft Brayton without
inter-cooling

Copyright 2005 by PBMR CONFIDENTIAL Page 24 of 210


file:///AAAAAf

YUNIBESITI YA BOKONE-BOPHIRIMA

NORTH-WEST UNIVERSITY

NOORDWES-UNIVERSITEIT
Chapter 1 — Introduction

1.5 METHODOLOGY

The cost is used as main parameter to assess the feasibility of a particular cycle. The order-of-
magnitude capital cost is only a comparative value between the cycles and does not portray the
absolute total cost of the PCU. The philosophy was to include only those component costs that would
result in notable overall cost differences between the cycles. For the PCU, these include only the cost
of the turbo machines, heat exchangers and blowers as well as the effect of the capitalised income
from the power delivered to the grid. The following methodology was used in the investigation:

Same inputs

= pressures
= temperatures

Boundary conditions over equipment * mass flow
= cycle efficiency

= conceptual component design
(designed to level of detail required by costing formula)

Costing formula

based on engineering judgment
indicate trends rather than absolute costs
= benched against PBMR capital costs

= various pressure ratios, ROT’s and power levels.

Figure 1.9 Overview of study

e Ten cycle configurations were chosen to be investigated (see previous section).

e A thermodynamic cycle analysis was done for each configuration based on a fixed reactor
pressure loss coefficient, fixed heat exchanger efficiencies and fixed percentages for the
pressure losses through the piping and heat exchangers. The leak flows for each cycle was
calculated as fixed percentages of the total cycle flow. The isentropic efficiency of each turbo
machine is calculated at each specified cycle pressure ratio as function of the stage efficiency
and number of stages (only applied to Brayton cycles).

e Component models for the turbine, compressor, heat exchanger and blower were used
together with the boundary values from the cycle analyses to perform a conceptual design of
each component. Since the same reactor will be utilized in all the cycles, the reactor cost will
not influence the comparative order-of-magnitude cost. The components were only designed
to the level of detail that is required by the costing formula. After the components have been
designed, certain cycle analysis input was updated with these newly calculated values.

e The results from each component model were used to translate the component’'s geometry
into cost, using postulated costing models for each component. The turbo machine designs
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were optimized to ensure minimum capital cost of the machine.

o The power output for each cycle was translated into a capitalised income resulting in a
reduction in capital cost. This means that higher thermal cycle efficiencies and higher power
levels effectively reduce the order-of-magnitude capital cost.

The temperatures, pressures, efficiency, component capital costs and the order-of-magnitude cost of
each configuration was then calculated for various pressure ratios, reactor outlet temperatures and
power turbine rotational speeds. Based on these results, the different operational parameter envelopes
are identified for which each of the different cycle configurations would be most appropriate.

CYCLE-C is the computer toof that was developed in Visual C++ for this study with the objective to
systematically compare various cycle configurations in order to evaluate their technical performance,
practical considerations and economical competitiveness when employed in conjunction with a given
Pebble Bed Reactor (PBR).

1.6 OUTLINE OF STUDY
The study is presented in the following 6 chapters:
CHAPTER 1: Background and Purpose of study

The background to the study is given and the problem statement and objective of the study is stated.
The cycles under investigation are discussed and the methodology used for the study is explained.

CHAPTER 2: Literature survey
An extensive literature survey is documented, placing the problem of identifying a PCU in perspective.
CHAPTER 3: System thermo-hydraulic design

The theory and methodology used to solve the thermodynamic cycle analyses is presented. All
relevant input parameters are discussed.

CHAPTER 4: Costing Models

The costing models used are discussed and motivated.

CHAPTER 5: Component Models

The theory and methodology of each component model is discussed:
e compressor, turbine,
e recuperator, pre-cooler, inter-cooler, IHX and
e Dblower.

CHAPTER 6: Results

Based on the results of the cycle analyses, component designs and cost of each configuration,
different operational parameter envelopes are identified for which each of the different cycle
configurations would be most appropriate.

CHAPTER 7: Recommendation and Conclusion

Recommendations are made, conclusions are drawn and future work is mentioned.
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Chapter 2
Literature Study

There are a large number of international programs focussed on developing the first Generation Il
nuclear plants (which will precede the Next Generation Nuclear Plant). Consequently PBMR is faced
with strong competition. A variety of PCU designs are being investigated by the international
community and it is not straight-forward to assess which of these PCUs are most suitable for the
NGNP. In this chatper, the literature survey is documented placing the problem of identifying a PCU in

perspective.

Copyright 2005 by PBMR CONFIDENTIAL Page 27 0of 210



YUNIBESIT! YA BOKONE-BOPHIRIMA

NORTH-WEST UNIVERSITY

NOORDWES-UNIVERSITEIT
Chapter 2 — Literature Study

2. LITERATURE STUDY

2.1 INTRODUCTION

There is a continuing increase in the demand for electrical power in most industrialized countries. The
renewable energy sources for electricity constitute of solar, tidal, hydro, geothermal and biomass-
based power generation. Except for hydropower in the few places where it is plentiful, none of the
renewable energy sources are suitable for large-scale power generation where continuous, reliable
supply is needed (WNA, 2002b). The world relies on fossil fuels to produce almost half of all base-
load electricity production. Unfortunately carbon dioxide emissions from fossil fuels significantly
contribute to global warming. The world needs an alternative energy source which will be sustainable,
economically viable and which will minimize global pollution. Technological advances have made
nuclear power safer, more efficient and less expensive than it has been in the past. On a global scale
nuclear power is reducing carbon dioxide emissions by some 2.4 billion tons per year (WNA, 2002b).
Nuclear holds the promise of sustainable and economically viable energy whilst minimizing global
pollution. If the social, health and environmental costs of fossil fuels are also taken into account,
nuclear seems to be the only solution to the world’s energy needs. Humankind cannot conceivably
achieve a global clean-energy revolution without a huge expansion of nuclear power — to generate
electricity, to produce hydrogen for tomorrow’s vehicles, and to desalinate seawater in response to the
world’s rapidly emerging fresh-water crisis.

The nuclear power industry has been developing and improving reactor technology for almost five
decades and is preparing for the next generations of reactors. Several generations of reactors are
commonly distinguished. Generation | reactors were developed during the 1950-60s and relatively few
are still running today. Generation |l reactors are typified by the present US fleet and most reactors in
operation elsewhere. Generation lll reactors are the advanced nuclear reactors, which include the
LWR, HWR, HTGR and the FNR. The first are in operation in Japan (HTTR) and in China (HTR-10)
and others are under development. Generation 1V designs are still on the drawing board. About 85%
of the world's nuclear electricity is generated by reactors derived from designs originally developed for
naval use. These and other second-generation nuclear power units have been found to be safe and
reliable, but they are being superseded by better designs. Reactor suppliers in North America, Russia,
South Africa, China, Japan and Europe have a dozen new nuclear reactor designs in advanced stages
of planning, while others are at a research and development stage. The greatest departure from
current designs is that many new generation nuclear plants incorpeorate passive or inherent safety
features which require no active controls or operational intervention to avoid accidents in the event of
malfunction. Traditional reactor safety systems are ‘active’ in the sense that they involve elecfrical or
mechanical operation on command (WNA, 2003a).

Substantial interest has been generated in advanced nuclear reactors over the last few years. This
interest is motivated by the view that new nuclear power reactors will be needed to provide low carbon
generation of electricity and possibly hydrogen to support the future growth in demand for both of
these commodities. Some governments feel that substantially different reactor designs will be needed
to satisfy the desires for public perception, improved safety, proliferation resistance, reduced waste
and competitive economics. The high capital cost of large power reactors (generating electricity via the
steam cycle) has motivated the movement to develop smaller units. The IAEA defines “small’ as
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under 300 MWe. These units may be built independently or as modules in a larger complex, with
capacity added incrementally as required. These smaller units can also be used on remote sites.
Generally, modern small reactors for power generation are expected to have greater simplicity of
design, economy of mass production and reduced siting costs.

This interest in advanced nuclear reactors has motivated the creation of the Generation IV Nuclear
Energy Systems program in which ten countries have agreed on a framework for international
cooperation in research for advanced nuclear reactors. The Generation [V International Forum (GIF)
is an international collective representing governments of countries where nuclear energy is significant
and also seen as vital for the future. The members of the GIF are Argentina, Brazil, Canada, France,
Japan, South Africa, South Korea, Switzerland, the UK and the USA. Six Generation |V reactor
designs have been selected for continued evaluation with the objective of deployment by 2030. The
six reactor designs are the Gas-cooled fast reactor, the Lead-cooled fast reactor, the Molten Salt
reactor, the Sodium-cooled fast reactor, the Supercritical water-cooled reactor and the Very High
Temperature Reactor (VHTR) (WNA, 2003b).

Along with the Sodium-cooled fast reactor (SFR), the VHTR is the nearest term possibility of the
reference Generation [V reactor concepts. The VHTR is a graphite-moderated helium-cooled reactor
which is based on substantial experience with the High Temperature Gas-cooled Reactor (HTGR).
Technology developed in the last decade makes HTGRs more practical than it has been in the past
(WNA, 2005a). The VHTR can potentially operate at very high core outlet temperatures (1000 °C +).
The core can be built of prismatic blocks such as the HTTR-project (Japan) and the GT-MHR-project
(USA and Russla), or it may be built of pebble fuel such as the HTR-10-project (China) and the PBMR-
project (South Africa).

The Generation IV International Forum is committed to joint development of the Next Generation
Nuclear Plant (NGNP) which will utilize a VHTR. If successful, the NGNP will be smaller, safer, more
flexible and more cost-effective than any commercial nuclear plant in history. In 2004 the United
States Department of Energy (US DOE) sought a partner to develop the NGNP as its leading concept
for developing advanced power systems and selected the VHTR as the reactor concept to
demonstrate the use of nuclear power for both electricity and hydrogen production. A pilot plant
demonstrating technical feasibility is envisaged by 2020 at Idaho National Engineering and
Environmental Laboratory (INEEL). The VHTR will enable direct gas turbine electricity generation,
thermo-chemical hydrogen production via an intermediate heat exchanger or cogeneration (WNA,
2003b). Reactor modules of 600 MW thermal are envisaged (US DOE, 2004). The NGNP will secure
a major role for nuclear energy for the long-term future and also provide a practical path toward
replacing imported oil with domestically produced, clean and economic hydrogen (WNA, 2005b).

The NGNP objectives, as presented by the NGNP Program Manager for INEEL on 16 November 2004
(MacDonald, 2004a) are:

¢ To demonstrate a full-scale prototype NGNP that is commercially licensed by the US Nuclear
Regulatory Commission and to

o Demonstrate safe and economical nuclear-assisted production of hydrogen and/or electricity.
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The VHTR and NGNP research and development needs are structured in the following five specific
R&D projects (US DOE, 2004):

o Design and Safety

s Fuel and Fuel Cycle

¢« Materials and Components

e Hydrogen Production Technologies

s "*Power Conversion Unit (Balance of Plant)

This study was conducted for PBMR Pty. Ltd. in support of the NGNP initiative in order to identify the
most practical, efficient and cost effective *PCU design for today’s nuclear market. As mentioned,
various cycle configurations for HTGR power conversion are currently under investigation. The choice
of optimum PCU is a complex problem influenced by a large number of interdependent parameters
such as component and material limitations, maintenance, risk, and cost. Because identifying the
optimum PCU is such a complex and integrated problem it is difficult to assess the comparative cost
and feasibility of each PCU during the concept phase. The NGNP-project is a large commercial
project with very strong international competition. Cost data are not readily available and the NGNP-
designs are still in concept-phase. It is therefore imperative that PBMR conduct its own comparative
study of various PCUs in order to arrive at an optimum design for the NGNP.

Even though such a study does not exist in the open literature, the following information from literature
serves as crucial background before this study can be undertaken:

e The NGNP will utilize a VHTR. The VHTR builds on the experience of several innovative
HTGRs built in the 1960s and 1870s. It is important to understand the history of the HTGR in
order to place the NGNP in context and also to learn from previous HTGR programs. Section
2.2 gives a brief overview of the advantages of the HTGR and section 2.3 gives an overview of
the development of the HTGR nuclear plants.

e There are a large number of international programs focussed on developing the first
Generation II/ nuclear plants which will precede the NGNP. Consequently PBMR is faced with
strong competition. It is important to know what each of these parties are doing in order to
better understand the market and competition and also to leamn from our competitors. Section
2.4 gives an overview of the current international programs and discusses the basic designs of
each of these Generation /Il programs.

e The PCU chosen should comply with the NGNP requirements. [t is therefore important to
understand the requirements as set out by the ITRG. Although these requirements are not
fixed in stone, it is important to keep them in mind when choosing a PCU for the NGNP.
Section 2.5 discusses the NGNP requirements as set out by the ITRG.

2.2 OVERVIEW OF THE HTGR

This section will provide a brief overview of the HTGR and will list the six ideas on which the HTGR are
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based and mention some common characteristics to all HTGRs.

High Temperature Gas Reactors (HTGRs) are very different from light water (LWR) and heavy water
(HWR) reactors. The HTGR is the latest development of the gas cooled reactors which started with
the Magnox reactors and later on the Advanced Gas-cooled Reactors (AGR). The use of helium as
coolant and the use of graphite as structural material allow much higher helium temperatures
compared to the systems menticned above. The higher helium temperatures result in higher cycle
efficiencies. Helium is chemically inert and has a high heat capacity.

The fuel is also very different from today’s well known pellets for the LWR. The HTGR uses coated
fuel particles. Three layers of pyrolytic carbon, silicon carbon and again pyrolytic carbon protect the
fuel itself. Around the fuel kernel there is a porous buffer layer. The coated particle was one of the
main inventions in the development of the HTGR. These very small fuel particles are embedded in
graphite. The HTGR allows high fuel temperatures under normal conditions {(max. 1350 °C) and in
accident conditions (max. 1600 °C) without the release of fission products. The coolant gas helium
can be heated to very high temperatures (700 °C to 950 °C). The reactor core inlet temperature is
somewhere between 250 °C and 550 °C dependent on the power conversion unit. The helium
pressure is between 30 Bar and 90 Bar. The core power density is chosen between 3 and 6 MW/m®
because of safety reasons. The limited power density will realise the principle of self-acting decay
heat removal and will avoid overheating of fuel elements in severe accident conditions. All of today’s
HTGR designs propose a thermal power of modular reactors between 200 and 600 MWy, Higher
power can be realised by several parallel working modular reactors on a site.

Originally the HTGR-concept was based on six ideas, which are still important today (Kugeler et al,
2003):

« In order to prevent the unproductive capture of neutrons, there should be only fissile and fertile
material inside the reactor core together with a very weak absorbing moderator.

e A gaseous coolant (Helium) should be used to avoid chemical reactions with the materials
inside the core.

e An all-ceramic core should be used which could be operated at very high temperatures.

o High reactor ocutlet temperatures suitable for closed cycle gas turbine power conversion should
be achieved.

o The fuel should be distributed as uniformly as possible in order to provide a larger heat
transfer surface and achieve higher power density in the fuel.

s« The good neutron economy should be used to exploit the U-235-, Th-232-, U-233- fuel cycle.

All of the above aspects are realised in modern designs of the modular HTGR. All HTGR reactor
concepts, whether one considers old or new designs, have some common characteristics independent
of the form of the fuel elements (Kugeler et a/, 2003):

e The HTGR has full ceramic fuel elements which cannot melt, even in extreme accidents such
as total loss of active cooling.
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¢ The HTGR uses Helium as an effective and inert coolant medium.
¢ The HTGR has full ceramic (graphite) core structures which allow for high temperatures.

¢ The HTGR has a reactor core with a low power density which is very robust and which has a
high heat capacity in order to make the reactor thermally inert in all operational and control
procedures.

e The HTGR has a core design which can even tolerate loss of coolant and loss of all active
decay heat removal. Self-acting decay heat removal is possible and fuel temperatures stay
below admissible values. The core can never melt.

s The HTGR has a very strong negative temperature coefficient to contribute to the very good
inherent safety characteristic of these reactors, even in hypothetical reactivity accidents.

e The very efficient retention of fission products in the coated particle fuel in normal operation
allows relatively clean helium circuits and as a consequence allows the operation of plants
with low contamination of cooling gas and low release of radioactivity and small radiation dose
values to the operation staff.

e The very efficient retention of fission products in the coated particles in extreme accidents
allows the design of a reactor without catastrophic release to the environment in severe

accidents.

As a consequence of this safety behaviour of a well designed modular HTGR it will be possible to
realise nuclear reactors which never can cause catastrophic damages outside the nuclear power plant.

2.3 HISTORY OF THE HTGR

This section discusses the development of the HTGR Prototype plants (DRAGON, AVR, Peach
Bottom) and Demonstration plants (Fort St. Vrain, THTR-300) which have been built and operated.
This section also discusses several HTGR plants which were planned and designed during the 1970s
and 1980s. Table 2.1 gives an overview of HTGR plants that have been built and operated and Figure
2.10 presents the arrangement of the primary systems of the Prototype and Demonstration plants.

2.3.1 HTGRs built and operated - Prototype Plants

The initial HTGRs included the DRAGON reactor experiment, the Arbeitsgemeinshaft Versuchsreaktor
(AVR) and Peach Bottom. Common among these plants were the utilization of steel vessels to contain
the primary system and the attainment of high core outlet temperatures culminating in the AVR
achieving extended operation at 950 °C (IAEA, 2001b). A lot of work has been done on different
prototype plants and specifically on the development of fuel, materials and components related to the
application for steam-turbine processes, gas-turbine processes and process heat applications (Kugeler
et al, 2003). The AVR and Peach Botfom were designed to produce steam for a steam turbine
process. The DRAGON reactor dumped the process heat into the environment via a heat exchanger.
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2.3.1.1 DRAGON

The development of helium cooled HTGRs started in Great Britain with the DRAGON project as a
common project of several European countries. In this reactor a tabular ceramic fue! element was
used and coated particle fuel was inserted for the first time. The reactor has been operated
successfully from 1966 to 1975 after which the project was cancelled due to political and financial
reasons (Kugeler et a/, 2003).

The helium (reactor outlet temperature of 750 °C) was circulated through primary heat exchangers and
returned at 350 °C. The DRAGON did not generate electric power. The reactor demonstrated many
components e.g. the helium circuit purification system, the control rod drives, the fuel handling
equipment, the gas-bearing circulators and the reactor fuel. As a test bed, it provided much
information on fuel and material irradiation tests and component tests under high-purity helium
conditions (IAEA, 2001Db).

2.3.1.2 Peach Bottom

At the same time the development of the HTGR with tabular type fuel elements had been initiated with
the Peach Bottom reactors. The Peach Botfom was the first prototype HTGR in the US. The 40 MWe
plant was built as part of the US Atomic Energy Commission (USAEC) Power Reactor Demonstration
program and the High Temperature Reactor Development Associates (HTRDA) Program to
demonstrate the feasibility of & high performance, helium cooled, nuclear power plant. The operation
behaviour of this reactor from 1965 to 1988 was good. It was stopped as the Fort St. Vrain came into
operation. Decommissioning was a planned economic decision, based on the additional costs
associated with satisfying revised USAEC safety requirements (IAEA, 2001b).
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Figure 2.10 Arrangement of primary systems for the Prototype and Demonstration Plants

Peach Bottom made a major contribution to fuel technology, to the concept of block-type fuel and the
technology of components for the HTGR (Kugeler et al, 2003). Peach Boftom provided a valuable
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demonstration of the HTGR concept by confirming the core physics calculations, verifying the design
analysis methods and providing a data base for further design activities. Design activities were
conducted in the areas of the reactor core, mechanisms in high-temperature helium, helium
purification systems and steam generator tube materials.

Throughout the operation of Peach Boffom, excellent agreement was found between the predicted and
the actual plant design characteristics, verifying the methods used and providing a reference data
base for application to larger HTGR plants. The overall plant control system functioned exceptionally
well and the plant was operated in a load-following manner during the majority of its lifetime,
demonstrating the ability of the HTGR to function in this manner (IAEA, 2001b).

2.31.3 AVR

In Germany the HTGR-technology started with pebble shaped fuel elements and the AVR-reactor
(1965). The AVR was operated successfully for more than 20 years and showed that an HTGR with
pebble type fuel is proven technology. This reactor was only three years on the grid. Despite all the
difficulties during construction and start-up of this plant, the design data of the power plant were fully
achieved and the availability of the plant was good. Operation was finished because the THTR-300
was taken into operation and also because of financial and political reasons after the accident at
Chernobyl (Kugeler et al, 2003).

In February 1974, the mean gas outlet temperature, which had initially been set at 850 °C, was
increased to 950 °C. Operation of the AVR continued until December 1988. In completing 21 years of
service, the plant had accumulated more than 122,000 hours of operation with a 66.4 % overall
availability and had generated 1.67 billion kWhr of electricity. The core of the reactor consisted of a
pebble bed containing 100,000 fuel spheres in a graphite reflector pot. The steam generator was
located above the core and shielded against radiation from the core by a 50 cm thick top reflector
made of graphite and two additional 50 cm thick layers of carbon bricks. The coolant was helium,
pressurized to 10 Bar and circulated by two blowers located in the lower section of the reactor vessels.
The helium was heated in the core from 270 °C to 950 °C after which it passed through the steam
generator, where it transferred the energy to the water/steam circuit. The generated steam had a
pressure of 73 Bar and a temperature of 505 °C. The core, steam generator and blowers were
surrounded by two concentrically arranged reactor vessels. The inter-space between the vessels was
filled with helium at a pressure slightly above the coolant gas pressure.

In addition to continuous component testing and the collection of operating experience and results, the
plant was also used during its operating period for the implementation of several experiments. In
particular, these included the testing of various types of fuel elements, investigations of fission product
behaviour in the circuit, experiments on the chemistry of coolant gas impurities and the performance of
several tests related to HTGR safety.

2.3.2 HTGRs built and operated - Demonstration Plants

The HTGR pants that followed the successful AVR and Peach Botfom included construction of the
Thorium High Temperature Reactor (THTR-300) and the Fort St. Vrain (FSV). The power levels for
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these two plants were significantly higher than the AVR and Peach Bottom. The THTR-300 and FSV
also changed over to pre-stressed concrete reactor vessels and the whole primary system was
integrated into this vessel. These vessels are burst-safe, which means they can never fail like a
forged steel vessel by bursting. Some further differences include aspects of core, of heat transfer
systems and of important systems like the control and shut down system as well as fuel handling
systems (Kugeler et al, 2003). Performance of the THTR-300 and the FSV in validating reactor safety
characteristics and the TRISO coated fuel particle was very good. However, FSV was beset with
inconsistent operation and a corresponding low capacity factor throughout its life. The THTR-300 was
also plagued with problems primarily associated with changing regulatory requirements that
contributed to delays that eventually ended up with a construction period of ~14 years. Financial
concerns by the operating utilities led to the premature shutdown of both these plants in the 1988-1989
timeframe. These plants came on line at a time when the commercial industry was in decline, limiting
the resources available to resolve issues associated with the commissioning and operation of new
power plant designs.

2.3.2.1 THTR-300

The THTR-300 power plant was sponsored by the Federal Republic of Germany and Nordhein
Westfalen (NRW). Construction of this 300 MWe plant began in 1971, but (primarily due to the
increasing licensing requirements) was not completed until 1984. This pebble bed reactor plant was
connected to the electrical grid of the utility Hochtemperatur-Kernkraftwerk (HKG) in November 1985.

The THTR-300 nuclear power plant included a steam cycle for the generation of electric power with a
net output of 296 MWe. The heat generated in the reactor core was transported via the helium circuit
(primary system) to the steam generators where it was transferred to the steam-feedwater circuit
(secondary system) and then transported to the turbine generator. The secondary system was cooled
by means of a 108 m high natural draught dry cooling tower. Operation of the THTR-300 was
successful in validating the safety characteristics and control response of the pebble bed reactor,
primary system thermodynamics and the good fission product retention of the fuel elements. The plant
operated over 16,000 hrs and generated 2.891 billion kWhr of electricity (IAEA, 2001b).

2.3.2.2 Fort St. Vrain

The FSV HTGR was operated by Public Service Company of Colorado as part of the United States
atomic Energy Commission’s Advanced Reactor Demonstration program. The FSV reactor used
hexagonal, graphite block fuel in the form of ceramic coated (TRISO) particles. At its rated capacity,
the FSV plant generated 852 MWth to achieve a net output of 334 MWe. The steam cycle was
essentially conventional, utilizing a standard reheat turbine. The steam conditions were comparable to
those of modern fossil plants. Once-through steam generator modules produced 538 °C superheated
main and reheat steam.

Although ~5.5 billion kWhr of electricity was generated at FSV, the plant operated at low availability
primarily because of excessive downtime due to problems with the water-lubricated bearings of the
helium circulators. In spite of low availability, the plant was a valuable technology test-bed,
successfully demonstrating the performance of several major systems, including the reactor core,
reactor internals, steam generators, fuel handing and helium purification (IAEA, 2001b).
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PLANT Thermal Fuel Element Net Efficiency Country / Operation Status Purpose of Plant
Power Site
Winfrith / » Experimental reactor.
DRAGON 20 MWy, Tabular fuel - S 1966-1975 Safe enclosure. P )
Great Brittain » Demonstration of rod-type fuel.
* Experimental reactor.
Peach Bottom 115 MW, Tabular fuel 34 % 8“5%‘3’;‘:””8 1965-1988 Safe enclosure. P _
¢ Demonstration of rod-type fuel.
Julich / Decommissioning in | * Experimental reactor.
AVR 46 MW Pebble fuel 33 % 1965-1988 .
th ? Germany preparation. » Demonstration of pebble core.
: ¢ Prototype.
THTR-300 750 MW, Pebble fuel 40 % S‘jh(;“ehause” 1985-1988 Safe enclosure. yP _
ermany » Operation experience.
. Platteville / Partly e Prototype.
0, -
Fort St. Vrain 852 MWy, Block fuel 39.2 % USA 1976-1989 decommissioned. |« Operation experience.
Pressure Coolant Steam Steam i .
PLANT vessel pressure Coolant heat up pressure temperature Re-heat conditions | Arrangement of primary system
R R ) Loop design of core, steam
DRAGON Steel vessel 20 Bar 350 ---> 750 °C 16 Bar 200 °C generators and helium circulators.
Peach Bottom | Steel vessel 24 Bar 344 —-> 770 °C 100 Bar 540 °C - Loop design of core, steam
generators and helium circulators.
AVR Steel vessel 11 Bar 970 -—> 950 °C 73 Bar 505 °C ) Cpre, slteam. generator‘and helium
(double) circulations integrated in one vessel.
THTR-300 Pre-stressed 40 Bar 250 —>750°C | 180 Bar 530 °C 42 Bar /530°c | Core: steam generafor and hefium
concrete circulations integrated in one vessel.
FortSt. Vrain | o stressed 49.2 Bar 400 —-> 770 °C 173 Bar 538 °C 45Bar /538 °c | COre: steam generator and helium

concrete

circulations integrated in one vessel.

Table 2.1 Overview of HTR plants which have been built and operated in the past (Kugeler et al, 2003)
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2.3.3 Planned HTGR concepts of the 1970s and 1980s

The primary focus of international HTGR designers in the 1970s and early 1980s was associated with
the development of large HTGR units. The interest in development of larger steam cycle HTGR plants
included the German PR-500, HHT, PNP-Prototype, HTR-500, HTR-MODUL and the HTR-100; the
Russian VGM-400 and the American HTGR-SC, HTGR-GT and MHTGR. Table 2.2 gives an overview
of plants that had been planned in the 1970s and 1980s. These plants had a very high effort of man
power and money. The results of this development work are still available and can be used for the
new projects on HTGRs.

The PR-500 realised the principle of self-acting decay heat removal. This reactor concept was worked
out for co-generation applications, especially the delivery of process steam for industry. The
containment for the reactor was proposed to be filled with Ny to prevent burn up of Carbon by air.
Furthermore there was the proposal to arrange the containment under ground with a hill above it to
give safety against airplane crashes and terrorist attacks.

For the HHT-project a gas turbine cycle was planned and a broad program on research of relevant
components and materials for the HTGR application has been worked out. In this project several
reactor designs (block versus pebble) have been investigated.

The PNP-Project (Prototype Nuclear Process Heat) developed and tested new heat exchanger
components and high temperature materials. The main process applications in this project were
steam reforming of methane or light hydrocarbons and coal gasification.

The HTR-500-project made considerable use of the technology development for the THTR-300, with
simplifications and optimizations based on practical experiences with the THTR-300. This plant
features a simple design with the primary system components located within a single cavity PCRV and
included a pebble bed reactor power level of 1200 MWth.

The HTR-MODUL and the HTR-100 have been designed on the basis of AVR technology. The HTR-
MODUL had nearly passed the licensing procedure, but it was stopped due to political reasons in
Germany. In this reactor system the 1600 °C concept for the fuel under conditions of severe accidents

was introduced.

The 80 MWe HTR-MODUL concept was develop by Siemens/Interatom. It was the first small, modular
type HTGR concept to be proposed. The safety features of the HTR-MODUL were based on the
design condition that, even in the case of failure of all active cooling systems and complete loss of
coolant, the fuel element temperatures would remain within limits such that there is virtually no realise
of radioactive fission products from the fuel elements.

Brown, Boveri and Cie and Hochtemperatur-Reacktorbau initiated the design of the HTR-700 pebble
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bed plant. The design featured a net electric output of 100 MWe. The HTR-100 was based on the
AVR concept and utilised the advanced technologies of the THTR-300 components and systems. The
primary system included the reactor, steam generator and helium circulator in a single, vertical steel
pressure vessel. The basic design for this plant incorporated two HTR-700 units with overall capability
of producing 170 to 500 t/hr of industrial steam at 270 °C and 16 bar, with 100 — 175 gross output.

Chapter 2 — Literature Study

The Russian HTGR development program included the VG series of plants primarily developed at
OKBM in Nizhny Novgorod. Of these, the VGM-400 design incorporated a pebble bed reactor with a
final power level of 1060 MW1th for the co-generation applications of electricity production and had an
intended final helium core outlet temperature design of 950 °C (IAEA, 2001c). During the pre-liminary
phase of the design development the pebble bed and prismatic fuel block variants of the core were
analyzed. As a result of the design and engineering analysis, the pebble bed core was chosen for
further development. Also considered was a gas turbine cycle reactor plant.

In the USA the focus in the early 1970s was on HTGR-SC (steam cycle) designs of 770 to 1160 MWe.
Contracts to General Atomics from US utilities included 10 plants that did not materialize due to the
1973 oil crisis and corresponding economic setback and the collapse of the US nuclear power market
of 1975. These plants incorporated cores of hexagonal graphite blocks with TRISO coated fuel
particles similar to FSV (IAEA, 2001c).

One of the early gas turbine designs was the HTGR-GT by General Atomics. This plant was projected
to have the potential for high plant efficiencies (40%) under dry cooling conditions and even higher
efficiencies (50%) when bottoming cycles were incorporated. An assessment of this plant was
conducted ~1980 with a core outlet temperature of 850 °C. The principal findings of the assessment
were 1) that the HTGR-GT is feasible, but with significantly greater development risk that was
associated with the HTGR-SC; 2) at the level of performance corresponding to the reference design,
no incremental economic incentive can be identified for the HTGR-GT to offset the increased
development costs and risk relative to those for the HTGR-SC; 3) the relative economics of the HTGR-
GT and HTGR-SC are not significantly affected by dry cooling considerations; and 4) although the
reduced complexity of the cycle may ultimately result in a reliability advantage for the HTGR-GT, the
value of that potential advantage could not be quantified. Although these findings did not provide the
basis for the HTGR-GT as the preferred lead commercial plant (for General Atomics), the HTGR-GT
continued to engender interest from participating utilities.

Following a detailed evaluation in the spring and summer of 1985, a side-by-side concept similar in
configuration to the German HTR-MODUL. design was chosen as the reference concept for further
design and development by the US program. This module was designed to deliver superheated steam
at 17.3 MPa and 538 °C. The power was 450 MWth. For a standard steam cycle MHTGR plant, the
steam output from each of four modules was connected to an individual turbine generator. The four
module plant consists of two separate areas, the nuclear island and the power conversion unit.

These programs of the 1970s and 1880s today still provide valuable information for current HTGR
programs.
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Thermal Core outlet Country / .
PLANT Power Fuel Element temperature Site Planning Status Type and purpose of Plant
c wal Steam generator + steam cycle
PR-500 500 MW Pebble fuel - Germany 1968-1973 d(i,):i;re;p ua (process steam extraction)
i Gas turbine cycl
HHT 1200 MW | Pebble fuel ; Germany 1970-1980 | Basic yeie
engineering
Bas| Steamn reformer + intermediate
PNP-Prototype 500 MW Pebble fuel - Germany 1975-1985 | ~@sI6 heat exchanger
engineering
i Steam generator + steam cycl
HTR-500 1200 MW | Pebble fuel 700 °C Germany 1980-1988 | Basic g eam cycle
engineering
Nearl Steam generator (steam cycle +
HTR-MODUL 200 MW Pebble fuel 700 °C Germany Early 1980s “C‘ﬁsi ’ process heat)
Basi Steam generator (steam cycle +
sic
- ° - rocess heat
HTR-100 250 MW Pebble fuel 740 °C Germany engineering proces )
e Co-generation plant
VGM-400 1060 MW | Pebble fuel 950 °C Russia ; Conceptual generation p
design « Gas turbine plant
Steam cycle
HTGR-SG 1160 MW Block fuel ; USA Early 1970s ggggf‘pt“a' y
Gas turbine cycle
HTGR-GT 2000 MW Block fuel 850 °C USA ~ 1980 ggs"igﬁpt“a' y
Steam plant
MHTGR 450 MW Block fuel 686 °C UsA ~1985 | Conceptual P
L design

Table 2.2 Overview of HTR plants which have been planned in the past (1970s and 1980s)
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2.4 CURRENT INTERNATIONAL HTGR PROGRAMS

It has long been recognized that substantial gains in the generation of electricity from nuclear fission
can be achieved through the direct coupling of a gas turbine to a HTGR. This advanced nuclear
power plant is unique in its use of the Brayton cycle to obtain a net electrical efficiency approaching
50%. This plant provides a promising alternative for the utilization of nuclear energy to produce
electricity. Although evaluation of this concept was initiated over twenty years ago, it was terminated
due to the technical risks primarily in the components areas of magnetic bearings, compact plate-fin
heat exchangers and turbo machinery development. Subsequent technological advancements in the
design and operation of these components, coupled with the international capability for their fabrication
and testing have resulted in renewed interest in the Brayton cycle HTGR concept.

