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Abstract

The global growth in electricity consumption and the shortcomings of renewable electricity
generation technologies are some of the reasons why it is still relevant to evaluate the

performance of power conversion technologies that are used in fossil fuel power stations.

The power conversion technology that is widely used in fossil fuel power stations is the
Rankine cycle. The goal of this study was to determine if the efficiency of a typical Rankine
cycle can be improved by adding a heat pump as a bottoming cycle. Three simulation models

were developed to perform this evaluation.

The first is a simulation model of a Rankine cycle. A quite detailed Rankine cycle
configuration was evaluated. The simulation model was used to determine the heating
requirements of the heat pump cycle as well as its operating temperature ranges. The
efficiency of this Rankine cycle was calculated as 43.05 %.

A basic vapour compression cycle configuration was selected as the heat pump of the
combined cycle. A simulation model of the vapour compression cycle and the interfaces with

the Rankine cycle was developed as the second simulation model.

Working fluids that are typically used in vapour compression cycles cannot be used for this
application, due to temperature limitations. The vapour compression cycle’s simulation model
was therefore also used to calculate the coefficient of performance (COP) for various working
fluids in order to select a suitable working fluid. The best cycle COP (3.015 heating) was

obtained with ethanol as working fluid.

These simulation models were combined to form the simulation model of the Rankine-heat
pump combined cycle. This model was used to evaluate the performance of the combined

cycle for two different compressor power sources.

This study showed that the concept of using steam turbine or electrical power to drive a
compressor driven vapour compression cycle in the configuration proposed here does not

improve the overall efficiency of the cycle.
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The reasons for this were discovered and warrant future investigation.

Keywords: Rankine cycle, Vapour compression cycle, Power generation, Combined cycle,

Thermal efficiency, Working fluids
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Opsomming

Die groei in elektrisiteitsverbruik en die areas waar hernubare energie tegnologie nog te kort
skiet is van die redes hoekom dit steeds van toepassing is om die uitset van krag

omskakelingstegnologieé in fossiel brandstof kragstasies te bestudeer.

Die energie omskakelingstegnologie wat oor die algemeen gebruik word in hierdie kragstasies
is die Rankine siklus. Die doel van hierdie studie is om te bepaal of die effektiwiteit van ‘n
tipiese Rankine siklus kan verbeter kan word deur ‘n hitte pomp as die onderste siklus te

gebruik. Drie simulasie modelle is ontwikkel om die evaluasie uit te voer.

Eerstens is die Rankine siklus gemodeleer. Die model was redelik omvattend. Die model is
geevalueer om die verhittingsbehoeftes van die hittepomp te bepaal asook die temperatuur
grense. Die effektiwiteit van die siklus is as 43.05% bereken.

‘n Basiese damp druk siklus konfigurasie is gekies om te dien as hittepomp vir die
saamgestelde siklus. Die tweede model het die damp druk siklus en die raakvlakke met die

Rankine siklus gesimuleer.

Dis nie moontlik om die tipiese werksvloeiers wat in damp druk siklusse gebruik word hier toe
te pas nie as gevolg van die temperatuur beperkings. Die damp druk siklus se simulasie
model is daarom ook gebruik om die koéffisiént van werksverrigting (COP) vir verskeie
werksvloeiers te bepaal. Sodoende is ‘n geskikte werksvloeier gekies. Die beste COP vir die

siklus (3.015 verhitting) is gevind met etanol as werkvloeier.

Hierdie modelle is saamgevoeg om die Rankine damp druk saamgestelde siklus te vorm. Die
model is gebruik om die uitset van die siklus te meet vir twee verskillende kompressor

kragbronne.

Die studie wys dat die konsep om ‘n stoom turbine of elektriese kompressor te gebruik om ‘n
damp druk siklus te dryf in die voorgestelde konfigurasie nie die effektiwiteit van die siklus as

geheel verbeter nie.
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CHAPTER 1: INTRODUCTION

1.1 BACKGROUND

Electricity is currently mainly generated from coal, peat, liquid fuel, gas, nuclear and
hydropower. In 2009, 81.9% of the world’s electricity was generated by fossil fuel (coal, peat,
liquid fuel and gas) and nuclear power plants (OECD, 2011:132).

Climate change triggered a global drive to reduce the greenhouse gas emissions and the
energy sector was the “largest single source of global greenhouse gas emissions” in 2004
(EPA, 2012).

One way to control the greenhouse gas emissions of this sector is with the use of renewable
energy sources. The U.S. Energy Information Administration (EIA, 2011:4) predicted that
installed capacity of fossil fuel and nuclear power plants will increase, even though the focus of
power generation is now shifting towards clean and sustainable electricity generation. Current
technology shortcomings, an increase in electricity demand and financial feasibility are some of

the main factors that prohibit the use of green electricity generation processes.

Other ways of reducing the greenhouse gas emissions of the electricity sector is the post
combustion treatment of off-gasses and improving the energy conversion efficiencies of the

fossil fuel and nuclear power plants.

A literature survey has shown that the Rankine cycle is widely used in fossil fuel and nuclear
power plants. During 2006, more than 97% of South Africa’s power was generated with the use
of Rankine cycles (NERSA, 2010:31).

The Rankine cycle is typically used as a standalone cycle or in combination with other thermal

cycles to improve thermodynamic efficiency of the power plant.
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The focus of most of these combined cycles is:
e to overcome the high temperature/pressure limitations of the steam Rankine cycle, by
adding a topping cycle or

e to combine power generation with a heating or cooling application.

Chapter 2 provides a more detailed background on the Rankine cycle and combined cycles

containing Rankine cycles found in literature.

1.2 PROBLEM STATEMENT

A thorough literature survey revealed only one investigation (Agnew, et al., 2004:1509) into the
concept of combining a Rankine cycle with a bottoming heat pump or refrigeration cycle to

improve electricity generation efficiency.

It was also found that the concept of a Rankine-heat pump combined cycle, where the heat
pump condenser (HPC) is used to heat the feed water (FW) and its evaporator is used to
reduce the temperature of the cooling water before it enters the Rankine cycle condenser

(RCCQC), have not yet been investigated.

1.3 OBJECTIVE

The primary objective of this study is to determine if the thermal performance of a typical
Rankine cycle can be improved by using a compressor driven heat pump cycle, instead of low
pressure (LP) feedwater heaters (FWH), to heat the feedwater of the Rankine cycle in a

Rankine-heat pump combined cycle.

In this cycle configuration, the evaporator of the heat pump is connected to the Rankine cycle’s
cooling water (CW) supply, indoor to reduce the operating temperature of the condensers as an
added benefit.
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1.4 METHOD OF INVESTIGATION

A simulation model of a rather detailed Rankine cycle was identified as the first requirement of
this study. This simulation model had to serve as the Rankine part of the combined cycle and
input to the heat pump simulation model.

Secondly, a simulation model of a heat pump, more specific, a compressor driven heat pump
cycle was required. This model was used to select an appropriate working fluid.

These models were combined to form the simulation model of the combined cycle. The thermal
performance of this combined cycle was compared with the performance of a stand-alone
Rankine cycle or reference Rankine cycle as it is called in this document.

The Engineering Equation Solver (EES) was the software package selected to perform the
simulations. EES has built-in fluid property calculation functions, with the ability to solve a vast

number of coupled algebraic equations in an iterative process.

1.5 LIMITATIONS OF THE STUDY

This study will be limited to the theoretical investigation and will focus on the thermal
performance of a Rankine-heat pump combined cycle. The design of physical equipment will
therefore not be included, but the efficiencies of the equipment have been incorporated.

The Rankine-heat pump combined cycle analysis will be based on the first law of
thermodynamics and will therefore exclude cycle optimising studies, exergy analyses and

economic analyses.

Combining power generation with heating or cooling applications were also not included in the

scope of the study.
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1.6 DISSERTATION STRUCTURE

This document consists of a number of chapters. These chapters will briefly be discussed in
this section.

CHAPTER 1

The first chapter serves as an introduction to this document. This chapter provides a brief
background on the subject as well as the objective and limits of the study. A brief overview of
the research procedure that was followed is also provided in this chapter.

CHAPTER 2

The aim of this chapter is to provide a detailed background on the subject of this study. The
chapter discusses the Rankine cycle configuration changes that were implemented over the
years. The typical limitations of the Rankine cycle are also provided in this chapter.

A detail investigation on combined cycle configurations which contains the Rankine cycle is also
presented in this chapter. This investigation was performed to determine what had been done

in the past, to prevent duplication of previous studies.

CHAPTER 3

A typical simulation model of a thermal cycle consists of conservation equations, fluid property
equations and component characteristics equations. This chapter was used to present these

equations and the simulation methodologies that were used in this study.

CHAPTER 4

This chapter was used to discuss the Rankine cycle configuration and the simulation inputs in
detail. The results of the Rankine cycle simulation model are also presented at the end of this

chapter.
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CHAPTER 5

The heat pump technology selection and the simulation were discussed in this chapter.
Covered in this chapter is:

e acycle configuration discussion,

¢ the simulation inputs and

e the process that was followed to select the working fluid of the vapour compression

cycle.

The simulation results are also provided at the end of the chapter.

CHAPTER 6

The process of combining the Rankine cycle with the vapour compression cycle is discussed in
this section. Two combined cycle configurations are discussed in this section, along with the
simulation models and results. The simulation results of the two simulation models are also
compared with the results of the Rankine cycle in order to determine if the thermal efficiency

Rankine cycle can be improve with the proposed combined cycle configurations.

CHAPTER 7

This is the final chapter of this document, which provides the conclusion of the study. This

chapter also provides topics for possible future work on the subject of this study.
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CHAPTER 2: LITERATURE SURVEY

2.1 INTRODUCTION

The literature survey conducted for study has been divided in two major topics, i.e. the
reference Rankine cycle and combined cycles which contain a Rankine cycle.

The purpose of the Rankine cycle survey was to determine the typical cycle constraints, working
fluids and cycle configurations that are used in power plants. This was done in order to ensure
that relevant cycle is selected for the purpose of this study.

The thorough literature survey of combined cycles which contain a Rankine cycle was also
conducted to determine what had been done in the past to ensure that the wheel is not
reinvented by this study.

The literature survey of the Rankine cycle will be discussed first, followed by the literature

survey that was on combined cycles which contain a Rankine cycle.

2.2 THE RANKINE CYCLE

Most of the world’s thermal power plants incorporate the Rankine cycle to convert thermal
energy to shaft power. The Rankine cycle is used, even though the Carnot cycle is known to be
the most efficient thermal cycle operating between two constant temperature thermal reservoirs.
The practical difficulties associated with controlling the condensing/compression transition point
of the wet vapour Carnot cycle is one of the reasons for this. These issues are addressed in the
basic Rankine cycle, where the condensing process is completed, before the working fluid is
pressurised (Eastop & McConkey, 1993:235; Granet, 1980:320-324; Schroeder, 2000:125;
Sonntag, et al., 2003:227-229,384).

NORTH-WEST UNIVERSITY

l U YUNIBESITI YA BOKONE-BOPHIRIMA 2_1
NOORDWES-UNIVERSITEIT
POTCHEFSTROOMKAMPUS




School of Mechanical and Nuclear Engineering

2.2.1 Working Fluid

There are various working fluids used in Rankine or Rankine-type cycles. These include, but

are not limited to, water, refrigerants, hydrocarbons and binary fluids.

Refrigerants and hydrocarbons have been investigated since the 1880s as an alternative
working fluid for the Rankine cycle (Tchanche, et al., 2011:3964). Good thermodynamic
performance have been achieved with these cycles, generally known as organic Rankine cycles
(ORC), when used in low temperature applications (Jing, et al., 2010:11).

Alternative power cycles, using binary working fluids in Rankine-type or absorption-type cycles,
have also been investigated. During 1953, Maloney and Robertson compared the
thermodynamic performance of an absorption-type cycle and a Rankine cycle. They concluded
that the absorption-type cycle had no advantage over the Rankine cycle (cited by Ibrahim &
Klein, 1996:21). Kalina (1984:740) presented contradicting results with a novel absorption-type
cycle. He presented evidence that an absorption-type cycle, with an ammonia-water working

fluid, has some thermodynamic advantages in certain cases.

The working fluid most commonly used in Rankine cycles is water. The low working fluid cost
and the thermal, dynamic and chemical properties of water (Tchanche, et al., 2011:3964) are

the main reasons for this.
The low electricity generation costs associated with steam power stations (Haywood, 1987:15)

have and will continue to promote the use of steam power cycles to generate electricity from

large scale, high temperature energy sources.

2.2.2 Temperature Limitations

The efficiency of any thermal power cycle is limited to the efficiency of a Carnot cycle operating

between constant maximum and minimum temperatures.
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The efficiency of a Carnot cycle is defined as (Schroeder, 2000:125):

TL
=1—— 1
Nc Ty
where:
Ne — Carnot efficiency of the cycle
Ty, — Absolute temperature of the heat sink
Ty — Absolute temperature of the heat source

Equation 1 is used as a guide to the efficiency of thermal power cycles, even though the Carnot
cycle is impractical. This equation clearly indicates that the cycle efficiency will increase by
raising the temperature of the heat source and/or lowering the temperature of the heat sink
(Lior, 1997:942).

The temperature of the heat source generally does not limit the maximum temperature of the
thermal power cycle (Lior, 1997:943). The material properties are the main factor dictating the
fluid temperature and pressure at the inlet of the high pressure turbine. Therefore the
subcritical Rankine cycles were traditionally used in steam power plants. Material property
improvements and the need for high cycle efficiency promoted the use of supercritical Rankine
cycle in power plants (Beér, 2007:109).

With the use of Equation 1 it can be illustrated that lowering the heat sink temperature has a
greater effect on cycle efficiency than increasing the heat source temperature with the same

amount.

Lowering the condenser temperature of a thermal power cycle can improve its efficiency by up
to 0.5%. This decrease in condenser temperature can be achieved by increasing heat transfer
ability of the condensing unit or lowering the temperature of the coolant. An increase in the heat
transfer ability of a heat exchanger (HX) normally increases the capital cost and pumping
requirements. Options to lower the temperature of the cooling medium include (Lior, 1997:943):
e Cold air, water and/or ice of the polar regions
e Cold ocean water at depths below 500 m

e Using space as a heat sink
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All of which is subjected to the location of the power plant, which is determined by the location
and ease of transport of the fuel source, location of end users and transition losses (Lior,
1997:943). Other cooling options include air cooled condensers and secondary water

recirculation systems with wet or dry cooling towers, all dependant on ambient temperatures.

2.2.3 Cycle Configurations

The low cost associated with steam power cycles promoted energy efficiency and optimising
studies on the Rankine cycle. This resulted in complicated configurations for the Rankine cycle.
The three main configuration changes to the simple Rankine cycle are superheating, reheating
and regenerative feedwater heating (Granet, 1980:325-372; Sonntag, et al., 2003: 384-403). A
further efficiency improvement has also been achieved by powering the feedwater pumps with

steam turbines.

A typical cycle configuration used in power stations consists of (Storm, 2012):

e condensate extraction pumps (CEP)

a gland steam condenser (GSC)

e aturbine drains cooler (TDC)

e three or four stages of LP FWH

e adeaerator (DA)

e boiler feed pumps (BFP)

e two or three stages of high pressure (HP) FWH’s

e the boiler with associated HXs

e a HP turbine with an inlet throttling valve

e an intermediate pressure (IP) turbine with steam bleed-off points for rest of the
HPFWH’s and the DA

e two LP turbines with steam bleed-off points for the LPFWH’s

e two RCC’s, one for each LP turbine outlet

e and in some cases boiler feed pump turbine drives (BFPTD)
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2.3 CycLE COMBINATIONS THAT CONTAIN THE RANKINE CYCLE

Different thermal cycle combinations have been investigated over the years. The aim of these
cycle combinations are normally improved cycle efficiency or cogeneration. The cycle
combinations that contain the Rankine cycle will be discussed in this section.

2.3.1 The Binary Vapour Cycle

Some of the disadvantages of using water as working fluid of the Rankine cycle are the poor
heat transfer capabilities in superheated steam and the high vapour pressure of water (Granet,
1980:372).