In order to be competitive, the thermal efficiency of nuclear power had to be markedly improved to
compete with modern, high efficiency fossil plants. HTGR technology has always held the promise for

_electricity generation at high thermal efficiency by means of a direct Brayton cycle and fortuitously,
technological developments during the past decade provided the key elements to realize this promise.
These key elements are as follows (IAEA, 2001b):

¢ The HTGR reactor size had been reduced in developing the passively safe module design. At
the same time, the size of industrial gas turbines had increased. The technology was now
available for a single turbo-machine to accommodate the heat energy from a single HTGR
module.

e Highly effective compact recuperators had been developed. Recuperator size and capital
equipment costs are key economic considerations. Highly effective plate-fin recuperators are
much smaller than equivalent tube-and-shell heat exchangers, and also less complex and less
expensive. The recuperator is a key requirement for achieving high plant cycle efficiency.

¢ The technology for large magnetic bearings had been developed. The use of oil lubricated
bearings for the turbo-machine with the reactor coclant directly driving the turbine was
problematic with regard to the potential coolant contamination by the oil. The availability of
magnetic bearings eliminates this potential problem.

The gas turbine modular HTGR has the potential for significant gains in plant efficiency and also for
lowering capital and operating costs due to the plant simplification. The possibilities presented by the
gas turbine modular HTGR have brought about an increasing interest by international research
organisations and plant developers.

It was the development of the HTGR steam plants (previous section) that provided the key emphasis
to initiation of the HTGR coupled to a gas turbine power conversion unit. With few exceptions, it is the
German HTR-MODUL and the HTR-100 reactor designs that are being utilized by the South African
PBMR. The United States’ MHTGR forms the basis for the GT-MHR project (IAEA, 2001c). Table 2.3
gives an overview of the current international programs together with certain of their design
parameters.
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Country / Thermal Fuel Thermal Core outlet Coolant
PLANT Cycle | REF. Site power Element | Efficiency | temperature | pressure Status Type and purpose of Plant
Pebbl Direct gas turbine cycle
PBMR B [21] SOUth AfI'iCa 400 MW ?Ue‘ € 45 % 900 OC 90 Bar BaSiC deSign lnter._cooled’ recuperative Bray‘ton
cycle. Horizontal shaft.
General Prelimina Direct gas turbine cycle.
GT-MHR B [15) | Atomics 600 MW | Block fuel 48 % 850 °C 71 Bar desilgr;;m i Inter-cooled, recuperative Brayton
Russia cycle. Vertical shaft.
Pebble In operation Steam generator with helium
; . i - ° e circulator
HTR-10 [16] | China 10 MW fuel 950 °C 30 Bar since 2002 a
Interim heat exchanger
Pebbl Direct gas turbine cycle.
HTRA0GT | B | [45] | China 10 MW el 22 % 750 °C 16 Bar | Basic design Inter-cooled, recuperative Brayton
cycle. Vertical shatt.
i Intermediate heat exchanger
HTTR - | m | Japan 30 MW | Block fuel - 950 °C 40 Bgr | N operation . g
since 1998 Pressurized water coolers
GTHTR300 A [44] | Japan 600 MW | Block fuel 46.7 % 850 °C 70 Bar Basic design Gas furbine cycle (non inter-cooled
Brayton cycle)
ANTARES | g |Framatome o gog v | Block fuel | 53 % 1000 °C 50 Bar | COonceptual Indirect Combined Cycle
ANP design
Pebble o o Conceptual Three-shaft twice inter-cooled
MPBR E [14] | MIT (USA) 250 MW fuel 48 % 800 °C 80 Bar design recuperative indirect Brayton cycle.
Th Pebble | o e c | Combined Cycle AND/OR
i e ebble | a4 o o onceptua cle
ACACIA 341\ Netherlands 60 MW fuel gjorln?ined 900 °C ‘ design Cogeneration
ycle

Table 2.3 Overview of HTR plants which have been planned in the past (1970s and 1980s)
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2.4.1 South Africa

The Pebble Bed Modular Reactor (PBMR) is being developed in South Africa through a world wide
international collaborative effort led by ESKOM, the national utility. The project to construct the PBMR
Demonstration Plant on the Koeberg site near Cape Town has now been approved with a planned fuel
load date of April 2010. The South African Government has announced the intention to include some
4000 MW to 5000MW of PBMR plants in the new construction program. The design of the PBMR
turbine plant has been revised following a review of the availability of dry gas seals (that allow
conventional oil bearings) and compact, high performance gearboxes. Both these technologies were
not commercially available when the original three-shaft PCU was laid out. With their availability the
revised layout now is a horizontal, single shaft design (TWG-GCR, 2005).
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Figure 2.11 Schematic diagram of the PBMR PCU (Matzner, 2004)
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PBMR has chosen a horizontal single-shaft, inter-cooled recuperative direct Brayton cycle as baseline
design (Matzner, 2004). The compressors and turbine run an 6000 rpm with a 2:1 gearbox allowing a
generator speed of 3000 rpm (TWG-GCR, 2005). See Figure 2.11 for the schematic diagram of
PBMR.

2.4.2 USA

The US HTGR program is currently focused on fuel design, fabrication and qualification. Termed the
Advanced Gas Reactor (AGR) program, it consists of eight stages including a shakedown of the
reference German design, test fuel fabrication, characterization, irradiation and testing, as well as fuel
performance and fission product transport medelling. Participants include INEEL, ORNL and BWXT.
INEEL is in charge of the design and irradiation setup at the ATR reactor. BWXT is in charge of kernel
manufacturing and ORNL of coating and characterization (TWG-GCR, 2005).

The GT-MHR is a vertical single-shaft, inter-cooled recuperative direct Brayton cycle under
development by a joint effort by the USA and Russia. This Russian-America project aims to build a
demonstration plant with a reactor power of 600 MW and reactor outlet temperature of 850 °C.
Currently the GTMHR design is developed for surplus weapons plutonium disposition. For commercial
use the 600 MWth power will use low enriched uranium fuel (14%) (Kostin et al, 2004). The generator
speed is 3000 rpm. See Figure 2.12 and Figure 2.13 for the schematic diagram of the GT-MHR.

I —conirol rod drive mechanisins / refiialing chamnals; 2 —reacior vessal; 3 — annular zone of
reactor; 4,5 — hent axchunger and  gas blovwer of reacior shiidevwn cooling systems; 6,7 —end and
infermediaie heat exchanger; 8§ — compressor; 9 — furbine; 10 —yecupearator; 11 — genarcion

Figure 2.12 Schematic diagram of the GT-MHR (Kostin et al, 2004)
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J—rencior; 2-ttrbing,; 3—recuparator 4 - precaviar, 5 - compressor; 6 - intarcootar; 7 — comwressor; 8
— gengraior; 9 —genaraior coolar; 10 —vaive of nirbina control and profection system; 11 -SCS
axiliary hens exchanger; 12 — SCS heat exchanger:

Figure 2.13 Schematic diagram of the GT-MHR (Kostin et al, 2004)

2.4.3 China
HTR-10

China started the construction of a 10 MW-HTR in 1995 and the reactor has begun operation in the
year 2002. The technology of this reactor is based on the AVR experience. The HTR-10 reached full
power in 2003. In all, six safety demonstration tests were carried out. The results showed that the
HTR-10 has inherent safety features and computer codes for the design of the HTR-70 were validated.
(TWG-GCR, 2005).

The HTR-10 is the first reactor worldwide which has inherent safety features. The power conversion
system of the HTR-70 is a steam turbine generator system. The reactor is in one pressure vessel and
is connected by a horizontal hot gas duct to the steam generator. The steam generator and helium
circulator are in another pressure vessel. Based on the success of the HTR-70 project a new project
called HTR-10 GT (the gas turbine power conversion system) has been launched recently (Jie et al,
2004).

HTR-10 GT

For the HTR-10 GT the gas turbine direct cycle is utilized instead of the steam generator. The Institute
of Nuclear and New Energy Technology (INET) of China and the Experimental Design Bureau of
Mechanical Engineering (OKBM) of Russia jointly completed the conceptual design of the power
conversion unit in 2002. The basic design was completed in 2003. The main components are under
manufacture and are scheduled for operation in 2006 (TWG-GCR, 2005).
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The power conversion unit (PCU) will be inserted into the original HTR-70 steam generator pressure
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vessel. The PCU configuration includes a pressure vessel, turbine, high-pressure compressor, low-
pressure compressor, recuperator, pre-cooler, inter-cooler and generator. The gas turbine direct cycle
is expected to have higher efficiency and better performance theoretically. The single-shaft
arrangement is selected and the helium turbine and the electric generator have identical speeds which
are designed for 15000 r/min. The rotors are supported by active magnetic bearings to avoid the
contamination from any lubricant. The recuperator is vertical with a plate-fin heat exchange surface.
The reactor core outlet temperature is 750 °C and the reactor inlet temperature is 330 °C (Jie et al,
2004) and (Zhiyong et al, 2004). See Figure 2.14 and Figure 2.15 for the schematic diagram of the
HTR-10and HTR-10 GT.
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Figure 2.14 Schematic diagram of the HTR-10 GT PCU (Jie et al, 2004)
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Figure 2.15 Schematic diagram of the HTR-10 and HTR-10 GT (Jie et al, 2004)
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HTR-PM

A demonstration plant of the pebble bed modular reactor (PBMR) is being proposed by three parties,
namely China Huanneng Group, China Nuclear Engineering and Construction Corporation and
Tsinghua University. The parties signed the investment agreement to build the HTR-PM on 16™ of
December 2004. The project proposal will soon be submitted to authorities for approval. The location
of the HTR-PM will be decided following the completion of the pre-feasibility study. Start of
construction is foreseen for 2007 and first criticality may be reached by 2010 (TWG-GCR, 2005).

2.4.4 Japan

In Japan, the Japan Atomic Energy Research Institute (JAERI) has carried out the research and
development of HTGRs since 1960. JAERI has three major HTGR development programs namely 1)
Hydrogen production, 2) reactor technology development and advanced design and 3) gas turbine
technology development.

HTTR

The High Temperature Engineering Test Reactor (HTTR) is the first HTGR in Japan with 30 MWth and
a reactor outlet temperature of 950 °C. This is the highest outlet coolant temperature in the world
(Fujimoto, 2004). The construction of the HTTR started in 1991. The HTTR reached full power in
December 2000 (Sawa & Ueta, 2004). The reactor core consists of an array of hexagonal graphite
fuel assemblies. The core is supported by a graphite support structure. The reactor cooling system is
composed of a single main cooling system, an auxiliary cooling system and a vessel cooling system.
The main cooling system is operated in normal operation to remove heat from the core and is sent to
the environment via an intermediate heat exchanger (IHX) of 10 MW and a primary pressurized water
cooler of 20 MW in parallel (called parallel loaded operation) or via only the pressurized water cooler
of 30 MW (called single loaded operation).
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Figure 2.16 Cooling system of HTTR (Kunitomi et al, 2004).
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JAERI has undertaken the feasibility study on varicus types of HTGR power conversion units. Since
2001, the basic design of Japan’s original gas turbine high temperature reactor (GTHTR300) has been
conducted. The GTHTR300 is expected to be deployed in the 2010 as a safe and economically
competitive electric generation system in Japan (Kunitomi et al, 2004).

The GTHTR300 is a horizontal single-shaft, non inter-cooled recuperative direct Brayton cycle.
According to (Yan et al, 2003) the inter-cooled cycle is ruled out because it results in substantial
complexities in turbo machine and system design, but provides no compelling advantage in plant
economy. The helium gas turbine in the non inter-cooled cycle exhibits superior aerodynamic
efficiency by a fewer number of stages and its rotor is lighter, shorter and more rigid, resulting in more
robust rotor dynamics.

2.4.5MIT

The modular pebble bed reactor (MPBR) project at Massachusetts Institute of Technology (MIT) was
initiated in 1998 as part of an effort to re-invigorate thinking about how to improve the overall safety of
nuclear plants, making the plants less complex and more competitive with fossil fuel plants.
Numerous studies, designs, experiments and analyses have been conducted leading to a conceptual
design that addressed some of the fundamental issues regarding new nuclear plants (Kadak &
Ballinger, 2004). The MPBR consists of an indirect, three-shaft twice inter-cooled recuperative
Brayton cycle.
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Figure 2.17 Schematic of MPBR (Wang et al, 2002)
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2.4.6 European Union (EU)

Under the 5" framework program (FP5, 1998-2002), 10 HTR projects have been co-funded by the
European Commission (EC). These projects have dealt with fuel technology, components, core
physics, fuel cycle, materials, licensing and educational training. Under the 6™ framework program
(FP6, 2002-2008) an ambitious integrated VHTR project with a consortium of 35 partners worldwide is
due to start in 2005 for a period of 48 months. With a total budget of 20 Million Euros the project will
cover reactor physics, safety fuel, technology, fuel cycles, materials components and the VHTR plants
design (TWG-GCR, 2005). About twenty organisations from industry, research and higher education
in Europe (e.g. BNFL, CEA, Cogema, EDF, Framatome ANP, Forschungszentrum Julich (FZJ), NRG
etc.) and the Joint Research Centre (JRC) of the Eurcpean Commission joined forces and created the
(European) HTR Technology Network (HTR-TN) in 2000. The objectives are to create the
technological basis for an industrial deployment of modern modular HTRs in Europe by the next
decade and to prepare longer term evolution of HTRs. The European programme will be covering
most of the areas that have to be addressed by R&D for the development of modern modular HTGRs.
It is organising the European effort in a consistent way, avoiding overlapping and redundancies
(Hittner, 2004).

Fan

>Primaty Clrcuit

Intermedinte Heat Exclinnger

7
- -~
Compressor
F‘Secc ndary Cireuic
T
Hent Recovery Steam Generator
o
™

HP Drum .
e SteamwNVater

Cireuir

Lo Pressure
Dirum

Generntor

Condenser

Scearn Turbine

Cooling Source

Figure 2.18 Schematic of Framatome’s Combined Cycle with two levels of pressure and reheat
(Copsey et al, 2004)

Framatome ANP is developing a VHTR design, relying on its previous experience with high
temperature reactor designs, from its participation in the GT-MHR design. The Framatome ANP VHTR
design is based on an indirect cycle coupled to an "off-the-shelf" Combined Cycle gas turbine.
Although direct cycle HTGRs are being promoted for their high efficiency, preliminary evaluations
showed that the Framatome ANP design efficiency is on par with a direct cycle while avoiding PCU
developments and keeping the PCU contamination free. This concept was independently evaluated
with sensitivity analysis by EDF. Moreover, the nuclear heat source of the indirect cycle could also be

Copyright 2005 by PBMR CONFIDENTIAL Page 48 of 210



YUNIBESITI YA BOKONE-BOPHIRIMA
NORTH-WEST UNIVERSITY
c NOORDWES-UNIVERSITEIT .
Chapter 2 — Literature Study

used to qualify the direct cycle components without risk of contamination behind the [HX, thus
assisting in the preparation for the later introduction of that technology. The PCU will rely to the
maximum extent on available technology (Copsey et al, 2004)

2.4.7 The Netherlands

Most of the HTGRs activities are framed in the European Union (EU) RTD policies and international
collaborations with EU co-funding. The Netherlands R&D activities concentrate on VHTR core
physics, safety technology, components technology, materials and fuels as well as GFR core physics.
New activities are on nuclear hydrogen technologies and system studies for HTGR applications in the
energy market (TWG-GCR, 2005).

Sunergy, the largest private investor in photovoltaic energy in The Netherlands, has started an
initiative with the aim of series production of a modular pebble bed reactor on a relatively short term.
The markets aimed for will be both industrial and industrialising, and the unit power level will be
around 80 MWe. Sunergy's approach to the market is a mix of solar and nuclear energy: nuclear
electricity will be used in the production process of photovoltaic cells, in this way decreasing the solar
energy cost. As the production of solar cells will not match electricity demand in the future, this gap
between supply and demand of clean electricity will also be a market for the selected pebble bed
reactor (Van Heek et al, 2004).

A 60 MWth pebble bed reactor with an indirect Brayton cycle is proposed for the applications of heat
and power cogeneration or distributed electricity generation. The reactor will be cooled by helium,
whereas for the secondary cycle nitrogen is proposed as a heat carrier. Economic performance is
being optimized by simplification of the nuclear part and by the exclusive use of commercially proven
systems in the energy conversion part (Cruz et al, 2002).

2.4.8 Russia
The main field of HTGRs activity in Russia is the joint US/Russia GT-MHR design.

2.4.9 Germany

The German government has decided to phase out of nuclear energy. This implies to keep
competence especially on safety and waste issues for the safe operation of existing plants and
management of wastes. Gas-cooled reactor activities mainly comprise of the decommissioning of the
AVR, code validation for safety analysis and management of spent HTR fuel. Most R&D on HTGRs is
embedded into the EURATOM-Framework program (TWG-GCR, 2005).

2.4.10 Indonesia

Nuclear Energy in Indonesia is considered as a part of the Energy Mix policy in order to realize
security of the energy supply and long-term sustainable development. Based on results of the energy
planning study done together with ISAS, a medium-large Nuclear Power Plant (NPP) could be
accommodated in the Java-Bali electricity grid around 2016. Smaller units could be installed on the
other islands, after 2020. The small NPPs could be operated as cogenerations systems in order to
provide process heat for other purposes, such as desalination and oil recovery. In this regard, a
HTGR could be selected as a potential NPP (TWG-GCR, 2005).
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2.4.11 Korea

The KAERI VHTR program, i.e., Nuclear Hydrogen Development and Demonstration (NHDD) project
was introduced focusing on the R&D on fuel, materials and nuclear graphite after a brief review (TWG-
GCR, 2005).

2.4.12 France

The French program on Gas Cooled Reactors (GCRs) is focussed on the VHTR and the Gas-cooled
fast reactor (GFR). The VHTR program focuses on developing technology in order to be able to
propose a commercial plant up to 2017. The major technology developments include TRISO fuel
particle fabrication, tests on specific materials are planned, graphite characterization, helium test
benches, a 1MW helium technological loop, a waste management strategy and development of the
Sulfur lodine process to produce Hydrogen using a nuclear reactor (TWG-GCR, 2005).

2.4.13 Nuclear Energy Agency (NEA)

The NEA is an international organization, part of the OECD in Paris. Seven technical committees
cover nuclear energy aspects, under the aegis of the Steering Committee for Nuclear Energy (28
member countries). Two working parties of the Nuclear Science committee are involved in reactor
studies and fuel cycle studies, including activities for advanced HTGRs. In parallel to these projects,
NEA holds the technical secretariat for the Generation IV International Forum (GIF).

2.4.14 International Atomic Energy Agency (IAEA)

The IAEA HTGR activities continue to focus on coordinated research projects (CRPs), information
exchange and educational training. Current CRPs include benchmarking codes used in HTGR core
physics and thermal-hydraulics. With the participation of 10 international institutes, the CRP has made
use of data from HTR-10, HTTR, ASTRA and the PBMR micro model, in addition to PBMR and GT-
MHR calculations.

2.5 NGNP REQUIREMENTS

The basic technology for the NGNP has been established in the former HTGR test and demonstration
plants (DRAGON, Peach Bottom, AVR, Fort St. Vrain, and THTR). In addition, the technologies for the
NGNP are being advanced in the GT-MHR Project and PBMR project. Furthermore, the Japanese
HTTR and Chinese HTR-10 test reactors are demonstrating the feasibility of some of the planned
NGNP components and materials. The NGNP project is focused on building a demonstration reactor,
rather than simply confirming the basic feasibility of the concept (MacDonald, 2004b).

The United States Department of Energy (DOE) authorized the Idaho National Engineering and
Environmental Laboratory (INEEL) to have the Independent Technology Review Group (ITRG)
conduct a review of technology alternatives for meeting the functional objectives for the Next
Generation Nuclear Plant (NGNP). The following highlights some of the important recommendations
as found in (INEEL ITRG, 2004):

e The reactor outlet temperature should be limited to below 1000 °C due to technology
limitations.
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The reactor thermal power (about 600 MWth) and core configuration will be designed to
ensure passive decay heat removal without fuel damage during accidents (US DOE, 2004).

It is recommended that resources be dedicated to developing the complex intermediate heat
exchanger (IHX) to operate at high reactor outlet temperatures. This implies that materials
need to be officially qualified.

The H, process should be capable of utilizing 50 MWth power from the PBR.
The co-generation plant should reach a 60 year operating life.

Thermal efficiencies of between 45% and 47% are anticipated.

The capacity factor should exceed 95%.

Reactor dimensions should be such as fo allow fransportation to minimize on-site
manufacturing.

The maximum metal temperature is 800 °C.

The pressure boundary materials should be operated outside the time dependant deformation
(creep) range.

Use materials for which a database exists today.

Indirect cycles are favourable because they reduce the risk of contaminated PCU
components.

Indirect cycles provide the infrastructure to test bench the direct cycle.

Maintenance should allow easy access.

It is advised to possibly combine more than one reactor with larger PCU.

It is advised to investigate Molten Salt as working fluid for Secondary Loop.

The capital cost for the n® plant is strongly recommended to be < $1000/kWe.

The electricity cost is strongly recommended to be < 1.0 ¢/kW-hr (MacDonald, 2004a).

The decommissioning costs should be < $100m/unit.

The focus of this study is to select a PCU for the NGNP plant. And in selecting a PCU, one needs to
remember the above mentioned criteria.

2.6 SUMMARY

The following is a brief summary of what has been covered in this Chapter:

In section 2.2 an overview of the HTGR was given. The six ideas on which the HTGR are
based were mentioned as well as the common characteristics to all HTGRs. It was
emphasized and explained that the HTGR is inherently safe.

In section 2.3 the history and development of the HTGR was discussed.

o Prototype Plants - The initial HTGRs included the DRAGON, the AVR and Peach
Bottom. Common among these plants were the utilization of steel vessels. These
three plants were successfully built and operated (1965-1988) and valuable lessons
were learned from their operation. The AVR and Peach Boftom produced steam for a
steam turbine process. The DRAGON reactor dumped the process heat to the
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environment via a heat exchanger.

o Demonstration Plants - The THTR-300 and FSV followed the successful AVR and
Peach Bottom. The power levels for these two plants were significantly higher than
the AVR and Peach Boftom. The THTR-300 and FSV also changed over to pre-
stressed concrete reactor vessels and the whole primary system was integrated into
this vessel. These two plants operated from 1976 to 1989.

o Planned HTGR concepts of the 1970s and 1980s — The primary focus of international
HTGR designers in the 1970s and early 1980s was associated with the development
of large HTGR units. The interest in development of larger steam cycle HTGR plants
included the German PR-500, HHT, PNP-Prototype, HTR-500, HTR-MODUL and the
HTR-100; the Russian VGM-400 and the American HTGR-SC, HTGR-GT and
MHTGR. Many man hours and a [ot of money were invested in these projects. The
results of this development work are still available and can be used for the new

projects on HTGRs. None of these plants were commissioned.

e In section 2.4, the current international HTGR programs were discussed. It was the
development of the HTGR steam plants that provided the key emphasis to initiation of the
HTGR coupled to a gas turbine power conversion unit. With few exceptions, it is the German
HTR-MODUL and the HTR-100 reactor designs that are being utilized by the South African
PBMR. The United States’ MHTGR forms the basis for the GT-MHR project (IAEA, 2001c).
The most notable of the current international programs are the following:

o PBMR - The PBMR (400 MWHt) is being developed in South Africa and the planned
fuel load date is April 2010. PBMR consists of a horizontal single-shaft, inter-cooled
recuperative direct Brayton cycle.

o GT-MHR - The GT-MHR (600 MWy,) is a vertical single-shaft, inter-cooled
recuperative direct Brayton cycle under development by a joint effort by the USA and
Russia. Currently the GTMHR design is developed for surplus weapons plutonium
disposition.

o HTR-10 - China started the construction of a 10 MW-HTR in 1995 and the reactor has
begun operation in the year 2002. The HTR-10 reached full power in 2003. The
HTR-10 is the first reactor worldwide which has inherent safety features. The power

conversion system of the HTR-10 is a steam turbine generator system.

o HTR-10 GT - INET of China and OKBM of Russia jointly completed the conceptual
design of the HTR-70 GT power conversion unit in 2002. The basic design was
completed in 2003. The main components are under manufacture and are scheduled
for operation in 2006. The PCU will be inserted into the original HTR-10 steam
generator pressure vessel. The PCU configuration includes a pressure vessel, gas
turbine, high-pressure compressor, low-pressure compressor, recuperator, pre-cooler,
inter-cooler and generator.

o HTR-PM - A demonstration plant of the pebble bed modular reactor is being proposed
by China Huanneng Group, China Nuclear Engineering and Construction Corporation
and Tsinghua University. The project proposal will soon be submitted to authorities
for approval. The location of the HTR-PM will be decided following the completion of
the pre-feasibility study. Start of construction is foreseen for 2007 and first criticality
may be reached by 2010.

o HTTR - The HTTR is the first HTGR in Japan with 30 MWth and a reactor outlet
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temperature of 960 °C. This is the highest cutlet coolant temperature in the world.
The HTTR reached full power in December 2000.

GTHTR300 - JAERI! has undertaken the feasibility study on the GTHTR300. The
design is expected to be deployed in 2010 as a safe and econcmically competitive
electricity generation system in Japan. The GTHTR300 is a horizontal single-shaft,
non inter-cooled recuperative direct Brayton cycle.

Framatome Combined Cycle - The Framatome ANP VHTR design is based on an
indirect cycle coupled to an "off-the-shelf* Combined Cycle gas turbine. The nuclear
heat source of the indirect cycle could be used to qualify the direct cycle components
without risk of contamination behind the IHX, thus assisting in the preparation for the
later introduction of that technology.

MPBR - The MPBR project at MIT was initiated in 1998 as part of an effort to re-
invigorate thinking about how to improve the overall safety of nuclear plants, making
the plants less complex and more competitive with fossil fuel plants. The MPBR
consists of an indirect, three-shaft twice inter-cooled recuperative Brayton cycle.

ACACIA - The Netherlands’ R&D activities concentrate on VHTR core physics, safety
technology, components technology, materials and fuels as well as GFR core physics.
New activities are on nuclear hydrogen technologies and system studies for HTGR
applications in the energy market. The ACACIA project is a 60 MWth pebble bed
reactor with an indirect Brayton cycle and is proposed for the applications of heat and
power cogeneration or distributed electricity generation.

Under the 5" framework program 10 HTR projects have been co-funded by the
European Commission (EC). These projects have dealt with fuel technology,
components, core physics, fuel cycle, materials, licensing and educational training.
Under the 6™ framework program an ambitious integrated VHTR project with a
consortium of 35 partners worldwide is due to start in 2005 for a period of 48 months.
The European programme will be covering most of the areas that have to be
addressed by R&D for the development of modern modular HTGRs. It is organising
the European effort in a consistent way, avoiding overlapping and redundancies.

The German government has decided to phase out nuclear energy. Gas-cooled
reactor activities mainly comprise of the decommissioning of the AVR, code validation
for safety analysis and management of spent HTR fuel.

The KAERI VHTR program was introduced focusing on the R&D on fuel, materials
and nuclear graphite after a brief review.

Two working parties of the Nuclear Science committee are involved in reactor studies
and fuel cycle studies, including activities for advanced HTGRs. The NEA holds the
technical secretariat for the Generation 1V International Forum (GIF).

The IAEA HTGR activities continue to focus on coordinated research projects (CRPs),
information exchange and educational training.
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2.7 CONCLUSION

There are a large number of international programs focussed on developing the first Generation 1
nuclear plants which will precede the NGNP. Consequently PBMR is faced with strong competition. A
variety of PCU designs are being investigated by the international community and it is not straight-
forward to assess which of these PCUs are most suitable for the NGNP. Cost comparisons for these
various PCUs are not available in open literature because of its confidentiality and commercial value.
Efficiencies quoted for each of the PCU designs are often contradictory.

If PBMR wants to participate in the NGNP project, it is important to conduct a separate independent
study as to which PCU would be best for the NGNP. The objective of this study is to compare the
most promising one-, two- and three-shaft Brayton-, Rankine- and Combined-cycle configurations in
order to evaluate the technical performance, practical considerations and economical competitiveness
when employed in conjunction with a given Pebble Bed Reactor. The objective is to identify a near-
optimum design for each cycle configuration from which the optimum PCU configuration for the NGNP
can be identified.
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Chapter 3

System thermo-hydraulic design

In this chapter, the theory and methodology used to solve the thermodynamic cycle analyses are
presented and all relevant input parameters are discussed. The definitions used to calculate the
efficiency of a co-generation plant (producing electricity and hydrogen) are given and the theory

regarding gas mixtures is mentioned.
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3. SYSTEM THERMO-HYDRAULIC DESIGN

Chapter 3 discusses the methodology, optimization and theory used to solve the system
thermodynamic cycle analyses for the Brayton and Combined Cycle configurations under
investigation. An overview of the PCU is given in section 3.1. Section 3.2 gives an overview of how
these cycles are solved and integrated together with the costing formulas. The theory and
methodology used to solve the Brayton cycles are presented in section 3.3. The theory used to solve
the Combined Cycles and the methodology used to optimize the plant for maximum combined
efficiency are explained in section 3.4.2. The optimization of the steam plant is also discussed in
section 3.4.2.2. The methodology used and assumptions made to solve the indirect loop for the
indirect cycles are discussed in section 3.5. The applicable theory for the hydrogen plant is discussed
in section 3.6 and the theory for deriving the gas mixture properties is discussed in section 3.7. All the
relevant input parameters are listed in Appendix 9.1.

The ten cycle configurations under investigation were discussed in Chapter 1. As mentioned, the
objective is to compare these ten cycles in order to identify a near-optimum design for each cycle from
which the most practical, efficient and economical PCU for the NGNP can be chosen.

3.1 THE POWER CONVERSION UNIT

For the purpose of this study, only the PCU is simulated and analysed. The PCU includes all the
system components necessary to convert the heat energy of the heated helium through the reactor
into electricity. The Brayton PCU consists of a combination of a high pressure gas turbine (HPT), low
pressure gas turbine (LPT), power turbine (PT), recuperator (RX), pre-cooler (PC), low pressure
compressor (LPC), inter-cooler (IC), high pressure compressor (HPC), valves, generator (GEN),
gearbox (GB) and possibly a start-up blower (SBS). The Rankine PCU consists of a combination of a
steam generator (SG), high pressure steam turbine (HPT), intermediate pressure steam turbine (IPT),
low pressure steam turbine (LPT), condenser (CD) and feed-water pumps. The Combined Cycle
comprises of both the Brayton- and Rankine cycle which is connected through the steam generator.
Additional components for the indirect cycles would be the primary side blower and the intermediate
heat exchanger (IHX). The indirect cycle comprises of a primary and secondary loop which is
connected through the intermediate heat exchanger (IHX). Only Cycle B and Cycle | are discussed as
examples - see Figure 3.19 for the schematic layout. The schematic layout of Cycle G is discussed in
section 3.4.2.3

. o
y
- l
— oo ad = 5
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Figure 3.19 PCU for Brayton Cycle B and Combined Cycle I (used as examples)
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Brayton B

The hot helium leaving the core flows through the turbine that drives the compressors. The flow is
then cooled in the recuperator, which also heats the helium before it enters the core, and is further
cooled down to the minimum cycle temperature in the pre-cooler. The flow enters the compressors
between which it is inter-cooled and finally passes through the recuperator before entering the core.
The turbine is the main power generating component, where the net work available equals the turbine
work minus the work required by the compressor. The thermal cycle efficiency is defined as:

WBraylon = nMcchanicaI WGas#urbine - WComprc:Jors (3 1 )
WE Iyt
= - e 3.2
77cyclc PB, R,h ( )

Combined Cycle |

The recuperator, pre-cooler and inter-cooler of the Brayton cycle are replaced with a steam generator.
The hot steam leaving the steam generator passes through the high pressure steam turbine, where
after the steam is re-heated in the steam generator. The flow then passes through both the
intermediate- and low- pressure steam turbines. From the LPT, the flow enters the condenser, passes
through the low-pressure pump and is then pre-heated before entering the high pressure pump and
returning to the steam generator. The bleed-flow is extracted between the IPT and LPT. The
combined thermal cycle efficiency is defined as:

w, (3.3)

Rankine

=W,

Steam —turbines

-W

Pumps

W, -W, + Wi
T]Cyde — ( Brayton Blower) Rankine (3 4)
P B Rih

3.2 SYSTEM DESIGN METHODOLOGY

This section gives an overview of how the cycle analyses are integrated with both the component- and
costing models in order to arrive at the integrated model used to analyse the PCU. The cycle
analyses, component designs and costs are solved simultaneously in CYCLE-C. All relevant theory
regarding the cycle analyses is documented in sections 3.3 and 3.4, while ali relevant theory regarding
the component designs and costing formulas are documented in Chapters 5 and 4 respectively. The
optimization of the turbo machines is documented in Chapter 5. See Figure 3.20 for the overview of
the discussion to follow.

3.2.1 Input variables

All the input parameters to the analyses are listed in Figure 3.20. The meaning of each variable and
its value is documented in Appendix 9.1. Except for the leak flows, these input values are kept the
same for all the cycles. Since the turbo machines have not yet been designed at the onset of the
cycle analyses, the turbo machine efficiencies and outlet axial velocities are guessed and updated
once the machines have been designed. The turbo machine isentropic efficiencies are not calculated
as function of the appropriate loss models, but merely as function of the stage efficiency and number
of stages (see Chapter 5).

Figure 3.20 Overview of Sysfems solution — see next page
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3.2.2 Cycle Analyses

These input values are used together with basic thermodynamic relations (see section 3.3.3) to solve
for all the pressures and temperatures in the cycle, for each component’s inlet and outlet.

A thermodynamic cycle analysis was done for each configuration based on a fixed reactor pressure
loss coefficient (Keamgr), fixed heat exchanger efficiencies (Nrecuperator, Nic, Nec) and fixed percentages for
the pressure losses through the piping (%dPpiping) @and heat exchangers (%dPyxs). This implies that a
fixed reactor design is used for all the cycles and also that the heat exchangers and piping geometry
are scaled with each pressure ratio to ensure the specified pressure loss. The leak flows for each
cycle was calculated as fixed percentages of the total cycle flow. The isentropic efficiency of each
turbo machine is calculated at each specified cycle pressure ratio as function of the stage efficiency
and number of stages. See section 3.3 for the detailed discussion on the Brayton cycle.

Brayton input variables

assumed : 1¢, 1y, Cq e, C
fixed: ¢

a,t
0, o,
min ? tmax ’ pmin 2 pmax s PBR’ kPBMR ’ kcomp > klurb > dT;HX ’ A)dPHX: > A)dPPlPING > nBIower > 77Iv{er:l1anichal ’ chcuperalor ’ 771C ? 77}’C

For the Rankine cycle, the maximum pressure is fixed and an upper limit is set for the maximum steam
temperature. Both the turbine and pump efficiencies are fixed and the condenser fraction is limited to
88%. The pressure loss through the steam generator is calculated as fixed percentages of its inlet
pressure. The reactor inlet temperature determines the fraction of work that is performed by the
Brayton and Rankine respectively. The reactor inlet temperature is optimized to ensure the maximum
combined efficiency. See section 3.4 for the detailed discussion on the Combined Cycle.

Rankine input variables

ﬁxed : tmin’ tmax >’ pmax > %dPRH > %d‘PSG’ tPINCH’ CDx’ T]mrbine’ npump

3.2.3 Component Models

Component models for the turbine, compressor, recuperator, inter-cooler, pre-cooler, intermediate
heat exchanger and blower are used together with the boundary values from the cycle analyses to
perform a conceptual design of each component. The components are only designed to the level of
detail that is required by the costing formula — see next section.

The turbo machine model needs to solve only for the tip radius (), number of stages ( z ), isentropic

efficiency () and axial velocity (C,). See Chapter 5 for the detailed theory used to solve these

variables.

The model is a function of:  (r?, z)- F(c,,dT,m/10W, P>V > Orsax > Paiate»SF> N, C,, hubtipratio)

The recuperator model needs to solve only for the heat transfer area (Arecuperator) — S€€ Chapter 5.
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nRecupzmlor
ARecnperalor = [ 1 mﬂ ow:- Cp / URecuperanr

- 77Recuperalor

The inter-cooler model needs to solve only for the heat transfer area (Ac) — see Chapter 5.

r

1
A]C :-(F]]n(l + Cr-hl(l-ﬂlc))'mﬂOW'Cp/U[c

The pre-cooler model needs to solve only for the heat transfer area (Apc) — see Chapter 5.

1
y: - Z-[C_Jm(l + C,-In(1-7,.))-mflow-C, /U,
The blower model needs to solve only for the blower size, which is determined by the inlet and outlet
temperatures and pressures as well as the mass flow through the blower - see Chapter 5.

(Wﬂlower ) - F(t7 p’ mﬂow)

3.2.4 Costing Models

The order-of-magnitude plant cost is only a comparative value between the cycles and does not
portray the absolute total cost of the plant. The philosophy was to include only those component costs
that will result in notable overall cost differences between the cycles. The costing formulas are
postulated based on engineering judgement. The cost of each component will rather indicate a trend,
than an absolute cost. The designs were benchmarked against the PBMR capital costs. The order-of-
magnitude plant cost is defined as the sum of all the major PCU component capital costs, the capital
cost of the building, the capital cost of the reactor and the capital cost of the steam plant, minus the
capitalized income due to the power output.

|:Canbo Unit + CRecupenalor + CIC + CPC + CBIower + CIHX + CGenerazor + CSBS&RB :I PCU + CBuiIding + CReaclor + CS/eam Plant _CMargirml Cost
The capital cost of the generator, gearbox, SBS blower, resistor bank, building and reactor was fixed.
The steam plant is calculated from a certain $/kW. The power output for each cycle was translated
into a capitalised income resulting in a reduction in capital cost. This means that a higher thermal cycle
efficiency effectively reduces the order-of-magnitude plant cost (Cuarginaicest). The cost models used for
the PCU are as follows (see Chapter 4 for more details):

S ([Ker? e+ @], +[Knr? G+ 8], )0-0.1D
Crecuperator: T (—

Cic: KA

Cerc: Koo 2 dpe

Caiower’ MW, +0.5

Cinx: Ky - Ay + Kbasey,,

Once the parameters mentioned in the previous section have been solved, the capital costs of the
turbo unit, recuperator, inter-cooler, pre-cooler, intermediate heat exchanger and blower are
calculated, using the cost models together with the proportionality constants (K) derived from PBMR
design data.
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3.2.5 Optimization

The reactor inlet temperature is optimized to ensure the maximum Combined Cycle efficiency ~ see
section 3.4.2.3. Each turbo machine is optimized to ensure the minimum capital cost. The cost of
each turbo machine is minimised by varying the blade stress safety factor and the rotational speed.
For a specific combination of safety factor and rotational speed, the tip radius and number stages are
determined using a design routine and these values are then used to determine the cost of the
machine. By repeating this calculation for a large number of combinations of safety factor and speed,
the minimum cost can be determined. All this is done while staying within all design limitations — see
Chapter 5 for more details. The number of stages calculated from this optimized design is used to
calculate the compressor and turbine isentropic efficiency. Both the initial guessed values for the turbo
machine axial velocities and isentropic efficiencies are updated and the cycle analysis is repeated until
the solution converges.

3.2.6 Results

The temperatures, pressures, thermal cycle efficiency, component capital costs and the order-of-
magnitude plant cost of each configuration were then calculated for various pressure ratios, reactor
outlet temperatures, reactor power levels and power turbine rotational speeds. Based on these results,
the different operational parameter envelopes are identified for which each of the different cycle
configurations would be maost appropriate — see Chapter 6.

3.3 BRAYTON CYCLE

Six Brayton cycle configurations are investigated. In this section, the system thermo-hydraulic design
of the three-shaft recuperative direct Brayton with inter-cooling is discussed (D). Only Cycle D is
discussed as representative example, since the same equations and methodology are applicable for
the other five cycles — see Chapter 1 for the schematic layout of all the cycles.

e Cycle A: Single shaft, recuperative direct Brayton cycle

¢ Cycle B: Single shaft, recuperative direct Brayton cycle with inter-cooling

e Cycle C: Two shaft, recuperative direct Brayton cycle with inter-cooling

e Cycle D: Three shaft, recuperative direct Brayton cycle with inter-cooling

e Cycle E: Three shaft, recuperative direct Brayton cycle with two-step inter-cooling

e Cycle F: Two shaft, recuperative indirect Brayton cycle with inter-cooling

3.3.1 Input

The input to the Brayton cycle is listed in Appendix 9.1 Table 6.9. These input values are kept the
same for each of the Brayton cycles. The primary working fluid for the direct Brayton cycles is Helium.
Nitrogen is also investigated for the indirect cycles. It is assumed that ideal gas law properties apply.
The minimum cycle coolant temperature is limited by the available cooling water temperature of 18 °C
using an approach temperature of 6 °C. The maximum coolant temperature is limited by the turbine
blade materials and the allowable reactor inlet temperature, which is 500 °C. The maximum pressure
in the cycle is limited by pressure boundary limitations. The loss coefficient for the reactor is based on

the PBMR reactor, where
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K PagSP 45307 o it are
PR flow? 1852 (/o)

(3.5)

See reference [24] for the Flownex network details on which the pressure difference (AP ), mass flow
(mflow) and average density ( p,,, ) were based. The percentages for the pressure losses through all

heat exchangers and piping were based on typical values. The power turbine speed was fixed at
6000 rpm, assuming a 180 MW gearbox. The rest of the input values are assumed to be typical
values. The initial guessed values for the turbo machines are updated once the turbo machines have
been designed.

The turbine leak flow values are different for each cycle configuration and each pressure ratio since
the leak flow is a function of the number of turbines, the size of the turbines and the mass flow in the
cycle. The turbine leak flow is calculated as fixed percentages of the total cycle mass flow. The leak
flows for the three-shaft designs were assumed to be 7.3%, based on the three-shaft PBMR design
[24], while the leak flows for the single-shaft designs were assumed to be 5.6%, based on the single-
shaft PBMR design [23]. For the two-shaft design, the averaged value of 6.1 % was used. For the
single-shaft indirect Nitrogen cycle, the turbo machines are presumed to be smaller and therefore a
smaller leak flow of 5.2% was assumed. See Table 9.19 for the leak flow input data. The leak flows
referred to in this document only apply to the turbo machine cooling flows.

3.3.2 Design methodology

The t-s diagrams and more importantly the numbering for all the cycles are presented in Figure 3.21
and Figure 3.22. All the analyses are done in a program written in Visual C++; therefore the equations
need to be written in the explicit form. The equations, as listed, are in the exact sequence as they
appear in CYCLE-C and the same variable names are used.

10 9
PBR 10) pipe
11

6 1

HPC HPT

LPC LPT
1 14
'[ 20
L
>
<
>
! 1 15 loss,
19 PT = GB 1:@
——
16
18 g 17
RX W)
. ] pipe
7 I's

Figure 3.21 Cycle layout and t-s diagram — Cycle D
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Figure 3.22 T-s diagrams of Cycles A, B, C and E
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Discussion and numbering — see Cycle D Figure 3.21:

The numbers in brackets refer to the equation numbers of section 3.3.3. NOTE: The turbo machine
intake losses were not taken into account.

Low-pressure Compressor (LPC)

The minimum cycle temperature (3.6) , maximum cycle pressure (pmax) and the total pressure ratio
over all the compressors (PR) are specified. The minimum cycle pressure (3.7) and the inlet density
(3.8) are calculated. It was decided to equally split the work between all the compressors. Next, the
LPC outlet pressure (3.9), temperature (3.10) and density (3.11) are calculated. The diffuser outlet
pressure (3.13) based on the axial velocity is calculated.

Inter-cooler

The inter-cooler outlet temperature is set to the minimum cycle temperature (3.14). The outlet
pressure is calculated as a fixed percentage of the inlet pressure (3.15).

High-pressure Compressor (HPC)

The pressure loss over the piping from the inter-cooler outlet to the HPC inlet (3.17) is calculated. The
HPC outlet pressure (3.18), outlet temperature (3.19) and outlet density (3.20) are calculated. The
diffuser outlet pressure (3.22) based on the axial velocity is calculated.

Recuperator

The high-pressure recuperator pressure loss (3.23) and the pressure loss over the recuperator outlet
pipe (3.24) are calculated as fixed percentages of the recuperator inlet pressure. The recuperator
outlet temperature (3.51) is calculated later on.

Reactor
The maximum cycle temperature (3.25)(3.26) is specified as fixed input.

All the pressures and temperatures at points 1 through 7 have been calculated. At the reactor inlet
(point 8 and 9) only the pressures are known and at the reactor outlet (point 10 and 11) only the
temperatures are known.
T
@pipe
-

-?Ig) loss

":g) loss

16
|7J loss

PTPT PT

Figure 3.23 T-s diagram: Solution points 1-7
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The next step is to solve the pressure drop through the reactor. The pressure drop is defined by:

AD _ kppyg - mflow’ (1 - leak] — leak2)?
reactor (rho,, +rho,)/2

At this stage, neither rhog, rhoie nor the mass flow rate is known. The mass flow (mflow) referred to
onwards is the mass flow through the LPC. The mass flow, pso and ty are solved by iterating for the
mass flow. The following initial guessed values were assumed, based on the PBMR plant:

mflow =190 kg/s (calculated with Eq. (3.56))
P1o =p9 — 100 kPa (calculated with Eq. (3.29))
to =110 -400 °C (calculated with Eq. (3.53))

Reactor

The assumed values for pjp and ty are used to calculate the reactor’s inlet (3.27) and outlet density
(3.28). The pressure drop over the reactor (3.29) is calculated using the assumed mass flow. The
pressure loss over the reactor outlet pipe (3.30) is calculated.

Pressure losses

The assumed percentages for the pressure losses over the heat exchangers and piping are used to
calculate the pressures at points 20 (3.31), 19 (3.32), 18 (3.33) and 17 (3.34).

HPT

The work produced by the HPT is fully absorbed by the HP compressor. Assuming Qupc = Qupr, the
outlet temperature (3.35), pressure (3.36) and density (3.37) are solved. The pressure (3.38) after the
diffuser is calculated next. Leak flow 1 is extracted from point 6 and mixes with t;, to produce t;3. The
mixing formula of Eq. (3.39) is used to calculate t;3.

LPT

The work produced by the LPT is fully absorbed by the LP compressor. Assuming that Q.pc = Qqpr,
it follows that Eq. {3.40) can be used to solve for t44. Eq. (3.41) is used to solve for the LPT outlet
pressure. The density is calculated with Eq. (3.42). The diffuser outlet pressure is calculated with Eq.
(3.43). Leak flow 2 is extracted from point 6 and mixes with t;, to produce t;5. The mixing formula of
Eq. (3.44) is used to calculate {5.

Power Turbine

The pressure loss over the power turbine diffuser is defined by: Pis =Py + ko (%rholsV},TZ).

The initial guessed value for p;¢ is assumed to be: Dis = Py, /lossfactl.

Since both p;¢ and ty¢ are still unknown, rhose is not known and therefore the power turbine outlet
pressure (pis) will need to be solved for iteratively. An initial value for pig is assumed. With ps fixed,
tis (3.46) is calculated. Next rhoss (3.47) can be calculated. A new updated value for pss (3.48) can
now be calculated. With this newly calculated value for pys, the process is repeated until convergence.
Leak flow 3 is extracted from point 2 and mixes with t;¢ to produce t;7 (3.49).

Work output
The work output per unit mass flow of the power turbine is calculated with Eq. (3.50).
Recuperator

The recuperator efficiency is used to calculate the recuperator HP temperature (3.51) and LP
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temperature (3.52). Next, the reactor inlet temperature (3.53) is solved.
Mass flow

The heat input per unit mass flow (3.54) is calculated where after the mass flow (3.56) can be
calculated, using the fixed power level input. Remembering that the mass flow was initially assumed
to calculate the pressure loss through the reactor, this mass flow needs to be updated and alil
calculations from the reactor pressure loss calculation onwards need to be repeated. This will be done
until the solution converges. The assumed values for pjp and ty was re-calculated with equations
(3.29) and (3.53). All pressures and temperatures from points 1 through 20 have now been solved.

3.3.3 Design equations

All pressures referred to are total pressures

input: ng, 1, Ca’c, Ca,t

> . 0 o,
lnput o tmin > tmax 2 pmin > pmax > PBR’ kPBMR > kcomp H kmrb ’ dT'IHX ’ A)dPHXs ’ A)dPPIPING ’ nblowcr 2 nmcch(michnl > nrecupemlor > nIC > 77PC

LPC e (3.6)
(3.7)
p, = Do
pr
3.8
rho, bl (3.8)
4R
s =0 \/; (3.9)
(r-0iy (3.10)
Iy =, +t—'[[&] —l}
etac,, |\ p
3.1
rho, = P2 ( )
t2
1, =1, (3.12)
1 (3.13)
By =Py~ kcamp (Erhon”,(‘z)
Inter-cooler L=t (3.14)
p, = lossfact2 * p, (3.15)
HPC t =1y (3.16)
ps = lossfactl * p, (3.17)
P = psNpr (=98
5 (r-0/y (3.19)
t, =t +—— (—pi] -1
etacy, | \ ps
3.20
rho, =i ( )
1,R
L= (3.21)
(3.22)

1
Dy = De -—kmp(grhosVHﬂ.z)
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Recuperator HP py = lossfact2 * p, (3.23)
p, = lossfactl * p, (3.24)
Reactor f =1 (3.25)
Ly =l (3.26)
ITERATIVE LOOP | The pressure drop through the reactor is defined by:
(blue indent) Koy emflow*
Bo =P " Gho, +rho,) 12
assume: mflow = 190 kg/s
Pio = Ppg-100e3
te = t1o —-400
Reactor :
rho, =22 e
LR
rho,, = Py (3.28)
LR
B kppymmflow? (1 — leakl - leak2)? (3.29)
0. (rho,, +rho,)/ 2
P, = lossfactl * p, (3.30)
Pressure losses | p,, = p,/lossfactl (3.31)
Do = Py ! lossfact2 (3.32)
Pis = Do/ lossfactl (3.33)
P = P/ lossfact2 (3.34)
HPT ; t @, - t;)*(1-leak3) (3.35)
B "' (1-leakl-leak2 - leak3)eta,,,
{ p 7/ r-1
- Joo ST 2
P = Py ( l“efatpr (3.36)
3.37
rho, = Pu e
t,R
Mixing flow 1 (3.38)
P = Py - Ky (Erhonz *VHPTZJ
;= ol - leakl - leak - leak3) + tJeakl (3.39)
. 1 - leak2 - leak3
LPT t, - ¢, (3.40)
Ly = b -
(1-leak2 - leak3)eta,,,,
5o g WO (3.41)
= ] -1 14
P P [ t”etatu,j
3.42
rho, = P ( )
2R
Mixing flow 1 (3.43)
Pis = Py - Kun (‘irh"uVu’Tz)
_ b, (1-leak2-leak3) + t; leak2 (3.44)

- 1-leak3
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ITERATIVE LOOP

(red indent)

The pressure loss over the diffuser:

1
plé = pl7 G klurb (Erholéy}‘]"l)

Power Turbine | GUESS : (3.45)
P = D, /lossfact]
{
(r-1)/y (346)
he = ts - hsetaty, |1 - [&J
bPis
Pis
ho . =
rno [16R
pl6 = py (3.47)
1
plG = pl7 + kmrb (Erhol(i *I/}’sz (348)
Convergence testing =
} while ( fabsMJ > 1.0e-8
Pis
Power Turbine | 1., = t,(1-leak3) + t, leak3 (3.49)
Work output | work = ¢p * (1 - ) * (1-leak3) * eta,,, (3.50)
Recuperator | t, = t, + eta,, (4, - t,) (3.51)
ty = t, - (t; - t,) * (1-leakl-leak?2 - leak3) (3.52)
t, =1, (3.53)
Mass flow | heat = (1-leakl-leak2-leak3) * cp * (t, - t,) (3.54)
massflow = mflow (3.55)
mflow = PBMR (3.56)
heat
Convergence testing | y upite | fubs massflow-mflow | _ . o
mflow
Recuperator W ....= C, (ty - &) (3.57)
Power
Work  work = C, (t - t,;) (1-leak3) eta,,, (3.58)
Thermal work - Cp(tlli - tm)(l—leak3)etamd, (359)

efficiency 1 TOTAL =

heat  (1-leakl-leak2-leak3)C ,(t, - t,)
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3.3.4 Total isentropic efficiency (compressor & turbine)

Not all the cycle configurations have the same amount of turbines and compressors, therefore making
it difficult to compare the turbo machine isentropic efficiencies. In order to compare these efficiencies
the total isentropic efficiency for all the compressors combined and for all the turbines combined was
calculated. These results are presented in Chapter 6. This section presents the definition used for the
combined compressor and the combined turbine isentropic efficiency.

TURBINES 7
rd
///
//
”~
//
-~
//
// -~ E
. g =g
//
COMPRESSORS L )
- . ~~%0
e e i TR
/// /’//
//, r’)
-7 /’/ -
P - ,/"’
66,7 7 44 -7 22
- o
5 3 1

Figure 3.24 T-s diagram explaining total turbo isentropic efficiency

The compressor and turbine isentropic efficiencies are dependent on the stage efficiency and the
number of stages. The number of stages is proportional to the pressure ratio over the turbo machine.
For a fixed stage efficiency, the compressor isentropic efficiency will always decrease with increasing
pressure ratio and the turbine efficiency will increase with increasing pressure ratio. This theoretical
phenomenon corresponds with what would be expected in practice, where the boundary layer losses
cause a compressor’s efficiency to decrease with increasing number of stages. From a turbo machine
efficiency point of view, one would like to have as few compressor stages as possible and as many
turbine stages as possible.

At each pressure ratio, the turbo machine was optimized with regard to cost and the number of stages
was calculated. The temperatures at points 2, 4, 6, 8, 10, 12 and 14 were calculated using the
compressor and turbine isentropic efficiencies as calculated by the component model. The combined
isentropic efficiency over all the turbines and compressors are defined respectively by equations (3.60)
and (3.61).

_ Z(m 'CPATMMI) _omy (T —T) +my,, (T W) ¥ Wyl — T My (g — T ) (3.60)

N turbines -
ot Z(’"‘CPAT ) My (T =Ty )+ myo (T, —Tig )+ myy 0y (B ~Tp ) + im0 (T = To0)

isentropic

n _ Z(m-cijz:e,,m;pfc) _ my,, (L, =T)+my, (T, -T,)+my, (T, - T5)
compressor Z(m 'cpAT;mual) mm(TT _T;)")'”LJ” (7;. —7;)+m5/6(7;‘ _TS)

(3.61)
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3.4 COMBINED CYCLE

Only four Combined Cycles are investigated. In this section, the system thermo-hydraulic design of
the single-shaft direct Combined Cycle, without inter-cooling is discussed (H). Only Cycle H is
discussed as a representative example. The methodology of Cycle G is a combination of the theory
discussed in this section and section 3.3.2 — see 3.4.2.3 for more details on Cycle G and Cycle J.

e Cycle G: Single-shaft recuperative Brayton with inter-cooling
e Cycle H: Single-shaft Brayton without inter-cooling
e Cycle I: Indirect Single-shaft Brayton without inter-cooling

e Cycle J: Single-shaft recuperative Brayton without inter-cooling

3.4.1 Input

The input to the Brayton cycle is the same as mentioned in section 3.3.1. The input to the Rankine
cycle is listed in Appendix 9.1 Table 9.13. The thermodynamic properties of water substance have
been implemented using the thermodynamic property correlation of Harr, Gallagher, and Kell,
NBS/NRC Steam Tables, Hemisphere Publishing Co., 1984.

In the former German nuclear process heat project the design provided an IHX between the reactor
and the coal gasifier. The design had inlet/outlet temperatures of 950/293 °C on the primary side and
220/900 °C on the secondary side respectively. This temperature difference in the IHX of 50 °C (see
Table 8.17) has been experimentally confirmed and was taken as reference value (Frohling et al,
2002). Over and above the IHX temperature difference, an additional pinch temperature of 10 °C was
assumed. Typical approach temperatures for condensers vary between 15 °C and 20 °C. The
minimum Rankine cycle temperature is limited by the avaitable cooling temperature of 18 °C. The
minimum condenser temperature is 35 °C, choosing an approach temperature of 17 °C. In advanced
coal-fired steam plants, supercritical steam parameters (up to 300 bar and 600 °C) are applied. We
have chosen a maximum live steam temperature of 540 °C as a reference, and a live steam pressure
of 180 bar. The maximum steam pressure for all the steam cycles are fixed at 180 bar, while the
maximum steam temperature may be below 540 °C, depending on the Brayton cycle. Normally the
quality of the exhaust steam should not be lower than 85% (Frohling et al, 2002), conservatively we
set the maximum condenser quality to 88%. The isentropic efficiency of an optimized steam turbine is
90% for an advanced power plant (Frohling et al, 2002). We set the steam turbine isentropic efficiency
to 89%. According to manufacturers information the overall efficiency of the feed-water pump can be
75-85% according to the size. Optimistically we chose a pump efficiency of 85%. The pressure losses
in the water piping were ignored. The pressure loss in both the steam-generator and re-heater are
assumed to be 3% of the inlet pressure.

3.4.2 Design methodology

The t-s diagrams and more importantly the numbering for all the Combined Cycles are presented in
Figure 3.25 and Figure 3.26. See Chapter 1 for the schematic layout of all four Combined Cycles.
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T &=

LPC

leak2

Figure 3.25 Cycle layout- Cycle H

3.4.2.1 Brayton
Discussion and numbering — see Cycle H Figure 3.25:
Low-pressure Compressor (LPC)

The maximum cycle pressure and the total pressure ratio over all the compressors (PR) are specified,;
therefore the minimum cycle pressure (3.63) is calculated. The LPC inlet temperature is not known. It
can not be fixed as with the standard Brayton cycles, but needs to be solved. The reactor inlet
temperature (RIT) is optimized to ensure both a possible fit with the steam cycle and to identify the
maximum Combined Cycle efficiency (see section 3.4.2.3). For a fixed RIT (3.65), the LPC inlet
temperature (3.66), inlet density (3.67) and outlet density (3.68) are calculated. The diffuser outlet
pressure (3.69) based on the axial velocity is calculated.

The maximum cycle temperature (3.71) is specified as fixed input.

All the pressures and temperatures at points 1, 2 and 3 have been calculated. At point 4 only the
temperature is known.

The next step is to solve the pressure drop through the reactor. The pressure drop is defined by:

2
kpppemflow

Ba =8 " (rho, +rhoy)/2"

At this stage, neither rho, nor the mass flow is known. Since the mass flow is unknown at this stage, a
value will be assumed, then calculated and later updated with the newly calculated value.

assume: Ps =ps3 (initia}l guessed value)
assume: mflow = 330 (initial guessed value)
Reactor

The reactor inlet density (3.72) is calculated. The assumed value for p, is used to calculate the
reactor's outlet density (3.73). The pressure drop over the reactor (3.74) is calculated by using the
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assumed mass flow. Lastly, the pressure loss over the reactor outlet pipe (3.75) is calculated.
Pressure losses

The assumed percentages for the pressure losses over the heat exchangers and piping are used to
calculate the pressures at points 8 (3.76) and 7 (3.77).

‘;)w‘pe

Figure 3.26 T-s diagram i) Cycle H & I Brayton ii) Cycles G,H,l Rankine iiij) Cycle G Brayfon
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Leak flow 1 is extracted from point 2 and mixes with t, to produce 5 (3.79).

Power Turbine

The pressure loss over the power turbine diffuser is defined by: . D =Dy + Ky (%rho6 -V,,,.Z)

The initial guessed value for psg is assumed to be: . ps = p,/lossfactl

Since both ps and ts are still unknown, rhoss is not known and therefore the power turbine outlet
pressure (ps) will need to be solved for iteratively. An initial value for pg is assumed. With pe fixed, ts
(3.80) and rhoss (3.81) are calculated. A new updated value for pss (3.82) can now be calculated.
With this newly calculated value for pys, the process is repeated until convergence.

Leak flow 2 is extracted from point 2 and mixes with ts to produce t; (3.85).

Work output

The work output per unit mass flow of the power turbine is calculated with Eq. (3.87)
Mass flow

The heat input per unit mass flow (3.86) is calculated after which the mass flow (3.90) can be
calculated, using the fixed power level input. Remembering that the mass flow was initially assumed
to caiculate the pressure loss through the reactor, this mass flow needs to be updated and all
calculations from the reactor pressure loss calculation onwards need to be repeated. This will be done
until the solution converges. The assumed value for p, was re-calculated with Eq. (3.83). All
pressures and temperatures from points 1 through 8 have now been solved.

The mass flow of the Brayton cycle, t; and tg determines the heat available for the steam cycle. The
steam cycle needs to be custom designed to fit between t; and ts. The steam fitting is explained in the
next section.

3.4.2.2 Rankine

The steam cycle needs to be custom designed to fit in between t; grayton aNd tsgrayton- BOth t7grayen and
ts-srayton fall 50 °C to temperatures t10g and t6g respectively — see Figure 3.27. From temperatures t7g
and t8g, both temperatures fall 10 °C (pinch temperature) to t; and ts respectively.

Discussion and numbering — see Cycle H Figure 3.27:

The minimum cycle temperature (3.91) is set to the condenser temperature. The maximum cycle
temperature (3.92) is equal to the Brayton temperature (t;.grayton) minus the {HX temperature difference
minus the pinch temperature. The maximum steam temperature is calculated, but is limited to 540 °C
(3.93).

Condenser Inlet

The condenser inlet quality (3.94) is specified. The condenser inlet enthalpy (3.95) and pressure
(3.96) are interpolated from the steam data by specifying the inlet temperature and quality.

IPT inlet: iterate: pso

Next, the IPT inlet pressure needs to be solved. To solve psg, points 10 and 12 are connected to
operate as one turbine (although there are in fact two turbines). The pressure (3.97) is solved
iteratively. Since pi2, pio and tp are known, the turbine efficiency from points 10 to 12 can be
calculated (3.101). The pressure (pio) is varied until the calculated efficiency equals the actual
specified turbine efficiency.
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109

{10

12

Figure 3.27 T-s diagram for Brayton & Rankine cycle — Cycles H & |

Pressures

The HPT outlet pressure (3.102) is calculated by assuming a 3% pressure loss through the re-heater.
Ps (3.103) is set equal to the maximum steam pressure. The steam generator inlet pressure (3.104) is
calculated by assuming a 3% pressure loss through the steam-generator.

Steam-generator saturation

The steam generator saturated enthalpy (3.106), entropy (3.107) and temperature (3.108) at a quality
of 0 is calculated.

HPT inlet temperature: iterate tg

At this stage t10g, tyo, tg7 and t; are known. It is clear that
[(th - h9) + (h8 - h7 )] Tms = mﬂowBraonn CpBraylan I:(t7—Braylon - dT‘IHX ) - (t7 + tPINCH ):I E

This relationship is used to first solve for the steam mass flow (3.119), and secondly for t5 (3.122). For
all the relations, see equations (3.110) through (3.122)

Steam generator

The steam generator inlet enthalpy (3.123) is calculated from Eq. (3.62). The steam generator inlet
temperature (3.124) is interpolated from the steam data from the specified pressure and enthalpy.
Lastly, tg6 (3.125) is calculated.
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ms - (B, —hg ) = (12, = g prayon — ALy NfIOWs,,,,,Cp (3.62)
LPT outlet

Equations (3.1286), (3.127) and (3.128) are used to calculate the condenser outlet conditions.

HP pump inlet pressure: iterate ps

The steam generator inlet temperature tg was calcutated in order to fit the steam cycle between
Brayton temperatures t;.grayton @nd ts.grayion. The pressure at point 3 needs to be calculated to ensure
that point 6 equals ts. P3 is varied until point 6 equals t;. See equations (3.129) to (3.132). Next, the
LP pump outlet enthalpy (3.133) can be calculated.

IPT
The IPT outlet pressure (3.134) and enthalpy (3.136) are calculated next.
Cycle G: Pre-heating

Additional Pre-heating is used in Cycle G, where heat from the Brayton pre-cooler is used to pre-heat
the water before entering the steam-generator — see equations (3.138) to (3.142).

Bleed-off flow

The bleed-flow (3.143) required to produce t; (and by implication tg) is calculated.

Lastly ti, (3.144), t; (3.145), t1, (3.146) and t; (3.147) are calculated.

3.4.2.3 Optimization

Steam fit

For all the Combined Cycles (G, H, I, J) the exact correct bieed-off pressure (3.129) need to be
identified which will enable the exact correct bleed-off flow (3.143) to pre-heat the LP pump’s outlet
temperature (3.139) in order to arrive at the required steam generator inlet temperature (3.124).

Both Cycle G and Cycle J first use heat from the Brayton cycle to pre-heat the Rankine cycle. The
flow from after the LP pump’s outlet (T,) is heated by the Brayton cycle to temperature T, before the
bleed-off flow is extracted from the turbines. The bleed-off flow heats the water from Ty, to Ty, in order
to arrive at the required temperature, T,;. See Figure 3.28 for the discussion to follow (only applicable
to Cycle G and Cycle J). The hot helium leaving the PBR (6) expands through the LPT (6-8) that
drives both the LPC (1-2) and HPC (3-4). The helium flow is then cooled in the IHX (9-10) to
temperature T1o. Temperature Ty is determined by the reactor inlet temperature. The IHX rejects all
its heat to the steam plant through the steam generator (23-16-17-18). After the IHX (9-10), the helium
is further cooled down in the recuperator (10-11) to temperature T44. The Rankine cycle is preheated
from T, to T,. Temperature T, equals temperature T44-10 °C. The energy required to heat the
Rankine cycle from T, to T, is calculated. This calculated energy is subtracted from T,, to arrive at
temperature Ty,. The heat is rejected from T4, to the minimum cycle temperature in the pre-cooler (12-
1). The flow enters the LPC (1-2), between which it is inter-cooled and finally passes through the
recuperator (4-5) before entering the PBR (5).

The hot steam leaving the steam generator (16) passes through the high pressure steam turbine (16-
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17), after which the steam is re-heated (17-18) in the steam generator. The flow then passes through
both the intermediate-pressure (18-19) and low-pressure (19-20) steam turbines. Next, the flow enters
the condenser (20-21), passes through the low-pressure pump (21-a) and is then pre-heated from
points a to b by utilising the heat from the Brayton cycle (T44). After the water has been pre-heated
from points a to b, bleed-flow is extracted from point 19 in order to further pre-heat the water from
points b to 22 before entering the high pressure pump (22-23) and returning to the steam generator
(23).

For a given reactor inlet temperature, the challenge is to custom fit the Rankine cycle between points 9
and 10 — see Figure 3.28 . Temperatures 23, 16 and 18 were calculated to minimize the lost work
between the Brayton and the Rankine cycle and also to ensure that the steam generator does not
pinch. For a given reactor inlet temperature, temperatures 23, 16 and 18 are calculated. Next, the
Rankine cycle was optimised to exactly fit between temperatures 23, 16 and 18 by calculating the
correct Rankine pressure levels, Rankine bleed-off flows and Brayton pre-heating. The reactor inlet
temperature determines the fraction of work that is done by the Brayton and Rankine cycle
respectively. The reactor inlet temperature was optimised in order to identify the maximum combined
efficiency at each pressure ratio.
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Figure 3.28 T-s diagram and p-h diagrams for Cycle G at 600 MW and pressure ratio 2.1.

Reactor inlet temperature (RIT)

it was mentioned in the previous section how the RIT is optimized for Cycle G and Cycle J. Figure
3.30 shows the work output separately for the Brayton (Combined) and Rankine (Combined) cycle. |t
is seen that the Rankine work output slightly decreases with increasing pressure ratio. The Brayton
work output first increases and then decreases with increasing pressure ratio. The maximum Rankine
work is at a lower pressure ratio than the maximum Brayton work. The question arises as to what
pressure ratio results in the highest combined efficiency. The RIT is the parameter that determines the
ratio of work that is done by the Brayton versus the Rankine. The combined efficiency was calculated
over a large range of RIT’s and the RIT corresponding with the highest combined efficiency was
identified as that pressure ratios optimized RIT. Figure 3.30 shows the results of the optimized RIT.
At low pressure ratios the Rankine cycle is more efficient and therefore a larger fraction of work needs
to be done by the Rankine and therefore the low RIT. At higher pressure ratios, a larger fraction of
work needs to be done by the Brayton and therefore the larger RIT.
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Figure 3.29 Work output and RIT for Combined Cycle H — Brayton and Rankine separately

Figure 3.30 shows how the thermal cycle efficiency is influenced by the RIT at a fixed pressure ratio.
The pressure ratio of Cycle G was fixed at 2.4, Cycle H at 1.8, Cycle | at 1.8 and Cycle J at 2.1. ltis
clear from Figure 3.30 that certain RIT’s will not yield any solution and therefore one needs to operate
within a fixed envelope of RIT’s in order to get optimum results.