The consequences of the high vapour pressure of water are greater pipe and HX wall
thicknesses. This also reduces the heat transfer capabilities of the superheaters. The heat
transfer capabilities of the superheaters increases the required heat transfer area and the
working fluid/heat source temperature difference. The knock-on effect of the relatively large
temperature difference is lower cycle efficiencies (Granet, 1980:372).

The effect of these poor qualities of water is reduced by combining a bottoming steam Rankine
cycle with an additional topping Rankine cycle. The desired properties of the working fluid of
the topping cycle, normally mercury, are a low vapour pressure and a high critical temperature
(Granet, 1980:372; Cole, 1991:219). A simple schematic of a mercury-water binary cycle is
presented in Figure 1.
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Figure 1: A simple mercury-water binary cycle.

One of the other advantages for this cycle configuration is the possibility of isothermal boiling

processes in both the cycles (Sonntag, et al., 2003:446).

2.3.2 The Combined Cycle

The combined cycle (Figure 2) is a well-known cycle configuration, were the gas cycle is used
as the topping cycle, with a Rankine or Rankine-type bottoming cycle.

Roughly 65% of the energy in a simple gas turbine cycle’s fuel is lost through exhaust heat. In
a combined cycle configuration, this heat is recovered by generating steam (vapour) for the
Rankine bottoming cycle. This additional energy utilisation can increase the thermal efficiency
of the power plant by 10% or more (Poullikkas, 2005:425).
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Figure 2: A simple combined cycle

Heyen & Kalitventzeff (1999:227) investigated two combined cycles, suitable for the upgrade of
existing plants operating with a Rankine cycle with steam reheat and 3-level extraction. These
cycles were:

¢ The Rankine cycle with a gas turbine topping cycle

e The Rankine cycle with a partial oxidation topping cycle

The gas turbine cycle they used was an open Brayton cycle. In this cycle air is compressed
with a compressor, which is mixed with fuel in the combustion chamber. The combustion of the
mixture adds heat to the air, which is fed into two turbines, placed in series. The function of the
first turbine is producing shaft power for the compressor and the second compressor was used
to generate electricity and the exhaust gasses was used as heat source for the Rankine cycle
(Heyen & Kalitventzeff, 1999:230-231).

In the partial oxidation cycle, a smaller volume of air is compressed, which is mixed with hot gas
before entering the first turbine. The gas mixture at the outlet of the first turbine is then mixed
steam and more hot gas. It then enters a partial oxidation catalytic reactor. The resulting gas

mixture is expanded in the second turbine and the flue gas is used as heat source for the
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Rankine cycle. The benefit of this cycle is that less compressed air is required for the cycle and

less compressor work is therefore required (Heyen & Kalitventzeff, 1999:230 231).

Both these cycles resulted in fairly low cycle efficiency improvement, mainly due to the
constraints associated with upgrading existing power plants. Their study did show the greater
efficiency improvements can be achieved with a partial oxidation topping cycle. Cycle
efficiencies of above 60% can be expected with a proper design of the partial oxidation/Rankine

combined cycle, according to Heyen & Kalitventzeff (1999:227).

The alternative Rankine-type bottoming cycles presented in literature is an absorption-type
Rankine cycle (Kalina, 1984:737) and the ORC (Chacartegui, et al., 2009:2165).

The variable boiling temperature of the absorption-type cycle reduced the effect of thermal
pinch. This boiling characteristic of the Kalina cycle resulted in a lower exhaust gas exit
temperature, which increased the power output of the bottoming cycle and the overall plant
efficiency (Kalina, 1984:739-741).

Chacartegui, et al. (2009:2165) calculated overall cycle efficiencies of just below 60 % for an
ORC-gas turbine combined cycle.

2.3.3 The Rankine cycle with a Kalina Bottoming Cycle

One of the obstacles associated with parabolic trough solar fields is maintaining the
temperature of the heat source/thermal store. This increases the insulation costs and reduces

the plant availability.

Mittelman & Epstein (2010:1761) presented a Rankine-Kalina cycle for electricity generation at
parabolic trough solar fields. They added the Kalina as a bottoming cycle to a Rankine as

shown in Figure 3.
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Figure 3: Combined Kalina-Rankine cycle driven by a parabolic trough field (Mittelman&
Epstein, 2010:1765).

The configuration had the capability of bypassing the Rankine cycle when the temperature of
the heat source/thermal store drops to low temperatures (<390 °C). The resulting increase in
plant availability is significant enough to reduce the cost of electricity by 4-11 %, even though
the efficiency of the combined cycle was ~ 5 % lower than that of the Rankine cycle (Mittelman
& Epstein, 2010:1761).

2.3.4 The Rankine-Heat Pump Combined Cycles

Al-Sulaiman, et al. (2010:5106) presented cycle configuration with an ORC, which was
connected to a bottoming absorption cycle. In their study, they investigated the cogeneration

possibilities of the configuration and focussed on the cooling capabilities of the cycle.

Aphornratana & Sriveerakul (2010:2558) evaluated a Rankine-vapour-compression cycle, but

the function of their cycle was refrigeration.
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Only one Rankine-heat pump combined cycle with a function other than refrigeration or
cogeneration was found in the literature survey. In this theoretical study, conducted by Agnew,
et al. (2004:1509), a Rankine cycle with an absorption bottoming cycle was analysed. They
aimed to improve the power generation performance of the Rankine cycle by reducing the
operating temperature of the RCC, using the refrigerating properties of the absorption cycle.
The absorption cycle was powered with heat extracted from the boiler flue gasses. Their study
showed thermodynamic advantages, but they concluded that thermo-economic aspects may

make the configuration unattractive.

2.3.5 Conclusion

A thorough literature survey revealed no reference to a Rankine-heat pump combined cycle,
where the heat pump was used to perform FW heating.
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CHAPTER 3: MODELLING METHODOLOGY

3.1 INTRODUCTION

The simulation models were developed:
¢ using high level conservation equations,
e component specific equations,
o fluid property equations,
e process inputs and

e acycle efficiency equation.
This chapter will be used to provide and discuss the cycle efficiency equation, the conservation
equations, the component characteristic equations and the fluid property equations that were

used in this study.

The modelling methodologies which were used to model the attemperation process and the

cooling water cycle will also be discussed in this chapter.

3.2 CyYcLE EFFICIENCY

The thermal efficiency of a power cycle is simply defined by the relation:

Me = —- 2
o
where:
P — is the overall thermal efficiency,
Wiet — is the net power output of the power cycle and
Qn — is the total energy input.

However, a range of definitions is used in literature to define net power output and the total

energy input of power cycles, depending on the nature of the study.
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For this study, the total energy input was defined as the energy transferred from the heat source

to the working fluid. All the combustion related boiler losses will be neglected.

The net power output was defined in terms of the net shaft power output of the cycle. It was
therefore required to convert the power required by electrical equipment to the equivalent shaft
power, before subtracting it from the power output of the turbines to calculate the net power

output of the cycle.
3.3 CONSERVATION LAWS

Three conservation laws are normally used in thermal fluid system models. These laws are:
e the conservation of mass,
¢ the conservation of momentum (angular and linear) and

¢ the conservation of energy.
These laws are formulated into a set of equations, known as the conservation or governing
equations. These conservation equations were derived for detailed transient thermal fluid

models, where equipment details, like flow area, volume, heat capacity, etc., is available.

These equations were simplified by removing the time derivative, since only steady state

simulation formed part of the study’s scope. The simplified equations are presented below.
3.3.1 Conservation of Mass

The conservation of mass equation could then be reduced to:

zme—zrﬁi=o 3

where:
m — is the control volume inlet mass flow rate and
m, — is the control volume outlet mass flow rate.
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3.3.2 Conservation of Momentum

Some of the terms in the conservation of momentum equation require quite some geometrical
detail of the plant and its equipment. Since some of this detail is plant specific and not always
generally available, it was decided to lump these terms into a single term, the lumped pressure

loss.

These simplifications reduced the conservation of momentum equation to:

(P.—P)+AP=0 4
where:
P, — is the total pressure at the inlet of the control volume
P, — is the total pressure at the outlet of the control volume and
AP — is the lumped total pressure loss in the control volume.

3.3.3 Conservation of Energy
The change in energy due to a change in elevation also forms part of the conservation of
energy equation. It was assumed that the effect of these elevation changes will balance out,

since the simulated cycles are closed cycles.

The conservation of energy equation could then be reduced to:

Q+W=Zrhehe—2rhihi 5

where:
Q — is the total rate of heat transfer to the fluid in the control volume,
W — is the total rate of work done on the fluid in the control volume,
h; — is the specific enthalpy at the inlet of the control volume and
h, — is the actual specific enthalpy at the outlet of the control volume.
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3.4 COMPONENT SPECIFIC EQUATIONS

It can be seen that two component characteristics are required to solve equations 3, 4 and 5.
These characteristics are the total pressure drop and the total change in fluid energy across the
component, i.e. the thermal behaviour of the component.

The main components of the Rankine cycle can be divided into the following three groups:
e Turbo machines
e HXs

e Valves

It was decided that the total pressure drop of each component will be provided as inputs to the
simulation model and the thermal behaviour of the components will be characterised with the

use of component performance equations.

The performance equations that were used for the components will be discussed in this section.

3.4.1 Turbo Machines

The performance of all turbo machines (pump, compressors and turbines) can be characterized
using the definition of isentropic or polytropic efficiency. In both instances, the efficiency of the

turbo machine is defined by a relation between the actual process and an ideal process.

The main difference between these definitions is that the definition of isentropic efficiency does
not account for the diverting nature of the pressure lines of fluids, which is accounted for in the

definition of polytropic efficiency (Saravanamuttoo, et al., 2001:16).

In this study, partially expanded steam was extracted from the IP turbine and LP turbines, thus
two aspects had to be considered, i.e.:
1. how will the process conditions at the turbine outlet be calculated and

2. how will the process conditions at the steam extraction points be calculated.
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The definition of isentropic efficiency was selected to characterize the overall efficiencies the
turbo machines, since the effect of turbo machine pressure ratios will not be evaluated in this

study.

The ratio between the pressures at the turbine inlet and the point of steam extraction differs
significantly from the overall pressure ratios of the turbines. The isentropic efficiency approach
could therefore not accurately be used to characterize efficiency of the turbine stage leading to
the steam extraction point. For this reason, the definition of polytropic efficiency was used to
calculate the total change in fluid energy across this section of the turbines.

Both these definitions are discussed below.

Isentropic Efficiency

The isentropic efficiency of compression processes is defined as:

) hi - hes 6
T]lsen hl _ he
where:
Nisen — is the isentropic efficiency and
heg — is the theoretical specific enthalpy at the outlet of an isentropic process.
The isentropic efficiency of expansion processes is defined as:
hi - he
I 7
T]lsen hl _ hes

The isentropic efficiencies that were used in this study are listed as in the appropriate chapters.
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Polytropic Efficiency

The definition of polytropic efficiency for an expansion process can be written as:

E B (E)npoly(Y_l)/Y 8
Te \Pe
where:
T; — is the total temperature at the inlet of the control volume,
Te — is the total temperature at the exit of the control volume,
Y — is the ratio of the specific heat capacities and
Npoly — is the polytropic efficiency of the turbine.

The ratio of the specific heat capacities is calculated with:

C
- P
Y= c, 9
where:
Cp — is the specific heat capacity of the fluid at constant pressure and
Cy — is the specific heat capacity of the fluid at constant volume.

Equation 8 could now be used to determine the polytropic efficiency of the turbine from the inlet
and outlet conditions, but the fluid at the outlet of the LP turbines is a two-phase mixture and the
heat capacities of a two-phase mixture are infinite. It was therefore decided to rather use a

constant specific heat capacity ratio during this study.

If gamma is constant, equation 8 can be rewritten as:

T_ (E)“ 10
Te P,

Where k [= npo1, (v — 1)/v] is a polytropic expansion constant.

NORTH-WEST UNIVERSITY
U YUNIBESITI YA BOKONE-BOPHIRIMA 3-6
l NOORDWES-UNIVERSITEIT
POTCHEFSTROOMKAMPUS




School of Mechanical and Nuclear Engineering

During this study, equation 10 was used with the inlet and outlet conditions of the turbine to
determine the polytropic expansion constant for the turbine. Now the temperature of the bled

steam can be calculated with equation 10.

3.4.2 Heat Exchangers

A number of HX’s were encountered in this study. All of these HX’s do not work on the same
principles and some of them also did not require detailed modelling. A single HX definition

could therefore not be used to characterise the performance of all the HX’s.

The HX’s were rather divided into groups to enable the use of different performance definition
models. These groups are:

e the boiler HX’s,

e the DA,

e the FWH’s,

e the condensers,

¢ and the heat pump evaporator.

The performance definitions used for each HX group will now be discussed.

Boiler HXs

The HXs located in the boiler is heated by means of radiation and convection. The typical HX
located in a pulverised coal boiler is listed below:

e an economiser

e the boiler drum with natural circulation heaters (DRUM)

e two primary super heaters (SH) with attemperation

a secondary SH with attemperation

e two primary reheaters (RH) with attemperation

and a secondary RH.
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The cycle efficiency definition (section 3.2) leaves room to neglect heat transfer efficiencies of

all the boiler components.

No HX performance definitions were therefore required for these HX’s.

The Deaerator

The DA as well as the FWH’s, are used for regenerative feedwater heating. Regenerative
feedwater heating is used to heat the feedwater (FW), before it enters the boiler. The heat
source for this heating process is partially expanded steam, extracted from the turbines.
Increased cycle efficiencies are achieved with this configuration, even though the work output of
the turbines are reduced. This is because the amount of energy rejected in the condenser is

significantly reduced by the process (Granet, 1980:370-372).

The main difference between the two heaters lies in their method of heating.

The DA is a contact heater. All the incoming fluids of the DA are mixed to increase the heat
transfer efficiency to 100 %. The outlet conditions of a DA can therefore easily be calculated
with the conservation of energy equation.

The FWH’s

The FWH is a closed heater, e.g. the FW is never in contact with the heating medium (BS).
These heaters are predominantly counter flow HX'’s, which can essentially be divided into two or

three sections, depending on whether subcooling occurs.

These sections are:
e the section where the heating medium is still superheated steam,
¢ the section where the heating medium is in the two-phase region and

e the section where the heating medium is subcooled.
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The assumption is made that the heat transfer rate throughout a FWH is constant and the BS
outlet is saturated water (no sub-cooling). The temperature distribution through that FWH will

then be similar to that presented in Figure 4.

o
£ 250 -
= BS

out

200 ——
150 - 2 Wou
FW,, }:‘G
100 o O
o 3‘?'; @
>0 El3 L&
0 T T T T T T T T T 1

= Temperature of Feed Water = Temperature of Bled Steam

Figure 4: The temperature distribution through a feed water heater with a constant heat transfer
rate.

It can be seen from Figure 4 that a typical FWH also has a thermal pinch point. A FWH can
therefore not simply be analysed by using the definition of overall HX effectiveness. Generally
researchers characterise the performance of the FWH’s with the following definitions:

e the drain cooler temperature approach (DCA) and

¢ the terminal temperature difference (TTD).

The DCA of a FWH is essentially used to calculate the degree of subcooling that occurs within
the heater, but for this project it is assumed that no subcooling occurs in the FWH. Only the

definition of TTD was therefore used in this study.
The TTD of FWH is defined as:

TTD = Tsat,h - Tout,c 11

NORTH-WEST UNIVERSITY

YUNIBESITI YA BOKONE-BOPHIRIMA 3-9
l NOORDWES-UNIVERSITEIT

POTCHEFSTROOMKAMPUS




School of Mechanical and Nuclear Engineering

where:
Tsath — is the saturation temperature of condensing fluid and
Tout,c — is the temperature of the FW at the HX outlet.
Condensers

Three major types of condensers are generally used in power stations. These condenser types

are air cooled condensers, spray condensers and water cooled condensers.

All the condensers that form part of this study is water cooled. These condensers are the two

RCC’s and the condenser of the vapour compression cycle.

This temperature can be calculated as:

Tconp,sat = Tew,in + Tewr + TTD 12

where:
Tconpsar — IS the saturation temperature in the condenser,
Tew in — is the CW inlet temperature and

Tew r — is the CW temperature rise across the condenser.

The condenser pressure can now be calculated using the saturation temperature and the fluid

property equations. It was assumed that subcooling can occur in the condensers.

The outlet temperature at the condensers is therefore calculated as:

TCOND,out = TCOND,sat - TCOND,sub 13

where:
Tconp,our — IS the steam condenser outlet temperature and

Tconpsup — 1S the degree of subcooling present in the condenser.
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The heat pump evaporator

The definition, HX effectiveness, was used to characterise the evaporator of the heat pump.

The HX effectiveness of evaporator was defined as:

Tout,c - Tin,c

Effyx = —————— 14
Ax Tin,h - Tin,c
where:
Effyx — is the HX effectiveness,
Tinh — is the inlet temperature of the “hot” fluid,

3.4.3 Expansion Valves

A throttling process is described by Sonntag, et al. (2003:174) as a pressure drop at an almost
constant enthalpy. They therefore assumed that the enthalpy stays constant across a throttling
process for calculation purposes. The same methodology was followed during this study.

3.5 FLUID PROPERTY EQUATIONS

The additional required fluid properties were calculated with the use of the fluid property

equations available in EES.

3.6 MODELLING OF THE ATTEMPERATION PROCESS

The steam turbines of a Rankine cycle have the ability to respond to the changing power
requirements of the power grid, but the boiler's responds is slow because of its thermal inertia.

This is overcome with the attemperation process.

The attemperation is used to control the outlet temperature of the superheaters by spraying FW,
extracted from the BFP, into the steam. This enables a fast, responsive control of the
temperature at the turbine inlet. The FW used for attemperation is added to the steam at the

inlet of the each SH stage, to protect the heaters against overheating.
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In this study, FW were added at the outlet of the SHs, although in practice, this is not the case.
The contradicting modelling configuration was selected, since the process information w.r.t. the

attemperation process was not available.

The FW mass flow rates will be calculated based on a fixed required steam temperature change

across the attemperation process.

3.7 CooOLING WATER CYCLE MODELLING

The main components of a typical cooling water cycle are the RCC’s, a cooling tower and a
circulation pump. The key results of the cooling water cycle that is required when modelling a
power cycle are:

o the temperature of the CW returning from the cooling tower and

e the water flow rate.

The temperature of the CW returning from the cooling tower is strongly dependent on the
performance of the cooling tower. From the literature survey, it was found that Krdger is one of
the leading researchers in the field of cooling towers. Krdger (2004) presented detailed cooling

tower performance calculation methods for both wet and dry cooling towers.

After careful consideration it was concluded that the Rankine-heat pump combined cycle will not
significantly affect the temperature of the cooling water returning from the cooling tower. It was
therefore decided that the detail calculations presented by Kréger (2004) will not be performed
for this study. For this study, the temperature of the CW entering the first RCC was instead
fixed at a specific temperature.

The flow rate of the CW is mainly determined by the RCC design requirements, i.e. the
temperature rise requirements and the amount of heat that needs to be extracted. These two

RCC requirements were also used to calculate the required RCC flow rate during this study.
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CHAPTER 4: THE REFERENCE RANKINE CYCLE

4.1 INTRODUCTION

A simulation model of the Rankine cycle was required:
¢ to determine the thermal efficiency of the reference cycle,
¢ to determine the operating envelope of the vapour compression cycle and

e to use as the Rankine part of the proposed cycle combination.

The focus of this chapter is to present the reference Rankine cycle configuration and the cycle

input parameters.

4.2 CYCLE DESCRIPTION

A simplified configuration of the Rankine cycle was used in this study, since optimization of the
Rankine does not form part of this study. The selected Rankine cycle configuration, presented
in Figure 5, will be described in this section, starting at point 1.

It was assumed that FW at point 1 is a subcooled liquid, as stated in section 3.4.2. The FW at
point 1 is then pressurised by the electrical driven CEP. The pressure at the outlet of the CEP
(point 2) should be that of the DA plus the pressure losses between point 2 and the DA. This
pumping process raises the temperature of the working fluid, which can be calculated using the

isentropic efficiency equation presented in section 3.4.2.

A LP FWH is placed between points 2 and 3. The function of the LP FWH is to raise the
temperature of the FW with the use of bled steam, extracted from the LP turbines (point 20).
The maximum achievable temperature at point 3 is strongly dependant on the saturation

temperature of the bled steam and the efficiency of the FWH.
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Figure 5: The Rankine cycle process configuration which has been used as the reference cycle
of this study.

It was assumed that the bled steam condenses completely in the LP FWH, but is not subcooled.
The distillate (point 23) was expanded through a throttling valve. The pressure at the outlet of
the throttling valve (point 24) was set equal to the outlet pressure of one of the LP turbines. The

two-phase fluid (point 24) was fed into the RCC.

Point 3 is the FW inlet of the DA. The DA heats the FW using bled steam, extracted at the
outlet of the IP TURBINE, and the distillate coming from the HP FWH. The heating in a DA is
done by physically mixing all the incoming fluids. The DA has a single outlet (point 4). It was
assumed that the pressure is constant throughout in the DA and the FW is a saturated liquid at
the outlet of the DA. The mass flow of the bled steam and temperature at the outlet were

calculated with the conservation laws, described in section 3.3.
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The steam turbine driven BFP pressurises the FW, extracted from the DA. The pressure at the
BFP outlet (point 5) is the required HP turbine throttling valve inlet pressure (point 11) plus all
the pressure losses between point 5 and point 11. The conditions at the BFP outlet were

calculated with the same methods used for CEP.

A HP FWH was used to add more heat to the FW before entering the boiler. The HP FWH and
the LP FWH is similar in function and description. In the HP FWH the FW is heated between
points 5 and 6, with the use of bled steam extracted from the IP TURBINE (point 18). At the HP
FWH, the distillate is fed into the DA (point 26), after expanding the throttling valve.

The feedwater (point 6) is fed into the boiler. In the boiler FW is initially heated in the
economizer. It was assumed that the fluid exiting the economizer (point 7) is saturated liquid.

The saturated liquid is fed into the drum, which serves as a separator.

The drum is connected to a number of natural circulation HX’s, i.e. the boiler water walls.
These natural circulation HX’s heat the saturated water, extracted from the bottom of the drum
and returns a two-phase mixture. This mixture is fed back into the top part of the drum, where it
passes through a number of separators located in the drum. The saturated steam,
accumulating in the top section of the drum is fed into the super heaters (point 8).

The attemperation FW spray is added to the steam between the outlet of the SH’s (point 9) and
point 10. The section between points 10 and 11 represents the section of pipe between the
boiler and the turbine inlet valve, where heat is lost to the atmosphere. The heat loss in this

section is calculated from the calculated conditions at points 10 and 11.

The steam at point 11 is expanded through the HP turbine inlet valve. The valve is used in
practice to control the HP turbine inlet pressure at a fixed value. The combined effect of this
valve’s control capability and the steam attemperation process enables the control of the

enthalpy at the turbine inlet.

Between points 12 and 13, the steam is expanded in the HP turbine to produce work. The

steam at point 13 re-enters the boiler to be reheated. The process sequence between the HP
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turbine outlet (point 13) and the IP turbine inlet (point 17) is a repeat of the process sequence
between the drum outlet (point 8) and the HP turbine inlet (point 12).

The steam at point 17 is expanded in the IP turbine. A small portion of the steam is extracted at
point 18, after partially expanding. This steam is routed to the HP FWH. The rest of the steam

is expanded further towards the outlet of the IP turbine.

The portion of the steam at the outlet of the IP turbine (point 19) is used as the heating medium
in the DA, another portion is routed to the BFPTD and the rest of the steam is expanded in two
LP turbines. The steam routed to the BFPTD is expanded in the turbine. The resulting shaft

power is used to drive the BFP.

Partially expanded steam is also extracted from both the LP turbines. This steam is used as

heating medium in the LP FWH. The remaining steam is expanded further to points 21 and 22.

The steam at the outlet of each LP turbine is routed to separate RCC’s. These RCC’s are
cooled with cooling water, entering the first condenser at point 28. After the first condenser, the
CW enters a water box (point 29), from where it is distributed into the second condenser. The
CW at point 30 is routed back to the cooling towers. The condensers are therefore in series,
when referring to the CW cycle. With this configuration, the first condenser operates at a lower
saturation temperature. The pressure in this condenser is therefore lower, which means an

increased power output of the connected LP turbine is achieved.

This condenser pressure difference causes the different liquid levels in the combined hot well of
the condenser. The pressure at point 1 was therefore set equal to the pressure of the

condenser with the highest operating pressure (the ‘hot’ condenser).

The fluid returning from the LP FWH and the BFPTD is added to the fluid entering the ‘hot’

condenser.
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4.3 MODELLING INPUTS

The performance of any thermal cycle is dictated by the process conditions and the properties
of each component of the cycle. This information, which served as inputs to reference Rankine

cycle simulation model, will now be discussed.

4.3.1 Process Inputs

The fluid quality, temperatures and pressures at various points throughout the cycle were
specified. Typical process conditions found in literature were used as inputs to the model,
where possible. Unfortunately values for all the required process conditions were not found in
literature, since the cycle presented in Figure 5 is a simplified representation of actual power
station. Estimated values were used in these cases. These inputs are described below, with

the specific values presented in Table 1.

The two major process inputs of any thermal cycle are the limiting temperatures, i.e. the
temperatures of the heat source and heat sink or the maximum and minimum working fluid
temperatures. In this study these temperatures are specified as the ‘maximum’ fluid

temperature and the temperature of the heat sink.

The maximum fluid temperature of the reference Rankine cycle was specified at points 10 and
17. This is the bulk temperature of the fluid before entering the down-comers leading to the HP
turbine inlet value. These points were selected since the temperature there is the maximum
fluid temperature of a typical Rankine cycle configuration used in power stations. Kindly note,
that it is not the actual maximum fluid temperature of the simulation model, due to the
attemperation modelling configuration used in this study (discussed in section 3.6).The heat

sink temperature input was specified as the inlet temperature CW.

Temperatures were also specified at the inlets of the HP turbine and the IP turbine, along with
the pressures at these points. The other process properties that were specified are the

pressure at each steam extraction point and the two-phase quality of the fluid at various points.
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Table 1: Rankine cycle process inputs

Position Point nr.  Value Origin of Value

Temperatures [°C]

HP down-comer inlet 10 540 Estimated

HP turbine inlet 12 538 Beér, 2007:109

IP down-comer inlet 15 540 Estimated

IP turbine inlet 17 538 Beér, 2007:109

Condenser CW inlet 28 20 Estimated
Pressure [MPa]

HP turbine inlet 12 16.8 Beér, 2007:109

IP turbine inlet 17 3.4 Estimated

HP FWH steam inlet 18 2 Estimated

DA steam inlet 19 0.6 Estimated

HP FWH steam inlet 20 0.15 Estimated
Two-Phase Quality [0 — Saturated Liquid & 1 — Saturated Vapour]

DA outlet 4 0 Assumption

Economiser outlet 7 0 Assumption

SH inlet 8 1 Assumption

LP FWH hot outlet 23 0 Assumption

HP FWH hot outlet 25 0 Assumption

4.3.2 Turbo Machine Efficiencies

The isentropic efficiencies used in the Rankine cycle simulation model are listed in Table 2.

Table 2: Isentropic efficiencies of the Rankine cycle’s turbo machines

Turbo Machine Between Isentropic Efficiency

Identifier Points [%6]
CEP 1&2 85
BFP 4&5 85
HP turbine 12 & 13 89
IP turbine 17 & 19 89
LP turbines 19 & 21/22 85
BFPTD 19 & 27 85

It was already mentioned that the CEP will be running from electrical power. Thus, the pumping

power of the CEP had to be converted to the equivalent shaft power. This was done by
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specifying efficiencies for each of the power conversion components between the FW pump and
the main turbine shaft.

These components and their efficiencies are listed below:
¢ the generator of the plant (97%),
e atransformer (99.5%),
e the electric motor of the pump (97%)

¢ and the fluid coupling gearbox (75%)

These efficiencies were combined and modelled as an energy conversion efficiency (70.2%).

4.3.3 Component Pressure Losses

There are a number of factors contributing to pressure losses in a thermal cycle, but as
mentioned in section 3.3.2, these pressure losses were lumped during this study. The pressure
losses used, is listed in Table 3.

Table 3: Component pressure losses.

Component Between Pressure Loss
Identifier Points [MPa]

LP FWH (FW) 2&3 0.2
HP FWH (FW) 5&6 0.2
Economizer 6&7 3.7
SH 8&9 1.2
HP  turbine Inlet| 11&12 0.1
Valve

Reheaters 13& 14 1.2
IP turbine Inlet Valve 16 & 17 0.1

4.3.4 Heat Exchanger Performance

Typical TTD values that are used by researchers for FWH’s range from -3°C and 3 °C
(Hajabdollahi, et al., 2012:3651; Mittelman & Epstein, 2010:1768; Xiong, et al., 2012:490).
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In this study, a TTD of 0 °C was selected for both FWH'’s and it was assumed that the distillate

is not subcooled in the FWH’s.

4.4 RANKINE CYCLE SIMULATION RESULTS

The simulation model of the cycle described in this chapter, with its results can be found in the
appendix, section 8.1.

The Rankine cycle was simulated with total circulation flow rate of 1 kg/s, which is the flow rate
through the BFP and the first section of the IP turbine.

The power output of the turbines was calculated as 330.5 kW for the HP turbine, 438.3 kW for
the IP turbine and 508.3 for the LP turbines. The work required by the CEP was calculated as
0.7957 kW, which result an equivalent shaft power of 1.133 kW. This resulted in a net turbine
shaft power output of 1 276 kW. The BFP power requirement of 27.56 kW is not subtracted

from the total power produced by the turbine, since it is driven by a bled steam turbine.

The heat absorbed in the boiler was calculated as 2 964 kW and from these values the
efficiency of the Rankine cycle was calculated as 43.05 %. The efficiency of a typical Rankine
cycle operated power plant is 35 %, but this includes boiler losses and auxiliary power
requirements. The calculated Rankine cycle efficiency therefore correlates well with the

efficiency of a practical Rankine cycle.

The T-s diagram of the Rankine cycle is presented in Figure 6.
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Figure 6: The T-s diagram of the Rankine cycle simulation model.

The process conditions of this Rankine cycle are presented in Table 4.

Table 4: Process conditions results for the reference Rankine simulation model.

Nr Pressure T h S rho
' [MPa] [°C] [kJ/kg] [kJ/kg-K] [kg/m3]

1 0.008651 35.59 149.1 0.5131 993.8

2 0.8 35.64 150 0.5136 994.1

3 0.6 111.3 467.5 1.433 950.1

4 0.6 158.8 670.4 1.931 908.6

5 22 162.3 697.9 1.94 917.6

6 21.8 212.4 915.8 2.414 865.3

7 18.1 357.5 1737 3.879 541.2

8 18.1 357.5 2506 5.099 134.8

9 16.9 545 3416 6.432 50.27
10 16.9 540 3402 6.414 50.75
11 16.9 538.4 3397 6.409 50.91
12 16.8 538 3397 6.411 50.61
13 4.7 345.8 3066 6.472 18.14
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NI Pressure T h S rho
[MPa] [°C] [kJ/kg] [kJ/kg-K] [kg/m3]

14 35 545 3554 7.288 9.472
15 35 540 3542 7.274 9.536
16 35 538.4 3539 7.269 9.556
17 34 538 3539 7.282 9.282
18 2 458.5 3377 7.312 6.038
19 0.6 305.8 3074 7.395 2.278
20 0.15 169 2811 7.509 0.7428
21 0.00482 32.22 2349 7.718 0.03753
22 0.008651 43 2414 7.679 0.06386
23 0.15 111.3 467.1 1.434 949.9
24 0.008651 43 467.1 1.52 0.4968
25 2 212.4 908.5 2.447 849.8
26 0.6 158.8 908.5 2.482 27.03
27 0.008651 43 2414 7.679 0.06386
28 0.1 20 84.01 0.2965 998.2
29 0.1 29.22 122.6 0.426 995.9
30 0.1 40 167.6 0.5724 992.2

The various process water flow rates were all calculated as a fraction of the total circulating
flow, which is the flow rate through the BFP and the first section of the IP turbine. The flow
rates of the various bled steam streams, the attemperation process, BFPTD and the last section
of each LP turbine are presented in Table 5. The required CW flow rate was calculated as
20.07 kg/s at a cycle circulation flow rate of 1 kg/s through the BFP.