For Cycle H, the optimum RIT is 400 °C. See Figure 3.31 for both the thermal efficiency and optimized
RIT versus pressure ratio for all the Combined Cycles. See Chapter 6 for more results.
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Figure 3.30 Thermal efficiency of Cycles G, H, | and J for various RIT’s at a fixed pressure ratio
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Figure 3.31 Thermal efficiency vs. pressure ratio
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3.4.3 Design equations

3.4.3.1 Brayton (only Cycle H and I)

All pressures referred to are total pressures

input: 1c, My, Ca,c, Ca,t

; X 0 0
lnput : tmax > pmin > pmax > PBR’ kPBMR > kcomp > klurb ? dT;HX > A)dPHXx > A)dPPlPlNG > Ublower > nmechanichal

optimize : RIT

LPC Do (3.63)
b=
pr
b, = p - pr (3.64)
t, = RIT (3.65)
(r-1)17 (3.66)
=t/ 1+ [[ﬁ) =
etac,, [\ p
3.67
rho, =L ( )
tR
3.68
rho, uf2 ( )
R
1 (3.69)
Ps=DP;— kmmp (ErhonLPc‘z)
t, =t (3.70)
Reactor t, =1, (3.71)
ITERATIVE LOOP | The pressure drop through the reactor is defined by:
(blue indent) Wy Kpgnemiflow?
e ' (rho, +rho,)/2
assume: Ps  =Ps (initial guessed value)
assume; mflow = 330 (initial guessed value)
Reactor 3.72
ey i
LR
3.73
rho, A ( )
t4
_ kpyumflow’ (1-leakl - leak2)’ (3.74)
= (rho, +rho,)12
ps = lossfactl * p, (3.75)
Pressures | p, = p,/lossfactl (3.76)
p, = py/lossfact2 (3.77)
Ds = p,/lossfactl (initial guessed value) (3.78)
Mixing flow S (1-leakl-leak2) + t, leakl (3.79)
; 1-leak?2
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ITERATIVE LOOP | {

(red indent)

-y
t, = t; - Letat, |1 - {%)
5

Power Turbine (3.80)
rho, = tf—; (3.81)
BE =i (3.82)
Vi =g ks (%rhoﬁ ~VPT2J (3.83)
} while [fabsﬁG—:&J > 1.0e-8 i
Ps
Mixing Flow | t, = t,(1-leak2) + t, leak2 (3.85)
Heat | heat = (1-leakl-leak2) - Cp - (¢, - t,) (3.86)
Work output | work = Cp-(t, - t,)-(1-leak2)-eta, , —Cp-(t, - 1) (3.87)
t, =1t (3.88)
Mass flow | massflow = mflow (3.89)
Sl = PBMR (3.90)
heat
} while [ fabsw) > 1.0e-8
mflow
Intermediate Loop See coding
Rankine SolveRankine(.....), See section 3.4.3.2
3.4.3.2 Rankine
All pressures referred to are total pressures
input . i b > P> 70@Pey s YodPy, topey, CDX, i T pump
k=t (3.91)
b = s s = ox — e (3.92)
t, <540°C & t, <540°C (3.93)
Condenser  x,, =0.88 (3.94)
h,, = function(temperature,quality) — t,,x,, (3.95)
P, = function(temperature, quality) = 1,, x,, (3.96)
ITERATIVE LOOP: pyo V\.Iith Newton-Raphson: Vary pio until nwmine =89% for the
(blue indent) | 91VEN X12.
IPT | p,, = guessed value (3.97)
h,, = function( pressure,temperature) —> p,y,t, (3.98)
8,0 = function(pressure,temperature) —> p,,.t,, (3.99)
hs,, = function(pressure,entropy) = p,,,s,, (3.100)
el | _ho—hy (3.101)
o —hs;,

[see coding for complete Newton Raphson]
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Pressures Pro (3.102)
Py = m
Py = Prax (3.103)
B O/L (3.104)
odPy;
P, =D, (3.105)
SGsaturation  hsat, = function(pressure, quality) —> p,,0 (3.106)
ssat, = function( pressure,quality) — p,,0 (3.107)
tsat, = function( pressure, quality) — p,,0 (3.108)
psat, = p, (3.109)
ITERATIVE LOOP: t3 | Solve for tg by using Qgrayton?-79 = Wrankine10-9-8-7
(blue indent)
HPT | t, = guessed value (3.110)
h, = function( pressure,temperature) — py, 1, (3.111)
Sy = function(pressure,temperature) —> p,.t, (3.112)
hs, = function(pressure,entropy) —» p,, 5, (3.113)
by = by —etay,,,,, (hy —hs,) (3.114)
X, = function( pressure,enthalpy) —> p,, h, (3.115)
SG saturation | h, = function(pressure,quality) — p,,0 (3.116)
t, = function(pressure, quality) —> p,,0 (3.117)
Heat balance | g=(h,~h)+(h—h) (3.118)
e P1OW 100 CP rayton I:(t'l--.ﬂ.myfm — ATy ) =t + Loy ] (318
q
ms-(hy —hy) (3.120)
s [(”""‘“‘“' e }
ms-(h, — 3.121
S T o'
Update
t, =1gy —tomen (3.122)
SG . (187 = (3 sraion — AT 113 ))Mf1OW 110 CP (3.123)
ms
t, = function(pressure,enthalpy) —> pq, h, (3.124)
1g, =187 - ——m';zgz;’:gp e
LPT B=u; (3.126)
h, = function(pressure,quality) — p,,0 (3.127)
v, = function( pressure,quality) — p,,0 (3.128)
Test whether steam plant fit Brayton...see coding
ITERATIVE LOOP: p; (With Newton-Raphson: Vary p; to find frac; so that h6=hg
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(blue indent)
HP Pump | p, = guessed value (3.129)
h, = function(pressure, quality) — p,,0 (3.130)
v; = function(pressure,quality) —> p,,0 (3.131)
i w2t~ ) (3.132)
pump
hlthrV.(P;—P.) (3.133)
npump
IPT Pu=Ds Py
hs,, = function( pressure, entropy) — p,,, 5, (3.135)
My = By = Mspine (o — hisy) (3.136)
Only applicable to Cycle G
ITERATIVE LOOP: pre-heating | p, = p, (3.137)
(red indent) | ¢, = function(pressure,enthalpy) — p,, h, (3.138)
t, = function(pressure,quality) — p,,0 (3.139)
12a= Lao-Brayion — Lpiver (3.140)
cpw = function(pressure,temperature) —> p,,t, (3.141)
Check whether t; > t2a.. If yes,
h2a=h, +cpw(t2a—t,) (3.142)
Bleed-off h —h2a (3.143)
D =
flow TR
t,, = function(pressure,quality) — p,,,x,, (3.144)
t, = function(pressure,quality) — p,,0 (3.145)
t,, = function(pressure,enthalpy) — p,, h, (3.146)
t, = function(pressure,enthalpy) — p,,h, (3.147)
For Cycle H, the work output per unit mass flow for the Brayton cycle is defined as:
wBraylon = Cp (tS - t6)(l _leakz) : etamech _Cp(tz - tl) (3148)
For Cycle H, the work output per unit mass flow for the Rankine cycle is defined as:
W panidne = [ms (hx' hg +(hlo - hu)+(1'ﬁ‘acz)(hn - hz))]'[ms ((1 'ﬁacz)(}E - h|)+ (hs - hs))] (3.149)
For Cycle H, the Brayton thermal efficiency of the plant is defined as:
_ Wemion  _ Cp-(t, - t;)-(1-leak2)-eta,,, —Cp-(t, - 1) (3.150)

”Brayton ~ heat

Brayton

(1-leakl-leak2) - Cp - (1, - t,)
For Cycle H, the Rankine thermal efficiency of the plant is defined as:

= wRankina

_ [ms-(a- o + (o - B+ Q- frac2)(hy - )] -[ms (- frac2)(h, - B) +(hg - 1))

Mramtine ™ heat ,yine Cp(t, —t;)
(3.151)

For Cycle H, the Combined total thermal efficiency of the plant is defined as:
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W,

Total (mﬂ ow: wBraylon - wblower ) +ms- wRankina
PBR PBR

(3.152)

nTo(al =

3.5 INDIRECT CYCLE

The secondary side (Brayton) of the indirect cycles is solved in the same manner as explained in the
previous sections. This section will focus on the indirect cycle primary side solution. In the primary
loop, one aims to solve for the mass flow and blower size. The primary side mass flow will directly
determine the secondary side mass flow and the blower size will impact the thermal efficiency of the
cycle. The following variables are given as input to the calculation (see Table 6.9 and Table 9.14):

PBR, kppri> ALy, YodByy s YodBoipin s Mstowers Ve s Rutes Kre>Vnvas Ruzs Knas Vo> Rusx s Kngiy -

tmax 2

The following values are known from the secondary side cycle analysis:

Po = |HX inlet pressure

to = |HX inlet temperature
P1o = |HX outlet pressure

tio = [HX outlet temperature

The following values are fixed for the primary side analysis.

P1 =p9
ta =tio + dTipx
ts =tg + dTix

2 { PBR hl

Primary Q
Il

\
4
THX
10 oA

Secondary

Figure 3.33 Numbering used for all indirect cycles

The mass flow (secondary and primary) and blower power need to be solved for iteratively. For initial
guessed values, the following values are assumed for Qux, p2, t1 and the mass flows:

Qinx = PBR power (initial guessed value)
[ = py (initial guessed value)
ty =t initial guessed value)
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PBR
Cp(tlo - ts)

Mass flow (secondary) (initial guessed value)

(1-leakl —leak?2) - Cp,...uor,
Cp primary

m secondary

Mass flow (primary) = (initial guessed value)

note: itis assumed that (m-Cp) .~ =(m-Cp),. .,

To start with, p is known and an initial guessed value for t; is known. The value for t, is known and an
initial guessed value for p,. From these four values, the reactor inlet and outlet density is calculated.
Using the assumed mass flow {primary), a new value can be calculated for p,:

K pppemflow’

P = P o, +rhoy) 12

t; is equal to t; and p; is calculated with p, = p, -lossfactl . p4 is calculated with p, = p, -lossfact2 . A

new value for t; can now be calculated using the blower equation:

¢ (r-0/r
L=t +—— [ﬂ) -1
77blower p4

With a new value for t;, the primary side mass flow can be updated:

s = Opsr
Cpprimary (t,—-1)

A new value for the IHX power can now be calculated:
QIHX = mpn'mary Cp(t’i —t4) .

All this is repeated until the calculated value for the primary side mass flow converges. Next, with the
converged solution, the secondary side mass flow is updated; after which the primary side mass flow
can again be calculated.

Oinx
Cpsec ondary (tl o t9 )

msec ondary —

(1-leakl -leak?2)-Cp,. ,uary
Cpprimary

_ msec ondary
primary

With p,, t;, Qix and the mass flows updated, the entire process is repeated again until convergence.
The blower power is given by:

Ostower = M primary CP primary (6 = 14) (3.153)
The work output per unit mass flow for the Brayton cycle is defined as:

WOTk = CP, e ppaary (b3 - 16) - (1-leak2) - eta,,,, ~ CDyecondary (,-t) (3.154)
The thermal efficiency of the plant is defined as:

wor. k ! mscc ondary - QBIawer

. s 3.155
Mrorar PBR ( )
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3.6 HYDROGEN PLANT

This section only documents the input and theory used to calculate the co-generation plant efficiency.
The results and conclusions are presented in Chapter 6. The hydrogen plant requires 50 MWth heat,
provided by the SIHX. Four questions arise:

o Should the Secondary IHX be in series or parallel with the Primary IHX?
o What are the practicalities and efficiency associated with both?
e What is the co-generation efficiency?

e Does this efficiency merit a co-generation plant?

Primary Side Primary Side

PIHX PIHX

= A - __( g_
[¢)
2 H,
fg’r . = SIHX | 4
=T
e
3 Westinghouse Process
=) A
%
Secondary Side Secondary Side
. Brayton Y Brayton

Figure 3.34 Graphical representation of SIHX in series and parallel

PBMR Pty. Ltd has joined a US-based Consortium led by Westinghouse Electric Company to bid for
the INEEL project. The important parameters from Error! Reference source not found. for the
calculations to follow are:

¢ Hydrogen plant process heat 900 °C.
e Hydrogen plant return-temperature 547 °C.
e Electric power needed for process
o Electrolyser: 10.21 MWe
o Pumps: 0.502 MWe
The Westinghouse Process efficiency is defined as:

LHY,

_ Hydrogen
nhydragen - 50 4 EE (3.156)
Doyele

where LHV = Lower heating value of hydrogen [MW]
EE = Electrical equipment [MWe]
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Nece = Brayton thermal cycle efficiency [%]
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Westinghouse quotes their process to be 45 % efficient. It was assumed that the PBR Brayton cycle is

typically 42.5% efficient. From Eq. (3.156) it follows that LHViygrogen €quals 33.84 [MW,]. The co-
generation efficiency is defined as:

[WBmylon W gtower :| + [LH Vtyarogen — EE J
PBR

Notat = (3.157)

The net output of the hydrogen plant is 23. 1MWy, resulting in a net hydrogen efficiency of 2 =46.2% .
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3.7 GAS MIXTURE PROPERTIES

The choice of working fluid has a direct impact on the capital cost of the PCU components. The fluids
under investigation are helium, nitrogen and a mixture of helium and nitrogen. Nitrogen is favourable
from a turbo machine viewpoint, resulting in small machines because of a higher compressibility than
helium (smaller gas constant). Helium is favourable from a heat exchanger viewpoint, resulting in
small designs due to better heat transfer characteristics (large Cp value). The conductivity of the fluid
has a direct impact on the heat exchanger heat transfer coefficient, which determines the size of the
heat exchanger. The capital cost of each component for helium, nitrogen and the gas mixture is
presented in Chapter 6. See Table 9.14 for the fluid properties.

In this section the theory used to derive the gas properties for the gas mixture is presented. It was
decided to use a gas mixture of 20% Helium and 80% Nitrogen. An 80% Nitrogen concentration will
still allow conventional off-the-shelf air gas turbines to be used. The gas mixture can be described by
a mass fraction and mole fraction of each component:

Cpe =20% (3.158)
Cy, =80% (3.159)
02
My, _
Ve = m =0.636 (3160)
My, * My,
_08
My,
VN2 :m=0364 (3161)
My, © My,

where c¢ = mass fraction
y = mole fraction
My = molecular weight of Helium - 4
My = molecular weight of Nitrogen - 28
The molecular weight of the mixture becomes:
Moy = VM, + 7y, My, =12.736 (3.162)
The gas constant for the mixture becomes:
= R = 652.8;% where R = ideal gas constant, 8314.5 2z (3.163)
MIx

RMIX
Cppuxy =0.2-Cp,,, +0.8-Cp,, =1873.6 ¢ (3.164)
where Cpye = specific heat at constant pressure of Helium, 5200 .

Cpnz = specific heat at constant pressure of Nitrogen, 1042 -

kg-K
CVaax = CPuyy — R = 1220.8,(3%,( (3.165)
aix =P _ 5347 (3.166)
Vax

Thus, the fluid properties of the gas mixture are: R, =652.8:%; Cp,,, =1873.6 7% 7, =1.5347.
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Chapter 4

Costing Models

In this chapter, the costing models used in this study are discussed and motivated.
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4. COSTING MODELS

4.1 OVERVIEW

The order-of-magnitude plant cost is the main parameter used to compare the various cycle
configurations. The order-of-magnitude plant cost is only a comparative value between the cycles and
does not portray the absolute cost of the plant. The philosophy was to include only those component
costs that will result in notable overall cost differences between the cycles. The order-of-magnitude
plant cost is defined as the sum of all the major PCU component capital costs, the capital cost of the
building, the capital cost of the reactor and the capital cost of the steam plant, minus the capitalized
income due to the power output.

Building Reactor PCU Steam Plant
Brayton X Y PCU
Turbo Units
Heat Exchangers $/kW
Blowers

Combined | .72 X g i PCU

Figure 4.35 Cost breakdown for Brayton and Combined Cycle

The order-of-magnitude cost is defined as:

[CTurbo vnits + Crecuperator + Cic + Cpc + Cpiower + Crtixe + Cooneraior + Cspsars ] — Couitding + Creactor + Csteam ptan = Chtarginat cos
The capital cost of the generator, gearbox, start-up blower (SBS), resistor bank (RB), building and
reactor was fixed. The steam plant is calculated from a given $/kW. The power output for each cycle
was translated into a capitalised income resulting in a reduction in capital cost. This means that a
higher cycle thermal efficiency or power level effectively reduces the order-of-magnitude plant cost
(Cwmarginaicost)- The cost models used for the PCU are as follows (see next sections for more details).

Crurbounit: ([Kar,2 (z+ 4)]Compmm + [KT,r,2 (z+ 4)]T|:rbi,:e ) /(1-0.11)
Crecuperator: K perpearion " Angapenator

Cic: KA

Cec! Kpc * Apc

Chiower: MW e +%

Cinx: Ky - Ay + Kbase,y,

The capital costs of the turbo machines, recuperator, inter-cooler (IC), pre-cooler (PC), intermediate
heat exchanger (IHX) and blower are calculated using the cost models together with the proportionality
constants (K) derived from PBMR design data. The costing formulas are postulated based on
engineering judgement. The cost of each component will rather indicate a trend, than an absolute
cost. See Table 4.4 for an overview of the cost models and costs.
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COMPONENT COST FUNCTION VAP*gaiLE REF. CI?ET REF. K* Output
Turbo machines ([KC’7}2(2+4)]Cnf'vmwr +[K“r’2 (= +4)]T~rbme) m$ 8.00 | S.E
1-0.11
24% [Ker? 2+, = 04719m | [28]:p1-60 | m$ 1.92 0.4311 K., =04311
z= 16 [28] : p1-60 | - - _
65% [Kprz+4)] n=05640m |27 p1-4 | m$5.20 2.0400 K, =2.0400
z= 4 [27]: p1-4 | m$0.88 - -
11% Shaft & Bearings - - - -
Recuperator Recupearior " “ARecuperator reeperar = 31000 Mm% | [24] m$8.00 | DM | 0.0002581 | Kpeopearor = 0-0002581
Inter-cooler Koo Ay Ae = 10193 m* | [24] m$0.75 | DM | 0.0000736 | K, =0.0000736
Pre-cooler Kpe+ Ape Ape = 10193 m* | [24] m$0.75 |D.M | 0.0000736 | K, =0.0000736
Blower MWper +% MW solve - - D.M - Calculate $
IHX K+ Ay + Kbasep, Apy = solve Benched: |m$25.0 |DM |-
40 % material Ky = 0.001255 | 7968 m? 0.001255 Ky =0.001255
60 % development Kbasey,, 15 m$ D.M $15.0 D.M 15 m$ Kbasey, =15 m$
| Generator Sixed m$ 5.00 | D.M Coenerntor &Gearbos
Gearbox Sixed m$1.00 |D.M
SBS fixed m$ 3.00 | D.M Capsens
Resister Bank Sixed m$ 3.80 | D.M
Building — Brayton | fixed m$ 113 | D.M Chuiting
Reactor Sixed m$ 77 D.M reactor
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COMPONENT COST FUNCTION VAPIE:;‘I;LE REF. szT REF. K* Output
Steam Plant a-x+b, where x = net power [MW] a= 0.26 see graph
b= 24
Marginal Cost (7 -185)- NCC % NCC = 20 Section 4.6 NCe
Table 4.4 Costing Models
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4.2 POWER CONVERSION UNIT
4.2.1 Cost Models

4.2.1.1 Turbo machines

Data for the cost breakdown of turboc machines is not readily available due to the fact that
manufacturers regard this information as important intellectual property. Therefore, the costing mode]
used for the turbo machines could not be based on exact information. The compressor was assumed
to contribute 24 % to the total turbo machine cost and the turbine 65 %. The remaining 11 % of the
cost is attributable to the shaft and bearings. The reasoning behind this was that since the turbine
blades need to withstand higher inlet temperatures, it would require more exotic materials and would
therefore be more expensive. Furthermore, it was simply assumed that the cost of the compressor and
turbine is directly proportional to the number of stages (z) and proportional to the square of the tip
radius (ry). The cost of the casing and other peripherals was accounted for by adding the cost of 4
additional stages. The capital cost estimates and geometries of the PBMR preliminary low-pressure
turbo machine designs were used in order to arrive at realistic values for the proportionality constants
Ke1 and Kyq. The component models are used to determine the compressor and turbine tip radius and
number of stages for each cycle configuration and at each specific operating point.

+C

Shaft & Bearings

c=c, +C,

‘ompressor Turbine

Crue uns = 0-24 C,+0.65 C, +0.11 C,

Chbo vt = ([Kmrf D] LK D] ) /(1-0.11)

Ccompressor = capital cost of compressor [m§)

Crurbine = capital cost of turbine [m$]

Cshaft+gearings = Capital cost of shaft and bearings [m$]

Ke1 = fixed constant (calculated from PBMR data) for compressor [-]
K4 = fixed constant (calculated from PBMR data) for turbine [-]

Nt = tip radius [m]

z = number of stages [-]

From the 3-shaft PBMR preliminary turbo machine designs found in documents (PBMR-MHI-035,
2003) and (PBMR-MHI-036, 2003}, the values for the tip radius (r) and number of stages (z) for a
particular machine is known. According to the system engineer, the LP turbo machine costs 8 m$.

Ket = 0.4807 (see Table 4.4 )
2.0400 (see Table 4.4 )

il

K1
The compressor and turbine component models will need to solve for:
It = compressor tip radius [m]

z = compressor number of stages [-]
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It = turbine tip radius [m]

z = turbine number of stages [-]
For the turbine and compressor, the aim is to identify the design that will ensure the minimum turbo
machine cost, using the costing formula as evaluation criteria. Optimizing the machine for minimum

cost effectively means that one is trying to arrive at the smallest possible machine, while staying within
all the design limitations.

4.2.1.2 Heat exchangers

The cost of the heat exchangers is assumed to be directly proportional to the heat transfer area. The
constants, K, are calculated from the data obtained from the three-shaft PBMR design [24]. The
component models are applied within the algorithm to determine the appropriate heat transfer area.

CRecupera[ar = K Recupeartor : ARecuperator
Cre =Ky A
Cre = Kpg - Apc

For the IHX, the development cost is also included, assuming that 40% of the total capital cost is
attributed to material and 60 % to development costs. Only 40 % of the cost is scaled with the area.

Coe = Ky - Ay + Kbasey,,

It is clear that the heat exchanger models need to solve for:

ARecuperator = recuperator heat transfer area

Alnter-cooler = inter-cooler heat transfer area

Apre-cooler = pre~-cooler heat transfer area

Agnx = |HX heat transfer area
4.2.1.3 Blower

The cost of the centrifugal blowers is assumed to be directly proportional to the blower size, offset by
0.5 MW.

C = MW, +

1
Blower Blower 2

4.2.2 Fixed Costs

The capital costs for the generator, gearbox, SBS blower and the resister bank are fixed, based on
estimates obtained from D.M.

4.3 BUILDING

The capital cost of the building (and balance of plant) for the Brayton cycles is fixed at 113 m§, based
on best estimates obtained from D.M. The capital cost of the building (and BOP) for the Combined
Cycle are presumed to be smaller. The capital cost of the steam plant will include the building cost for
the steamn plant. The capital cost of the Combined Cycle building is fixed at 82 m$, based on best
estimates obtained from D.L and the DP2 project.
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4.4 REACTOR

It is assumed that the same reactor is used for all the cycle configurations. The cost of the reactor is
fixed at 77 m$3, based on best estimates obtained from D.M.

4.5 STEAM PLANT

The following estimated costs for a steam plant with reheat were obtained from the Sargent&Lundy
study for a turbine island in South Africa (SL-008277, 2004).

190 MWe 868 $/KW
400 MWe 387 $/KW
600 MWe 300 $/KW

Dated June 11, 2004 Rand:$ =8,07:1.

The cost of 668 $/KW at 190 MWe is considered to be too expensive for a steam plant. The values
below were considered to be more realistic [D.M].

Rather, the following values were assumed based on advice from Dieter Matzner:
190 MWe 387 $IKW
600 MWe 300 $/KW

Using these two points, the graph of Figure 4.36 was constructed with the following equation:

C,

Steam

=026-MW +24

This equation was used to calculate the capital cost of the Rankine cycle portion of the Combined
Cycles.

800
700 -
600 -

500
400

Total cost [m$]

300
200

100

O T T [ T T 1
0 100 200 300 400 500 600 700
Power [MW]
e P Bsteam =@ $k\Wsteam

Figure 4.36 Steam plant costs
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4.6 MARGINAL COST

It is assumed that the customer of a nuclear plant is willing to pay an additional m$ 2 for every
additional MW on the grid. Therefore a more efficient plant or a higher power level plant will be sold
for more. This additional income is subtracted from the capital costs. Therefore a more efficient cycle
is portrayed as being less expensive. Figure 4.37 shows how the plant’'s cost increases with
increasing reactor power (remember that the $/kW cost decreases). The dots represent the selling
price of the nuclear plant as would be found in literature. The gradient in the graph of Figure 4.37

below illustrates the marginal cost.

Selling Price (m$]

Power [MW]

Figure 4.37 Marginal costs

Corder-uf -magnitude = “pcy + CEuilding + CReactur + CSteam Plant ~ CMarg’inal Cost
— 8
Corder-af -magnitude CPCU + CBuiIding + CReaclar + CSleam Plant ~ (W -1 85) xNCC (3

The value 785 is taken as a reference value (PBMR DP1) and W represents the total power output in
MW. For every MW above the reference value of 185 MW, 2 m§ is subfracted from the capital costs.
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Chapter 5

Component Models

In this chapter, the theory and methodology of the component models of the compressor, turbine,
recuperator, pre-cooler, inter-cooler, IHX and blower are discussed and motivated.
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5. COMPONENT MODELS

5.1 TURBO-MACHINE

5.1.1 Basic theory

This section gives a brief overview of the basic theory of compressors and turbines as applied in the
component models. Knowledge of the theory and definitions discussed here will be necessary for
understanding the compressor and turbine models in the following sections.

The Euler equation is used to calculate the stage work for the compressor and turbine by applying the
principle of angular momentum and energy conservation. The derivation of and assumptions made for
the Euler equation is discussed in section 5.1.1.1. The definition for the work coefficient (@) and flow
coefficient (®) follows from the Euler and energy equation, which is covered in section 5.1.1.2.
Section 5.1.1.3 shows how the stage velocity triangles are obtained. This information will be used to
calculate the stage efficiencies. In section 5.1.1.4 the definition of stage reaction is given. Lastly the
theory regarding isentropic- and stage efficiencies and stage prediction are presented in sections
5.1.1.5 and 5.1.1.6 respectively.

5.1.1.1 Euler’s equation

Consider the flow of V; that enters the rotor of a turbo machine at one radius with one relative velocity
and leaves at another radius with another relative velocity. The change in momentum between the
flow entering and leaving the rotor can be used to calculate the force on the rotor and equal and
opposite forces on the fluid. The three principal components of this force are: axial, radial and
tangential. At the mean radius, the axial and radial components do not contribute to the work transfer
between the working fluid and the rotor. Only the tangential component of the force can produce a
change in enthalpy through a work transfer. The flow enters the rotor at a radius ry, with a tangential
component of the absolute velocity Uy, defined positive in the direction of the rotor rotation w.
Applying Newton’s law and then calculating the torque, it follows that:

F, =mC, (5.1)
Ty = Fyr = mCyhy (5.2)
Tn = m(Cwlrl - szrz) (5.3)

The energy transfer can now be calculated:

T,w=mw(C,%-C,,7) (5.4)
W susier = Wontes = 12U, (Cwl - sz) (5.5)
where Fyq = tangential force on rotor from entering fluid

m = mass flow

Cwi = absolute tangential velocity at the inlet

Cuwz = absolute tangential velocity at the outlet

Ty = torque on rotor at the inlet
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Ta = net torque on rotor

Eq. (5.4) is known as Euler's equation. Positive work out W et means that work is delivered from the
turbo machine shaft and therefore represents the turbine. A compressor will have positive Wige. In
the preliminary design of axial-flow machines, the change of radius of the mean flow can often be
ignored; therefore Euler's equation can reduce to (6.5). It is more useful, however, to express the
power in terms of the relative rotor blade air angles; B, and B, (see section 5.1.1.3).

Figure 5.38 Axial Compressor stage blade rows and simple velocity diagram [1:p186]

.q};": C Cay '. Co
Annulus N @ Cat Ll
area A
N 1.
Nozzle blades BN > N ;
. \ v, YCu
. ‘)é: :'2,82 i

4
VAN

Figure 5.39 Axial Turbine stage blade rows and simple velocity diagram [1:p306]
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Compressor (see Figure 5.38)

When working at the mean radius, U equals U,. Using Uy = w.ryand U, = w.ry,, it follows that,

H/c =l’i’lU (sz C ) (5'6)
mC, ATy, =mU,C,(tan f, -tan f3,) (see section 5.1.1.3) (5.7)
AT, = 2= (tan f, ~tan ) (5.8)

P
Turbine (see Figure 5.39)

When working at the mean radius, U, equals U; usmg again that U, = w.rp and Uz, = w.rz. For the
turbine it follows from (5.5) that,

w,=mU, (C,, +C,;) (5.9)
mC, AT, =mU,C,(tan f, +tan f,) (see section 5.1.1.3) (5.10)
a1, = oS an f, a0 ) (5.11)

4

Equations (5.8) and (5.11) are the fundamental equations for the compressor and turbine from which
the stage work output and blade angles are calculated.

5.1.1.2 The work () and flow coefficient (®)

The flow coefficient, ® and the work coefficient, y is defined by:

C
= e 512
2 U, (5.12)
C (dT'/z)
= p(]—z (5.1 3)
where C, = axial velocity
dT = total temperature difference over machine
z = number of stages

The combination of these two coefficients determines the blade angles and thus also the efficiency of
the machine. It will be explained in following sections how the values for @ and @ were determined.
The relation of ¢ and w to the blade angles for the compressor and turbine is given below:

Compressor (see Figure 5.38)

From Eq. (5.8) it is known that

a7, == (an f, ~tan ) (5.14)
W = ¢(tan B, —tan f3,) (5.15)
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Turbine (see Figure 5.39)
From Egq. (5.11) it is known that

ATy, = e (an g, 4120 ) (5.16)

P

v = ftan B, + tan ) (5.17)

5.1.1.3 Velocity diagrams

For the purpose of this study, the turbo machine mean radius approach will be followed; thus
assuming that flow occurs in a tangential plane at the mean radius.

Compressor (see Figure 5.38)

The gas approaches the rotor with an absolute velocity C4 at an angle a; from the axial direction;
combining C, vectorially with the blade speed U, gives the velocity relative to the blade Vj, at an angle
B from the axial direction. After passing through the rotor (which increases the absolute velocity of
the gas), the fluid leaves the rotor with a relative velocity V, at an angle B, determined by the rotor
blade outlet angle. It is assumed that the axial velocity, C, will remain constant throughout all the
stages. Assuming that C, = C,y = Cgp, two basic equations follow immediately from the geometry of
the velocity triangles. These are

U—”’:tanczl+tan,31 (5.18)

C

a

C—”’=’ca11052+tan,62 (5.19)

Turbine (see Figure 5.39)

The gas enters the row of nozzle blades with a static pressure and temperature p4, T and absolute
velocity C4, and is expanded to p,, T2 and leaves with an increased velocity C, at angle a,. The rotor
blade inlet angle will be chosen to suit the direction B, of the gas velocity V; relative to the blade at
inlet. B, and V, are found by vectorial subtraction of the blade speed Up, from the absolute velocity C,.
After being deflected and usually further expanded, in the rotor blade passage, the gas leaves at ps, Ts
with relative velocity Vs at angle Bs. Vectorial addition of Uy, yields the magnitude and direction of the
gas velocity at exit from the stage, C; at az. 03 is known as the swir/ angle. The geometry of the
diagram gives the relations

U
?:%:’canozz—tanﬂ2 (5.20)

a

[—é’i=tanﬂ3 —tanc, (5.21)

a

The blades are designed from the velocity diagrams. To specify a stage velocity diagram, we need
three parameters: the work coefficient y, the flow coefficient ® and the stage reaction A

5.1.1.4 The stage reaction

The degree of reaction A expresses the fraction of the stage expansion which occurs in the rotor and
it is usual to define it in terms of static temperature differences.
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Compressor (see Figure 5.38)

The stage reaction for the compressor is defined as:

-T;
A L4 (5.22)

Compressor ~—
"’ -1

For stages with constant C,, this expression can be written as (Saravanamuttoo, 2001:196)

= %’ (tan 3, +tan £, ) (5.23)

Compressor 9
m

Turbine (see Figure 65.39)

The stage reaction for the turbine is defined as:

_L-T (5.24)

Turbine ™~
T,-1,

For stages with constant C,, this expression can be written as (Saravanamuttoo, 2001:309)

= (tan B, -tan 3, ) (5.25)

Turbine :
20,

5.1.1.5 Isentropic vs. Stage efficiency

The stage efficiency (fs) and isentropic efficiency (n.) are respectively defined by:

ZAT‘ ' (5.26)
7, = AT .
AT’
=" 5.27
=27 (6.27)

It follows that

AT
n, _ 2AT, (5.28)
n. AT

Figure 5.40 TS diagram
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The vertical distance between a pair of constant pressure lines in the t-s diagram increases as the
entropy increases, see Figure 5.40. For a compressor, it follows thatZAZ} '>AT"' and therefore that

Ne<nNs. This difference will increase with the number of stages, i.e. with increase in pressure. For the
turbine, it follows that ZA.’Z}'<AT' and therefore that n, > ns. Thus, at each pressure ratio, the

isentropic efficiency of the compressor and turbine will be different, although the stage efficiency for all
the machines at all pressure ratios was kept the same. A sketch of a typical stage for the compressor

and turbine is shown in Figure 5.41 and Figure 5.42, respectively.
ke
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Figure 5.42 Turbine stage and t-s diagram [1:312]
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5.1.1.6 Stage Prediction

It is emphasized that (at this point in the study) the stage efficiencies were simply fixed and no loss
models were used to calculate the stage efficiencies. In a following revision, the loss models will most
probably be implemented and are therefore documented in the meantime — see Appendix 9

5.1.2 Optimization

This section explains how the turbo machines are optimized to ensure the minimum capital cost. More
attention was given to the turbo machines than to the heat exchangers, and for the following reasons:

» Apart from the reactor, the turbo machines are the most expensive component in the PCU.
The turbo machines.are almost ten times more expensive than the pre- and inter-cooler and
twice as expensive as the recuperator.

e The turbo machines have the largest impact on the cycle efficiency and controllability of the
plant.