Table 5: Various Rankine cycle flow rate results.

Process Stream FI([)I\(’;Z?te
HP FWH Bled Steam 0.08745
DA Bled Steam 0.06305
LP FWH Bled Steam 0.115
SH’s attemperation 0.005175
RH’s attemperation 0.003973
BFPTD steam 0.04397
LP turbine 1 0.3476
LP turbine 2 0.3429
CW 20.07
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One of the main outcomes of this Rankine simulation model was to determine the operating
ranges of the vapour compression cycle. These results will be discussed in the relevant

sections of the next chapter.

NORTH-WEST UNIVERSITY
YUNIBESITI YA BOKONE-BOPHIRIMA 4-23
l NOORDWES-UNIVERSITEIT
POTCHEFSTROOMKAMPUS




School of Mechanical and Nuclear Engineering

CHAPTER 5: THE HEAT PUMP CYCLE

5.1 INTRODUCTION

Heat pumps are used to transfer heat from one fluid to another against the temperature
gradient. The major heat pump configurations that are normally used, are the absorption cycle,
the vapour compression cycle and jet refrigeration system.

These cycles are used for cooling or heating applications. Typical applications are:
e Cooling
o Refrigeration
o Space cooling
o Heating
o Domestic water heating (pool or geyser)

o Space heating

The performance of heat pumps is expressed in terms of the coefficient of performance (COP)
and the vapour compression cycle generally has the highest COP. It was therefore selected as

the heat pump of the Rankine-heat pump combined cycle.

5.2 CYCLE REQUIREMENTS

The function of the vapour compression cycle within the combined cycle had to be established,
in order to select a cycle configuration, working fluid and operating parameters for the vapour

compression cycle.

The goal of this study is to evaluate the concept of using a compressor driven vapour
compression cycle, instead of LP FWH’s, to heat the feedwater of a Rankine cycle, as

mentioned in section 1.3.
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The results of the Rankine cycle simulation model shows that the FW temperature at the outlet
of the LP FWH (point 3) is 111.3 °C.

It was also decided to connect the evaporator to the CW supply of the RCC. This configuration
was selected to reduce the operating temperatures and pressures of the RCC’s by reducing the

temperature of the CW.

The requirements of the vapour compression cycle can therefore be defined as:
1. Heat the FW of the Rankine cycle to a Temperature of 111.3 °C.
2. Reduce the temperature of the CW.

5.3 CycLECOP

As mentioned, the performance of a heat pump is generally expressed in terms of the COP of
the cycle. Normally the COP is either expressed in terms of heat performance or cooling

performance, depending on the objective of the cycle.

The COP of a heating vapour compression cycle (COPy) is expressed as:

Qu
COPy = — 15
H Wc
where:
We — is the cycle energy input in the form compressor work and
Qy — is the heat rejected in the condenser of the heat pump.

The COP of a cooling vapour compression cycle (COP;) is expressed as:

QL
COP; = — 16
where:
Q. — is the heat absorbed in the evaporator of a heat pump.
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5.4 CycLE CONFIGURATION

A vapour compression cycle mainly consists of four different components, i.e.:
e evaporator(s),
e compressor(s),
e condenser(s) and

e expansion valve(s)

Various cycle configurations have been analysed by researchers over the years. Typical cycle
configurations found in literature are:
¢ Configurations with multiple evaporators (Winkler, et al., 2008:931)
¢ Configurations with gas cooling between multiple compressor stages (Bertsch & Groll,
2008:1285)
e Configuration with cascading cycles (Bertsch & Groll, 2008:1285; Ratts & Brown,
2000:355)

The optimum configuration is normally application specific and the selection of such a
configuration can be a quite an involved study. After careful consideration it was concluded that
this will not form part of the scope of this study. A basic cycle configuration was therefore

selected for this study.

The cycle configuration of the vapour compression cycle, selected for this study, is presented in

Figure 7.
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Figure 7: The basic vapour compression cycle configuration.

In this cycle the working fluid enters the evaporator at point C1. At this point the working fluid is
a two-phase mixture. The working fluid is fully evaporated in the evaporator by absorbing heat

from water, which reduces the temperature of the water.

The fluid at point C2 is then compressed in the compressor. This process increases the
temperature and saturation temperature of the fluid. Heat can therefore now be rejected at a
higher temperature.

In this cycle, heat is rejected in a single condenser, where the working fluid is fully condensed
and subcooled. This heat is rejected to water (Rankine cycle FW), which is heated in the

process.

An expansion valve is placed on the outlet of the condenser to lower the fluid pressure and

close the cycle.

5.5 MODELLING INPUTS

5.5.1 Process Inputs

It has already been established in section 5.2 that the vapour compression has to heat the

water exiting the CEP and reduce the temperature of the CW.
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The process conditions at points 1, 2 and 3 could therefore be obtained from the Rankine cycle

results, presented in Table 4. The flow rates of the FW and CW were obtained from Table 5.

The only other process condition that was required for the simulation model is the process
conditions at point C2. For this project it was decided that no superheating will occur within the

evaporator.

The values of the process condition inputs discussed above are presented in Table 6.

Table 6: Vapour compression cycle process inputs

Position Pr?'rm Value

Enthalpy [kJ/kg]
Evaporator inlet (CW) 1 84.01
Condenser inlet (FW) 3 150.0
Condenser outlet (FW) 467.5
Pressure [MPa]

Evaporator inlet (CW) 1 0.1

N

Condenser inlet (FW) 3 0.8

Condenser outlet (FW) 4 0.6
Two-Phase Quality [0-1]

Evaporator outlet Cc2 0
Mass Flows [kg/s]

Cw n/a 20.07

FW n/a 0.8495

5.5.2 Turbo Machine Efficiencies

The compressor is the only turbo machine to form part of the vapour compression cycle. An

efficiency of 85 % was used for the compressor.
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5.5.3 HX Performance

It is assumed that no subcooling will occur in the condenser, since it will replace the LP FWH

and should therefore be modelled using the same assumptions.

The other HX that forms part of the cycle is the evaporator, which was modelled with an

effectiveness of 85 %.

5.5.4 Component Pressure Losses

The only component that was modelled with a pressure drop was the condenser. The FW side
of the condenser was also modelled with the same pressure loss that was used for the LP
FWH.

5.6 WORKING FLUIDS

A list of countries has undertaken an agreement, the Kyoto Protocol, to reduce the emission of
greenhouse gases. Some of the vapour compression cycle working fluids, such as R22, were
classified as greenhouse gases. Another fact that has to be noted is that applications where
vapour compression cycles are used operate at lower temperatures than required by the

combined cycle.

A working fluid could therefore not be selected from previous studies. Another working fluid

selection process was required instead.
5.6.1 The Working Fluid Selection Process
The fluid data base of EES was used as the starting point. The first steps of the selection

process were aimed at eliminating fluids which could not be used for this application. The

elimination steps that were followed, are discussed below:
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1. Eliminate fluids associated with green house and ozone depleting gases:

Motivation:

The use of these types of gases in any application is currently being phased out throughout
the world, as mentioned earlier in this section. It was therefore also not considered for this
study.

2. Eliminate fluids with critical temperatures below 111.3 °C.
Motivation:
The fluid was eliminated because the cycle configuration that was selected for this study
requires that the working fluid should condense in the condenser, with a final distillate
temperature of 111.3 °C.

3. Eliminate fluids if the slope of its saturate vapour line is positive on a T-s diagram.
Motivation:

The fluid at the outlet of a compressor, in which the saturated vapour of such a fluid is

compressed, is a wet vapour, as shown in Figure 8.

25 . ‘ ‘ . . .
0.90 1.00 1.10 1.20 1.30 1.40 1.50

s [kJ/kg-K]

Figure 8: A T-s diagram, showing the compression of the saturated vapour of
Perfluorocyclobutane (RC-318).
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The simulation model of the vapour compression cycle described in this chapter was developed.

This simulation model was used to calculate the cycle COP for each of the remaining fluids.
5.6.2 The Working Fluid Selection Process Results

The three working fluids which yielded the best cycle COP’s are Ethanol, Methanol and
Isopropanol. All three of these working fluids are unfortunately highly flammable. The non-
flammable/non-toxic fluid which yielded the highest COP was water. These COP’s are listed in

Table 7.

Table 7: The cycle COP of the vapour compression cycle for the best performing working fluids.

: : Coolin Heatin
Working Fluid COPg COPg
Ethanol 2.015 3.015
Methanol 2.005 3.005
Isopropanol 1.927 2.927
Water 1.736 2.736

Evidence has been found that flammable fluids have been considered as working fluids of
refrigeration systems in the past (McQuay International, 2002:44). The COP of the vapour
compression cycle with water as working fluid is low when compared to the other working fluids.

Water was therefore not considered as working fluid for this study.

It should also be noted that fluid properties, such as heat transfer coefficients and viscosity were
neglected in the selection of the working fluid. These properties can have a significant impact
on the cycle pressure losses and HX effectiveness. Both of which impact the cycle performance

directly.

In the end the working fluid was selected purely on cycle COP results. Ethanol was therefore

selected as the working fluid of the vapour compression cycle in the combined cycle.
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5.7 VAPOUR COMPRESSION CYCLE SIMULATION RESULTS

The main results of the vapour compression cycle, as described in this chapter and with ethanol
as working fluid, are presented in this section. The simulation model of the cycle and all its

results can be found in the appendix, section 8.2.
The process condition results of the vapour compression cycle are presented in the table below.

Table 8: Process condition results for the reference vapour compression cycle simulation

model.
NI Pressure T h S rho
[MPa] [°C] [kJ/kg] [kJ/kg-K] [kg/m3]
1 0.005029 17.48 368.3 1.464 0.3184
2 0.005029 17.48 1020 3.707 0.02507
3 0.328 202.9 1343 3.811 3.911
4 0.328 111.4 368.3 1.328 700

It can be seen from the results presented in the table above, that the pressures of the
condenser and evaporator were calculated as 328.0 kPa and 5.029 kPa, respectively. This
pressure is lower than the operating pressure of the RCC, where air and water in seepage are
experienced at power stations. It should therefore be noted that the low operating pressure of

the evaporator may have practical implications.

The T-s diagram of this vapour compression cycle is presented in Figure 9.
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Figure 9: The T-s diagram of the selected vapour compression cycle.

It was calculated that an ethanol mass flow rate of 0.277 kg/s is required in order to heat the FW
of the Rankine cycle to a temperature of 111.3 °C. The resulting condenser heat transfer rate
was calculated as 269.7 kW, which corresponds with the heat transfer rate within the LP FWH

of the Rankine cycle.

The energy required by the compressor was calculated as 89.46 kW and resulting heating COP

of the cycle is calculated as 3.015.

The heat absorbed from the CW of the RCC was calculated as 180.3 kW. This process
reduces the temperature of the CW by 2.15 °C. This reduction in CW temperature will in

essence reduce the operating temperature of the two RCC'’s.
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CHAPTER 6: COMBINED CYCLE

6.1 INTRODUCTION

The Rankine cycle simulation model and the vapour compression cycle have now been
developed separately. All that remains is the integration of these cycles. This chapter will cover
the simulation model of the combined Rankine-heat pump cycle.

6.2 CYCLE INTEGRATION

The functions and connection interfaces of the condenser and evaporator have already been
discussed in the previous chapter. The only interface that still requires discussion is the power

source of the compressor.

Two possible sources of power were evaluated for this study. These power sources are:
¢ an electric motor and

e a steam turbine drive.

The Stirling engine, using bled steam as heat source, was considered as a possible source of
shaft power. The Stirling engine efficiencies that were found in literature indicate that
efficiencies of ~30 % can be expected for temperature differences of about 120 °C (Kongtragool
& Wongwises, 2003:148; Kongtragool & Wongwises, 2008:499). A power conversion efficiency
of 30 % and the vapour compression cycle COP of 3.015 will essentially cancel out. There will

therefore be no gain with this option.

The cycle configuration of the Rankine-heat pump combined cycle compressor steam turbine

drive (CTD) is presented in Figure 10.
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Figure 10: The Rankine-heat pump combined cycle with a turbine driven compressor.

The modelling assumptions that were used for these two compressor drive options will be

discussed in the rest of this section.

6.2.1 The Electric Motor Driven Compressor

In this configuration, the power required by the compressor was converted back to an
equivalent shaft power, similar to the modelling process that was used for the CEP. The
efficiency values, as described for the CEP in section 4.3.2, were also used to power

conversion for the electric motor driven compressor.
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6.2.2 The Steam Turbine Driven Compressor

In this instance, the modelling approach and efficiency value that was used for the BFPTD was
also used to model the compressor steam turbine driven compressor. The steam for the turbine

was also extracted at the outlet of the IP turbine.

6.3 RANKINE-HEAT PumP COMBINED CYCLE SIMULATION RESULTS

The simulation model of the cycle described in this chapter, with all the results can be found in

the appendix, section O.

The section of the Rankine cycle, from the DA FW inlet to the LP turbines steam inlet, did not
change as can be seen when comparing Figure 5 and Figure 10. The process input also did

not change. This can also be seen from the results of the Rankine-heat pump combined cycle.

The power output of the HP turbine and IP turbine for the two turbine drive options was
calculated as 330.5 kW for the HP turbine and 438.4 kW for the IP turbine.

The power output of the LP turbines of the Rankine-heat pump combined cycle, for the
configuration with an electric motor drive, was calculated as 538.1 kW. The work required by
the compressor was calculated as 89.85 kW, which resulted in an equivalent shaft power of 128
kW. The equivalent shaft power of the CEP was calculated as 1.133 kW. This resulted in a net
turbine shaft power output of 1 177 kW.

The power output of the LP turbines of the Rankine-heat pump combined cycle, for the
configuration with the CTD, was calculated as 442.6 kW. The net turbine shaft output of this

configuration was calculated as 1 210 kW.

The process condition results of these two combined cycle configurations were the same,
except for the conditions at point 23. This point does not form part of the configuration with an

electric motor drive. These results are presented in Table 9.
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Table 9: The process condition results of the combined cycle simulation model.

NI Pressure T h S rho
[MPa] [°C] [kJ/kg] [kJ/kg-K] [kg/m3]

1 0.008651 35.23 147.6 0.5083 993.9
2 0.8 35.29 148.6 0.5088 994.2
3 0.6 111.4 467.5 1.433 950.1
4 0.6 158.8 670.4 1.931 908.6
5 22 162.3 697.9 1.94 917.6
6 21.8 212.4 915.8 2414 865.3
7 18.1 357.5 1737 3.879 541.2
8 18.1 357.5 2506 5.099 134.8
9 16.9 545 3416 6.432 50.27
10 16.9 540 3402 6.414 50.75
11 16.9 538.4 3397 6.409 50.91
12 16.8 538 3397 6.411 50.61
13 4.7 345.8 3066 6.472 18.14
14 3.5 545 3554 7.288 9.472
15 3.5 540 3542 7.274 9.536
16 35 538.4 3539 7.269 9.556
17 34 538 3539 7.282 9.282
18 2 458.5 3377 7.312 6.038
19 0.6 305.8 3074 7.395 2.278
20 0.004423 30.71 2365 7.807 0.03431
21 0.008651 43 2437 7.751 0.06322
22 0.008651 43 2437 7.751 0.06322
23* 0.008651 43 2437 7.751 0.06322
24 2 212.4 908.5 2.447 849.8
25 0.6 158.8 908.5 2.482 27.03
26 0.1 20 84.01 0.2965 998.2
27 0.1 18.11 76.11 0.2694 998.6
28 0.1 27.71 116.2 0.405 996.3
29 0.1 40 167.6 0.5724 992.2
Ci1 0.005124 17.78 368.3 1.463 0.3248
Cc2 0.005124 17.78 1020 3.705 0.09698
C3 0.328 202.5 1342 3.809 3.915
C4 0.328 111.4 368.3 1.328 700

* This is the compressor turbine drive outlet, which only forms part of the cycle configuration with the steam turbine drive.

The various fluid flow rates were all calculated as a fraction of the total circulating flow of the
Rankine cycle. The flow rates of the various bled steam streams, the attemperation process,

BFPTD and the last section of each LP turbine are presented in Table 10 for both the cycle
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configurations. This table also contains the required CW flow rate and ethanol flow rate of both

the cycle configurations.

Table 10: Combined cycle flow rate results.

Process Stream Flow Rate (CTD) Flow Rate (Electric)

[kg/s] [kg/s]
HP FWH Bled Steam 0.08752 0.08752
DA Bled Steam 0.06317 0.06317
SH’s attemperation 0.005175 0.005175
RH’s attemperation 0.003973 0.003973
BFPTD steam 0.04567 0.04567
CTD 0.1479 0
LP turbine 1 0.3294 0.4034
LP turbine 2 0.3282 0.4021
Ccw 22.98 22.97
Ethanol 0.2783 0.2791

The heat transfer rate between the FW and the ethanol, within the condenser of the vapour
compression cycle was calculated as:
e The configuration with an electric motor drive -271.8 kW

e The configuration with the steam turbine drive -271.0 kW

The amount of energy that is transferred to the FW of the Rankine cycle is therefore significantly

higher than the power required by the compressor.

In both cases the temperature of the cooling water is also reduced by ~1.9 °C. According to
Carnot’s law, the efficiency of a thermal cycle increases if the difference between the

temperatures of the heat source and heat sink increases.

At first glance it seems that the efficiency of the combined cycle should improve, based on the
facts mentioned above. This is in fact not the case. The thermal efficiencies of the two
combined cycle configurations were calculated as:

e The configuration with an electric motor drive -39.72%

e The configuration with the steam turbine drive - 40.82 %
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This is significantly lower than the efficiency of the reference Rankine cycle, which was
calculated as 43.05 %.

After a detailed analysis of the simulation results it was found that the effect of latent heat was
neglected/under-estimated. The change in the specific enthalpy of the bled steam in the
LP FWH is 2 344 kJ/kg. The average change in the specific enthalpy of the remaining steam,
between the LP FWH steam extraction point and the outlet of the LP turbines, is 430 kJ/kg.

This is 5.5 times lower than the change in the specific enthalpy of the bled steam.

The COP of the heat pump cycle, driven with power generated from steam turbines, should
therefore be above 5.5 in order to improve the thermal efficiency of a Rankine cycle with the

proposed configuration.
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CHAPTER 7: CONCLUSION AND RECOMMENDATIONS

7.1 CONCLUSION

The simulation models of a Rankine cycle, a vapour compression cycle and two Rankine-heat
pump combined cycles were developed during this study.

The Rankine cycle was modelled to adequate detail. The efficiency of the reference Rankine
cycle was calculated as 43.05 %.

The best COP’s for a basic vapour compression cycle was obtained with ethanol as working
fluid. The best cycle COP’s with a non-toxic/non-flammable working fluid were obtained water,
but it was significantly lower than the COP of the ethanol cycle. Ethanol was therefore used as
the working fluid, yielding a heating COP of 3.015.

The only difference between the two combined cycle configurations is the compressor’s power
source. The two compressor power source options that were analysed, were a steam turbine
and an electric motor. The Stirling engine was also considered as a possible compressor power
source. The typical efficiencies that can be expected from a Stirling engine operating at the
temperature ranges available in the combined cycle configuration were too low to make this a

viable option.

The thermal efficiencies of both the two combined cycle configurations are significantly lower
than the efficiency reference Rankine cycle. It was found that a heat pump COP of above 5.5
will be required in order to improve the thermal efficiency of the Rankine cycle with the

combined cycle configurations tested in this study.

7.2 RECOMMENDATIONS

This study showed that the concept of using a steam turbine or electrical power to drive a

compressor driven vapour compression cycle in the configuration proposed here does not
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improve the overall efficiency of the cycle. An alternative option that warrants investigation is
the use of thermal driven pumps such as an absorption cycle, although the COP of these cycles

are typically lower.

The argument that warrants the investigation as such is the fact that the latent heat of the bled
steam can be fully utilised and not rejected to the heat sink via the condenser, which is the case

with turbine work bled steam.
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CHAPTER 8: APPENDIX

8.1 RANKINE CYCLE

8.1.1 Simulation Model

Component Functions

RCC

MODULE Condenser (Tr, TTDconb, Tsus, me, mz, ms, m4, Psat,conp1, Psat,conp2, Pout, Tout, hout, Sout, pout, hconpi,in,
hconb2,in, hLp,FDHTR,0ut, Qoss, Tcw,in, Pcw,in, hcw,in, Scw,in, pcw,in, Tcw,int, hcw int, Scwint, pcw,int, Tcw,out, hcw,out, Scw,out,
PCW,out)

Condenser Performance

Tew,out = Tew,in + TR
Tsat,conor = Tew,int + TTDconp
Tsat,conbz = Tew,out + TTDconp

Condenser Pressures

Psatconpr = P ('Steamiapws', T=TsaT,conp1 ,X=0)

Psatconp2 = P ('Steamapws', T=TsaT,conp2 ,X=0)

Outlet Conditions per Condenser

Tconptout = Tsatconor — Tsus
hconptout = h ('Steamapws', P=Psat,conp1 » T=Tconpi,out )
Tconpzout = Tsatconpz — Tsus
hconp2,out = h ('Steamapws', P =Psat,conp2 » T=Tconb2,out )

Outlet Mass Flow Rates per Condenser

McoNDL,out = Mg

McoND2,out = M7 + Mg + M5

Combined Outlet Conditions

Pout = Psat,conp2
Towt = T ('Steamiapws', P=Pout . h=hout )
Nout © (MconpLout + MconDzout ) = MconbdLout *© Nconbi,out

+ Mconp2out © Nconbzout
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Sout = S ('Steamiapws',P=Pou ,h=hout )

pout = p('Steamippws', P=Pout ,h=hou )

Cooling Water Enthalpy

hew,in = h ('Steamiapws', T=Tcw,in, P =Pcw,in )
hew,int = h ('Steamapws' . T=Tcw,int . P =Pcw,in )
hew,out = h ('Steamiapws', T=Tcw,out » P =Pcw,in )

Energy Balances

Mcw - (hcw,int — hcow,in) = me - (hconbiin = hconbpiout )
mew - (hewowt — hewie) = (ms + m7) - (hconbzin — hconpzou )
+ my (hipFD,HTR0ut — hconbzout )
Qioss = M6 - (hconowin — hconoiow ) + (Ms + m7) - (hconpzin — hconpzout )
+ my - (hipFDHTR,0ut — hconbzout )

Other CW Properties

Scwin = S ('Steamiapws', T=Tcw,in: P =Pcw,in )
Scw,int = S ('Steamiapws’, T=Tcw,int, P =Pcw,in )
Scwout = S ('Steamiapws', T=Tcw,out » P =Pcw,in )
pew,in = p ('Steamiapws', T=Tcw,in, P =Pcw,in )
pew,int = p ('Steamiapws', T=Tcw,int, P =Pcw,in )
pew,out = p ('Steamiapws', T=Tcw,out » P=Pcw,in )

END Condenser

CEP

MODULE ExtractionPump (PoaBLEeD, APLPHTR, MPUMP, NLOSSES, Pin, Pout, Tin, Tout, hin, hout, Sin, Sout, pin, pout, Mtot, M2,

M3, WPUMP, WPUMP,CYCLE)

Outlet Conditions

Pout = Ppapsleep + APLpHTR

hisenout = h ('Steam apws', P =Pout » S =Sisen,out )

Sisen,out = Sin

Touwt = T ('Steamiapws', P =Pout ,h=hoy ) Sout = S ('Steamapws',P =Pout , T=Tout )
put = p('Steamiapws' s T=Tout , P=Pout )

r.n = r:ntot - r.nz - r.ng

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

8-2




School of Mechanical and Nuclear Engineering

Isentropic Efficiency

n hisen,out - hin
PUMP T
hout - hin
Pump Work
wpump = (howt — hip) - m

Converting Pump Work to Shaft Power
Wpump

WPpPUMP,CYCLE =
NLOSSES

END ExtractionPump

LP FWH

MODULE LPFeedHeaters (hin, Poa, Tout, Pout, hout, Sout, pout, PH,in, hH,in, PH,c, TH,c, hH,c, SH.C, pH,c, Mtot, M2, M3, Ma,

Pconp2, PH,out, TH,out, hH,out, SH,out, pH,out)

FW Outlet Conditions

Pout = Ppa

Tout = Thc

hout = h ('Steamippws', T=Tout , P =Pout )
Sout = S ('Steamjapws', T=Tout P =Pout )
pout = p('Steamippws’, T=Tout , P =Pout )

Condensate Conditions

Puc = Phiin

Tuc = T ('Steamapws' ,P=PHc,x=0)
huec = h ('Steamiapws', P=PHc,x=0)
Su,c = s ('Steamiapws', P=Pnc,x=0)
pc = p('Steamiapws' ,P=Pyc,x=0)

Energy Balance

(hout = hin) -~ (Mt — Mz — m3g) = (huin— hyc) - My
Hot Side Outlet Conditions — After Expanding

Phout = Pconp2

THouwt = T ('Steamjapws', P =PHout.h=hpou)
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NHouwt = huc
SHout = S ('Steamjapws',P =PHout.h=hpou)
PHout = p ('Steamiapws', P =Pnout, h=hpout)

END LPFeedHeaters

HP FWH

MODULE HPFeedHeaters (Porum, APecon, m1, m2, Tin, Pin, hin, Sin, Tout, Pout, hout, Sout, pout, TH,in, PH,in, hH,in, SH,in, TH,C,
PH.c, hH,c, sH.c, pH.c, Ppa, THout, PHout, hH,out, SH,out, pH,out)

FW Outlet Conditions

Pout = Ppbrum + APEcon

Towt = The

hout = h ('Steamppws', T=Tout , P =Pout )
Sout = S ('Steamjapws', T=Tout , P =Pout )
pout = p('Steamiapws', T=Tout , P =Pout )

Condensate conditions

Phc = Phin

Thc = T ('Steamapws', x=0,P=Pyc)
hyc = h ('Steamapws ,x=0,P=Pyc)
Syc = S ('Steamiapws' . x=0,P=Pyc)
pc = p('Steamiapws' ,Xx=0,P=Pyc)

Energy Balance

mi - (how — hin) = mz2 - (hpin— huc)

Hot Side Outlet Conditions — After Expanding

Phout = Ppa

Thouw = T ('Steamiapws', P =PH out . h=hn,out)
NHouwt = huc

SHout = S ('Steamapws’, P =Pn,out, h=hn,out)
MHout = p('Steamiapws’, P =P out, h =hp out)

END HPFeedHeaters
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Dearator
MODULE Dearator (Poa,sLeep, Tout, Poa, hout, Sout, pout, hin, h,in, hc,FD,HTR,0ut, Mtot, M2, M3)

Outlet Conditions

Poa = PopapgLEED

Toww = T ('Steamiapws',P=Ppa ,x=0)
hout = h ('Steamapws', P=Ppa ,x=0)
Sout = S ('Steamiapws',P=Ppa ,x=0)
pout = p('Steamiapws', P=Ppa ,x=0)

Energy Balance
(Mgt — ma — m3) - (hoy — hip) = ma - (herpHTR0ut — hout )

+ m3 - (huin— hout)

END Dearator

BFP

MODULE BoilerFeedPump (npump, nMECH, MTUR, Mtot, M5, PDRUM, APHP,HTR, APECON, hin, Sin, Tout, Pout, hout, Sout, pout,
Pconbz, htur,in, STUR,in, PTUR,0ut, TTUR,0ut, NTUR,0ut, STUR,0ut, PTUR 0ut)

Pump Outlet Conditions

Pout = Pprum + APppHTR + APECON
Nisenout = h ('Steamapws', P =Pout , S =Sisen,out )
Sisen,out = Sin

Touwt = T ('Steamjapws', P =Pout ,h=hoy )

Sout = S ('Steamiapws', T=Tout , P =Pout )

pout = p('Steamiapws', T=Tout , P =Pout )

Turbine Outlet Conditions

Ptur,out = Pconp2

NTUR,isen,out h ('Steamapws' , P =PTUR,out » S =STUR,isen,out )

STUR,isen,out = STUR,in

Trurout = T ('Steamapws', P =Ptur,out » h =h1ur,out )
STUR,out = S ('Steamiapws', T=TTur,out » N =hTUR,0Ut )
prur,out = p ('Steamiapws', T =TTur,out » h =hTUR,0ut )

Isentropic Efficiency
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hisen,out - hin

NPUMP -
hout - hin

h1ur,out — hTUR,iNn
NTUR

hTUR,isen,out - hTUR,in
Pump/Turbine Work
Wpymp = (hout — hin) = My
WTuR,out = Ms - (hurin — NTUR0Ut )
Wpump = WTUR,out = MMECH

END BoilerFeedPump

Economiser
MODULE Economiser (PDRUM, Pout, Tout, hout, Sout, Pout, hin, din, m1)

Outlet Conditions

Pout = Pprum

Toww = T ('Steamapws',P=Pout ,X=0)
hout = h ('Steamapws',P=Pout ,x=0)
Sout = S ('Steamjapws',P=Pout ,X=0)
pout = p('Steamiapws’, P =Pout ,x=0)

Energy Balance
din = M1 - (hoyt — hin)

END Economiser

Drum
MODULE Drum (PDRUM, Tout, hout, Sout, pout, hin, Qin, m1)

Outlet Conditions

Touw = T ('Steamiapws',P=Pprum ,X=1)
houw = h ('Steamapws',P=Pprum ,X=1)
Sout = S ('Steamiapws',P=Pprum ,X=1) pu = p('Steamapws',P=Pprum ,x=1)

Energy Balance
dn = M1 - (houwt — hin)
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END Drum

Super Heaters

MODULE HPSuperHeaters (AP, Tout, Pin, Pout, hout, Sout, Pout, hin, qin, m1)

Outlet Conditions

Pout = Pin — AP

hout = h ('Steamiapws', T=Tout , P =Pout )
Sout = S ('Steamjapws', T=Tout . P=Pout )
put = p('Steamiapws' s T=Tout , P =Pout )

Energy Balance
din = M1 - (howt — hin)

END HPSuperHeaters

Super Heater Attemperation

MODULE HPAttemperation (TH, Pin, Tin, hin, Sin, Patt, Tatt, hatt, Satt, Mtot, M1, M8, Pout, Tout, hout, Sout, pout)

Mass Balance

mi = Moy — Mg

Super Heater Outlet Conditions If Attemperation Would Have Been Applied At Inlets

Pout = Pin

Tout = Th

hout = h ('Steamiapws', T=Tout , P =Pout )

Sout = S ('Steamiapws', T=Tout ,P=Pout )  pour = p ('Steamjapws', T=Tout , P =Pout )

Energy Balance
Mout = houwt = My - hjn + mg - hgy

END HPAttemperation

HP turbine Inlet Valve and Piping

MODULE HPTurbinelnletValve (ml, ms, AP, Pin, Tin, hin, Sin, Pin, Pout, Tout, hout, Sout, Pout, (loss, PATT out, hATT,out)

Turbine Inlet Valve Outlet Conditions
Pout = Pin — AP
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howw = h ('Steamapws', T=Tout , P =Pout )
Sout = S ('Steamiapws', T=Tout . P=Pout )
pout = p ('Steamiapws', T=Tout , P =Pout )

Turbine Inlet Valve Inlet Conditions
Pin = Pamrout

Tin = T ('Steamapws', P =Pin,h=hj)

hin = hout
Sin = S ('Steamapws', T=Tin,P=Pin)
pn = p('Steamapws' , T=Tin,P=Pjn)