The axial velocity and efficiencies calculated for the turbo machines will need to be updated in the
cycle analyses. The methodology explained here is applicable to both the compressor and turbine,
though the differences between these two models will be highlighted. See Figure 5.43 for the
discussion to follow. For the compressor and turbine, the following input parameters are obtained from
the cycle analyses:

e T - Inlet temperature

o Tow - Outlet temperature (based on guessed value for isentropic efficiency)
o P - Inlet pressure

o Pouw - Outlet pressure

e m - Mass flow [kg/s]

s Fluid properties
o Cp—specific heat at constant pressure

o 7y —ratio of specific heats

o R —gas constant

A large variety of compressor and turbine designs are possible from these input parameters. The goal
is to find the optimum design within the design boundaries and limitations. The “optimum” design is
defined as the design which ensures the minimum turbo machine capital cost. The turbo unit capital
cost is given by (see Chapter 4):

([Ker? e+ 8] [ K )]

Turbine )
CTurboUnit = 1-0.11 (529)

Compressor

In order to calculate the turbo machine capital cost, the tip radius (1) as well as the number of stages
for the compressor and turbine needs to be solved.

The compressor and turbine design are governed by equations (5.30), (5.31), (5.80) and (5.33). The
work coefficient expresses the work capacity per stage, while the flow coefficient relates the axial
velocity to the mean rotor speed. The derivation of both these coefficients was documented in section
5.1.1.2. The maximum centrifugal tensile stress at the blade root, is given by Eq. (5.80). For
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preliminary design calculations, it is sufficiently accurate (and conservative) to assume that the tapered
blade reduces the stress to 2/3 of the value for the untapered blade. The effect of gas bending on the
blade stresses was not evaluated. Egq. (5.33) is the fundamental continuity equation.

- L ) C.(dT/z)
The work coefficient is defined as: v :"UT (5.30)
The flow coefficient is defined as: ¢= 5" (6.31)
(o2 ¥, ’
The centrifugal tensile stress is defined by: o, = ;F”‘ = %{%”—Uﬁ [1{?] ﬂ (5.32)
2
The continuity equation states that: m= pC,xr}? [1—[;—’} ] (5.33)
:
Where dT = temperature rise {drop) over compressor (turbine)
SF = blade material safety factor [-]
Pb = blade density [kg/ms]
Ut = tip speed [m/s]
re = hub radius [m]
It = tip radius [m]
2 = fluid density [kg/m?]
Owal = centrifugal tensile stress at blade root
Omax = maximum allowable stress : compressor - hased on vyield strength
turbine - based on creep strength

The following input fo each turbo machine is known from the cycle analysis:
Co dT, m, V2
The following input values need to be fixed for the compressor and turbine:

Gmax, pb, 8 F: N 1 Lpr CD:

For a given blade material (Omax, Pp), safety factor (SF), rotational speed (N), work coefficient and flow
coefficient, equations (5.30) to (5.33) are used together with the input from the cycle analysis to solve

for these four variables:

e z number of stages [-]
e Cyu axial velocity [m/s]
LI % tip radius [m]
I . .
« X hub-tip-ratio -]
rt
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Different blade materials are used for the compressor and turbine, but the same materials were used
for all the cycles. For the turbine, the maximum allowable creep strength is calculated at each pressure
ratio as a function of the blade inlet temperature. The component model needs to identify the optimum
combination of SF and N at each different pressure ratic that will ensure minimum plant capital cost.
The cost model is the criteria by which the SF and N are identified.

The following variables are optimized for in the component model of the compressor and

turbine:
SF - blade material safety factor
N - rotational speed [rev/s]

At lower rotational speeds, the blade stresses will also be lower and therefore higher safety factors will
result. Therefore the safety factor is optimized and not fixed. When optimising the turbo machine, the
design must be within the design limitations. These design limitations were gathered from experts
within PBMR:

Description Variable | Unit | Lower limit | Upper limit
Compressor
Hub-tip-ratio htr [-] 0.36 0.87
Mach number mach [-] - 0.65
Safety factor SF [-] 3 20

V.
Fluid deflection compressor | deHaller | [-] 72 <0.72 -

1
Turbine
Hub-tip-ratio htr -] 0.40 0.90
Mach number mach -] - 0.65
Safety factor SF -] 1 20
Table 5.5 Design variables for turbo machines

Turbo machine optimization methodology

For the discussion on the methodology used to optimize the turbo machines, see Figure 5.43. The
goal of the turbo machine optimization is to identify the combination of SF and N that will ensure the
minimum plant capital cost while staying within all design limitations. The capital costs can be
evaluated once the compressor and turbine tip radii and number of stages are known. The tip radii
and number of stages can be calculated using equations (5.30) to (5.33) once ¥, &, N and SF is
known. The plant capital cost will be evaluated over a range of N and SF in order to identify the
optimum design.

The range over which the rotational speed will be evaluated is:
Minimum: 50 rev/s

Maximum: 200 rev/s
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The range over which the safety factor will be evaluated is:

Compressor: Minimum: 3
Maximum: 20

Turbine: Minimum: 1
Maximum: 20

The choice of ® and y is very significant since these two parameters basically define the geometry of
the machine, its performance and also its off-design behaviour. The combination of ¥ and @ for both
the compressor and turbine were fixed — see sections 5.2 and 5.3. To start with the rotational speed is

fixed at 50 rev/s.

With ¥, ® and N fixed, the capital cost of the compressor is calculated over a range of safety factors.
The safety factor yielding the minimum compressor capital cost is identified as the optimum SF for the
compressor at the specified rotational speed. For the same rotational speed as for the compressor,
the capital cost for the turbine is calculated over its range of safety factors. The turbine safety factor
yielding the minimum turbine capital cost is identified as its optimum safety factor. Thus, for a
specified rotational speed, the minimum compressor and turbine capital costs were calculated. Using
Eqg. (6.29), the turbo machine capital cost can now be evaluated for the specified rotational speed, N.
The minimum turbo machine cost has thus been identified for a specified N. Next, this process is
repeated over the range of rotational speeds, up to 200 rev/s. The minimum turbo machine capital
cost is thus calculated at various rotational speeds, but still for the same fixed combination of ¥ and ®
for the turbine. All of this was done for a fixed reaction for the compressor and turbine. For a given W
and @ for the turbine, the optimum rotational speed, and corresponding design is thus identified.

For both the compressor and turbine the tip radius, number of stages and axial velocity have been
calculated. The compressor and turbine isentropic efficiencies are calculated from the stage
efficiencies, as obtained for a fixed combination of W and ®. Once calculated, the initial guessed

values are updated.
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5.2 COMPRESSOR

The compressor model must calculate the compressor's capital cost, axial outlet velocity and
isentropic efficiency. Table 6.6 summarizes the required input and output.

l—Fixed input | CStmated
p guessed Costing Model To be solved Output
values
values
KC1 nc CCampressor = ‘K'CIrt2 (Z + 4) rt nc
Ns Ca,c z Ca,c
) Ne CCompressor
L|J Ca,c
Blade
material

Table 5.6 Summary of compressor model inputs and outputs

The following variables are fixed input to the compressor model:

o Ky =0.4907 - fixed constant for compressor (see Chapter 4)
* Ns =0.88 - stage efficiency: internal stage (see section 5.2.1)
e O =0.40 - flow coefficient (see section 5.2.1)
o Y =0.36 - work coefficient (see section 5.2.1)
+ Blade material: -10705BX (008472-052 Rev 1, p42)

Omax =744 MPa - maximum allowable yield strength

pp =7770kg/m® - blade density [kg/m?]
The values for the following variables are assumed, and later on updated:
e N - Isentropic efficiency
o C,c - axial velocity

The following variables are obtained from the cycle analysis:

e Cp - specific heat at constant pressure
o dT - temperature rise (drop) over compressor (turbine)
e m - mass flow [kg/s]

o rho  -fluid density [kg/m®

The cost model is used to find the optimum speed and safety factor for the compressor.
« N - rotational speed [rev/s]
s« SF - safety factor [-]

These input values are used together with equations (5.30) to (5.33) to solve for the four variables
listed below. In C++ these equations had to be solved explicitly. See Appendix 9.3 for the explicit
form of these four equations.
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. Z number of stages [-]
e C, axial velocity [m/s]
o 1 tip radius [m]
« L. hub-tip-ratio [
rt

At this stage, both the compressor capital cost (r; and stages) and the axial velocity of the compressor
have been solved. The compressor isentropic efficiency remains to be solved.

The stage efficiencies for the first stage, internal and last stage were specified as fixed input. Ideally,
the stage efficiencies should be calculated from the design parameters, using loss models. Typically,
the stage efficiency could be calculated if the aspect ratio, tip clearance, Reynolds number and
temperatures are known. In section 5.1.1.6 it was explained how to solve for the required input
parameters, while the methodology of the loss model of Howell is documented in Appendix 9.4, ltis
emphasized that the stage efficiencies were not calculated with the loss models, but were simply
specified. Although not implemented vyet, the loss models will be incorporated in future.

The temperature difference over each stage can be calculated next since the total temperature
difference over the compressor is known from the cycle analysis and the number of stages has been
calculated. The temperature rise over each stage is kept constant. Knowing the inlet temperature and
pressure from the cycle analyses and from knowing the temperature rise per stage, the outlet pressure
can be calculated using the fixed stage efficiency, using Eq. (5.34).

AT D
‘Puullet = ’Pinlel 1+M (534)
Y;nlet
where Pt -~ stage inlet pressure
Tinet - stage inlet temperature

Poset - Stage outlet pressure
Touet -~ Stage outlet temperature

This process is repeated until the second last stage. For the last stage, the outlet pressure is known
(from the cycle analysis) and the outlet temperature is re-calculated using,

(r-0/r

AT st stage = e [%’—J -1 (5.35)

stage infet

With the newly calculated outlet temperature for the compressor, the isentropic efficiency for the
machine is calculated using,

fZ; [ -1y ]
=—L1(PR -1 5.36
7, =~ (PR) (5.36)
where T ~ compressor inlet temperature

AT - compressor outlet temperature, as re-calculated with Eq. (5.35).
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PR - total pressure ratio over compressor

The initial assumed value for the compressor isentropic efficiency for the specific compressor at the
specified pressure ratio will be updated with the newly calculated value. The assumed value for the
axial outlet velocity will also be updated. All this will be done until convergence. The next section
explains the choice of work-, flow coefficient and stage efficiency.

5.2.1 Choice of ® and y (compressor)

The choice of @ and y is very significant since these two parameters basically define the geometry of
the machine, its performance and also its off-design behaviour. One would like to have ® as small as
possible to minimize the frontal area and Y as large as possible to minimize the number of stages.
The choice of reaction, ® and y is also influenced by the permissible amount of diffusion in the blades.

The de Haller criterion sets the upper limit on the fluid deflection, stating that % £0.72. Usually, the
goal is to use the maximum deflection in order to minimize the number of stages and therefore the
cost. Typical values for reaction, ® and y were chosen based on a combination of (i) information
contained in literature on the subject, (ii) experience gained thus far in the development of the PBMR
cycle and (ifi) discussions with experts in the field. The following values were chosen:

A = 50%
¢ = 0.40
Y = 0.36

The stage efficiency is largely dependent on the blade inlet and outlet angles. Since the blade inlet
and outlet angles are fixed for a certain choice of reaction, ® and y, the stage efficiency can be
related to reaction, ® and w. The relative outlet and inlet speed V, and V, is obtained from £, and S;
(see Figure 5.38 and Figure 5.39) where B4 and 3; is only a function of the reaction, ® and y. For a
fixed reaction, ® and y, equations (5.37) and (5.38) will solve for 8; and 3,

From Eg. (5.15) resulting from the Euler equation we have that
y = ¢g(tan f —tan f,) (5.37)

From Eq. (5.23) we have that
= %(tamﬂl +tan 3, ) (5.38)

For the assumed values of reaction, ® and w, the best estimate (based on engineering judgement) for
the compressor stage efficiency is assumed to be

1, =88%

After the loss models have been implemented, one will be able to calculate the stage efficiency for a
specified combination of ® and y. This implies that one can optimize for the cost versus thermal
efficiency of the plant and in doing so optimize the choice of ® and y.
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5.3 TURBINE

The turbine model must also calculate the turbine’s capital cost, axial outlet velocity and isentropic
efficlency. 5.3.1 summarizes the required input and output.

Fixed input | EStimated
p guessed Costing Model To be solved Output
values
values
Ky nr Crusine =Kl (2 +4) It Nr
Ns Ca,T A Ca,T
® nr CTurbine
Y Ca,T
Blade
material

Table 5.7 Summary of turbine model inputs and outputs

The following variables are fixed input to the turbine model:

o Ky =2.0434 - fixed constant for turbine (see Chapter 4)

e N =0.90 - stage efficiency: internal stage (see séotion 5.3.1)
s O =0.50 - flow coefficient (see section 5.3.1)
o W =1.10 - work coefficient (see section 5.3.1)

» Blade material: MGA1400DS (008472-052 Rev 1, p35)
Ob - Blade density = 7830 kg/m® at 800 °C

- Creep strength is calculated from Figure 5.44 as a function of
the inlet temperature (minimum safety factor of 1)

Gmax

The values for the following variables are assumed, and later on updated:
s N7 - isentropic efficiency
e C,7 - axial velocity

The following variables are obtained from the cycle analysis:

+ G, - specific heat at constant pressure
o dT - temperature rise (drop) over turbine (turbine)
e m - mass flow [kg/s]

e rtho  -fluid density [ka/m®
The cost model is used to find the optimum speed and safety factor for the turbine.
+ N - rotational speed [rev/s]

« SF - safety factor [-]
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Figure 5.44 Creep strength for material: DS1400 (PBMR-MHI-032, 2003:1.6-1.14, [25])

These input values are used together with equations (5.30) to (5.33) to solve for the four variables
listed below. In C++ these equations had to be solved explicitly. See Appendix 8.4 for the explicit
form of these four equations.

o Z number of stages -
e Cg axial velocity [m/s]
LI tip radius [m]
« X:  hub-ip-ratio [
rt

Both the turbine capital cost (1 and stages) and the axial velocity of the turbine have been solved and
only the turbine isentropic efficiency remains to be solved.

The stage efficiencies for the first stage, internal and iast stage were specified as fixed input. Ideally,
the stage efficiencies should be calculated from the design parameters, using loss models. Again, it is
emphasized that the stage efficiencies were not calculated with the loss models, but were simply
specified and will be implemented in future. In section 5.1.1.6 it was explained how to solve for the
required input parameters, while the methodology of the loss model of Ainley and Matthiesen is
documented in Appendix 9.5.

The temperature difference over each stage can be calculated next since the total temperature
difference over the turbine is known from the cycle analysis and the number of stages has been
calculated. The temperature rise over each stage is kept constant. Knowing the inlet temperature and
pressure from the cycle analyses and from knowing the temperature difference per stage, the outlet
pressure is calculated using the fixed stage efficiency — see Eq. (5.39).
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AT ri(y-1)
Poullel = Pinlet 1~$ (539)
Uslang;rllBI
where Pyt - stage iniet pressure
Tinet - stage inlet temperature

Poset - stage outlet pressure
Toutet - Stage outlet temperature

This process is repeated until the second last stage. For the last stage, the outlet pressure is known
(from the cycle analysis) and the outlet temperature is re-calculated using,

P (r-trr
outle!j (540)

inler

AT;a.\'l stage =17 Stage T;nlzt 1- (

With the newly calculated outlet temperature for the turbine, the isentropic efficiency is calculated with:

¢ r-1yr
7.= inlet 1- [poutlet ] (541 )
AT pin]ct

]} {: (r-l)/r]
=—L1-(PR
7. =—r| 1=(PR)

where T - turbine inlet temperature
AT - turbine outlet temperature, as re-calculated with Eq. (5.35).
PR - total pressure ratio over turbine

The initial assumed value for the turbine isentropic efficiency for the specific turbine at the specified
pressure ratio will be updated with the newly calculated value. The assumed value for the axial outlet
velocity will also be updated. All this will be done until convergence. The next section explains the
choice of work-, flow coefficient and choice of stage efficiency.

5.3.1 Choice of @ and y (turbine)

The choice of @ and y is very significant since these two parameters basically define the geometry of
the machine, its performance and also its off-design behaviour. Typical values for reaction, ® and y
were chosen based on a combination of (i) information contained in literature on the subject, (ii)
experience gained thus far in the development of the PBMR cycle and (jii) discussions with experts in
the field. The following values were chosen:

A = 50%
¢ = 0.50
Y = 1.10

The stage efficiency is largely dependent on the blade inlet and outlet angles. Since the blade inlet
and outlet angles are fixed for a certain choice of reaction, ® and y, the stage efficiency can be
related to reaction, ® and y. From Eq. (5.17) resulting from the Euler equation we have that

W = ¢(tan f, +tan F;) (5.42)
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From Eq. (5.25) we have that

A=§—(tan,6’3 -tan 3,) (5.43)

For the assumed values of reaction, ® and y, the best estimate (based on engineering judgement) for
the turbine stage efficiency is assumed to be

Ns = 90%

After the loss models have been implemented, one will be able to calculate the stage efficiency for a
specified combination of ® and . This implies that one can optimize for the cost versus thermal
efficiency of the plant and in so doing optimize the choice of ® and .

5.4 RECUPERATOR

The recuperator component model needs to solve only for the heat transfer area. The heat transfer
area can be calculated with the NTU-method. The NTU value for a concentric tube, counter flow heat

exchanger is given by:

NTU — 77Recuperntar ( 5 4 4)

- 77Recupzralur

=4 _ U4 (5.45)

C‘“i“ ( & CP >mjn

Substituting Eq. (5.44) into (5.45):

UA - [1 77Recuperalor Jmcp (546)

- 77Recuperalor
For un-finned, tabular heat exchangers, the AU value is also defined as:

RIS S SV U (5.47)
AU~ AU, AU, h4, hA,

primary side / low-pressure

1

where i

0 = secondary side / high-pressure

The current PBMR recuperator design is such that A; = 2.334A, [24]. Using this relation, it follows that:

L L + ! (5.48)
AU, h(2334-4) hA4,

1 1 2.

334 (5.49)
AU, a4,

hy

e

I

where primary side heat transfer coefficient

= secondary side heat transfer coefficient

Simplifying equations (5.48) and (5.49) lead to U,
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The heat transfer area of the recuperator’s primary and secondary side is defined respectively by
equations (5.50) and (5.51):

{1 77Recuperatar ]7’1’1 Cp
= M Recuperator i
A, = e (5.50)
1 1
-
2334 B
[1 nchuperator Jm Cp
= T Rrecu erator
4= Recuperus (5.51)

1 2334Y"
—+
no ok

From the V704D Flownex results file [24] U was calculated to be 1094 [W/m?.K]. In calculating the
value for U from the Flownex network, the effect of heat conductivity was not taken into account. The
model will need to be extended eventually to calculate the heat transfer coefficients for the
recuperator. It was decided fo use U as a constant value for all the cycles at all the pressure ratios.
Thus the heat transfer area used in all the analyses for the recuperator is:

[ nRecuperator } m C
1 - P
A — 77Recuperalur (5 -52)

? 1094

The optimum efficiency for the recuperator can now be evaluated by using Eq. (5.52) to plot the heat
transfer area as function of the recuperator efficiency. The mass flow was taken as 192 kg/s [24], C,
as 5195 [J/kg.K] and U as 1033 [W/m>K]. It was decided to use a recuperator efficiency of 96%.

Concentric tube counter-flow heat exchanger

100000

Area [m2]

080 082 084 (08 083 080 082 094 086 098 1.00
Recuperator effectiveness

Figure 5.45 Recuperator efficiency vs heat transfer area for recuperator
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5.5 PRE- AND INTER-COOLER

The heat transfer area for the coolers is also calculated with the NTU-method. The NTU value for a
cross-flow (single pass) heat exchanger is given by:

NTU =-[Ci]1n(1 + C,-n(l-7,0)) (5.53)
=4 YA (5.54)
C'min mcp

where C, =%. Cr was calculated to be 0.4 (Helium-Water).

max

From equations (5.53) and (5.54) it can be seen that the heat transfer area equals:

, 1 .

Ai, = -[?]m@ + CIn(l-17,0))C, 1U (5.55)
, 1 .

Ai, = {C—]ln(l + C, In(l-7,.))mC, U (5.56)

The heat exchanger models will need to be extended to calcu/ate the heat transfer coefficient. The
total heat transfer area for the current PBMR is 10193 m? [24]. When applying Eqg.s (5.55) and (5.56)
to the PBMR design, the heat transfer coefficient U seems to be in the order of 127. For now, the heat
transfer coefficient U is simply assumed to be 320 [W/m? K], which is a typical value.

The optimum efficiency for the heat exchanger can now be evaluated by using Eq. (5.56) to plot the
heat transfer area as function of the heat exchanger efficiency. The mass flow was taken as 200 kg/s
[24], Cp as 5195 [J/kg.K] and U as 320 [VV/m?‘.K]. The values of the mass flow, Cp and U are not as
important, since they will only shift the graph up or down. It was decided to use a cooler efficiency of
83% - see Figure 5.46.

Cross-flow (single pass) heat exchanger

0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
Cooler effectiveness

Figure 5.46 Heat exchanger efficiency vs heat transfer area for coolers
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5.6 IHX

The heat transfer area of the IHX is calculated with the same relationship as explained in section 5.4:

_ 1~ 7y !

Ay =~ 5.57
o U (5.57)
But for the IHX, both the effectiveness (7, ) and heat transfer coefficient (U, ) are calculated. The

effectiveness is calculated from the specified IHX temperature difference (dTux),

(T -T0)
Cmin (Th, _Tc,i)

Ty =

where h = hot, ¢=cold : (5.58)

The effect of working fluid on the |HX cost for the indirect cycles is being investigated. The heat
transfer coefficient will be different for various working fluids and is calculated as function of the
conductivity (k), which is a function of temperature,

k, = function(t) - see Chapter 3 (5.59)
k, = function(t) - see Chapter 3 (5.60)
b= Nu ky , where Nu = 3.66 - see Chapter 3, dix (5.61)
dIHX
h, = Nu ky , where Nu = 3.66 - see Chapter 3, djux (5.62)
IHX
Uy =[] (569
b b
5.7 BLOWER

The blower power is calculated with the following relation:

t

P » =1y
. inlet inlet _
autler Z‘inlel + { J 1
7, blower p outlet

Omx = MC, Cosger — Tinter) -
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Chapter 6

Results

Based on the results of the cycle analyses, component designs and cost of each configuration,
different operational parameter envelopes are identified for which each of the cycle configurations
would be most appropriate. This chapter presents all the results of the study.
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6. RESULTS

The ten cycle configurations under investigation were presented in Figure 1.7 and Figure 1.8. The
objective was to compare these ten cycles in order to identify a near-optimum design for each cycle
from which the most practical, efficient and economical PCU can be chosen. The thermodynamic
cycle analyses were used together with the costing- and component models in order to calculate each
cycle’s temperatures, pressures, efficiency, component capital costs and the order-of-magnitude plant
cost for various pressure ratios, reactor outlet temperatures and power turbine rotational speeds. The
different operational parameter envelopes were identified for which each of the different cycle
configurations are most appropriate.

Figure 1.3 presented a schematic layout of the possible choices when choosing a PCU configuration.
Should one decide to use an indirect cycle, it is inevitable to develop the complex advanced IHX. This
chapter will recommend a Brayton and a Combined Cycle for both an indirect and a direct
configuration. Helium is chosen as working fluid for all the direct cycles. For the indirect cycle, one is
free to choose the fluid in the secondary loop. For the indirect Combined Cycle, the question arises
whether to custom design the plant or to buy an off-the-shelf Combined Cycle. Each of these issues
will be addressed in this document.

The results of the Brayton cycles are discussed in section 6.3. The results of the Combined Cycles
and the two chosen Brayton cycles are discussed in section 6.4. A design envelope is drawn for each
of the chosen cycles and the boundary conditions are discussed in section 6.5. The PBMR and
Framatome designs are compared in section 68.6.5. In section 6.6.6 the effect of the hydrogen plant on
the thermal efficiency is presented and the series and parallel configurations are discussed. The
effect of Helium, Nitrogen and a mixture of the two on the cost is discussed in section 6.6.7. In section
6.6.8 the effect of the direct and indirect configuration on the thermal efficiency is discussed. The
practicalities associated with the Combined Cycles are discussed in section 6.7. Lastly a summary of
the study is given (6.9).

6.1 INTRODUCTION

6.1.1 Definitions
The following definitions are used throughout the document:

Thermal efficiency

The thermal cycle efficiency is defined as the ratio of the net work output to the power input.
Neither the effect of the generator and switching efficiencies nor the house load is taken into
account. See Chapter 3 for more details.

Brayton Cycles

Brayion
Ucycle = P ;y . » where WBraylan = nMechanical WGas—Iurbine _WCompreswrs (564)
h
Combined Cycles
(WB ton _WBI w )+WRa ki
7’5)'0[3 = e PBaRjr — g where WRankine = WSleam—mrbines - WPumps (565)
h
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Total order of magnitude plant cost

The order-of-magnitude plant cost is defined as the sum of all the major PCU component
capital costs, the capital cost of the building, the capital cost of the reactor and the capital cost
of the steam plant, minus the capitalized income due to the power output.

CTolal 0-0-M — CPC U + CBniIding + CReaclor + CSIeam Plant ~ CMarginal Cost (566)
Where CPCU = CTurbo Unit + CHeal Exchangers + CBIawer + CSBS&RE

PCU order-of-magnitude capital cost

The PCU order-of-magnitude capital cost consists of the capital cost of the turbo units, heat
exchangers, blowers, SBS and resister bank.

CPC (7 Cﬂ:rba Unit + CHeal Exchangers + CBIower + CSBS&RB (567)

CPCU = CTurbaUnil + C

Generator

ik CGcarbox + CR + CIC + CPC + CIHX + CBIowcr + CSBS &RB

ecuperator

Turbo unit capital costs

The turbo unit capital cost consists of the capital costs of the turbo units, generator and
gearbox.

CTurbo Unit = CTurboUnil + CGeneralor + CGearbox (568)
Heat exchanger capital costs

The heat exchangers capital cost consists of the capital costs of the recuperator, inter-cooler,
pre-cooler and IHX.

Crteat Exeh s = Cy P + CIC +Cpe + CII-IX (5.69)

Steam plant capital cost

The steam plant capital cost includes all capital costs associated with the steam plant,
including the steam plant building.

Marginal cost

The nuclear capacity cost (NCC) is taken as 20003 . It is assumed that the customer of a

nuclear plant is willing to pay an additional 2 m$ for every additional MW available on the grid.
Therefore a more efficient plant or a higher power level plant will be sold for more. This
additional income is subtracted from the capital costs. Therefore a more efficient cycle is
portrayed as being less expensive. For every MW above the referenced value of 185 MW,
2 m$ is therefore subtracted from the capital costs.

C

Marginal Cost

= (W -185)- NCC - (5.70)

Hydrogen plant efficiency

The co-generation thermal cycle efficiency is defined as: (see Chapter 3)

nmml = [WBraylon - WBIawer:I + |:LHVHy(Imgen - EE] (571 )
PBR

Turbo machine isentropic efficiency

In order to compare the compressor and turbine isentropic efficiencies for the single, two- and
three-shaft Brayton cycles, the total isentropic efficiency for all the compressors combined and
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for all the turbines combined was calculated. See Chapter 3 for more details.

_ Z (m : cpAT:zclual )

7Ilurbimzs - Z(m -CpAT

isentropic )

Z (m ' CPATI,:emroplc )

7’Icompre:xor -
z (m : cpAT:zclual )

6.2 INPUT PARAMETERS

(5.72)

(5.73)

All the input parameters to the analyses are listed in Chapter 3. Except for the leak flows, these input
values are kept the same for all the cycles. The following lists all the input variables to the analyses:

Guessed: Nes Bs Cos Cp
Bray ton tmin > tmax » P, min? P max ? P B R’ kPBMR > kcomp > klurb 3 leakﬂ ows , %dPHX: > %dPPIPING ? nblower
Ranklne tmin 3 tmax > pmax > %dPRH > %dRS'G’ tPINCH > CDx’ 77lurl>ine > npump

Fluids: Vo> Ree> Kuies Vvas Ruzs Fonas Vames Bune > Koy

Hydrogen: o —

2-efficiency

Turbo Unlt nMechanichaI ’ (¢) '//’ O-Ma:r > pBlade ’ ns)Compressor (¢’ l//’ O-M‘”‘ ? pBIade »7185 NPT )Turbine

R ecup era tor'. URecupera/or > nRecupEralor > dLHX > dTIHX
Coolers: s €5 Thes Ypes o Tipe
COStS NCC’ Steamm arginal > Steamoﬂret H KCl ’ KTI H KRecupearlor > KIC i KPC s KIHX 2 Kbase]HX

C

CGEN _GB> CSBS _RB> CBuilding ’ CBuiIding__CC > Reactor
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6.3 BRAYTON CYCLES

The isentropic efficiencies of the turbo machines were calculated as function of stage efficiency and tip
radius — see also section 6.4.

This section presents the results for the six Brayton cycles. The thermal efficiency (Figure 6.47),
reactor inlet temperature (Figure 6.48), mass flow (Figure 6.49), turbo unit capital cost (Figure 6.50),
heat exchanger capital cost (Figure 6.52) and total order-of-magnitude capital cost (Figure 6.53) are
given as function of total pressure ratio. The turbo unit costs are also presented as function of both
the reactor outlet temperature (Figure 6.55) and the power turbine rotational speed (Figure 6.56).

The following graphs are relevant to the discussions in this section:

e Figure 6.47 Thermal efficiency vs. pressure ratio for Brayton cycles

e Figure 6.48 Reactor inlet temperature vs. pressure ratio for Brayton cycles

o Figure 6.49 Mass flow vs. pressure ratio for Brayton cycles

e Figure 6.50 Turbo unit capital cost vs. pressure ratio for Brayton cycles — 1

o Figure 6.51 Turbo unit capital cost vs. pressure ratio for Brayton cycles — 2 separate
e Figure 6.52 Heat exchangers capital cost vs. pressure ratio for Brayton cycles

e Figure 6.53 Total order-of-magnitude plant cost vs. pressure ratio for Brayton cycles
e Figure 6.54 Turbo machine isentropic efficiency vs. pressure ratio for Brayton cycles
e Figure 6.55 Turbo unit capital cost vs. reactor outlet temperature for Brayton cycles

e Figure 6.56 Turbo unit capital cost vs. power turbine rotational speed for Brayton cycles

Figure 6.47 presents the calculated thermal efficiency as function of total pressure ratio for each of the
cycles. Figure 6.47 shows that in general the thermal efficiency of a Brayton cycle is increased when
the number of compression stages with inter-cooling is increased. However, the contribution of each
additional stage to the thermal efficiency becomes less (from Cycle A to Cycle D to Cycle E).

0.47 —
F

0.46 |
0.45 |
0.44 |
0.43 |
0.42 |
041 |
0.40 |
0.39 |
0.38 |

037 I — . 1 1 I SCRR—- 1 S ———— | L -

1.0 1.5 2.0 25 3.0 3.5 4.0 4.5 5.0 5.5 6.0
Total pressure ratio

Thermal efficiency [%]

£ Cycle A —&—Cycle B Cycle C =9&=Cycle D —€—Cycle E =—8=—Cycle F

Figure 6.47 Thermal efficiency vs. pressure ratio for Brayton cycles
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Cycles B, C and D represent single-, two- and three-shaft Brayton cycles with a single inter-cooler.
The thermal efficiency of the single-shaft design is higher than the two-shaft and three-shaft designs.
The reason for these differences can be ascribed to the different leak flows, turbo machine efficiencies
and the turbo machine diffuser losses. The indirect cycle coupled to the single-shaft design (Cycle F)
has the lowest efficiency of the single inter-cooled cycles. This is largely attributed to the temperature
difference over the IHX.

Figure 6.48 and Figure 6.49 present the reactor inlet temperature and mass flow as function of total
pressure ratio for each of the cycles. The reactor inlet temperature of the PBR is limited to below
500 °C and the mass flow through the reactor to 200 kg/s.

650 - —

400 r

350 | T § 1 1 1 1 L 1

1.0 1.5 2.0 25 3.0 35 4.0 45 50 5.5 6.0
Total pressure ratio

El~Cycle A =—&—Cycle B CycleC =——CycleD =—6—CycleE =—8=—CycleF

Figure 6.48 Reactor inlet temperature vs. pressure ratio for Brayton cycles
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140 L 1 L L 1 1 1 ’ 1 1 =
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Figure 6.49 Mass flow vs. pressure ratio for Brayton cycles
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The pressure ratio of the single-shaft design (Cycle A) needs to be higher than 3.1 in order to limit the
reactor inlet temperature. The corresponding thermal efficiency is below 40 % and therefore the
single-shaft without inter-cooling (Cycle A) does not seem like a viable cycle option from the viewpoint
of reactor inlet temperature. The pressure ratio for the two-step inter-cooled Cycle E needs to be
above 2.9, which will enable the cycle to still operate at its maximum cycle efficiency. All of the single
inter-cooled cycles need to operate above a pressure ratio of 3, which allows these three cycles (B, C,
D) to operate at their maximum efficiencies. The total pressure ratio of indirect Cycle F needs to be
above 3.5 in order to operate at below the 500 °C RIT limitation.

Figure 6.50 presents the capital costs of all the turbo machines combined as function of the total
pressure ratio. The separate capital cost of each cycle’s compressors and turbines is presented in
Figure 6.51. It is interesting to note the gradients in Figure 6.50 . The three-shaft design (Cycle D) has
the lowest gradient and the single-shaft designs (Cycle A, B, F) the highest gradients. Figure 6.51
explains this phenomenon. The turbo machine cost increases at the same gradient for both of the
three-shaft designs. As expected, the cost increases with pressure ratio.

See Figure 6.50 and Figure 6.51 for the discussion to follow. The turbo machine rotational speed is
fixed for both Cycle A and Cycle B. Because the rotational speed is fixed, the size of all the machines
increases with increasing pressure ratio. Therefore the HPC, LPC and LPT costs increase with
pressure ratio. Interesting to note is that Cycle B is less expensive than Cycle A. Because the
compressor after the inter-cooler (Cycle B) enters at a low temperature, the volumetric flow is smaller
and therefore the machine as well. The combined cost of the two compressors of Cycle B is smaller
than the cost of the single compressor of Cycle A and this saving is not totally negated by the
additional inter-cooler costs. For the two-shaft design (Cycle C) the HPC and HPT speed is not fixed
and was optimized with regard to cost. The cost of the HPC and HPT stays basically constant as the
pressure ratio increases because the speed is adjusted at each pressure ratio to minimize the cost of
the machine, while staying within all design limitations. The resulting gradient of the line for the total
turbo machine cost for the two-shaft design is therefore less than for the single-shaft design.

32
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Figure 6.50 Turbo unit capital cost vs. pressure ratio for Brayton cycles — 1
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For the three-shaft designs, both the HPC, HPT, LPC and LPT speeds are optimized with regard to
cost and therefore all their costs stay basically constant with increasing pressure ratio. For Cycle D,
only the cost of the power turbine increases with increasing pressure ratio. For Cycle E, both the cost
of the power turbine and the cost of the LPC connected to the power turbine increase with pressure
ratio. The gradient for the total turbo machine cost for the three-shaft designs is less than that for the
two-shaft design.