Heat Loss In The Piping Between The Super Heaters And The Turbine Inlet Valve

Qloss = (ml + mg) © (hammouw — hin)

END HPTurbinelnletValve

HP turbine
MODULE HPTurbine (m1, mas, NTUR, hin, Sin, Pout, Tout, hout, Sout, Pout, Wout)

Outlet Conditions

hisenout = N ('Steam apws', P =Pout » S =Sisen,out )
Sisenjout = Sin

Toww = T ('Steamapws', P=Pout . h=hou )

Sout = S ('Steamjapws', T=Tout P =Pout )

pout = p('Steamiapws’, T=Tout , P =Pout )

Isentropic Efficiency

i hout - hin
sen hisen,out - hin
Turbine Work Output
Wout = (my + mg) - (hin — hoy)

END HPTurbine

Reheaters

MODULE Reheaters (AP, Tout, Pin, Pout, hout, Sout, pout, hin, gin, M1, ms)
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Outlet Conditions

Pout = Pin — AP

houwr = h ('Steamippws’, T=Tout , P =Pout )
Sout = S ('Steamjapws', T=Tout P =Pout )
pout = p('Steamiapws’, T=Tout , P =Pout )

Heat Loss In The Piping Between The Reheaters And The Turbine Inlet Valve

Qin = (my + mg) - (how — hin)

END Reheaters

Reheater Attemperation

MODULE RHAttemperation (TH, Pin, Tin, hin, Sin, Patt, Tatt, hatt, Satt, Mtot, M1, M8, Mo, Pout, Tout, hout, Sout, pout)

Mass Balance
mip + Mg = Mg — My

Super Heater Outlet Conditions If Attemperation Would Have Been Applied At Inlets

Pout = Pin

Touw = Th

houw = h ('Steamiapws', T=Tout , P =Pout )
Sout = S ('Steamjapws', T=Tout P =Pout )
pout = p('Steamippws’, T=Tout , P =Pout )

Energy Balance

Mot © hot = (Mg + mg) - hjp + Mg - hyy

END RHAttemperation

IP Turbine Inlet Valve and Piping

MODULE IPTurbinelnletValve (m, AP, Pin, Tin, hin, Sin, pin, Pout, Tout, hout, Sout, Pout, Jloss, PsH,out, hSH,out)

Turbine Inlet Valve Outlet Conditions

Pout = Pin — AP

hout = h ('Steamiapws', T=Tout , P =Pout )
Sout = S ('Steamiapws's T=Tout , P =Pout )
pout = p ('Steamiapws’, T=Tout , P =Pout )
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Turbine Inlet Valve Inlet Conditions

Pin = PsH,out

Tin = T ('Steamapws', P =Pin,h=hin)
hin = hout

Sin = s ('Steamjapws', T=Tin, P =Pin)
an = p('Steamiapws’, T=Tin, P =Pin)

Energy Balance
Qoss = M - (hsyout — hin)

END IPTurbinelnletValve

IP Turbine
MODULE IPTurbine (min, Mbs, Misen, kpoly, PrwH, Poutlet, Pin, Tin, hin, Sin, pin, Pbs, Tbs, hbs, Sbs, Pbs, Pout, Tout, hout, Sout, Pout,

Wout)

Mass Balance
Min = Moy + Mps

Turbine Outlet Conditions — Isentropic Efficiency

Pout = Poutlet

hisenout = h ('Steamapws', P =Pout , S =Sin)
Toww = T ('Steamapws', P=Pout . h=hou )
Sout = S ('Steamjapws', T=Tout P =Pout )
pout = p('Steamiapws’, T=Tout , P =Pout )

Isentropic Efficiency

h out — h in
Nisen
h isen,out — h in

Converting temperature to Kelvin for polytropic efficiency calculations

Tink = Tin + 273.15 [K]
Ths,k = Tps + 273.15 [K]

Touk = Touww *+ 27315 [K]

Bled Steam Conditions — Polytropic Efficiency

Pbs = PrwH

hps = h ('Steamapws', T=Tps , P =Pps )

8-10
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Sps = S ('Steamiapws', T=Tps,P =Pps )

pps = p('Steamiapws', T=Tps , P=Pps )

Polytropic Efficiency
k

Tin,K _ Pin poly

Tout,k | Pout

Tin,K _ [ I:)in Kpoly

Tbs,K L Pbs ]
Turbine Work Output

Wout = Min = (hin = hps) + Moy = (hps — hoyt )

END IPTurbine

LP turbine

MODULE LPTurbines (ntur, Kpoly, Pin, Tin, hin, Sin, PBLEED, TBLEED, hBLEED, SBLEED, pBLEED, PSAT,conD1, TTURL,S20ut,

hTuR1,82,0ut, STUR1,S2,0ut, PTURL,S2,0ut, PSAT,COND2, TTUR2,52,0ut, NTUR2,S2,0ut, STUR2,S2,0ut, PTUR2,S2,0ut, Mtot, M2, M3, M4, M5, M,
m7, Wout)

Mass Balance

Myur1,s1 + MTUurR2st = Mipet — M2 — M3 — Ms

r-T1TUR1,51 + r;WTUR2,51 = r-nTURLSZ + r-nTURZ,SZ + r-n4
I’.nTURl,Sl = n.WTUR2,31

Peieep  — Psarconbi MruRLS?

Peleep - PsaTconpz MTUR2.S2 2

r.ﬂTum,sz = f.ne

r:nTURZ,SZ = r.n7

Turbine 1 Outlet Conditions — Isentropic Efficiency

Ptur1s2,out = PsaT,conpi

hisenTURLS2,0ut = h ('Steamapws', P =PTuRr1,520ut S =Sisen TURL,S2,0ut )
Sisen,TUR1,S2,out = Sin

Ttury,s2out = T ('Steamiapws', P =Ptur1,s2,0ut » h =h1ur1,s2,0ut )
STURL,S20ut = S ('Steamiapws',h =htur1,s20ut » P =PTURLS2,0ut )
prurt,szout = P ('Steamiapws' , h =htur1,s2,0ut » P =PTUr1S2,0ut )

Turbine 2 Outlet Conditions — Isentropic Efficiency
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Pturz,s2,out = PsaT,conp2

isen,TUR2,52,0ut = h ('Steamapws', P =PTur2,s2,0ut S =Sisen,TUR2,52,0ut )
Sisen,TUR2,S2,out = Sin

Trurz,s2,0ut = T ('Steamapws', P =Ptur2,s2,0ut » h =hT1UuR2,52,00t )
STUR2,s2,0ut = S ('Steamiapws',h =htur2 s20ut » P =PTUR2,52,0ut )
prurz,szout = P ('Steamapws', h =htur2,s2,0ut s P =PTUR2,52,0ut )

Isentropic Efficiency

_ htriszout — hin
NTUR =
hisen,TURl,SZ,out - hin
htur2,s2,0ut — hin
NTUR
hisen,TUR2,52,0ut — Nin

Converting temperature to Kelvin for polytropic efficiency calculations
Tink = Tin + 27315 [K]

Teieepk = Teeep + 273.15 [K]

Bled Steam Conditions — Polytropic Efficiency

heleep = h ('Steamiapws',P=Peeep , T=TgLeep )
SpLeep = S ('Steamapws', T=Tgeep ,P =PsLeep )
peLeep = p ('Steamiapws', T=Tpeep P =PgLeep )

Polytropic Efficiency
Tin,K _ [ Pin ]kpoly

TBLEED K PeLEED

Turbine Work Output
Wout = (mg + my + my) - (hijn — hpleep )

+ mg - (hpieep — hturyszout ) + M7 - (hpeep —

END LPTurbines

htur2,s2,0ut )

Main Program

Input Parameters

Carnot Parameters
Ty = 540 |[C]
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T, = 20 [C]
RCC Parameters

Tr = 20 [C]

TTDcono = 3 [C]
Tconp,sus = 3 [C]

CEP Parameters

ncer = 085 []
Ncep,Losses = 0.702  []
LP FWH Parameters

APpur = 02 [MPg]
PipFo,HTR,BLEED = 0.15 [MPa]

DA Parameters
Ppagieep = 0.6 [MPa]

BFP Parameters

ner,pump = 0.85 [
ner,pump,TUR = 0.88 [
ner,pumP,MEcH = 0.95 []
HP FWH Parameters
APuputr = 0.2 [MPa]

Pup,FD,HTRBLEED = 2 [MPa]

Economiser Parameters
APEcoON = 3.7 [MPa]

SH Parameters
APppsn = 1.2 [MPa]

Thp,sH,out = 545 [C]

HP turbine Inlet Valve Parameters
APupriv = 0.1 [MPa]

CEP Parameters
ThpTurin = 538 [C]

Ry
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PupTUr,in = 16.8 [MPa]

nupUR = 09 []

Reheaters Parameters
APRH = 12 [MPa]

TRH,out = 545 [C]

IP Turbine Inlet Valve Parameters
APpriv = 01 [MPg]

IP Turbine Parameters
Myt = 1 [kg/s]

Tip,TUR,in = 538 [C]
PipTurin = 34 [MPa]

nip,ur = 0.88 [

IP Turbine Parameters

ne,JuR = 0.88 [

RCC
Tewin = TL

PCW,in = 0.1 [MPa]

Call Condenser[Tr, TTDconb, Tconp,sus, me, M7, Ms, M4, Psat,conpi, PsaT,conp2, Pconp,out, Tconb,out, hconb,out, SCOND,out,
pconD,out, NTURL,S2,0ut, NTUR2,52,0ut, NLP,FD,HTR,COND2,in, qconp, Tcw,in, Pcw,in, hew,n, Scwiin, pcw,in, Tew,int, hcw,int, Scwint,
pcw,int, Tew,out, hew,out, Scw,out, pcw out]

Extraction Pump
Call ExtractionPump[PpaBLeep, APLPHTR, MCEP, MCEP,LOSSES, Pconp,out, Pcerout, Tconp,out, TcEP,out, hconp,out, hcerout,
SCOND,out, SCEP,out, PCOND,out, PCEP,out, Mtot, M2, M3, WCEP, WCEP,CYCLE]

LP Feed Heaters

Call LPFeedHeaters[hcepout, PpapLeep, TipHTRout, PLPHTRout, hLPHTRout, SLPHTRout, PLPHTRout, PLPFDHTRBLEED,
hip,FoHTRBLEED, PLPFDHTRC, TLPFDHTRC, NLPFDHTRC, SLPFDHTRC, PLPFDHTRC, Mtot, M2, M3, M4, PsaT,conp2,
PLP,FD,HTR,COND2,in, TLP,FD,HTR,COND2,in, NLP,FD,HTR,COND2,in, SLP,FD,HTR,COND2,in, PLP,FD,HTR,COND2,in]

Dearator

Call Dearator[PpaBLEED, Tpaout, PpA, hpA out, SDA0ut, pDA,out, NLPHTR,0ut, hiP,TUR0ut, NHP,FD,HTR,DA,in, Mtot, M2, M3]

Boiler Feed Pump

Call BoilerFeedPump[nBF,pumP, 1BF,PUMP,MECH, T|BF,PUMP,TUR, Mtot, M5, PDRUM, APHP,HTR, APECON, hDA,0ut, SDA0ut, THP,PUMP,0uL,
PHp,pUMP,out, hHP,PUMP,out, SHP,PUMP,out, PHP,PUMP.out, PSAT.cOND2, hiP,TURout, SIP,TURout, PBFPTD,0ut, TBFPTDout, hBFPTD,0ut,
SBFPTD,out, PBFPTD,out]

HP Feed Heaters
Call HPFeedHeaters[Porum, APecon, m1, m2, THp,pUMP,out, PHP,PUMP,out, NHP,PUMP,out, SHP,PUMP,0ut, THP,FD,HTR out, PHP,FD,HTR out,
hHP,FDHTR,0ut, SHP,FD,HTR,out, PHPFDHTRout, THPFDHTRH,n, PHPFDHTRH,n, NHPFDHTRH,in, SHPFDHTRC, THPFDHTRC,

NOORDWES-UNIVERSITEIT
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Pup FD HTR,C, hHP,FD,HTR,C, SHP,FD,HTR,C,  PHP,FD,HTR,C, PDA,BLEED, THP,FD,HTR,DA,in, PHP, FD,HTR,DA,in, hHP,FD,HTR,DA,in,
SHP,FD,HTR,DA,in, pHP,FD,HTR,DA,in]

Economiser
Call Economiser[Porum, Pecon,out, TECON,out, NECON,out, SECON,out, PECON,out, NHP,FD,HTR,0ut, JECON, M1]

Drum
Call Drum[Pprum, Torum,out, hDRUM,0ut, SDRUM,0ut, PDRUM,0ut, NECON,0ut, QDRUM, M1]

HP Super Heaters
Call HPSuperHeaters[APHP,sH, THP,sH,out, PDRUM, PHP,SH,out, NHP,SH,0ut, SHP,SH,0ut, PHP,SH,out, NDRUM,0ut, sH, M1]

HP Super Heaters Attemperation
Call HPAttemperation[TH, PHp,sH,out, THP,SH,out, hHP,SH,0ut, SHP,SH,out, PHP,PUMP out, THP,PUMP out, NHP,PUMP,0ut, SHP,PUMP,out, Mtot,
m1, ms, PHpT,Ipin, THPT,IPin, NHPT,IP,in, SHPT,IPin, PHPT,IP,in]

HP Turbine Inlet Valve with Upstream Piping
Call HPTurbinelnletValve[mz, ms, APHPT,Iv, PHPT,Iv,in, THPT,Iv,in, NHPT,IV,in, SHPT,IV,in, PHPT,IV,in, PHP,TUR,in, THP,TURin, HP,TUR,in,
SHP,TUR,in, PHP,TUR,in, QHPT,IP,loss, PHPT,IPin, NHPT,IP,in]

HP Turbine
Call HPTurbine[mz1, ms, nHP,TUR, hHP,TUR,in, SHP,TURin, PHP,TUR,0ut, THP,TUR,0ut, NHP,TUR,0ut, SHP,TUR,out, PHP,TUR out, WHPT]

Reheaters
Call Reheaters[APRrH, TrH,out, PHP,TUR,0ut, PRH,0ut, NRH,0ut, SRH,out, pRH,out, NHP, TUR,0ut, QRH, M1, Ms]

Reheaters Attemperation
Call RHAttemperation[TH, PrH,out, TRH,0ut, hRH,0ut, SRH,0ut, PHP,PUMP 0ut, THP,PUMP,0ut, HP,PUMP,0ut, SHP,PUMP,0ut, Mtot, M1, M,
mo, PipT,ip,in, TIPT,IP,in, NiPT,IP,in, SIPT,IP,in, PIPT,IP,in]

IP Turbine Inlet Valve with Upstream Piping
Call IPTurbinelnletValve[mtot, APiPT,iv, PiPT,Iv,in, TIPT,Iv,in, NIPT IV,in, SIPT,IVin, pIPT,IV,in, PIP,TUR,in, TIP,TUR,in, NIP,TUR in, SIP,TUR,in,
PIP,TUR,n, QIPT,IP,loss, PIPT IP,in, NIPT,IP,in]

IP Turbine with HP Feedwater Bleed

Call IPTurbine[mtwot, m2, mip,TUR, Kpoly, PHPFDHTRBLEED, PDABLEED, PIP,TUR/in, TiP,TURin, NIP,TUR/in, SIP,TUR/n, PIP,TUR,n,
PHP,FD,HTRH,in, THP,FD,HTRH,n, NHP,FD,HTRH,in, SHP,FD,HTR,H,in, PHP,FD,HTRH,n, PIP,TURout, TIP,TURout, hiP,TURout, SIP,TURout,
PIP,TUR,out, WIPT]

LP Turbines

Call LPTurbines[ntp,Tur, Kpoly, PiP,TuR,0ut, TiP,TUR,0ut, hiP,TUR0ut, SIP,TUR,0ut, PLP,FD,HTR,BLEED, TLP,FD,HTR,BLEED, NLP,FD,HTR BLEED,
SLP,FD,HTRBLEED, PLP,FDHTRBLEED, PsAT,coND1, TTUR1,S2,0ut, NTURLS2.0ut, STUR1,S20ut, PTURLS20ut, PsaT.conpz, TTUR2S2,0ut,
hTUR2,52,0ut, STUR2,S2,0ut, PTUR2,S2,0ut, Mtot, M2, M3, M4, Ms, Me, M7, WLPT]

Efficiency Calculations

Qioss = OHPT,IPloss T QIPTIPloss T CdCcOND

din = OdecoNn * Oprum * OsH *+ JRrH
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Win = WCEP,CYCLE
Wout = WnpT + WipT + WipT
Wnet = Wout — Win
_ Whet
Ntot = Jin

Graph Nodes
Node 1 - CEP Inlet

P1 = Pconbp,out
h:1 = hconp,out
S1 = ScoND,out
PL = PCOND,out

Node 2 - CEP Outlet

T2 = Tcepout
P2 = Pcepout
ha = hcepout
S2 = SCEPout
P2 = PCEP,out

Node 3 - LP FWH - FW Outlet

Tz = TiLpHTRout
P3 = PipHTR0ut
hs = hipHTRout
S3 = SLPHTR,out
M = PAP,HTR,0ut

Node 4 - Dearator Outlet

Ta = Tpaout
P4 = Ppa
hs = hpaout
S4 = SpDAout
M = PDAout

Node 5 - BFP Outlet
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Ts =
Ps =
hs =
S5 =

p:-):

Node 6 -

Te =
Ps =
he =
Sg =

%:

Node 7 -

T7=

P7=

S7 =

p7=

Node 8 -

Tg =
Pg =
hg =
Sg =

m:

Node 9 - HP Super Heaters Outlet (Before accounting for attemperation)

Tg=
Pg=

hg=

Sg =

m:

Node 10 - HP Super Heaters Outlet (After accounting for attemperation)

THP,PUMP, out
PHP,PUMP,out
hup, PUMP, out
S HP,PUMP, out

PHP,PUMP,out

HP FWH - FW Outlet

THP,FD,HTR,0ut
PHP,FD,HTR,out
NHP,FD,HTR,out
SHP,FD,HTR,out
PHP,FD,HTR,0ut
Economizer Outlet
TEcon,out
PEcon,out
hEecon,out
S ECON,out
PECON,out
Drum Outlet
TorUM,out
Pbrum
hpruM,out
S DRUM,out

PDRUM,out

THP,sH,out
PHP,sH,out

NP, sH,out

S HP,SH,out

PHP,SH,out

Ry
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Tio =
P =
hio =
S0 =
po =
Node 11
T =
Pu =
hi =
Si1 =
p1 =
Node 12
T2 =
P =
hiz =
S12 =
pr2 =
Node 13
Tz =
Piz =
hig =
S13 =

P13 =

Node 14 - Reheaters Outlet (Before accounting for attemperation)

THPT,IP,in
PupT,iP.in
hHPT,IP,in
S HPT,IP,in
PHPT,IP,in
— HP turbine Inlet Valve Inlet
THPT.IV,in
PHpT,1v,in
hHPT,IV,in
SHPT,IV,in
PHPT,IV.in
- HP turbine Inlet
THP,TUR,in
PHP,TUR.in
hHp, TUR,in
SHP,TUR,in
PHP,TUR,in
- Reheaters Inlet
THP,TUR,out
PHp,TUR, out
hHp, TUR, out
S HP,TUR,out

PHP,TUR,out

Tia = TRH,out

P14 = PrAout

hia = DhRrHou

S14 = SRH,out

P14 = PRH,out
Node 15 - Reheaters Outlet (After accounting for attemperation)

Tis = TipTipin
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Pis = Piptirin
his = hiptipin
S15 = SIPT,IR,in
P15 =  PAPTIP,in

Node 16 — IP Turbine Inlet Valve Inlet

Tie = TipTiv,in
Pis = Piptivin
hise = hipTivin
S16 = SIPT,IV,in
P16 = PPTIV,in

Node 17 — IP Turbine Inlet

T17 = Tip,TURN
P17z = PipTUR/N
hiz = hip1UuRin
S17 = SIP,TUR,n
P17 = PP, TUR,n

Node 18 — IP Turbine Bleed Point

Tis = THP,FD,HTR,H,n
Pis = PupFDHTRHIN
his = hup,FDHTRH,in
S$18 = SHP,FD,HTR,H,in
P18 = PHP,FD,HTR,H,in

Node 19 — IP Turbine Outlet

Tig = Tip,TUR,0ut
Pie = Pip,TUR,out
hio = hipTUR0Ut
S19 = S|P, TUR,out
P19 = PP, TUR,out

Node 20 - LP Turbine Bleed Points

T20 = TLp,FD,HTR,BLEED

P20 = PLp,FD,HTR,BLEED
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hao =
S20 =
P20 =
Node 21
T =
Pa1 =
hoy =
S21 =
1 =
Node 22
Ty =
P2 =
h =
S22 =
P2 =
Node 23
Tos =
P23z =
has =
S23 =
P23 =
Node 24
Tog =
Pos =
haa =
S24 =
poa =
Node 25
Tas =
Py =

hos =

N p FD,HTR,BLEED
SLP,FD,HTR,BLEED

PALP,FD,HTR,BLEED

- LP Turbine 1 Outlet

TTuRL,S2,0ut
PsaT,conp1
hTuRr1,52,0ut
S TUR1,S2,0ut

PTUR1,S2,0ut

- LP Turbine 2 Outlet

TTUR2,52,0ut
PsaT,conp2
hTuRr2,52,0ut
S TUR2,S2,0ut

PTUR2,S2,0ut

- LP Feed Heater Condensate

TLp,FD,HTR,C
PLp,FD,HTR,C
hip FD,HTR,C
SLP,FD,HTR,C
PLP,FD,HTR,C
- LP Feed Heater Bleed Steam Condenser Inlet
TLP,FD,HTR,COND2,in
PLp,FD,HTR,COND2,in
hip,FD,HTR,COND2,in
SLP,FD,HTR,COND2,in
PLP,FD,HTR,COND2,in
- HP Feed Heater Condensate
THP,FD,HTR,C
Pup,FD,HTR,C

hup.FDHTR.C

Ry
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S25 = SHP,FD,HTR,C
f25 = PHP,FD,HTR,C
Node 26 - LP Feed Heater Bleed Steam Dearator Inlet
T26 = THP,FD,HTR.DA/N
P26 = PupFD,HTR.DAIN
h2s = hHp,FDHTR,DA,N
S26 = SHP,FD,HTR,DA/n
26 = PHP,FD,HTR,DA,in
Node 27 - BFPTD outlet
T2z = TerPD,out

P2z = Pgrpm,out

h2z = herpm,0ut

S27 = SBFPTD,out

27 = PBFPTD,out
Node 28 - RCC CW Inlet
Ts = Tcw,in

P2s = Pcw,in

hag = hcw,in

S28 = Scw,in

P8 = Pcw,in

Node 29 - RCC CW Intermediate
Tae = Tcw,int

P2g = Pcw,in

hag = hcw,int

S29 = Scw,int

P9 = pcw,int

Node 30 - CW Outlet

Tao = Tcw,out

Pz = Pcw,in

hso = hcw,out

S30 = Scw,out
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PCW,out

8.1.2 Results

SOLUTION

Unit Settings: [kJ]/[C]/[MPa]/[kg]/[degrees]

APecon = 3.7 [MPa]
APHp,sH= 1.2 [MPa]

APrH= 1.2 [MPa]
neF,pump,TUR = 0.88 [-]

nHP,TUR = 0.9 [-]

Mot = 0.4305 [-]

hconb,out = 149.1 [kJ/kg]
hcw,out= 167.6 [kJ/kg]
hecon,out = 1737 [kJ/kg]
hup,Fo,HTR,c = 908.5 [kJ/Kkg]
hp,Fo,HTR,0ut = 915.8 [kJ/kg]
hup,Tur,in = 3397 [kJ/Kg]
hipTiv,in = 3539 [kJ/kg]
hip,Fp,HTR BLEED = 2811 [kJ/KQ]
hip,HTR,0ut = 467.5 [kJ/kg]
hTur2,s2,0ut = 2414 [kJ/KQ]

m2 = 0.08745 [kg/s]

ms = 0.04397 [kg/s]

ms = 0.005175 [kg/s]
PerpTD,0ut = 0.008651 [MPa]
Pcw,n= 0.1 [MPa] Poa= 0.6 [MPa]
Pecon,out= 18.1 [MPa]
PHp,Fp,HTR,BLEED = 2 [MPa]
PHp,FD,HTR H,in = 2 [MPa]
PHp,sH,out= 16.9 [MPa]
Piptipin= 3.5 [MPa]
Pip,TUR,0ut = 0.6 [MPa]

PLp Fp,HTR,cOND2,in = 0.008651 [MPa]
Psat,conp1 = 0.00482 [MPa]

APHpT,iv=10.1 [MPa]
APpTiv=0.1 [MPa]
ner,pump = 0.85 [-]

ncep = 0.85 []

nip,TurR = 0.88 [-]

herpPTD,0ut = 2414 [kJ/kg]
hcw,in = 84.01 [kJ/kg]
hpa,out = 670.4 [kJ/kg]
hxpT,pin = 3402 [kJ/kg]
hHp,FD,HTR,DAIn = 908.5 [kJ/kg]
hrp,pumP,out = 697.9 [kJ/Kg]
hHp, TUR 0ut = 3066 [kJ/kg]
hip,Turin = 3539 [kJ/Kkg]
hipro,HTR.Cc = 467.1 [kJ/Kg]
hRrH,0ut = 3554 [kJ/kg]

Kpoly = 0.1944

ms3 = 0.06305 [kg/s]

me = 0.3476 [kg/s]

me = 0.003973 [kg/s]
Pcep,out= 0.8 [MPa]
PoasLeep = 0.6 [MPa]
Prpt,pin= 16.9 [MPa]
PHp,FoHTR.C = 2 [MPa]
Prp,FD,HTR,0ut = 21.8 [MPa]
PP, TUR,in = 16.8 [MPa]
PipT,vin= 3.5 [MPa]
Pip,Fp,HTR,BLEED = 0.15 [MPa]
PLpHTR 0ut = 0.6 [MPa]
Psat,conp2 = 0.008651 [MPa]

APHpPHTR = 0.2 [MPa]
APLpHTR= 0.2 [MPa]
nsrF.pump,MecH = 0.95 [-]
ncep,Losses = 0.702 [-]
ne,TurR = 0.88 [-]

hcep,out= 150 [kJ/kg]
hew,int= 122.6 [kJ/kg]
horum,out = 2506 [kJ/kg]
hupT,ivin = 3397 [kJ/kg]
hHp,Fo,HTRH,in = 3377 [kJ/kg]
hp,sH,out = 3416 [kJ/kg]
hipt,ipin = 3542 [kJ/kg]
hip,Tur,out = 3074 [kJ/kg]
hip,Fp,HTR,cOND2,in = 467.1 [kJ/kg]
htur1,s2,0ut = 2349 [kJ/kg]
mz=0.9909 [kg/s]

ma = 0.115 [kg/s]

m7 = 0.3429 [kg/s]

mtot = 1 [kg/s]

Pconp,out= 0.008651 [MPa]
Porum = 18.1 [MPa]
PupTvin= 16.9 [MPa]
PHp.FD,HTR,DAn = 0.6 [MPa]
PHp,pump,out = 22 [MPa]
PHpP,TUR 0ut = 4.7 [MPa]
Pip,Turin = 3.4 [MPa]
PLp,Fp,HTR.c = 0.15 [MPa]
PrH,0ut = 3.5 [MPa]

gconp = 1678 [kW]
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gHPT,IPloss = 4.518 [kKW]
gecon = 813.2 [KW]

grH = 486.1 [kW]

pcep,out = 994.1 [kg/m3]
pcw,int = 995.9 [kg/m3]
poRUM,out = 134.8 [kg/ms]
pHPT,Iv,in = 50.91 [kg/m3]
PHP,FD,HTR,H,in = 6.038 [kg/m3]
pHP,sH,out = 50.27 [kg/m3]
piPT,IPin = 9.536 [kg/m3]

Local variables in Module ExtractionPump\1l CALL ExtractionPump

APLpHTR = 0.2 [MPa]
hin=149.1 [kJ/kg]

m = 0.8495 [kg/s]

mtot = 1 [kg/s]

Pout= 0.8 [MPa]

sin= 0.5131 [kJ/kg-K]
Tin=35.59 [C]
wpump,cycLe = 1.133 [KW]

giPT.Ipjoss = 3.562 [kKW]

gin= 2964 [kW]

gsH = 901.8 [kW]

pconD,out = 993.8 [kg/m3]
pcw,out = 992.2 [kg/ms]
pecoN,out = 541.2 [kg/m3]
pHP,FDHTR,C = 849.8 [kg/m3]
PHP,FDHTR,0ut = 865.3 [kg/m3]
pHP,TUR,in = 50.61 [kg/m3]
piPT,Iv,in = 9.556 [kg/m3]

nrosses = 0.702 [-]
hisen,out = 149.9 [kJ/kg]
m2 = 0.08745 [kg/s]
PoasLeep = 0.6 [MPa]

pin = 993.8 [kg/m3]
Sisen,out = 0.5131 [kJ/kg-K]
Tout= 35.64 [C]

Local variables in Module LPFeedHeaters\1 CALL LPFeedHeaters

hh,c = 467.1 [kJ/kg]

hin = 150 [kJ/kg]

ms = 0.06305 [kg/s]
Pconb2 = 0.008651 [MPa]
Phin= 0.15 [MPa]

pH,c = 949.9 [kg/ms]
shc= 1.434 [kI/kg-K]
Thc=111.3 [C]

h.in= 2811 [kJ/kg]

hout = 467.5 [kJ/kg]
ma = 0.115 [kg/s]

Poa= 0.6 [MPa]

Ph.out = 0.008651 [MPa]
pH,out = 0.4968 [kg/m3]
SH,out = 1.52 [kJ/kg-K]
TH,out= 43 [C]

Local variables in Module Dearator\1 CALL Dearator

hc,Fo,HTR,0ut = 908.5 [kJ/kg]
hout = 670.4 [kJ/kg]

Mot = 1 [Kg/s]

pout = 908.6 [kg/m3]

Local variables in Module BoilerFeedPump\1 CALL BoilerFeedPump

APecon = 3.7 [MPa]

hH,in= 3074 [kJ/kg]
m2 = 0.08745 [kg/s]
Poa= 0.6 [MPa]
Sout= 1.931 [kJ/kg-K]

APHp,HTR = 0.2 [MPa]

gorum = 762.4 [KW]

Qloss = 1686 [kW]

pBrPTD,out = 0.06386 [kg/ms]
pcw,in = 998.2 [kg/mz]
ppAout = 908.6 [kg/ms]
pHPT,IP,in = 50.75 [kg/m3]
PHP,FD,HTR,DAin = 27.03 [kg/m3]
pHP,PUMP,out = 917.6 [kg/m3]
PHP,TUR,0out = 18.14 [kg/m3]
pIP,TUR,n = 9.282 [kg/m3]

npump = 0.85 [-]

hout = 150 [kJ/kg]

mz = 0.06305 [kg/s]
Pin=0.008651 [MPa]
pout=994.1 [kg/ms]
Sout = 0.5136 [kJ/kg-K]
wpump = 0.7957 [KW]

hH,out = 467.1 [kJ/kg]
m2 = 0.08745 [kg/s]
mtot = 1 [kg/s]
PH.c=0.15 [MPaQ]
Pout= 0.6 [MPa]
pout = 950.1 [kg/m3]
Sout= 1.433 [kJ/kg-K]
Tout= 111.3 [C]

hin= 467.5 [kJ/kg]
ms = 0.06305 [kg/s]
PoasLeep = 0.6 [MPa]
Tout=158.8 [C]

nmecH = 0.95 [-]
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npuvp = 0.85 [-]

hisen,out = 693.8 [kJ/kg]
hturiisen,out = 2324 [kJ/kg]
mtot = 1 [kg/s]