The difference between the three-shaft designs is due to the additional capital cost of the compressor
connected to the power turbine for the two-step inter-cooled Cycle E. At pressure ratios smaller than
4.0, the single-shaft designs (Cycle B) seem to be the cheapest with regard to turbo machine cost,
followed by the three-shaft design with a single inter-cooler (Cycle D). Remember that these results
are for a certain fixed power turbine speed (100 rev/s) — see Figure 6.56 for the effect of rotational
speed.
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Figure 6.51 Turbo unit capital cost vs. pressure ratio for Brayton cycles — 2 separate
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Figure 6.52 Heat exchangers capital cost vs. pressure ratio for Brayton cycles

Figure 6.52 shows the total heat exchanger cost as a function of pressure ratio. Since both the heat
exchanger effectiveness and the heat transfer coefficient (U) are fixed, the heat transfer area of each
heat exchanger is only a function of its mass flow. The mass flow decreases as the pressure ratio
increases and therefore the total cost of the heat exchangers steadily decreases as well. The total
capital cost of the heat exchangers is the same for the single-, two- and three-shaft inter-cooled
Brayton cycles (B, C, D) because their mass flows are the same at each pressure ratio. The heat
exchanger cost of Cycle E is the highest of the direct cycles due to the two-step inter-cooling and
Cycle A is the least expensive of the direct cycles because there is no inter-cooler. Indirect Cycle F
has the highest heat exchanger costs due the additional cost of the IHX (25m$).
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Figure 6.53 Total order-of-magnitude plant cost vs. pressure ratio for Brayton cycles
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Figure 6.53 represents the total order-of-magnitude plant cost. Because a high cycle efficiency
reduces the order-of-magnitude cost, the minimum cost will generally be realised at the maximum
thermal cycle efficiency. The results show that the single-shaft inter-cooled design (Cycle B) is the
least expensive in relative terms.

Total order-of-magnitude cost:

&

[

-C

tal 0-O-M — CPCU + CBuiIding + CReaclor + C Marginal Cost

Steam Plant

Total turbo machine isentropic efficiency

The turbo machine isentropic efficiency is largely dependent on the number of stages, which is related
to the pressure ratio over the turbo machine. For a fixed stage efficiency, the compressor isentropic
efficiency will always decrease with increasing pressure ratio and the turbine efficiency will increase
with increasing pressure ratio. This theoretical phenomenon corresponds with what would be expected
in practice, where the boundary layer losses cause a compressor's efficiency to decrease with
increasing number of stages. Generally, one would like to have as few compressor stages as possible
and as many turbine stages as possible. At each pressure ratio, the turbo machine was optimized with
regard to cost and the number of stages was calculated. The temperatures at points 2, 4, 6, 8, 10, 12
and 14 (see Chapter 5) were calculated using the compressor and turbine efficiencies as calculated by
the component model. The combined isentropic efficiency over all the turbines and compressors is
defined respectively by equations (5.74) and (5.75).

_ z(m.CPAT:'C'W/) _ My (T~ T) +my o (T —Ti) +my 0, (T — 1) +my 00 (T, = T5) (5.74)

urbines -
" Z(m'CpAT ) 1y (T; =Ty ) + g o (Tg = Tio ) + myy g (T =T )+ 51, (T — Tiy)

isentropic

_ Z(m‘CpAI;:emmpEC) _ ml/Z(TZ _T1’)+m3/4(7; —T})+m5/6(T6 —TS) (575)

7760”! ressor
’ S (m AT ) Ma (T =T+ (Ty = T) +mgy (T~ T5)
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Figure 6.54 Turbo machine isentropic efficiency vs. pressure ratio for Brayton cycles
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Figure 6.54 shows the effect of the pressure ratio on the total isentropic efficiency for all the
compressors and turbines combined for each of the cycles. Figure 6.54 shows that the single-shaft
design (Cycle A) has the lowest compressor efficiency. Because only one compressor is used, the
compressor has a large pressure ratio resulting in many stages. Cycles B, C and D all have two
compressors and it was found that their efficiencies are very much the same because of the similar
pressure ratio over each compressor. Cycle E has the highest compressor efficiency because the
three compressors result in fewer number of stages per compressor. The turbine isentropic efficiency
for the two single-shaft designs (Cycle A, B and F) is very similar since both cycles have only one
turbine. The turbine efficiency decreases as the number of turbines increase.

Figure 6.55 shows how the turbo machine costs increase with increasing reactor outlet temperature for
each cycle. The maximum allowable blade stress for the turbines is a function of the turbine inlet
temperature. The maximum allowable blade stress decreases with increasing reactor outlet
temperature. At higher temperatures, the turbine rotational speed will therefore need to decrease
because of the lower permissible blade stresses. At each pressure ratio, the maximum allowable
stress for the turbine was calculated as function of the turbine inlet temperature. The pressure ratio for
all the cycles was fixed at 3.1. The power turbine speed is 100 rev/s. For the two- and three-shaft
designs, the cost increases more rapidly. The advantage of multi-shaft systems is that the high-
pressure turbo machine speed is not fixed. But, at higher temperatures the multi-shaft designs looses
this advantage because the higher temperatures require that the turbo machine operates at lower
speeds in order to reduce the permissible blade stresses. Consequently, at temperatures above
870 °C, the turbo machines for two- and three-shaft concepts are no longer less expensive than those
for the single-shaft concept (see Figure 6.55).
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Figure 6.55 Turbo unit capital cost vs. reactor outlet temperature for Brayton cycles
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Figure 6.56 shows how the turbo machine costs decrease as the power turbine rotational speed
increases. The reactor outlet temperature is fixed at 900 °C. Figure 6.56 shows that the single-shaft
design only becomes viable at power turbine speeds above 85 rev/s. Should the single-shaft design
be chosen, it would therefore be advisable to have a gearbox connecting it to the low-speed generator.
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Figure 6.56 Turbo unit capital cost vs. power turbine rotational speed for Brayton cycles
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6.4 COMBINED CYCLES

The isentropic efficiencies of the turbo machines were NOT calculated as function of stage efficiency
and tip radius. The isentropic efficiency for the compressor and turbine was fixed for all these results.

In this section, the results are presented for the Combined Cycles G, H, | and J together again with
Brayton Cycle B and Cycle F. In section 7.1 it is motivated why Cycle B and Cycle F were chosen as
the only Brayton cycles to be further investigated. The final recommendations will be made between
these six cycles.

The following graphs are relevant to the discussions in this section:

e Figure 6.57 T-s diagrams

e Figure 6.58 Heat transfer vs. Temperature

e Figure 6.59 Thermal efficiency vs. pressure ratio for Brayton & Combined Cycles

o Figure 6.60 Reactor inlet temperature vs. pressure ratio for Brayton & Combined Cycles

o Figure 6.61 Mass flow vs. pressure ratio for Braytfon & Combined Cycles

e Figure 6.62 Turbo unit capital cost vs. pressure ratio for Brayton & Combined Cycles

e Figure 6.63 Heat exchangers capital cost vs. pressure ratio for Brayton & Combined Cycles

e Figure 6.64 PCU order-of-magnitude capital cost vs. pressure ratio for Brayton & Combined
Cycles

e Figure 6.65 Power output vs. pressure ratio for Brayton & Combined Cycles
e Figure 6.68 Steam plant capital cost vs. pressure ratio for Brayton & Combined Cycles

e Figure 6.66 Total order of magnitude plant cost vs. pressure ratio for Brayton & Combined
Cycles NCC=20008/kW

e Figure 6.67 Total order of magnitude plant cost vs. pressure ratio for Brayton & Combined
Cycles NCC=1000%/kW

e Table 6.8 Cost Breakdown for Cycles B, F, G, H, | and J

The temperature-entropy (t-s) diagrams for Cycles B, G, H, | and J at their respective design points
are presented in Figure 6.57. The line between the Brayton and Rankine sections for Cycles G, H and
J represents the temperature loss due to the IHX.

Figure 6.58 presents the temperature in the steam generator as function of heat transfer. Each cycle
has two lines. The two lines for each cycle represent the steam generator where the top line
represents the Brayton side and the bottom line the Rankine side. This graph indicates how the
Rankine was custom-designed to exactly fit the Brayton cycle, with the minimum allowable pinch
temperature.
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Figure 6.57 T-s diagrams
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Figure 6.58 Heat transfer vs. Temperature
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Figure 6.59 presents the thermal cycle efficiency as function of total pressure ratio. The high
efficiencies of the Combined Cycles are attributed to the fact that the Combined Cycles reject heat at a
lower cycle temperature in the condenser where as the Brayton cycles reject heat at higher
temperatures in the inter-cooler and pre-cocler.

It was found that Cycle H and Cycle | have the highest efficiency. Although Cycle H is direct and
Cycle | indirect, they have the same efficiency. Both Cycle H and Cycle | have an IHX - Cycle H at the
bottom and Cycle | at the top. For the same temperature difference, the IHX for Cycle | is physically
larger than for Cycle H. The temperature difference over Cycle | was specified and the size was
calculated. The same size was assumed for the IHX of Cycle H, and the temperature difference was
calculated. The sizes were thus kept the same and not the temperature difference.

Cycle G rejects all its inter-cooler heat and uses the pre-cooler heat above 35 °C to preheat the
Rankine cycle. Cycle J is more efficient that Cycle G because Cycle J does not have an inter-cooler.
The pre-cooler of Cycle J uses all the heat (above 35 °C) that would have been rejected in the inter-
cooler to preheat the Rankine cycle.

The Brayton cycle rejects all its inter-cooler and pre-cooler heat, resulting in lower cycle efficiencies.
The indirect Cycle F is 3 % less efficient than the Brayton cycle due to the temperature loss over the
IHX, pressure losses in the piping and IHX and the lower blower efficiency.

The working point for the Brayton cycles is at a pressure ratio of 3.1, for Combined Cycle H and Cycle
| at 1.8, for Combined Cycle G at 2.4 and for Combined Cycle J at 2.1.
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Figure 6.59 Thermal efficiency vs. pressure ratio for Brayton & Combined Cycles
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Figure 6.60 and Figure 6.61 presents the reactor inlet temperature and mass flow as function of total
pressure ratio. The mass flows of Cycle H and Cycle | are almost 22 % smaller than the Brayton mass
flows at the respective design points. Indirect Cycle | has a slightly higher reactor inlet temperature
than Cycle H due to the additional temperature rise over the blower. Due to the larger mass flows of
the Brayton cycles, the primary loop blower is also larger than for the Combined Cycles. The large
blower of Cycle F resuits in a large temperature difference over the blower which explains the higher
reactor inlet temperature of Cycle F. The mass flow of Cycle G and Cycle J are almost 32% smaller
than the Brayton mass flow, resuiting in favourably low reactor inlet temperatures.
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Figure 6.60 Reactor inlet temperature vs. pressure ratio for Brayton & Combined Cycles
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Figure 6.61 Mass flow vs. pressure ratio for Brayton & Combined Cycles
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Figure 6.62 presents the total turbo unit capital cost as function of total pressure ratio. It was found
that the Brayton cycles are almost 28% more expensive than the Combined Cycles. The turbo
machines of the Combined Cycles are significantly smaller than the Brayton machines due to the
lower mass flows. Cycles H, | and J also have one less compressor than does Cycles B, F and G.

Figure 6.63 presents the total heat exchanger capital cost as function of total pressure ratio. The IHX
for the indirect cycles are assumed to cost in the region of 25 m$ (including development costs),
making the indirect cycle heat exchanger cost the most expensive. Cycle H is the least expensive,
consisting only of one heat exchanger at low inlet (< 700 °C) temperatures. Cycles B, G and J
average the same heat exchanger costs. Although Cycle G has the most heat exchangers, they are
all relatively small because of the low mass flows.
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Figure 6.62 Turbo unit capital cost vs. pressure ratio for Brayton & Combined Cycles
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Figure 6.63 Heat exchangers capital cost vs. pressure ratio for Brayton & Combined Cycles
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Figure 6.64 presents the total PCU order-of-magnitude capital cost as function of total pressure ratio.
The PCU order-of-magnitude cost consists of the capital cost of the turbo units, generator, gearbox,
heat exchangers and blower. It was found that the direct Combined Cycles have the lowest PCU
order-of-magnitude capital cost. The PCU referred to here is that of the Brayton sections only.

Figure 6.65 presents the net work output as function of total pressure ratio. The solid lines refer to the
total work output and the dotted lines refer to the steam plant work output. For Cycle G and Cycle J, it
was found that only about 45 % and 52 % of the total work output at the design point is produced by
the steam plant. For Cycle H and Cycle |, it was found that almost 80 % of the total work output is
produced by the steam plant. Cycle H and Cycle | consist of large steam plants and small Brayton
cycles.
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Figure 6.64 PCU order-of-magnitude capital cost vs. pressure ratio for Brayton & Combined Cycles
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Figure 6.65 Power output vs. pressure ratio for Brayton & Combined Cycles
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Figure 6.66 and Figure 6.67 present the total order-of-magnitude cost as function of total pressure

ratio for a NCC of 2000 ;- and 1000 -% respectively. The total order-of-magnitude plant cost is

defined as the sum of all the major PCU component capital costs, the capital cost of the building, the
capital cost of the reactor and the capital cost of the steam plant, minus the capitalized income due to
the power output.
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Figure 6.66 Total order of magnitude plant cost vs. pressure ratio for Brayton & Combined Cycles
NCC=20008/kW
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Figure 6.67 Total order of magnitude plant cost vs. pressure ratio for Brayton & Combined Cycles
NCC=10003%/kW
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Figure 6.68 Steam plant capital cost vs. pressure ratio for Brayton & Combined Cycles

Figure 6.68 presents the steam plant capital cost as function of total pressure ratio. Cycle H and
Cycle | are larger and therefore more expensive than Cycle G and Cycle J.

Cycle Units | (B) | (F) | (G) | (H) | () | (J)

Total pressure ratio 31 | 31 | 24 | 1.8 | 1.8 | 2.1 | Reference

a Turbo Units + GB + Generator [m$] | 25.3 | 25.3 | 21.1 | 19.5 | 18.6 | 19.3 |Figure 6.62

b Heat Exchangers (m$]1 | 76 334 6.1 | 2.3 |25.3| 5.7 |Figure 6.63
¢ Blower [m$] | 0.0 (262 40 | 40 | 94 | 4.0

d Building [m$] (113.0(113.0( 82.0 | 82.0 | 82.0 | 82.0 Fixed

e Reactor [m$] | 77.0|77.0|77.0|77.0(77.0|77.0 Fixed

f  Steam Plant [m$] | 0.0 | 0.0 | 46.0 | 64.9 | 64.9 | 50.9 | Figure 6.68

»

g Marginal Cost NCC 2000 % [m$] | -0.0 |-38.4| 36 | 96 [11.4] 6.4 :

[

h Marginal Cost NCC 1000 %  [m$] | -4.5 [-19.2| 1.8 | 48 | 67 | 3.2 :

i Total 0-o-m plant cost 2000 - [m$] |231.8|313.3|232.6|240.1(265.8|232.5|Figure 6.66

Jeo

j  Total o-o-m plant cost 1000 - [m$] |227.3(294.1|234.4(244.9|271.5/235.7| Figure 6.67

k  Work Output [MW1h]{180.5|165.8(186.8|189.8|190.7|188.2 | Figure 6.65
Table 6.8 Cost Breakdown for Cycles B, F, G, H, | and J
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Table 6.8 gives the cost breakdown for each cycle - see equations (5.76) to (5.79).

g=(k-185)-22% (5.76)
h=(k-185)-12 (5.77)
i=a+b+c+d+e+f—g (5.78)
j=a+b+c+d+e+f~-h (5.79)

Cycle B has the lowest relative cost for a NCC of 1000 %-, although Cycles G, H and J compare

favourably with Cycle B. The costs of Cycles B, G, H and J are basically the same for a NCC of
2000 - . At the lower NCC of 1000, Cycle B performs better because Cycle G, H and J lose some of

the advantage of having a higher cycle efficiency. Cycle | is about 25 m$ more expensive than Cycle
H due to the expensive IHX. Interesting to note is that although the cost of Cycle G, H and J include
that of an entire steam plant, their total costs still compare favourably with Cycle B. Cycle F is the
most expensive due to the low cycle efficiency (low power output) and the expensive IHX.

The costs of Cycle B, G, H and J are relatively close. Although Cycle | is approximately 25 m$ more
expensive than Cycle H, the additional advantages of Cycle | need to be evaluated. The question
arises as to how these six cycles will compare at different reactor outlet temperatures and power
levels — see next section. Comments as to the best cycle are reserved for section 7.1.
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6.5 DESIGN ENVELOPES

It is important from a NGNP technology growth potential viewpoint to know how each of these cycles
will perform at other power levels and reactor outlet temperatures. The power conversion unit has
certain restrictions with regard to mass flow, pressure ratio and reactor inlet temperature and needs to
operate within this design envelope.

e The reactor riser channels have a maximum velocity restriction. The velocity restriction
translates to a mass flow of around 200 kg/s at 90 Bar.

¢ The total pressure ratio across the compressors directly influences the turbo machine size.
The total pressure ratio across the compressors is limited to 3.5 to ensure a practical turbo
machine design.

e The maximum allowable temperature for the core barrel is 500 °C, which limits the reactor
inlet temperature to around 500 °C.

In this section the total cost of each cycle is calculated for a reactor outlet temperature of 850 °C,
900 °C and 1100 °C for both 400 MW and 600 MW reactor thermal power options. A design envelope
is drawn for each scenario, showing which cycles yield a practical solution. The same PBR reactor
design is used for all the cycles at all temperatures and all power levels. At higher power levels, the
hig'her mass flow through the reactor results in larger pressure losses through the reactor and
therefore decreases the thermal cycle efficiency. Figure 6.69, Figure 6.73 and Figure 6.77 indicate
that the 600 MW cycles have lower thermal cycle efficiencies than the 400 MW cycles.

The following graphs are relevant to the discussions in this section:

e Figure 6.69 Thermal efficiency vs. pressure ratio at ROT 850 °C

o Figure 6.70 Reactor inlet temperature vs. pressure ratio at ROT 850 °C
e Figure 6.71 Mass flow vs. pressure ratio at ROT 850 °C

e Figure 6.72 Total plant order of magnitude capital cost vs. pressure ratio at ROT 850 °C
cycles

e Figure 6.73 Thermal efficiency vs. pressure ratio at ROT 900 °C
o Figure 6.74 Reactor inlet temperature vs. pressure ratio at ROT 900 °C
e Figure 6.75 Mass flow vs. pressure ratio at ROT 900 °C

e Figure 6.76 Total plant order of magnitude capital cost vs. pressure ratio at ROT 900 °C
cycles

e Figure 6.77 Thermal efficiency vs. pressure ratio at ROT 1100 °C
e Figure 6.78 Reactor inlet temperature vs. pressure ratio at ROT 1100 °C
e Figure 6.79 Mass flow vs. pressure ratio at ROT 1100 °C

e Figure 6.80 Total plant order of magnitude capital cost vs. pressure ratio at ROT 1100 °C
cycles
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6.5.1 Reactor outlet temperature: 850 °C

Figure 6.69, Figure 6.70, Figure 6.71 and Figure 6.72 present the thermal cycle efficiency, reactor iniet
temperature, mass flow and total order-of-magnitude plant cost as function of total pressure ratio. The
green shaded areas indicate the region where no solutions were found.

Figure 6.71 indicates that for a reactor outlet temperature of 850 °C there are no solutions for the
600 MW cases. There are no solutions for Cycle F at 400 MW. Cycle B at 400 MW has a very small
design envelope. Figure 6.72 shows the practical solutions for a reactor outlet temperature of 850 °C.
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Figure 6.69 Thermal efficiency vs. pressure ratio at ROT 850 °C
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Figure 6.70 Reactor inlet temperature vs. pressure ratio at ROT 850 °C
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Figure 6.71 Mass flow vs. pressure ratio at ROT 850 °C
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Figure 6.72 Total plant order of magnitude capital cost vs. pressure ratio at ROT 850 °C cycles
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6.5.2 Reactor outlet temperature: 900 °C

Figure 6.73, Figure 6.74, Figure 6.75 and Figure 6.76 present the thermal cycle efficiency, reactor inlet
temperature, mass flow and total order-of-magnitude plant cost as function of total pressure ratio. The
green shaded areas indicate the region where no solutions were found.
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Figure 6.73 Thermal efficiency vs. pressure ratio at ROT 900 °C

650

600

550

RIT [C]

500
450
400
350

300

250 ' '

1.0 1.5 2.0 3.0 3.5 4.0 4.5 5.0
Total pressure ratio

5
400MWY —0—G 400MW ——H
400MWY —4—B 600MW —_—F

2
—— B 400MW —6—F
=81 400MW -

Figure 6.74 Reactor inlet temperature vs. pressure ratio at ROT 900 °C
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Figure 6.75 shows that only Cycles G, H, | and J have solutions at both 400 MW and 600 MW. The
same percentage leak flows were assumed for all the single-shaft cycles. The Brayton cycle
compressor outlet temperature is in the region of 100 °C while the Combined Cycle outlet
temperatures are in the region of 400 °C. Although the same percentage leak flows were assumed for
the Brayton and Combined Cycle, the Combined Cycle will probably require larger leak flows in order
to cool the turbine. The larger leak flows will result in a smaller mass flow through the reactor and
therefore it is assumed that the Combined Cycle mass flows only need to be smaller than pressure
ratio 1.8 and not 1.5.
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Figure 6.75 Mass flow vs. pressure ratio at ROT 900 °C
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Figure 6.76 Total plant order of magnitude capital cost vs. pressure ratio at ROT 900 °C cycles
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6.5.3 Reactor outlet temperature: 1100 °C

Figure 6.77, Figure 6.78, Figure 6.79 and Figure 6.80 present the thermal cycle efficiency, reactor inlet
temperature, mass flow and total order-of-magnitude plant cost as function of total pressure ratio. The
green shaded areas indicate the region where no solutions were found.

Figure 6.78 indicates that Cycles G, H, | and J are able to operate at their design points at both
400 MW and 600 MW. Neither Cycle B nor Cycle F has any solutions for 400 or 600 MW at 1100 °C.
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Figure 6.77 Thermal efficiency vs. pressure ratio at ROT 1100 °C
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Figure 6.78 Reactor inlet temperature vs. pressure ratio at ROT 1100 °C

Copyright 2005 by PBMR CONFIDENTIAL Page 145 of 210



YUNIBESITI YA BOKONE-BOPHIRIMA
NORTH-WEST UNIVERSITY
NOORDWES-UNIVERSITEIT

Chapter 6 — Results

1.0 1.5 2.0

—2—B 400MW
=&~| 400MW

s (2 RNNRMNAT

Total Cost [m$]

Figure 6.79 Mass flow vs. pressure ratio at ROT 1100 °C
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Figure 6.80 Total plant order of magnitude capital cost vs. pressure ratio at ROT 1100 °C cycles
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6.6 GENERAL RESULTS

6.6.1 Cycles G, H and J without the Intermediate loop

Cycles G, H and J have an intermediate loop between the Brayton and the Rankine cycle in order to

prevent steam ingress into the reactor.

The temperature difference across the IHX results in a

significant efficiency loss for these three cycles. It might be possible to dispose of the intermediate
loop by designing the IHX in such a way that steam ingress will not be possible. Figure 6.81 shows
the increase in efficiency for these three cycles in the absence of the intermediate loop. The cycle
efficiency of Cycle H increased with 1.5 % and Cycle G and Cycle J both increased with 0.5 %.
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Figure 6.81 Thermal efficiency vs. pressure ratio for Cycles G, H and J without the intermediate loop
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6.6.2 Blower size

Figure 6.82 presents the blower size for the combined and indirect cycles. Cycle F's blower size is
significantly higher than the Combined Cycles due to higher mass flows — see Figure 6.61. The
blowers of Cycles G, H and J are smaller than Cycle | due to their lower inlet temperatures.
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Figure 6.82 Blower Sizes

6.6.3 Steam generator inlet temperature
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Figure 6.83 Steam generator inlet temperatures
Figure 6.83 shows the maximum available steam generator inlet temperature for the Combined
Cycles. The steam generator inlet temperature is fixed as 540 °C. Cycles H and Cycle | will therefore
not utilize 60 °C, whereas Cycle G and Cycle J will be able to fully use all the available heat.
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6.6.4 Turbine blade stress safety factors

Figure 6.84 shows the turbine blade stress safety factor as function of reactor outlet temperature. As
expected, the safety factor decreases with increasing temperature.
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Figure 6.84 Turbine blade stresses

The blade stresses are a function of both the turbine inlet temperature (which determines the
maximum allowable blade stress) and the rotational speed. At higher temperatures the maximum
allowable blade stress decreases and therefore the safety factor decreases as well. The safety factor
is defined by:

2
_ Omax _ 2 _& 201, r_’ -
Oreat =g = 3[ ) Uzl p see Chapter 5 (5.80)

For Cycle B, the safety factor increases 50 % from 900 °C to 850 °C. The lower safety factor has a
direct impact on the lifetime of the blades. Although a lower reactor outlet temperature has a lower
cycle efficiency, there is a definite cost advantage for the turbo machines from a lifetime and risk
perspective at lower reactor outlet temperatures.

The safety factors for the Combined Cycles are between 20% and 50 % higher than the Brayton
cycles. This is because the lower mass flows of the Combined Cycles result in smaller machines
where the smaller tip radius implies smaller stresses. Data for the turbine blade maximum allowable
stress are only available up to 900 °C. The maximum allowable stress was kept constant beyond

900 °C — see Chapter 5 Figure 5.9.
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6.6.5 Comparing PBMR vs. Framatome

This section compares the thermal efficiency of Framatome’s proposed cycle (Cycle 1) with PBMR
Cycle I. Both are indirect Combined Cycles. The only differences between the two are:

e  Reactor pressure loss coefficient:

2 2
m m

AP gy :K%p?ZKPBMR— Kpmr =40 m* (5.81)
pA p
m2 m2
AP)Frama/ome = K %p 2 Az = Framatome ~__ KFramalome = 4 m * (582)
e  Maximum cycle pressure: PBMR = 90 bar
Framatome = 50 bar
e Secondary Fluid: PBMR = Helium
Framatome = Mixture (20% Helium and 80% Nitrogen)

Figure 6.85 quantifies the effect of the reactor pressure loss coefficient, maximum cycle pressure and
the chosen secondary fluid on the thermal efficiency.
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Figure 6.85 Thermal efficiencies of PBMR (k=40, helium, 90bar) vs. Framatome (k=4, mixture, 50bar)
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The highest efficiency for the PBMR cycle is with a pressure loss coefficient of 4 m™ at 90 Bar. Next
the actual pressure loss of 40 m™ is introduced. Figure 6.85 shows that PBMR cycle loses 0.9% to the
Framatome efficiency due to the higher reactor pressure losses (40 vs. 4 m™).

The Framatome cycle loses 0.3 % to the PBMR cycle due to the mixture properties. The mixture also
increases the optimum pressure ratio for the Framatome cycle. Framatome loses an additional 0.3%
to the PBMR efficiency due to the lower maximum pressure.

Overall, the Framatome cycle is 0.3% more efficient than the PBMR cycle. From purely a
thermodynamic efficiency viewpoint the PBMR and Framatome cycle are very similar.

6.6.6 Comparing Hydrogen plant - series vs. parallel

In this section the effect of the secondary intermediate heat exchanger (SIHX) placement on the
thermal efficiency is investigated. Figure 6.86 shows the graphical layout for the series and paraliel
configuration.

PBR PBR
Primary Side Qy Primary Side @y
| AEN— \
PIHX PIHX
A [ 3
;1 - e
g H,
3 SIHX |
3 @
c T
® >
3 Westinghouse Process
w
Secondary Side Secondary Side
Brayton g Brayton

Figure 6.86 Graphical representation of SIHX in series and parallel

Figure 6.87 presents the thermal efficiency for the series and parallel configuration for all the cycles as
function of total pressure ratio. The thick lines present the parallel configuration and the thin lines the
series configuration. It was found that the thermal efficiency for the parallel efficiency is basically
exactly the same as without the SIHX (see Figure 6.59). This is because the reactor outlet
temperature stayed fixed at 900 °C and only the mass flow through the PCU changed. The thermal
efficiency for the series configuration is substantially lower than the parallel configuration. This is
because the turbine inlet temperature dropped by almost 60 °C, resulting in a lower thermal efficiency.
Note that the pressure losses through the secondary loop piping and SIHX were not included and the
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effect of the parallel configuration blower was not included.

The mass flow through the series SIHX is in the order of 200 kg/s, whereas the mass flow through the
parallel SIHX is in the region of 25 kg/s (example Cycle B). This implies that the parallel SIHX would
be considerably smaller than the series SIHX. Conclusions are reserved for section 7.1.
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Figure 6.87 Thermal efficiencies for Hydrogen plant: series vs. parallel

6.6.7 Comparing Helium vs. Nitrogen

This section comments on the capital costs of the turbo units and heat exchangers for secondary fluids
Helium, Nitrogen and a mixture of the two.

Turbo Unit

Figure 6.88 shows that pure Nitrogen produces the cheapest (implying smallest) turbo machines and
Helium the most expensive. This can be explained by investigating the turbo machine equations:

P P 7=y
tonllel = tinlel + = [ et J —1 (583)
nblower p outlet

QTurbo Machine me (toullel - tinlel ) (5 84)

A larger ratio of specific heats () results in a larger outlet temperature (¢,,,., ), which in turn results in

outlet

a larger ( Or.u0 maenine ) @Nd more expensive turbo unit. A smaller value of y implies that a fluid is more

compressible.

1.667 see Chapter 3

¥ Helium
¥ Mixture = 1.535 see Chapter 3
¥ Nitrogen = 1.400 see Chapter 3
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Figure 6.88 Turbo unit capital cost vs. pressure ratio for Cycle H with Helium, Mixture and Nitrogen

IHX (see Chapter 5)

Figure 6.89 shows that the Helium IHX is the cheapest and Nitrogen the most expensive. The capital
cost of the heat exchangers is directly proportional to the heat transfer area. The heat transfer area is
given by:

[ Mmx ] HC
1 - p
e, & (5.85)

AIHX -
UIHX

The heat transfer coefficient (U, ) is calculated with the following relation:
-1
1 1
Uy = (ZJFZJ (5.86)

The convection heat transfer coefficients (h) are calculated with the following relations:

ho=NK here Nu = 3.66 - see Chapter 3, dyx (5.87)
IHX
Nu k,
h, = , where Nu = 3.66 - see Chapter 3, djux (5.88)
dIHX
where

k and k, are the conductive heat transfer coefficients and are calculated as function of temperature
(see Chapter 3). Helium has a larger conductive heat transfer coefficient (k) than does Nitrogen. The
larger k results in a larger h, larger U and smaller A which results in a smaller and cheaper heat
exchanger.
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The combined cost of the PCU (turbo units, heat exchangers and blowers) is smaller for Helium than
for Nitrogen. Interesting to note is that the PCU capital cost of the mixture is the smallest, combining
both a low turbo unit and heat exchanger cost — see Figure 6.90.

Figure 6.91 shows that the maximum thermal cycle efficiency of the Helium, Nitrogen and Mixture
cycles is within 1 %. Although the fluid does not have a large impact on the thermal efficiency, it does
have a large impact on the component capital costs.
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Figure 6.89 Heat exchangers capital cost vs. pressure ratio for Cycle H with Helium, Mixture and
Nitrogen
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Figure 6.90 PCU order-of-magnitude capital cost vs. pressure ratio for Cycle H with Helium, Mixture
and Nitrogen
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Figure 6.91 Thermal efficiency vs. pressure ratio for Cycle H with Helium, Mixture and Nitrogen
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6.6.8 Comparing Direct vs. Indirect

This section quantifies the effect of the losses on the thermal efficiency from a direct (Cycle H) to an
indirect (Cycle |) configuration and briefly comments on the advantages of the indirect cycle.

ot RIICT S 49.7 % Direct cycle

——losses 49.2 % Indirect cycle: Includes pressure losses through piping and IHX and
the low blower efficiency.

—o—Delta T 47.7 % Indirect cycle: Includes the above losses plus the effect of the
temperature difference across the IHX.

0.50 — =
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:c’) Temperature difference over IHX
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|_
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045 ————— -
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Figure 6.92 Direct vs. Indirect thermal efficiency

The axial compressor efficiency is typically 89 % whereas the radial blower efficiency is typically in the
region of 81 %. In the direct cycle the compressor overcomes the pressure losses through the reactor
and for the indirect cycle the blower overcomes the pressure losses through the reactor. The blower
loss in efficiency implies that a larger blower than compressor is required to overcome the reactor
losses. The pressure loss due to the piping, IHX and the low blower efficiency accounts for 0.5% of
the loss in thermal efficiency. The temperature difference over the IHX accounts for 1.5 % of the loss

in thermal efficiency.

Although 1.5 % efficiency is lost due to the temperature difference in the IHX, the indirect cycle has a
couple of practical advantages. The IHX shields the PCU from radio active contamination. This
reduces risk and saves decommissioning costs. From a controllability viewpoint, the blower in the
primary loop can be used to effectively control the HPT inlet temperature during a loss of load or PCU
trip. The blower controls the mass flow in the primary loop which directly influences the IHX power.
The IHX power controls the HPT inlet temperature.
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6.6.9 Cycle thermal efficiency sensitivities

This section shows the sensitivity of the thermal cycle efficiency to the reactor outlet temperature,
cooling water temperature, maximum Brayton cycle pressure and the turbine isentropic efficiency.

o Figure 6.93 shows that the Brayton thermal cycle efficiency increases about 1.8 % (and the
Combined Cycle about 1.5 %) for every 50 °C increase in reactor outlet temperature.

e Figure 6.94 shows that the Brayton thermal cycle efficiency decreases about 0.13 % (and the
Combined Cycle about 0.04 %) for every 1 °C increase in cooling water temperature.
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Figure 6.93 Thermal efficiency sensitivity to reactor outlet temperature
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Figure 6.94 Thermal efficiency sensitivity to cooling water temperature

e Figure 6.95 shows the increase in thermal cycle efficiency for increasing maximum Brayton

Copyright 2005 by PBMR CONFIDENTIAL Page 157 of 210



YUNIBESITI YA BOKONE-BOPHIRIMA

NORTH-WEST UNIVERSITY

NOORDWES-UNIVERSITEIT
Chapter 6 — Results

cycle pressure.

o Figure 6.96 shows that the Brayton thermal cycle efficiency increases about 0.65 % (and the
Combined Cycle about 0.25%) for every 1% increase in turbine isentropic efficiency.
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Figure 6.95 Thermal efficiency sensitivity to maximum Brayton cycle pressure
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Figure 6.96 Thermal efficiency sensitivity to turbine isentropic efficiency
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6.7 VALIDATION AND VERIFICATION OF RESULTS

6.7.1 Costing Results

The validation and verification of the costing results fall outside the scope of this study. Cost data are
not readily available. Manufacturers regard cost information as important intellectual property. Cost
data for nuclear plants are aiso difficult to come by. Due to the strong market competition, developers
regard all costs as confidential.

6.7.2 Thermodynamic Results
Verification

The thermodynamic cycle solution of Cycles B, G, H, | and J were verified with EES models. It was
found both C++ and EES give the exact same results for the cycle efficiency, pressures, temperatures,
entropy, enthalpy and mass flow.

Validation

Only Cycles A, B, F, H and | were validated. Current international programs on the Brayton cycle
focus on Cycle A and Cycle B. Cycles C, D and E are regarded as less important cycles for our
purposes and were not validated. Cycle G and Cycle J are new inventions and are in the process of
being patented by PBMR Pty. Ltd. Consequently they cannot be validated from the literature. Only
the thermal cycle efficiencies of the CYCLE-C tool were validated (for Cycles A, B, F, H and I).

e The published efficiency of the GTHTR300 (Kunitomi et al, 2004) was used to validate Cycle
A

e The published efficiency of the PBMR, GT-MHR (Kostin et al, 2004) and the article of Frohling
et al (2002) were used to validate Cycle B.

e The published efficiency of the article of Frohling et al (2002) was used to validate Cycle F.

¢ The published efficiency of the article of Frohling et al (2002) and work of Kugeler (2003) were
used to validate Cycle H.

e The published efficiency of the Framatome ANP cycle (Copsey et al, 2004) was used to
validate Cycle .

The cycle efficiency is a function of all the variables listed in Table 6.9. The values of each of these
variables are required in order to be capable to fully validate a cycle’s efficiency. Unfortunately, the
values of all these variables are not given when a cycle’s efficiency is quoted in literature. In literature,
the values that are given when a cycle efficiency is quoted is mostly only the reactor thermal power,
reactor outlet temperature, maximum cycle pressure, minimum cycle coolant temperature and total
pressure ratio over all compressors are given. Sometimes, the turbo machine isentropic efficiencies,
the recuperator effectiveness and leak flows are also given.

In validating the cycle efficiencies of Cycle A, B, F, H and |, the input values of the respective literature
were used, but whenever a value wasn't qualified the default input values of CYCLE-C were used. In
some cases, where a value wasn't qualified a different value (other than CYCLE-C's default input) was
used. Table 6.10 lists all the input values to Cycle A, B, F, H and | as found in literature. The values
printed in bold and shaded green in Table 6.710 are those values that were not qualified in literature.
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Some of these variables have different values than the default CYCLE-C input — depending on the
cycle.

Copyright 2005 by PBMR CONFIDENTIAL Page 160 of 210



YUNIBESITI YA BOKONE-BOPHIRIMA

NORTH-WEST UNIVERSITY

NOORDWES-UNIVERSITEIT
Chapter 6 - Results

Brayton - Validated Rankine - Validated
maximum allowable oulet temperature

Reactor reactor thermal power tmax
for steam generator
Kinax maximum cycle coolant temperature  |Pmax pressure in steam generator
Pmax maximum cycle pressure
tmin minimum cycle coolant temperature
Nt turbine isentropic efficiency
Ne compressor isentropic efficiency

Nrecuperator  recuperator effectiveness
Leak flows leak flows
total pressure ratio over all

PR
compressors
Fluid
Brayton - fixed Rankine - fixed
K loss coefficient for diffuser - A sordenee Temseraliure
comp compressor me P
Kturb loss coefficient for diffuser - turbine %edPgry losses in reheater
% dPhxs pressure loss through heat exchangers %dPsg losses in steam generator
%dPpiping  pressure loss through piping trinch pinch temperature for steam generator
. . - minimum allowable condensor two-
Nblower blower isentropic efficiency CDx phase fraction
Nmechanicai Mechanical shaft efficiency Nturbine steam turbine efficiency
Cac Capr  diffuser outlet velocity Npump pump efficiency
loss coefficient for reactor
k PagAP
PEMR Kpr =%#K = ’;2
Table 6.9 Cycle input parameters
Validating Cycle A

Figure 6.97 (left) shows that the cycle efficiency of CYCLE-C and the published efficiency of the GT-
HTR300 correspond favourably.

Validating Cycle B

Figure 6.97 (right) shows that the cycle efficiency of CYCLE-C and the published efficiency of the GT-
MHR correspond favourably. The cycle efficiency of the PBMR corresponds favourably with the
default CYCLE-C inputs. The cycle efficiency of CYCLE-C for the Frohling et al (2002) inputs is lower
than the published value. This difference may be ascribed to wrong input values for the leak flows,
recuperator effectiveness and pressure loss through the reactor. Frohling did not publish the values
for the leak flows and recuperator effectiveness. The turbine efficiency of 85 % is suspiciously low.

Validating Cycle F

Figure 6.98 shows that the cycle efficiency of CYCLE-C and the published efficiency of Frohling
correspond favourably.
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Figure 6.97 Validation of the thermal efficiency of Cycle A and Cycle B
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Figure 6.98 Validation of the thermal efficiency of Cycle F
Validating Cycle H

Figure 6.99 (left) shows that the cycle efficiency calculated with CYCLE-C with the Frohling et al
(2002) inputs is lower than the published value of Frohling. Again, this difference may be ascribed to
wrong input values for the leak flows, recuperator effectiveness and pressure loss through the reactor.
Frohling did not publish these values. Again, the turbine efficiency of 85 % is suspiciously low. The
cycle efficiency of CYCLE-C with the Kugeler (2003) inputs corresponds acceptably well with the
published value. Both the published values correspond favourably with the CYCLE-C efficiency for
CYCLE-C’s default inputs, although this is with different inputs than the published inputs.

Validating Cycle |

Figure 6.99 (right) shows that the cycle efficiency calculated with CYCLE-C with the Framatome
(Copsey et al, 2004) inputs are lower than the published values. This difference can be ascribed to
different input values. Framatome did not publish the steam conditions of the cycle. The Framatome
cycle provides process heat to a Hydrogen process. The Hydrogen efficiency was not published.

Overall, CYCLE-C is believed to correspond well with published efficiencies given the
uncertainty surrounding input values.
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Figure 6.99 Validation of the thermal efficiency of Cycle H and Cycle |
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Literature CYCLE-C
Cycle Ref. Ref. Power ROT Pmax | Tmin | Turbine | Compressor | Recuperator | Leak flows Kreactor PR | Steam | Steam | Nthenmal MNthermal
- MWe | °C | Bar | c | % % % ’ T P %
A GTHTR300 [17] 600 850 70 Bar 28 0.928 0.905 0.950 1.2 4 - - - 0.467 0.460
B PBMR = 400 900 90 Bar 24 0.910 0.890 0.960 5.6 40 31 - - 0.450 0.451
B GT-MHR [15] 600 850 71 Bar 24 0.930 0.88/0.87 0.950 2.1 4 - - - 0.477 0.472
B Frohling [6] 200 900 90 Bar | 30 0.855 0.855 0.960 2.0 40 2.7 - - 0.443 0.434
c - E s @ = & 2 = 8 2 2 = & 2 - 0.448
D - - - - - - = = = = = - - - - 0.440
E - - - - - - - - - - - - - - - 0.438
F Frohling [6] 200 900 g0Bar | 30 0.855 0.855 0.960 2.0 40 - - - 0.407 0.400
G - ] E = 5 = - 2 e c = s c = - 0.467
H Frohling [6] 200 900 90 Bar = 0.855 0.855 B 5.6 40 - 547 110 Bar | 0.475 0.440
H Kugeler [16] 200 900 90 Bar - 0.910 0.890 = 5.6 40 - 547 110 Bar | 0.476 0.466
| Framatome 4] 600 1000 | 50 Bar - 0:910 0.890 - 5.6 4 - S§TD 180 Bar | 0.527 0.508
J - 5 8 - - - - - - - - - - - . 0.470
Table 6.10 Cycle input parameters
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6.8 COMBINED CYCLE PRACTICALITIES

Figure 6.59 indicated that Combined Cycles H and Cycle | have the highest cycle efficiency and Figure
6.66 indicated that both Cycle H and Cycle | compare favourably with Cycle B from a relative cost
perspective. This section discusses some possible practical issues associated with the Combined
Cycle H and Cycle |. Section 6.8.1 will discuss the identified practicalities for the Brayton section and
section 6.8.2 will discuss the practicalities associated with the steam plant. Section 6.8.3 investigates
the practicalities associated with coupling the PBMR reactor via an IHX to a conventional off-the-shelf
Combined Cycle. See Figure 6.104 and Figure 6.105 for the identification diagram of Cycle H and
Cycle | respectively.

6.8.1 Brayton

The following practicalities are highlighted:

The LPC inlet temperature is 246 °C for Cycle H and 211 °C for Cycle I. In the event of loss of
cooling from the steam plant, the LPC inlet temperature will increase to the region of 670 °C,
which is unacceptable.

Possible solution:

Insert a small heat exchanger between the IHX (Cycle H) or Steam generator (Cycle ) and
the LPC. Bypass the heat exchanger during normal operation. The additional cost of
such a heat exchanger was not taken into account.

An alternative is to bypass the steam turbines from the steam generator outlet to the
condenser inlet.

The pressure boundary temperature is limited to 371°C. For Brayton Cycle B, the HPC outlet
temperature is around 100 °C. The LPC outlet temperature for Cycle H is 400 °C which
exceeds the allowable pressure boundary temperature.

Possible solution:

Both the turbine and compressor casing materials will need to be upgraded to ASME 316.
ASME 316 is expensive and this additional cost was not included for Cycle H and Cycle |.

A

{

PBR )—

IHX — PER )|

Figure 6.100 Schematic drawing for Cycle H and Cycle | — Brayton (CC)

For current technology, the recuperator inlet temperature is limited to 600 °C. The recuperator
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inlet temperature for Cycle H is 670 °C and the temperature for Cycle | is 628 °C.

Possible solution:

The SIHX for the hydrogen plant needs to withstand temperatures of 900 °C. It is assumed
that the same material may be used for the recuperator and that this new technology would
have matured by the time of construction.

For Cycle B, the HPC outlet temperature of 100 °C is used to cool the dry-gas seal (DGS)
which is situated at the power turbine at 900 °C. For both Cycle H and Cycle | the LPC outlet
temperature exceeds 400 °C which would not be sufficient to cool the DGS.

Possible solution:

Larger leak flows might produce sufficient cooling, but at the cost of a lower cycle efficiency.
Constant active cooling will probably need to be introduced to cool the DGS.

The following comments can be made:

The pressure ratio of 1.8 is not a problem.
The low reactor inlet temperature of 400 °C is very favourable.
The blower size of 3.5 MW is not a problem.

For the current PBMR design Cycle B, turbine blade cooling is a problem due to the large
temperature difference (900-100 °C) over the turbine blades which results in unacceptably
high blade stresses. Although further investigation is needed, it seems that the higher LPC
outlet temperature for Cycle H and Cycle | makes turbine blade cooling possible (900-400 °C).
Turbine blade cooling has the advantage of possibly higher reactor outlet temperatures.

None of the practical issues mentioned are perceived to be insoluble and it is believed that these
issues can be mitigated.

6.8.2 Steam plant

Conservative inputs were used for the Rankine cycle — see Chapter 3. By investigating Figure 6.104
and Figure 6.105 it is the opinion of PBMR experts than none of the pressures and temperatures
mentioned indicate impractical designs.

He

B

s

$1

r

f
e

Fr 5 — [ ::
2] | ! _l

i_: X
Figure 6.101 Schematic drawing for Cycle H and Cycle | — Steam plant (CC)
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Caution is given to the low steam generator iniet temperature. Conventional nuclear steam plants
have steam generator inlet temperatures in the order of 250 °C. At his stage this is not perceived as a
problem, but needs to be further investigated. The steam plant will need to be custom designed
for the Combined Cycle application. Although this involves effort, it is not impossible since the
steam plant relies on proven technology.
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6.8.3 Standard off-the-shelf Combined Cycle

It would be ideal to only design the PBMR reactor and then couple it to a conventional off-the shelf
Combined Cycle via an IHX. The following practicalities were identified:

Traditional off-the-shelf Combined Cycles have maximum cycle temperatures in excess of
1100 °C. The IHX limits the reactor outlet temperature to 900 °C. This implies that the off-the-
shelf design will be operated at 900 °C. Operating at 900 °C effectively means that the turbo
machines will be operated at an off-design point. This implies firstly that the turbo machine
efficiencies will decrease and secondly that one pays the capital cost of a large turbo machine
but not utilising its full capacity. The entire steam plant will also be operated at off-design
conditions. Figure 6.102 illustrates the above mentioned arguments.

Possible solution:

It is therefore recommended that when coupling to an off-the-shelf design that the reactor
outlet temperature be in excess of 900 °C and as close as possible to 1100 °C.

1100 C

900 C

Figure 6.102 T-s diagram for off-the-shelf Combined Cycle operated at off-design conditions

Traditional off-the-shelf Combined Cycles are open to atmosphere. This poses a problem for
possible radio activity release. The IHX is designed according to ASME 3 standards. Should
a medium pipe break (IHX break) occur (10-230 mm) the IHX fails and full radio activity
release occurs as would be the case if a pre-cooler or inter-cooler breaks. The problem is
when a small pipe break occurs (<10 mm). For a closed system, the radio activity release of
small pipe breaks are removed via the HVAC (heating ventilation an air conditioning) system.
Small pipe breaks are a problem for conventional off-the shelf Combined Cycles since activity
release would occur.

Possible solution:

A pre-cooler could possibly be inserted between the steam generator and the LPC in order to
force a closed-loop system.

Traditional off-the-shelf Combined Cycles operate at pressure ratios between 15:1 and 40:1.
General Electric is said to be designing a plant with a 50:1 pressure ratio. This implies that at
best the compressor outlet pressure is in the region of 50 Bar. The primary loop for the PBR
needs to be above 90 bar pressure to minimize the velocities in the reactor. This is a problem

Copyright 2005 by PBMR CONFIDENTIAL Page 167 of 210



YUNIBESITI YA BOKONE-BOPHIRIMA

NORTH-WEST UNIVERSITY

NOORDWES-UNIVERSITEIT
Chapter 6 — Results

since the IHX needs to withstand a pressure difference of 40 Bar, which is not acceptable.

Possible solution:

The PBR primary loop will need to operate at around 60 bar, ensuring a pressure difference of
around 10 Bar across the IHX. At 400 MW this is not possible due to high reactor velocities.
This problem might be overcome by reducing the reactor power to 300 MW which would bring
the pressure down from 90 Bar to 68 Bar. This implies that the reactor becomes shorter
resulting in lower costs. For the shorter 300 MW design, the fuel pebbles only need to
travel once through the reactor, mitigating the use of the fuel handling system which also has a
cost benefit. These statements need to be investigated.

These practicalities mentioned seem to imply that it is not feasible to couple the 400 MW 90 bar PBR
to a conventional off-the-shelf designed Combined Cycle, aithough a 300 MW 50 bar PBR seems
practical and economical. This implies that a different reactor design is needed. Standard off-the-
shelf Combined Cycles cost in the region of 400 $/kW [2003 GTW Handbook].

The current PBMR design Cycle B costs 250 m$:

a) Reactor 77 m$
b) Building and balance of plant 113 m$
c) PCU 60 m$

Should the PBR couple to an off-the-shelf design the expected cost could be as low as 222 m$:

a) Combined Cycle 120 m$ (300 MW at 400 $/kW)
b) Reactor 77 m$ (possibly cheaper due to shorter design)
c) IHX 25 m$

The additional cost advantages for the Combined Cycle due to higher cycle efficiency, lower reactor
costs and the possible absence of the fuel handling system is not included. The cost disadvantage
due to lower power level has not been included.

LPC = p P 1 HPT = 1P LPT

1
" 5
— .

' S

Figure 6.103 Schematic drawing for Cycle H and Cycle | — Standard off-the shelf CC
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6.9 SUMMARY OF RESULTS
Brayton Cycles

(A) Single-shaft — The reactor inlet temperature limitation of 500 °C (Figure 6.48) limits the pressure
ratio of this cycle to 3.1, which corresponds with a low thermal efficiency. Cycle A has the lowest cycle
efficiency of all the cycles under investigation. The size of this cycle’s single compressor is larger than
the two compressors of Cycle B combined. Remember that the cost is only based on the physical size.
Figure 6.53 indicates that Cycle A is relatively speaking the most expensive.

(B) Single-shaft with inter-cooling - This cycle has the highest thermal efficiency of the Brayton cycles
and also the lowest order-of-magnitude cost of all the cycles. Apart from Cycle A, this cycle also has
the least number of components. Interesting to note is that the turbo machines for this cycle are
smaller than those for Cycle A because of lower volumetric flows in the HPC, which results in a smaller
machine. The single-shaft also offers the advantage of higher turbine efficiencies, because a larger
pressure ratio over the single turbine results in more stages. Cycle B is relatively speaking the
cheapest of all the cycles (for a power turbine speed of 100 rev/s) — see Figure 6.66 and Figure 6.67.
This is however a function of the NCC. Should the nuclear plant be sold for more than 2000 $/kW, the
Combined Cycles would be relatively speaking the cheapest. However, Cycle B has the disadvantage
of not being able to operate at higher power levels because the reactor inlet temperature and mass
flow limitations will be exceeded —~ see Figure 6.72, Figure 6.76 and Figure 6.80. Although Figure 6.55
indicated that higher reactor outlet temperatures are possible from a turbo machine cost viewpoint, the
practical constraints do not make this possible. Figure 6.84 indicated that the reactor outlet
temperature should be kept below 900 °C from a turbine blade stress viewpoint. Figure 6.56 shows
that a gearbox will be compulsory for the single-shaft design in order to be competitive with the three-
shaft design (Cycle D). At 50 rev/s the turbo machine capital costs of Cycle B are the most expensive
of all the cycles.

(C) Two-shaft with inter-cooling — This cycle has a slightly lower efficiency than Cycle B and is only
slightly more expensive than Cycle B. This cycle has the disadvantage of expensive turbo machines
at high reactor outlet temperatures. An alternative for Cycle C would be to operate the HPT as the
power turbine and to remove the HPC — see Figure 7.106.

(D) Three-shaft with inter-cooling - The three-shaft design with single inter-cooling has low turbo
machine costs because both the high-pressure and low-pressure turbo machines can be optimized.
Figure 6.55 shows that the turbo machine costs increase significantly at higher reactor outlet
temperatures. Unless stronger turbine blade materials are developed, it does not seem feasible from a
technology growth viewpoint to use a three-shaft design. At reactor outlet temperatures below 870 °C,
the three-shaft design holds the advantage that a gearbox is not needed. This cycle has more
components than Cycle B without a cost or an efficiency advantage.

(E) Three-shaft with two-step inter-cooling - When comparing the two three-shaft designs, the two-step
inter-cooling has the advantage of a higher thermal efficiency, but the turbo machine costs are
significantly higher due to the compressor connected to the power turbine. This compressor’s cost is
high because its speed is fixed.
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(F) Indirect single-shaft with inter-cooling — The indirect cycle is about 3 % less efficient than Cycle B,
has a higher reactor inlet temperature due to the temperature increase over the blower and therefore
also higher mass flows. The indirect cycle is relatively speaking also considerably more expensive
than Cycle B due to the expensive IHX and the loss of capitalised income due to the low cycle
efficiency. Furthermore, there doesn’t seem to be any practical solutions for Cycle F at reactor outlet
temperatures 850 °C and 900 °C for 400 and 600 MW. The only solution occurs at 400 MW for a
reactor outlet temperature of 1100 °C - see Figure 6.72, Figure 6.76 and Figure 6.80.

Combined Cycles

(G) Single-shaft recuperative Brayton with inter-cooling — This cycle has the fourth highest cycle
efficiency (46.6%) and the second cheapest relative cost. This cycle’s mass flow and reactor inlet
temperature are the lowest of all the cycles. The low reactor inlet temperature (320 °C) is very
favourable for the reactor and the low mass flows imply a small PCU. Although this cycle has the
highest number of components and may seem to be complex, the additional components are small
and simple. This cycle also has the advantage that practical solutions are obtained for 400 and 600
MW at 900 °C and 1100 °C. Another advantage is that no practical problems have been identified with
this cycle. It was illustrated in Figure 6.84 that Cycle G has the largest turbine blade sfress safety
factor of all the cycles. The large safety factor of Cycle G can be ascribed to the low mass flows in the
PCU that results in smaller turbo machines. Cycle G has the advantage that the compressor design is
conventional, where as the compressor designs of Cycle H and Cycle | are not conventional due to the
high inlet temperatures. The thermal mass of the recuperator has the advantage that Cycle G is less
sensitive to transients. Cycle G does not have the same problem with cooling as do Cycle H and
Cycle .

(H) Single-shaft Brayton without inter-cooling — This cycle (together with Cycle |) has the highest
thermal efficiency. This is because all the cycle’'s heat is rejected in the condenser at a low
temperature. Cycle H has a low reactor inlet temperature (400 °C) and low mass flows (160 kg/s).
The low mass flows result in small turbo machines. Figure 6.65 showed that only 20 % of the total
work output is produced by the Brayton cycle and 80 % by the steam plant. The total cost of Cycle H
compares favourably with Cycle B and Cycle G. Cycle H has the advantage of practical solutions at
900 °C and 1100 °C for both 400 and 600 MW. The practical issues associated with this cycle were
discussed in section 6.7.

() Indirect Single-shaft Brayton without inter-cooling - This cycle (together with Cycle H) has the
highest thermal efficiency. Cycle | also has a low reactor inlet temperature (400 °C) and low mass
flows (160 kg/s). Figure 6.65 showed that only 20 % of the total work output is produced by the
Brayton cycle and 80 % by the steam plant. The total cost of Cycle | is approximately 256 m$ more
expensive than Cycle H due to the expensive IHX. The 25 m$ consists of 60 % development costs
and 40 % capital cost. The additional advantages of an indirect cycle need to be compared to the
additional capital costs. The IHX shields the PCU from contamination. This is a big advantage due to
lower risks and also lower decommissioning costs. Cycle | also has the advantage of practical
solutions at 900 °C and 1100 °C for both 400 and 600 MW. From a technology growth path viewpoint
Cycle | is a good choice. The development of the IHX will enable PBMR to explore markets other than
the electricity generation business. The |HX will enable the PBR to be coupled to other high-process
temperatures. The development of the IHX may enable PBMR to couple with a standard off-the shelf
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Combined Cycle in future. The practical issues associated with this cycle were discussed in section
6.7.

(J) Single-shaft recuperative Brayton without inter-cooling — This cycle has the third highest cycle
efficiency (47.5%) and the second cheapest relative cost. This cycle’s mass flow and reactor inlet
temperature are the lowest of all the cycles. The low reactor inlet temperature (320 °C) is very
favourable for the reactor and the iow mass flows imply a small PCU. This cycle also has the
advantage that practical solutions are obtained for 400 and 600 MW at 900 °C and 1100 °C. Another
advantage is that no practical problems have been identified with this cycle. Cycle J has the
advantage that the compressor design is conventional, where as the compressor designs of Cycle H
and Cycle | are not conventional. The thermal mass of the recuperator has the advantage that Cycle J
is less sensitive to transients. Cycle J does not have the same problem with cooling as do Cycle H
and Cycle |.

The turbine blade safety factors for the Combined Cycles are between 20% and 50 % higher than the
Brayton cycles. This is favourable from both a blade lifetime and risk perspective.

Practicalities

None of the practical issues mentioned for Cycle H and Cycle | are perceived as insoluble and it is
believed that the issues can be mitigated. The steam plant will need to be custom designed for the
Combined Cycle application. Although this involves effort, it is not impossible.

As mentioned, the pressure difference over the IHX is a big problem when coupling to an off-the-shelf
Combined Cycle, which will force the PBR to probably operate at 300 MW or lower in order to reduce
to maximum pressure in the primary loop or re-design the PBR.

Framatome vs. PBMR

Overall, the Framatome cycle is 0.3% more efficient than the PBMR cycle. From purely a
thermodynamic efficiency viewpoint neither the PBMR nor the Framatome cycle has a significant
advantage.

Series vs. Parallel configuration for the SIHX

The thermal efficiency for the series configuration is substantially lower than the parallel configuration.
This is because the turbine inlet temperature has dropped with almost 60 °C, resulting in a lower
thermal efficiency. The parallel configuration SIHX sees only 12% of the total cycle mass flow,
resuiting in a considerably smaller design than for the series configuration, while the turbine inlet
temperature stays constant.

Helium vs. Nitrogen

Nitrogen produces smaller turbo machines than Helium because Nitrogen is more compressible. The
helium heat exchanger is considerably smaller than the nitrogen heat exchanger due to a higher
conductive heat transfer coefficient. The combined cost of the PCU (turbo units, heat exchangers and
blowers) is smaller for Helium than for Nitrogen. Interesting to note is that the PCU capital cost of the
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mixture is the smallest, combining both a low turbo unit and heat exchanger cost — see Figure 6.90.

Direct vs. Indirect

The pressure loss due to the piping, IHX and the low blower efficiency accounts for 0.5% of the loss in
thermal efficiency. The temperature difference across the IHX accounts for 1.5 % of the loss in
thermal efficiency. The indirect cycle has the advantage of shielding the PCU from contamination
which reduces both decommissioning costs and risks. The blower in the primary loop adds an
additional parameter with which to control the plant, which might be favourable from a controllability
viewpoint.

ITRG requirements

Cycles B, G, H and | have thermal cycle efficiencies higher than 45 % at 900 °C, as recommended by
the ITRG.
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Chapter 7

Recommendation and Conclusion

In this chapter recommendations are made, conclusions are drawn and future work is mentioned.
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7. RECOMMENDATION AND CONCLUSION

This chapter documents the recommendation of this study based on the results presented in
Chapter 6. The final conclusion is drawn in section 7.2 and possible future work is mentioned in
section 7.3.

7.1 RECOMMENDATION

The following cycles are not recommended

Cycle A - This cycle is relatively speaking the most expensive and also the least efficient.

Cycle C - This cycle has a slightly lower efficiency than Cycle B and is only slightly more
expensive than Cycle B. A better alternative for Cycle C would be to operate the HPT as the
power turbine and to remove the HPC — see Figure 7.106.

Cycle D - This design also has more components than the single- and two-shaft design and
also has lower cycle efficiencies than the single- and two-shaft due to more pipe losses, turbo
machine diffuser losses and lower turbine isentropic efficiencies. The increased turbo
machine costs at higher reactor outlet temperatures do not make this cycle feasible from a
technology growth potential viewpoint.

Cycle E — This cycle is expensive and complex - not recommended.

Cycle F — This cycle is expensive and inefficient - not recommended. This cycle also has the
disadvantage of no practical solutions at 850 °C and 900 °C for neither 400 nor 600 MW.

The following cycles are recommended to be further investigated:

Cycle B - This cycle has the highest thermal efficiency of the Brayton cycles and also the
lowest order-of-magnitude cost of all the cycles.

o Should Cycle B be chosen, it is compulsory that a gearbox be implemented and that
the power turbine speed should exceed 80 rev/s.

o Cycle B becomes more expensive than the Combined Cycles at NCC costs of higher
than 2000 $/kW. Cycle B is only recommended if the selling price of the plant is below
2000 $/kW.

o Due to reactor inlet temperature and mass flow limitations, Cycle B cannot operate at
600 MW or at 1100 °C. Cycle B is only recommended if it is clear that neither
600 MW nor higher reactor outlet temperatures will be pursued in future (unless of
course the reactor inlet temperature may be increased and the reactor can operate at
higher velocities).

Alternative to Cycle B and C - The LPT blade stresses for Cycle B, though acceptable, is
uncomfortably high at 900 °C. The blade stresses is a function of both the inlet temperature
and the rotational speed. Lowering the inlet temperature or lowering the rotational speed will
reduce the blade stresses. It is not really feasible to lower the reactor inlet temperature — see
Figure 6.69 and Figure 6.72 compared to 900 °C. The blade stresses can be lowered by an
additional power turbine between the LPT and the reactor which operates without a gearbox at
50 rev/s - see Figure 7.106. This has two advantages:

o The gearbox is mitigated because the LPT, LPC and HPC are free to operate at
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higher rotational speeds which still implies (as with the gear box) smaller and cheaper
designs.

The advantage of a multi shaft system is that the higher rotational speeds produce
smaller and cheaper designs. At high temperatures though, the blade stresses
increase and the turbine is forced to operate at lower speeds. Operating the power
turbine for the alternative configuration at 50 rev/s significantly reduces the blade
stresses because of the lower rotational speed. The LPT operates at lower
temperatures. The advantage is that the LPT can operate at higher speeds at the
lower temperatures where the advantage of smaller machines can be fully realised.

The alternative cycle has the following disadvantages:

o]

O

The power turbine will be very large and expensive.
The power turbine will encounter fourth quadrant problems.
The large power turbine will require large leak flows.

A start-up blower will be required.

Mg

/
/

Ll

LPT

/
\
g

LPC | ] LPT HP! E LPC [

\
/
\

<
:‘
.1

PC

I
I
|
|
|
|
|
!
|
|
!
I
| A
|
I
I
I
I
|
I
I
I
I
I
I
I
I
|

Figure 7.106 Alternative: Combining Cycle B and Cycle C

e Cycle G — Although this cycle has the highest number of components and may seem to be
complex this cycle has the advantage that practical solutions are obtained for 400 and 600
MW at 900 °C and 1100 °C and that no practical problems have been identified with this cycle.
This cycle is strongly recommended. Cycle G has the advantage that the mass flow at 600
MW (pressure ratio 2.1) is the same as the mass flow for the current PBMR design
Cycle B at 400 MW (pressure ratio 3.1) — see Figure 6.75. This implies that the same
turbo machines might easily be used to upgrade the current design (B) to 600 MW.

e Cycle H — This cycle seems to be practical and has a very high cycle efficiency and low
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relative cost. This cycle holds the advantage of a technology growth path which leads to both
higher reactor outlet temperature and higher power levels. From a technology growth path
viewpoint Cycle H is a good choice.

e Cycle | - This cycle has all the same advantages as Cycle H. The added disadvantage is the
costly IHX and the effort and time needed to qualify materials to use for the IHX. The
developed and qualified IHX will not only realise Cycle |, but also opens the market for other
opportunities. The IHX can be coupled to a conventional Combined Cycle and also with many
high temperature process heat applications.

e Cycle J — This cycle has the advantage that practical solutions are obtained for 400 and
600 MW at 900 °C and 1100 °C and that no practical problems have been identified with this
cycle. This cycle is strongly recommended. Cycle J has the advantage that the mass flow
at 600 MW (pressure ratio 1.6) is the same as the mass flow for the current PBMR
design Cycle B at 400 MW (pressure ratio 3.1) — see Figure 6.75. This implies that the
same turbo machines might easily be used to upgrade the current design (B) to 600
MW. The pressure ratio of Cycle J at 600 MW needs to be around 1.6 in order to have the
same mass flow as the Brayton Cycle B at a pressure ratio of 3.1. This efficiency of Cycle J at
a pressure ratio of 1.6 is not optimum. Cycle J only has solutions at a small humber of
pressure ratios.

SIHX configuration for hydrogen plant

A parallel configuration has higher cycle efficiencies and the SIHX is smaller therefore a parallel
configuration is recommended.

Final Recommendation

The optimum solution is a function of whether an IHX is compulsory, if it is important to operate at
higher reactor outlet temperatures and power levels in future (potential technology growth), if new
turbo machines will be designed and lastly what the nuclear capacity cost is. See Figure 7.107 for
discussion to follow.

The direct Brayton Cycle B is only recommended if it is decided that no IHX will be developed, that
potential technology growth is not required or envisaged within the next 20 years and if the NCC is
smaller than 2000 $/kW. If the NCC is larger than 2000 $/kW Cycle H, G or J are recommended. If it
is required to use the same turbo machines as the current PBMR design for the NGNP, Cycle G or
Cycle J are recommended. If it is decided to develop the IHX, Cycle | is recommended. For a custom
designed plant either Helium or a mixture of Helium and Nitrogen can be used for the secondary loop.
If it is decided to develop the IHX and buy an off-the-shelf design a gas mixture is recommended.
When coupling to an off-the-shelf Combined Cycle design, a different reactor design is needed in order
to operate at lower pressure levels due to the low pressure in the Combined Cycle.
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Figure 7.107 Recommendation free

All said, Cycle G or Cycle J is recommended for the INEEL project. Strategically Cycle G and
Cycle J are believed to be the best cycle for the following reasons:

e Both cycles provide the possibility of upgrading to higher reactor outlet temperatures and
higher power levels.

e Both cycles are efficient.
e Both cycles are believed to be practical.
+ PBMR already has specialised knowledge in helium turbo machinery design.

e The current PBMR plant layout and turbo machine design can be used as it is, while operating
at 600 MW without any perceived practical problems.
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7.2 CONCLUSION

The objective of this study was to compare the most promising one-, two- and three-shaft Brayton- and
Combined-cycle configurations in order to evaluate the technical performance, practical considerations
and economical competitiveness when employed in conjunction with a given Pebble Bed Reactor.

The technical performance (thermo-dynamic solution), practical considerations (design envelopes) and
economical competitiveness (costs) of each of the ten selected cycles were evaluated. Of the ten
cycles under evaluation, it was found that Cycle G and Cycle J are most appropriate as PCUs for the
NGNP (600MWth).

The outcomes of this study are as following:

This study succeeded in identifying a suitable PCU for the NGNP (Cycle G and Cycle J).

This study assisted PBMR in long-term strategic planning as to which PCU is best for VHTR
application. PBMR (Pty) Ltd. is currently in the process of procuring funds to build a
demonstration plant for either Cycle G or Cycle J. The demonstration plant (micro model) will
typically operate using a heater of 700 KW and a maximum cycle pressure of 2 Bar.

This study succeeded to integrate knowledge from within PBMR.
PBMR (Pty) Ltd is in the process of patenting both Cycle G and Cycle J.

This study succeeded in providing PBMR with a tool which will give quick, meaningful results
of PCU temperatures, pressures, mass flows, cycle efficiencies, comparative costs and PCU
component designs. CYCLE-C was used to determine a working point for the proposed micro
model.
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7.3 FUTURE WORK
The following outstanding issues still need to be addressed:

e Chapter 2: Literature survey
o Document the history of high temperature gas reactors (HTGR).

o Document thermodynamic assessment of plant efficiencies for HTR power conversion
as found in literature

e Chapter 3: System thermo-hydraulic design

o The compressor and turbine designs were only optimized for capital cost. Since the
axial velocity determines the diffuser outlet loss, the cycle needs to be optimized
together with the turbo machine model to find an optimum value for C, as well.

o In designing the compressors and turbines, only the centrifugal stresses were
evaluated. The turbine model needs to be extended to also evaluate the effect of gas
bending stresses. The gas bending stresses are influenced by the number of blades,
which in turn will have an impact on the cost of the turbine. The cycle needs to be
optimised with regard to the gas bending stresses. This has not been done.

o The amount of leak flow needed for a particular cycle is determined by the size of the
turbo machines. The leak flows have a large impact on the thermal efficiency of the
plant. The turbo machines need to be optimized to also take the effect of leak flows
into account. At this stage the leak flows were simply calculated as fixed percentage
of the total cycle flow.

o The pressure loss over the piping is calculated as a percentage of the pipe inlet
pressure. This percentage was kept the same for all the pipes. The percentage
needs to be varied, depending on the pipe location.

e Chapter 4: Costing models

o The costing models need to be refined to also incorporate development costs and
engineering effort.

e Chapter 5: Component models
o Turbo machine

*  The component model can be refined to also take into account the number of
blades.

= The stage prediction for the compressor must be implemented, using the loss
model of Koch and Smith for the compressor and the loss maodel of Ainley and
Matthiesen for the turbine. At this stage a fixed stage efficiency was
assumed.

* The fixed stage efficiency needs to be confirmed and refined.
o Heat exchangers

= The recuperator and heat exchanger models need fo be refined to calculate
the pressure loss through the heat exchanger as function of the heat
exchanger design. In order to evaluate the pressure loss, a detailed design
for the recuperator and heat exchangers are needed.

= At this stage, the overall heat transfer coefficient U for the heat exchangers
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was fixed. The heat exchanger models need to be extended to calculate the
overall convection coefficient.

o Reactor
= Areactor model needs to be integrated with the cycle analyses.
o Piping and pressure boundary
» The piping sizes and cost need to be calculated.
o Chapter 6: Results

e A generic economic model which incorporates those variables that will have an impact on the
overall cost of a nuclear plant needs to be developed:

o capital costs , depreciation of capital, interest on capital
o fuel costs, operation costs, maintenance, waste disposal
o complexity, construction time, licensing cost, decommissioning

e A number of qualitative attributes such as maintenance, decommissioning, safety, licensing,
market flexibility, risk and suppliers will need to be evaluated for each cycle configuration.

e The controllability of each configuration needs to be assessed.

e Standard off-the-shelf steam and combined plants need to be investigated to confirm whether
the designs proposed are practical.

e Scoping analyses need to be done for multi module configurations as well.

e The sensitivity analyses of section 6.6.9 need to be documented.
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9. APPENDICES

9.1 APPENDIX | - INPUT PARAMETERS

Variables C++ var. Value Units Description
Ne a.etac_HP = 89 (%] compressor isentropic efficiency - HPC
a.etac_LP = 89 [%] compressor isentropic efficiency - LPC
a.etac_PT = 89 [%] compressor isentropic efficiency - LPC2
Nt a.etat HP = 91 [%] turbine isentropic efficiency - HPT
a.etat LP = 91 [%] turbine isentropic efficiency - LPT
a.etat PT = 91 [%] turbine isentropic efficiency - PT
Cac: Cat a. V_PT =100 [m/s] diffuser outlet velocity - PT
a.V Lpt =135 [m/s] diffuser outlet velocity - LPC2
a.\V_ HPC = 135 [m/s] diffuser outlet velocity - HPC
a.V._HPT =135 [m/s] diffuser outlet velocity - HPT
a.V LPC = 135 [m/s] diffuser outlet velocity - LPC
aV LPT =135 [m/s] diffuser outlet velocity - LPT
Table 9.11 Guessed input variables
Variables C++ var. Value Units Description
min a.tcold =24 [°C] minimum cycle coolant temperature
trax a.thot = 800 [°C] maximum cycle coolant temperature
Dmax a.ph = 90 [bar] maximum cycle pressure
pressure ratio [@.PR = vary [-] total pressure ratio over all compressors
PBR a.PBMR = 400 [MWth] Pebble Bed Reactor thermal power
BLOCK a.BLOCK = 400 [MW1h] Block Reactor thermal power
loss coefficient for PBR - fixed
Kpamr a.k_PBMR = 40 [-] P AP
kPBMR = %%K = .g—z
m
KeLock a.k BLOCK = -1 loss coefficient for BlockReactor - fixed
Keomp a.k_comp =1.0 [-] loss coefficient for diffuser - compressor
Kiurb a.k_turb = 0.8 [-1 loss coefficient for diffuser - turbine
0dPhxs a.lossfact? = 0.993 [ gx@?a% e:fitér i ;gses on each side for each heat
% dPoipie o lossfact] - 0.997 [] ?Hg"{;yilrgssure loss assumed for each pipe in
Nblower n_b = 81 [%] blower isentropic efficiency
Table 9.12 Brayton input variables
\/ariables C++ var. Value Units Description
tmin tcond = 35 [°C] condensor temperature
- tmax — <540 C] Q:;(irr%wgr;\nzlrlggfble oulet temperature for
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Variables C++ var. Value Units Description
Prnax 10[8] = 180 [bar] pressure in steam generator
%dPry - =3 [%] losses in reheater
%dPsa - = [%] losses in steam generator
tpinch - =10 [°C] pinch temperature for steam generator
CDx X[12] = >088 [] minimum allowable condensor two-phase
fraction
Nturbine etat = 89 [96] turbine efficiency
Npump - =85 [%] pump efficiency
Table 9.13 Rankine input varfables
Variables C++ var. Value Units Description
gammaye a.gamma = 1.667 [-] helium: ratio of specific heats
h?He a.R = 2078.0 helium: gas constant
CPHe a.cp = 5195.0 helium: specific heat at constant pressure
; _ 0.086063000+ helium: conductivity as function of
Kite diCihx_Het = 4 000252000% temperature
gammay, a.gamma = 1.400 [-] nitrogen: ratio of specific heats
k?Nz a.R = 296.8 nitrogen: gas constant
Cpnz a.cp = 1038.8 nitrogen: specific heat at constant pressure
, _. 0.011312511+ nitrogen: conductivity as function of
Kz kX N22 = 5 600053835 temperature
gammamx a.gamma = 1.535 -] mixure20%He80%N2: ratio of specific heats
Ruix a.R = 652.8 mixure20%He80%N2: gas constant
' _ mixure20%He80%N2: specific heat at
CPuix a-cp = 18737 constant pressure
, _ 0.045830000+ mixure20%He80%N2: conductivity as function
kﬂvux dCIX_N22 = 4 500142200% of temperature
Table 9.14 Fluid input variables
Variables  C++ var. Value Units _ Description
. _ Power available for Hydrogen plant - series
H2mw-serie a.H2 MW serie =00ORS50 [MW] configuration
H2 ettserie a.H2_ eff serie =462 [%] Hydrogen process efficiency
_ Power available for Hydrogen plant - parallel
H2 pw-paraliel a.H2 MW parallel = 0 OR 50 [MW] configuration
h—iZeﬁ_@"e{ Wa.H2_eff f parallel = 46.2 [%] Hydrogen process efficiency
Table 9.15 Hydrogen Plant input variables
ariables C++ var. Value Units Description
Nmechanical Ta.etamech = 99 (%] mechanical shaft efficiency
P Tﬁ = 0.40 [-] compressor flow coefficient
hd Tfsi = 0.36 [-] compressor work coefficient
blade material f— = 10705BX -] compressor blade material
, _ compressor blade material maximum
Omax F lgmamax 744 (MPa] allowable yield strength
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Variables C++ var. Value Units Description
PsLADE rhoblade = 7770 [kg/m3]  compressor blade material density
Ns etastage[i] = 89 [%] stage efficiency - internal stage - compressor
) fi = 0.50 [-] turbine flow coefficient
W tsi =1.10 Rl turbine work coefficient
blade material |- = MGA1400DS [ turbine blade material

, _ turbine blade material maximum allowable
Cmax \sigmamax = graph [MPa] yield strength
PBLADE rhoblade = 7830 [kg/m3] turbine blade material density
Ns efastageli] = 91 [%] stage efficiency - internal stage - turbine
/;p'r N =100 [rev/s] :g‘:npower turbine speed was fixed at 6000

Table 9.16 Turbo machine input variables

Variables C++ var. Value Units Description

URecuperator U_rec = 1094 [-] heat transfer coefficient for the recuperator
NRecuperator n_rec = 96 [%] recuperator effectiveness

Jlex a.diameter ihx = 0.000576 [m] hydraulic diameter - [HX

z;mx c.IHX deltaT = 50 °C] Ji(r??iﬁaec;act;; (r:leeiifference over the IHX for
Tixseam  [B/HX steam_deltaT = 37 () et difference over the HX for
Uic U = 320 [-] heat transfer coefficient for the coolers
Nic n_ic = 83 [%] inter-cooler effectiveness

Upc U = 320 [-] heat transfer coefficient for the coolers
Nrc Q_pc =83 [%e] pre-cooler effectiveness

Cr ‘@‘ =04 [-] heat capacity ratio

Table 8.17 Heat exchanger input variables

Nariables C++ var. Value Units Description
/@C $.nuclear_marginal= 2.0 [m$/MW] Nuclear capacity cost
fSteammarw| a.steam_marginal = 0.26 [$/KW] y=ax+tb... (a) marginal cost
Steamogsset a.steam_offset =240 m¥] y=ax+b... (b) cost offset

_ _ proportionality constant: compressor
KC1 $.Comp_cost = 0.4311 (material)

, _ ) proportionality constant: furbine

KT1 $. Turbine_cost =2.0400 (material)

_ proportionality constant: recuperator
Krecuperatar $.rec_cost =0.00025810 - (material)

_ _ proportionality constant: Inter-cooler
Kic $.1C_cost = 0.00007360 (material)

_ } proportionality constant: Pre-cooler
Kec $.PC_cost = 0.00007360 (material)

. _ _ proportionality constant: 1HX

KiHx $.ihx_cost factor = 0.00125502 (material)
Kbaseyx $.ihx_cost base =15 m$] Cost offset: |[HX (development cost)
CGenerator Gearbox $ GB generator =5.0+1.0 [m$] Capital cost: Generator and GearboxJ
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ariables C++ var. Value Units Description
Csas, rs 5.SBS RB - 30438 [m$] gzziiil;gzt;kSBS blower and
C_Reactor_Buiding  § reactor BOP =77+ 113 [m$] gfg’tﬁ'a cost roefaéfr: t)a'_’% gﬂgg’g
C_Reactor_Buiding_CC$_reactor BOP =77+ 82 [m$] Capital cost: reactor and building

(incl. balance of plant) - CC

Table 9.18 Costing input variables

ariables C++ var. Value Units Description
Single Shaft |a.Jeak =56 [%] percentage of total mass flow
leak 1 a.leak’ =25 [Y%6] percentage of total [eak flow before turbine N
leak 2 a.leak?2 =75 [%] percentage of total leak flow after turbine
leak 3 a.leak3 =0 [%] percentage of leak
ﬁlg?cl)e Shaft a.leak =52 [%] percentage of total mass flow
leak 1 a.leak = 100 [%] percentage of leak
leak 2 a.leak2 =0 [%] percentage of leak
leak 3 a.leak3 =0 [%] percentage of leak
Ll"wo Shaft a.leak = 6.1 [%] percentage of total mass flow
leak 1 a.leak1 = 50 [%] percentage of leak
leak 2 a.leak2 =50 [%] percentage of leak
leak 3 a.leak3 =0 (%] percentage of leak
I?Tshaft designs |a.leak =73 [%] percentage of total mass flow
leak 1 a.leak =30 [%] percentage of leak
leak 2 a.leak?2 = 30 [%] percentage of leak
leak 3 a.leak3 =40 [%] percentage of leak
T.WO Shaft a.leak =52 [%] percentage of total mass flow
nitrogen
leak 1 a.leak’ =25 [%] percentage of leak
leak 2 a.leak2 =75 [%] percentage of leak
leak 3 a.leak3 =0 [% percentage of leak

Table 9.19 Leak flow input variables
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9.2 APPENDIX Il - STAGE PREDICTION

Stage prediction is the process by which the stage efficiency of a machine is calculated. Pre-defined
loss models, derived from cascade data, are used together with the basic geometry and flow
conditions of the machine in order to “predict” the stage efficiency of the machine. Once the stage
efficiency of each stage is known, the isentropic efficiency of the machine is calculated.

A variety of loss models for the compressor and turbine exist today, each ranging in its level of
accuracy and complexity. For the compressor, the method of Howell was chosen. The Howell model,
as explained in (Saravanamuttoo, 2001), is a very simple model. A more accurate, but much more
involved model is that of Koch and Smith. See Appendix 9.4 for the documentation of the Howell
model. For the turbine, the loss model of Ainley and Matthieson was chosen, which is documented in
Appendix 9.5.

Typically, the loss models for both the compressor and turbine would require the following variables as
input:

e Allthe blade angles: 3, and B, and o, and a,

e« Blade height, h

e Pitch, s

» Solidity: s/c where ¢ = chord
e Aspect Ratic: h/c where ¢ = chord
s Reynolds number

« Stage inlet and outlet tem pera‘ture

e Percentage tip clearance

This section briefly describes how these input parameters are obtained.

Blade angles, B

For a fixed reaction, ® and y, the rotor inlet and outlet relative blade angles for the compressor are
calculated using equations (1.1) and (1.2). These equations are the same as equations (5.37) and
(5.38), but now the work done factor, A is incorporated.

v = Ag(tan f, - tan 5,) (.1

From Eq. (5.23) we have that
_?
A——z—(tanﬂl +tanﬂ2) (1.2)

The work-done factor, A accounts for the reduction in work capacity for the compressor. The work-
done factor will always be a number less than unity. Because of the variation of axial velocity profile
through the compressor, the mean work-done factor will vary as well. The values for the work-done
factor, as function of number of stages, was obtained using Mitsubishi’s blockage factors, as obtained
in (PBMR-MH!-032, 2003, [25]) - see Figure 9.108.
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The compressor absolute blade angles are calculated as function of U, Ca (see next section) and 8.
See Figure 5.38 and reference (Saravanamuttoo, 2001) for the derivation of these equations.

(1.3)

a

Um
a, = atan[c —tanﬂlj

a, = atan[%%an ,BZJ (1.4)

a

&
©
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A
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o
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!
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o
b
<

Figure 9.108 Variation of mean blockage factor with number of stages (PBMR-MHI-032, 2003:1-68,
[25])

For a fixed reaction, ® and y, the rotor inlet and outlet relative blade angles for the turbine are

calculated using equations (1.5) and (1.6).
w = 2¢(tan f, + tan ;) (1.5)

A= g(‘czmﬂ3 -tan 53,) (1.6)
The turbine absolute blade angles are calculated as function of ® and B. See Figure 5.39 and
reference (Saravanamuttoo, 2001) for the derivation of these equations.

] (1.7)

1
a, = atan(tanﬂz +—=

¢
a, = atan(’canﬁ3 -%J (1.8)

The blade angles dominate the profile losses over the blades.
Blade height, h

The absolute velocity at the inlet, C; (see Figure 5.38 and Figure 5.39), can be calculated from the
velocity triangles since the blade angles have been solved, and the axial velocity is known. For both
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the compressor and turbine it follows that

C
C =— (1.9)
CcOoS CCI

The static inlet temperature and pressure and the inlet density can be calculated since the inlet
stagnation properties are known. :

tlsmlic = t] - Zcp qz
riy-1)
tls atic
P 1static =D 1 [#J
p l.rlal'
= ic 1.10
A A1 R ( )

static

The mass flow is known from the cycle analysis and is used to calculate the inlet area.

= mflow (1.11)
ye1e

a

In the following section it is shown how the tip radius and hub-tip-ratio was solved. Therefore the
mean radius is known. Lastly, the height at the blade inlet based on the mean radius is calculated:

AI
27T

h =

Pitch

The number of blades is specified, from which the pitch is calculated:

S = 27TF o , Where n = number of blades . [n was assumed to be 77]
I
56
L
ok Falative Inlat
| 1.0}~ Bes angle {oy o fiy)
- il
! wwﬂr
] 0870
: ]
¥ ¥
m § onf
15 | j T
i sl
5 R v =
10 o6
© 0Bl ! : N S |
Bm 407 &y - 80" o

Relalivo offoe angle {2z or f)
(i)

Figure 9.109 Design deflection curves (i) compressor (Saravanamuttoo, 2001:233) (ij) turbine
(Saravanamuttoo, 2001:332)
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Solidity

The solidity at 0° incidence can be calculated from empirical data as a function of the blade inlet
angles — see Figure 9.109 for the compressor and turbine solidity. For fixed blade angles, these two
graphs give the optimum s/c that will result in the minimum profile losses for the compressor and
turbine respectively.

Aspect Ratio
Having solved the height, pitch and solidity, the aspect ratio (AR) and chord (c) can be calculated:

c s/Solidity

AR = h/c

Reynolds number

Next, the chord-Reynolds number is solved: Re= pre
y7,
where Re = Reynolds number
p = inlet fluid density
¢ = chord

u = fluid viscosity

Stage inlet and outlet temperature

The inlet and outlet temperature is already known from the cycle analysis.

Tip clearance

The tip clearance is assumed to be 1% of the blade height, but always larger than 1 mm.

Having solved all the required input parameters, the loss model’s method is applied to calculate each
stage’s efficiency — see the Appendix 9.4 and 9.5.
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9.3 APPENDIX Il - TURBO MACHINE EQUATIONS IN EXPLICIT FORM

In section 5.1.2 it was explained how equations (1.12) to (1.15) are used to solve for

¢« z number of stages [-]
e Ca: axial velocity [m/s]
s It tip radius [m]
I, . .
o« = hub-tip-ratio [-]
L

while identifying the optimum combination for rotational speed N and safety factor SF that will result in
the smallest machine.

The work coefficient is defined as: d ’<dT2/ 2) (1.12)
Un
- T , C
The flow coefficient is defined as: ¢= U" (1.13)
2

The centrifugal tensile stress is defined by: =Fome 2/ Pogyaiq | Ie 1.14

e n g € y o—real SF /{ 2 { rl ( )
2
The continuity equation states that: m=rho-C, -1} [1 —(r—’j ] (1.15)
n

When programming these equations in Visua/ C++, they need to be written in the explicit form and are
then solved with the Newton-Raphson method. The derivation of these 4 equations in explicit form
follows:

Equations (1.12) to (1.15) are re-written in the following form, where the mean speed is defined by:

U =27rNrm=27ZN[F’+—r’j=7rNr,[1+r—’]=—U—’£1+r—’]thuS (1.16)
" 2 ) 20
Ne— Un (1.17)
g
ﬁ}}(1+—’}
5
pomen (1.18)
Nz 1+r—J
7
U =2 (1.19)

Substituting (1.19) into (1.14)
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13 O (1+(rr/r,))
Un =1z pSE (1-(r, /7)) (1.20)

Substituting (1.13) into (1.15)

_ | m
y =
' \/rho.¢.Um7r(1— (r, /r,)z)

(1.21)

Equations, (1.20), (1.21), (1.13) and (1.17) are used to solve for the hub-tip ratio, using a Newton-
Raphson method. The number of stages is calculated from Eq. (5.30)

_C,dT

Tyu,;

where dT = total temperature rise over compressor
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9.4 APPENDIX IV - THE HOWELL COMPRESSOR LOSS MODEL

The theory necessary to use the loss model of Howell in order to evaluate a compressor's stage
efficiency is documented in this section.

The static pressure rise across the blades in a cascade test is given by:

Ap =p,—p,
Ap :(poz ~é—pV22)—(pm —'%IOVIZ)

The incompressible flow formula is used because the change of density is negligible. Hence, it follows
that

Ap=1p(VE=V,)~(Po — Por)

Ap=1pC*(tan* ¢ —tan® @, ) i (1.22)
where i is the blade loss coefficient. For the rotor blades o, =B, & o, =P,

The overall blade loss must account for the following sources of stagnation pressure loss:

1. Profile loss, Cpp — associated with boundary layer growth over the blade profile. Cpp is

defined by:
Stator:
— 3
S5 w COoS™ &
e =[=2 : 12
o [C/(OSPKZ ]cascatle [COSZ & J ( )
Rotor:
s w cos’
C. == — = m 1.24
o [CJ[O‘SPVIZ ]Cﬂ.\':ﬂllﬂ [COSZ IBI ( )

From cascade data, for a certain s/c, the relationship in Figure 9.770 can be plotted for Cpp.

Therefore, one must have { >

if s/c is other than value for Figure 9.110.
OS'OVI cascade

bt

o

a
{

Drag coefficlent Cpy
o o
¢ N
8 &
/ |
o
Q .

NP~ .

O

] 1
20 -5 10 . -5 0

Incidence 1, degrees

10

Figure 9.110 Drag coefficient for cascade of fixed gecmetrical form
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From Figure 8.110 , at zero incidence Cpp = 0.078.

2. Annulus drag, Cps — Cpa represents a loss due to drag effects on the annulus walls. Eg.
(1.25) is derived in reference (Saravanamuttoo, 2001:196)

Cpy = o,ozo% (1.25)

where s and h are the pitch and height of the blades respectively.

3. Secondary losses, Cps — Secondary losses due to trailing edge vortices and tip clearance are
accounted for by Cpg. For typical axial compressor designs, the following empirical formula for
the additional drag coefficient arising from secondary losses has been derived.

C, = 2£(tan B, —tan f,)cos 5,
C

Cps =0.018-C,2 (1.26)
On inclusion of these three factors, an overall drag coefficient can be determined which is given by
Cp=Cpp+Cpy+Chpe (1.27)

Eq. (1.24) can now be rewritten as
— 3
C, =[i] B \oos B (1.28)
e )L 0.5pF" Jcos™ f,

represents the total loss in stagnation pressure for the rotor.

where

Vl'Z

Since Cp can be calculated from the empirical data, and the blade angles and solidity is known,

for the blade row can be solved. The theoretical static pressure rise through the blade row is

0.507
found by putting the loss w equal to zero in Eq. (1.22), which gives

Ap, =+p-C? (‘fan2 o, —tan? az)

1 2 2 2
Ap, =1p-C, (sec o, —sec az)

Therefore
Ap, _(1- sec’ &,
1p-Clsec’ o sec? ¢
2
APy = [1— COSZ a‘J cascade notation (1.29)
Lp-7 cos” «,
s )
AL _ =[1— C082 B J blade row notation (1.30)
o7 | eos 4

The efficiency of the blade row, ns, is defined as the ratio of the actual pressure rise to the theoretical

. Ap, —W :
pressure rise n, =ﬂ—, reducing to

th
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w/({0.5- pV?
_u (1.31)

s =1—Ap,,1 /(O.S-lez)

For stages of 50% reaction, the efficiency of the blade row is assumed to be the same as the stage
efficiency, Ny = ns (Saravanamuttoo, 2001). The static pressure ratio of the stage is found to be

yi(r-1)
_ 1 AT
PRs = [“ } (1.32)

1

After the efficiency of all the stages were solved, the actual pressure ratio over each of the stages is
calculated. This calculated pressure ratio per stage is used to determine the actual pressure ratio over

the compressor, from which the actual compressor efficiency is calculated.
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9.5 APPENDIX'V — THE AINLEY & MATTHIESON TURBINE LOSS MODEL

The theory necessary to use the loss model of Ainley and Matthiesen in order to evaluate a turbine’s
stage efficiency is documented in this section. See Figure 5.42 for the discussion to follow.

The loss coefficient for the nozzle blades is defined by either: (see Figure 5.42 for notation)

T,-T," -
y=—2t o ¥, =LtuPe (1.33)
G, /ZCp PP

The loss coefficient for the rotor blades is defined by either: (see Figure 5.42 for notation)

]; _Z; ! or ¥ = pOZrEI -p!).'irel (1 34)

R~I/32/2Cp ® pOJrel"pJ
See (Saravanamuttoo, 2001) for the theory in deriving the stage efficiency, ns.

1
L[ A (72 12¢,) + (T 1 T,) 2, (G, 126,) |1 (Tyy ~ Toy )

77, (1.35)

The stage prediction needs to solve for Ay and Ag. The overall blade loss coefficient Y (or A) must
account for the following sources of friction loss
1. Profile loss, Yp — associated with boundary layer growth over the blade profile (including
separation loss under adverse conditions of extreme angles of incidence or high inlet Mach
number).

2. Annulus loss and secondary loss, Ys — The annulus loss is associated with boundary layer
growth on the inner and outer walls of the annulus. The secondary loss arises from secondary
flows which are always present when a wall boundary layer is turned through an angle by an
adjacent curved surface.

3. Tip clearance loss, Yx— near the rotor blade tip the gas does not follow the intended path, fails
to contribute its quota of work output, and interacts with the outer wall boundary layer.

The method to be outlined here is that of Ainley and Mathieson, which estimates the performance on
flow conditions at the mean diameter of the annulus. We are concerned now to only estimate the
efficiency at the design point.  Two correlations for profile loss coefficient Yr obtained from cascade
data are shown in Figure 8.171. These refer to conventional profile (e.g. T8) having a thickness/chord
ratio (t/c) of 0.2 and a trailing edge thickness/pitch ratio (t/s) of 0.02. Rotor blade notation is used in
Figure 9.111.

When the nozzle row is being considered B, becomes o4 and sz becomes ay; there is no need to
duplicate equations which equally apply to both rows. The values of Yr in Figure 9.711 refer to blades
operating at zero incidences.

STEP 1: Estimation of Y,

Estimate (Yp)y and (Yp)r from the gas angles of the proposed design by using Figure 9.1711 together
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with the interpolation formula:

2 !
ﬂ f/C ﬂz ﬂ,
Ty ={YP(/’:=0) “{Ez"] [Ymeﬂ,) ~YP(/’:=0)]}(H] (1.36)

3

For the nozzle, replace B, with a4 and Bs with a, in Eqg. (1.36). This correction is considered reliable
only for 0.15 < t/c < 0.25.

‘Nozzle blades f5=0
Outiet gas angle }3{

R e i S I R
02 ©04 06 08: 10 12
o,
Impulse blades f2= B .

020~

012

Proflle loss coefficient ¥,
e
>
!

-0.08

- 004} . Re{=psVac/ud = 2x10°
‘ My3<0.8; hcidenoe=,0f <o
ol vty
.02 04 08 -08 ¢ 10 12
Piich/éhord (8/9) - 1 ¥ . :

Figure 9.111 Profile foss coefficient for conventional blading with t/c = 0.2

Should it be decided to design the blades to operate with some incidence at the design point, a
correction to Yp would be required. As this correction is really only important when estimating
performance at part load, we refer to (Saravanamuttoo, 2001).

STEP 2: Estimation of Y and Yy

Secondary and tip-clearance loss data for Y and Yy have been correlated using the concepts of lift
and drag coefficient. For the turbine cascade, it follows that

C,= 2£(tanﬂ2 +tan £,)cos S, , where
c

B, =tan™ [(tan f; —tan 3,)/2]
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It is convenient to treat Y and Yy simultaneously. The proposed correlation is
Y, +7, = A+B[5 G ] o’ (1.37)
sk h)|lslc] cos® B, '

Consider the first bracketed term. The tip clearance is proportional to k’'h where k is the clearance and
h the blade height. The constant B is 0.5 for a radial tip clearance and 0.25 for a shrouded blade with
side clearance. The secondary loss component function is given by

A=0. 0334[ j[cosﬂ?’ J (1.38)
sﬂz

For nozzle blade row, replace B, with oyand Bswith a,. The total loss coefficients become

Yy =(Tp)y +12 + 2.1y (1.39)

Yy = (%), +[Y, + ]y (1.40)

STEP 3: Calculate stage efficiency

The stage efficiency can now be calculated:

Y,
Ay = (1.41)
Y (T !TY)

e B 0142
(]:)3rel /T 3)

7, = ; : 5 (1.43)
1+ 4 (152 126,) + (T, I T,) Ay (G, 120, |/ (Tyy ~ T )

STEP 4: Evaluate mach number

In conclusion, it must be emphasized that the cascade data and other loss correlations are strictly
applicable only to designs where the Mach numbers are such that no shock losses are incurred in the
blade passages. The additional loss incurred by designing with a blade outlet relative Mach number
greater than unity can be accounted for by adjusting the profile loss coefficient Yp of the blade row.

The correction is given by

Y = {YP(/’ m*[ﬂ J RATIFIED A m]}[l‘/;j x[1+60(M ~1)* | (1.44)

However, the Mach number in Helium cycles will always be relatively low.
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9.6 APPENDIX VI — VERIFICATION BY MEANS OF EES-MODELS
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1\

.

4=6017.59 p 3 = 5052.9
ty=24.00 [C]| 8588 MW]
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%‘
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PR=3.1

LeakFlow1 = 2.851 [kg/s)

LPC
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t4=24.00 [C]
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-
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t 10 = 900.00 [C]
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HeatBalance = 400

p'13 = 8257.61 [kPa]
t43 = 888.44 [C]

192.3 [kg/s]

PBR

Reactor = 400 [MW]

GB

P 16 = 2969.13 [kPa]
t 16 =533.67 [C]

P 17 = 2962.05 [kPa]
t47 = 515.82 [C]

tg = 499.54 [C]

180.5 [MW]

55

A
iy
# x

pg = 8645.78 [kPa]

tg = 499.54 [C]

Figure 9.112 EES identification diagram - (B} Single-shaft with inter-cooling

P .o = 8619.84 [kPa]
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)
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Figure 9.113 EES identification diagram - (G) Single-shaft recuperative Brayton with inter-cooling

Workgankine = 85 [MW]

L)

PW 12= 0.1 [bar]
tw 12=35.0 [C]

pw 4 = 0.1 [bar]
tw4=350[C]
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PW 10 =70.73 [bar]
tW,1o =539.85 [C]

—— — — — — —— — ]

QBlower = 3.42 [MW]

2.605 [MW]

28\

BleedFlow = 15.8 [kg/s]

LT

=1.98 [b
:: i 5[43[2] PW 12.=0.06 [bar]
: tw 42 = 35.00 [C]
_~ '
i :-——,-

'

0.02231 [M

pw ¢ = 185.57 [Ehb/ pw 3 = 1.98 [bar]

tw g = 122.25 [C]

tw 3 =119.90 [C]

Figure 9.114 EES identification diagram - (H) Single-shaft Brayton without inter-cooling

pw 1 = 0.06 [bar]

tw,=3501[C] tw,q=35.00[C]
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HeatBalance = 400

mflow = 169 [kg/s] Tibrayton = 0.1031
QBlower = 9.3 [MW] mflowgtaam = 114 [ka/s] Nsteam = 0-4311
I | e workpr= 42.2 [MW] Ttotal = 0.4761

Workgankine = 157.5 [MW] PR=1.8
QBlower = 9.3 [MW]

asamwl | !

IHX

1 ﬂ o
p3 = 8937 [kPa] 159.7 [kgis] p.4 = 8875 [kPa)

t3=355[C) ta=850[C]

LeakFlow2 = 7.08 [kg/s]

LeakFlow1 = 2.36 [kg/s) p,5 = 8848 [kPa]
p.2 = 9000 [kPa] t5 =843 [C] Y
t,=355[C]
HPT

Qupc=126] 27.32 [MW]

= 5000 [kPa] pw g =T72.92 [kPa] | o, | =70.73 [kPa] PW 12 = 0.06 [kPa]
iy twg =398 ' '
ty=211[C] P =5070 [kPa] 0=398[C] tW 10 = 540 [C] pw 11 = 2.08 [kPa] tw 1, = 35 [C]
tg =640 [C] ~

Workgrankine = 157.5 [MW]

| tw 11 =130 [C]
pw s = 180.00 [kPa] /
p,7 = 5050 [kPa] tw g = 540 [C]
mflow § 169 [kg/s] t7 =628 [C] \ /
BleedFlow = 16.0 [kg/s]
' SG
2.607 (MW] 0.02352 [MW]
: l l‘ pw 4 = 0.06 [kPa]
= 5015 [kP. : s
e pw e = 18557 [Pa] > pwy=209kPal N =35 1G
: twg =124 [C] tw 3 =122 [C] tw 5 = 35 [C]

Figure 9.115 EES identification diagram - (I} Indirect Single-shaft Brayton without inter-cooling — HELIUM
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mflow = 140.6 [kg/s]

workpt = 88 [MW]

mfloWggeam = 78.2 [kgls)

Workgankine = 104 [MW]
QBlower = 3.451 [MW]

Tbrayton = 0:2204

Ntotal = 0471

PR=2.1

nsteam = 0.48

t,=139.3[C]
.p.2 =9000.0 [kPa)

\‘—

rrrrr - -~ LeakFlow2 = 5.906 [kg/s] —

t 16 =640.1[C]

P 16 = 4425.9 [kPa] -

14T

Y

workpt = 88 [MW]

LPC |mm @ HPT
Qpc=84 Qupr = 1741 18.46 [MW]
p.1 = 42857 [kPa] P.13 = 8657.8 [kPa] VENLE o 14 =24.0 pan)
t1=24.0(C] t43=888.9[C) LRy twl g =y [
g il o LeakFlow1=1969[kg/s]— o b = 4416.6 (kPa] \
tq7=619.4(C] pW 10 = 70.7 [bar]
P =8842.0 [kPa] HeatBalance = 400.1 l_ i - -| pw 3 = 180.0 [bar] tw 10 = 5400 [C]
—— =531,
mflowf 140.6 [kg/s] ! 1 | ws=531500
A il ! BleedFlow= 10 [kg/s]
p7 = 8904.3 [kPa] ~ i
; P.10 = 8683.9 [kP
t7=1383(C] e . HELIUM
pg=8815.4 [kPa]
. tg =320.0[C] 1.774 [MW] 0.1932 [MW]
o717 00w} Onacy= 1248000 . i
5 ¥ | l______ ___' pw g = 185.6 [ba pw 3 =24.0 [bar]

AN/ QBlower = 3.451 [MW] tw g =225.7 [C] tw3=2217[C]

A 2 i 352[C]
I'n ava P19 = 4372.5 [kPa] P15 = 4385.7 [kPa]

; “ P.20 = 4341.9 [kPa] t49=3275[C] t4g=327.5[C]

PRE-COOLERy | PREHEATERy ‘2='%700
RANKINE _ PRE-HEAT Qpreheat = 32.56 [MW]

i

Figure 9.116 EES identification diagram - (J) Single-shaft recuperative Brayton without inter-cooling

WorkRankine = 104 [MW]

L)

pW 42 = 0.1 [bar]
tw.12=35.0 [C]

pw 1 = 0.1 [bar]
tw 4 =35.0[C]
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