Pout = 22 [MPa]

pTUR,out = 0.06386 [kg/ms]
Sout = 1.94 [kJ/kg-K]

nTur = 0.88 []

hout = 697.9 [kJ/kg]
htur,out = 2414 [kJ/kg]
Pconpz2 = 0.008651 [MPa]
PTur.out = 0.008651 [MPa]
sin=1.931 [kJ/kg-K]
STUR,in = 7.395 [kJ/kg-K]

STUR,out = 7.679 [kJ/kg-K]
wpump = 27.56 [KW]

Tout= 162.3 [C]
WTUR,out = 29.01 [kW]

Local variables in Module HPFeedHeaters\1 CALL HPFeedHeaters

APecon = 3.7 [MPa]
hH,out = 908.5 [kJ/kg]
m1=0.9909 [kg/s]
Porum = 18.1 [MPa]
PH,out= 0.6 [MPa]
pH,c = 849.8 [kg/ms]
sH.c = 2.447 [kJ/kg-K]
sin= 1.94 [kJ/kg-K]
TH,in = 458.5 [C]
Tout=212.4 [C]

hh,c=908.5 [kJ/kg]
hin=697.9 [kJ/kg]

m2 = 0.08745 [kg/s]
Prc=2 [MPa]

Pin= 22 [MPa]
pH,out = 27.03 [kg/m3]
SH,in = 2.447 [kJ/kg-K]
Sout = 2.414 [kJ/kg-K]
TH,out = 158.8 [C]

Local variables in Module Economiser\1 CALL Economiser

hin=915.8 [kJ/kg]
Porum = 18.1 [MPa]
pout = 541.2 [kg/m3]

hout = 1737 [kJ/kg]
Pout=18.1 [MPa]
Sout = 3.879 [kJ/kg-K]

Local variables in Module Drum\1 CALL Drum

hin= 1737 [kJ/kg]
Porum = 18.1 [MPa]
Sout = 5.099 [kJ/kg-K]

hout = 2506 [kJ/kg]
qin= 762.4 [KW]
Tout = 357.5 [C]

Local variables in Module HPSuperHeaters\1 CALL HPSuperHeaters

AP = 1.2 [MPa]
mz1 = 0.9909 [kg/s]
gin= 901.8 [KW]
Tout= 545 [C]

hin= 2506 [kJ/kg]
Pin=18.1 [MPa]
pout = 50.27 [kg/m3]

Local variables in Module HPTurbine\l1 CALL HPTurbine

hin= 670.4 [kJ/kg]

htur,in= 3074 [kJ/kg]

ms = 0.04397 [kg/s]
Porum = 18.1 [MPa]
pout=917.6 [kg/ms3]
Sisen,out = 1.931 [kJ/kg-K]
STUR,isen,out = 7.395 [kJ/kg-K]

TTur0ut = 43 [C]

hh,in = 3377 [kJ/kg]
hout = 915.8 [kJ/kg]
Ppa= 0.6 [MPa]
Phn= 2 [MPa]

Pout= 21.8 [MPa]
pout = 865.3 [kg/ms]
SHout= 2.482 [kd/kg-K]
The=212.4[C]
Tin=162.3 [C]

m1=0.9909 [kg/s]
gin = 813.2 [kW]
Tou=357.5[C]

m1=0.9909 [kg/s]
Pout = 134.8 [kg/m3]

hout= 3416 [kJ/kg]
Pout=16.9 [MPa]
Sout = 6.432 [kJ/kg-K]
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nTur= 0.9 [-]

hout = 3066 [kJ/kg]

Pout= 4.7 [MPa]
Sisen,out = 6.411 [kJ/kg-K]
Wout = 330.5 [KW]

Local variables in Module HPAttemperation\1 CALL HPAttemperation

hat = 697.9 [kJ/kg]
ma1 = 0.9909 [kg/s]
miot = 1 [kg/s]
Pout=16.9 [MPa]
sin = 6.432 [kJ/kg-K]
TH= 540 [C]

hin= 3397 [kJ/kg]

mz1 = 0.9909 [kg/s]
pout = 18.14 [kg/ms3]
Sout = 6.472 [kJ/kg-K]

hin= 3416 [kJ/kg]

ms = 0.005175 [kg/s]
Pat= 22 [MPa]

pout = 50.75 [kg/ms]
Sout = 6.414 [kJ/kg-K]
Tin=545 [C]

hisen,out = 3029 [kJ/kg]
ms = 0.005175 [kg/s]
sin= 6.411 [kJ/kg-K]
Tout= 345.8 [C]

hout = 3402 [kJ/kg]
mMout = 0.996 [kg/s]
Pin=16.9 [MPa]
sat = 1.94 [kJ/kg-K]
Tat= 162.3 [C]
Tout= 540 [C]

Local variables in Module HPTurbinelnletValve\l CALL HPTurbinelnletValve

AP = 0.1 [MPa]

hout = 3397 [kJ/kg]
PaTT,0ut= 16.9 [MPa]
Qloss = 4.518 [KW]
Sin= 6.409 [kJ/kg-K]
Tout= 538 [C]

haTT,0ut = 3402 [kJ/KQ]
m1=0.9909 [kg/s]
Pin=16.9 [MPa]
pin=50.91 [kg/m3]
Sout = 6.411 [kJ/kg-K]

Local variables in Module Reheaters\1 CALL Reheaters

AP = 1.2 [MPa]

mz1 = 0.9909 [kg/s]
Pout= 3.5 [MPa]
Sout = 7.288 [kJ/kg-K]

Local variables in Module RHAttemperation\1 CALL RHAttemperation

hatt = 697.9 [kJ/kg]
m1 = 0.9909 [kg/s]
Mot = 1 [Kg/s]

Pout= 3.5 [MPa]
sin= 7.288 [kJ/kg-K]
Th=540 [C]

hin= 3066 [kJ/kg]

me = 0.005175 [kg/s]
Qin= 486.1 [KW]
Tout= 545 [C]

hin = 3554 [kJ/kg]

ms = 0.005175 [kg/s]
Pat= 22 [MPa]

pout = 9.536 [kg/mz]
Sout= 7.274 [kJ/kg-K]
Tin=545 [C]

hin = 3397 [kJ/kg]

me = 0.005175 [kg/s]
Pout=16.8 [MPa]
pout = 50.61 [kg/ms]
Tin=538.4 [C]

hout = 3554 [kJ/kg]
Pin= 4.7 [MPa]
pout= 9.472 [kg/ms]

hout = 3542 [kJ/kg]
mo = 0.003973 [kg/s]
Pin= 3.5 [MPa]

Satt = 1.94 [kJ/kg-K]
Tat=162.3 [C]
Tout= 540 [C]

Local variables in Module IPTurbinelnletValve\l CALL IPTurbinelnletValve

AP = 0.1 [MPa]
hsH,out = 3542 [kJ/kg]

hin = 3539 [kJ/kg]
m =1 [kg/s]

hout = 3539 [kJ/kg]
Pin= 3.5 [MPa]
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Pout = 3.4 [MPa]
pin=9.556 [kg/m3]
Sout = 7.282 [kJ/kg-K]

PsH,out= 3.5 [MPa]
pout = 9.282 [kg/m3]
Tin=538.4 [C]

Local variables in Module Condenser\1 CALL Condenser

hconba,in= 2349 [kJ/kg]
hconb2,out = 167.5 [kJ/kg]
hew,out= 167.6 [kJ/kg]

ma = 0.115 [kg/s]

m7 = 0.3429 [kg/s]

mcw = 20.07 [kg/s]
Psat,conpi = 0.00482 [MPa]
pcw,in = 998.2 [kg/ms3]
pout = 993.8 [kg/m3]
scw,out = 0.5724 [kJ/kg-K]
Tconbi,out = 29.22 [C]
Tew,int = 29.22 [C]
Tr=20[C]

Tsus = 3 [C]

hconb1,out= 122.5 [kJ/kg]
hew,in = 84.01 [kJ/kg]
hip,FD,HTR,0ut = 467.1 [kJ/Kg]
ms = 0.04397 [kg/s]
mconbi,out = 0.3476 [Kg/s]
Pcw,n= 0.1 [MPa]
Psat,conp2 = 0.008651 [MPa]
pcw,int = 995.9 [kg/ms]
scw,in= 0.2965 [kJ/kg-K]
Sout = 0.5131 [kJ/kg-K]
Tconp2,0ut = 40 [C]

Tew,out =40 [C]

Tsat,conpi = 32.22 [C]

Local variables in Module LPTurbines\1 CALL LPTurbines

nrur = 0.88 [-]

hisen, TUR1,52,0ut = 2251 [kJ/KQ]
hTur2,s2,0ut = 2414 [kJ/KQ]

ms = 0.06305 [kg/s]

me = 0.3476 [kg/s]

mturi,s1 = 0.4028 [kg/s]
mrurz,s2 = 0.3429 [kg/s]
Psat,conp1 = 0.00482 [MPa]
P1ur2,s2,0ut = 0.008651 [MPa]
0.06386 [kg/ms]

Sisen, TURL,S2,0ut = 7.395 [kJ/kg-K]
STUR2,52,0ut = 7.679 [kJ/kg-K]
Tin=305.8 [C]

Trur2,s2,0ut = 43 [C]

heLeeo = 2811 [kJ/kg]
hisen,TUR2,52,0ut = 2324 [kJ/Kkg]
Kpoly = 0.1944 [-]

ma4 = 0.115 [kg/s]

m7 = 0.3429 [kg/s]

mtur,s2 = 0.3476 [kg/s]
PeLeep = 0.15 [MPa]
PsaTt,conp2 = 0.008651 [MPa]
peLeep = 0.7428 [kg/m3]
seLeep = 7.509 [kJ/kg-K]
Sisen, TUR2,52,0ut = 7.395 [kJ/kg-K]
TeLeep = 169 [C]
Tink=578.9 [C]

Local variables in Module IPTurbine\1 CALL IPTurbine

Tisen = 0.88 [-]
hisen,out = 3011 [kJ/kg]
mbs = 0.08745 [kg/s]

hos = 3377 [kJ/kg]
hout = 3074 [kJ/kg]
min= 1 [kg/s]

(Jloss = 3.562 [KW]
sin= 7.269 [kJ/kg-K]
Tout= 538 [C]

hconb2,in= 2414 [kJ/kg]
hew,int=122.6 [kJ/kg]
hout = 149.1 [kJ/kg]

me = 0.3476 [kg/s]
mconbz,out = 0.5019 [kg/s]
Pout= 0.008651 [MPa]
Qloss = 1678 [kW]
pcw,out = 992.2 [kg/ms]
scw,int= 0.426 [kJ/kg-K]
TTDconp = 3 [C]
Tew,in= 20 [C]

Tout= 35.59 [C]
Tsat,conp2 = 43 [C]

hin= 3074 [kJ/kg]
hTur1,s2,0ut = 2349 [kJ/kg]
m2 = 0.08745 [kg/s]

ms = 0.04397 [kg/s]

mtot = 1 [kg/s]

mtur2,s1 = 0.4028 [kg/s]
Pin=0.6 [MPa]

PTur1,s2,0ut = 0.00482 [MPa]
pTUR1,52,0ut = 0.03753 [kg/ms] pTUR2,S2,0ut =
sin = 7.395 [kJ/kg-K]
STURL,S2,0ut = 7.718 [kJ/kg-K]
TeLeepk = 442.1 [C]
TTurL,S2,0ut = 32.22 [C]

hin= 3539 [kJ/kg]
kpoly =0.1944 [-]
Mout = 0.9126 [kg/s]
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Pbs = 2 [MPa]

Pout= 0.6 [MPa]
pin=9.282 [kg/m3]
sin= 7.282 [kJ/kg-K]
Tosk=731.6 [C]
Tout= 305.8 [C]

ARRAYS TABLE

Pressure
N [MPa]
1 0.008651
2 0.8
3 0.6
4 0.6
5 22
6 21.8
7 18.1
8 18.1
9 16.9
10 16.9
11 16.9
12 16.8
13 4.7
14 3.5
15 3.5
16 35
17 3.4
18 2
19 0.6
20 0.15

21 0.00482
22 0.008651

23 0.15

24 0.008651
25 2

26 0.6

27 0.008651
28 0.1

29 0.1

30 0.1

PrwH = 2 [MPa]
Poutiet = 0.6 [MPa]
pout = 2.278 [kg/m3]
Sout = 7.395 [kJ/kg-K]

Tin= 538 [C]
Toutk = 578.9 [C]
T h
[°C] [kJ/kg]

35.59 149.1
35.64 150

111.3 467.5
158.8 670.4
162.3 697.9
212.4 915.8
357.5 1737
357.5 2506
545 3416
540 3402
538.4 3397
538 3397
345.8 3066
545 3554
540 3542
538.4 3539
538 3539
458.5 3377
305.8 3074
169 2811
32.22 2349
43 2414
111.3 467.1
43 467.1
2124 908.5
158.8 908.5
43 2414
20 84.01
29.22 122.6
40 167.6

Pin= 3.4 [MPa]

pbs = 6.038 [kg/ma]
Sbs = 7.312 [kJ/kg-K]
Tos = 458.5 [C]

Tink = 811.2 [C]

Wout = 438.3 [KW]

S rho
[kJ/kg-K] [kg/m?]

0.5131 993.8
0.5136 994.1
1.433 950.1
1.931 908.6
1.94 917.6
2.414 865.3
3.879 541.2
5.099 134.8
6.432 50.27
6.414 50.75
6.409 50.91
6.411 50.61
6.472 18.14
7.288 9.472
7.274 9.536
7.269 9.556
7.282 9.282
7.312 6.038
7.395 2.278
7.509 0.7428
7.718 0.03753
7.679 0.06386
1.434 949.9
1.52 0.4968
2.447 849.8
2.482 27.03
7.679 0.06386
0.2965 998.2
0.426 995.9
0.5724 992.2
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8.2 VAPOUR COMPRESSION CYCLE SIMULATION MODEL

8.2.1 Simulation Model

Component Functions

Expansion Valve
MODULE VCCexpansion,valve 0NF$, Tin, Pin, hin, Sin, pin, Tout, Pout, hout, Sout, pout)

Outlet Conditions

Pout = P (WFS$ ,T=Tou,h=hou)
hout = hin
Sout = S (WF$ ,T=Tou,h=hgy)

pot = P(WFS ,T=Tou,h=hgy)

Xout = X (WF$ ,T=Tou ,h=hoy)
END VCCExpansion,VaIve
Evaporator

MODULE VCCEvaporator (WF$, QEVAP, mcw, mvce, HXeft,evap, Tin, Pin, hin, Sin, pin, Tout, Pout, hout, Sout, Pout, Tew,in, Pcw,in,
hcw,in, Scw,in, pcw,in, Tcw,out, Pcw,out, hcw,out, Scw,out, pcw,out)

Energy Balance

Qevap = mMcw - (hcew,in = hcw,out )
Qevap = mMmycc * (howt — hin)
Performance

Tew,in — Tcow,out
HXetf,Evap =

Tew,in — Tin

Outlet Conditions (CW)

Tew,ouw = T ('Steamapws’, P=Pcw,out - h =hcw,out )
Pcw,out = Pcwiin

Scw,out = S ('Steamapws’, P =Pcw,out »h =hcw,out )
pewout = p ('Steamiapws', P=Pcw,out , h =hcw,out )

Outlet Conditions (WF)
Towt = T(WF$ ,P=Poy ,X=Xout )

Pout = Pin
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h (WF$ ,P=Pout , X=Xout )

h out

S (WF$ ,P=Pqy ,X=Xout )

Sout
pout = P(WFS$ , T=Tou , h=hgy)

1

Xout

END VCCEvaporator
MODULE VCCcompressor (WF$, T COMP, W, m, Tin, Pin, hin, Sin, pin, Tout, Pout, hout, Sout, pout)

Outlet Conditions
hisen,out = h (WF$ ,P=Poy ,S =Sin)

Tout = T(WF$ ,P=Pgy ,h=hgy)
Sout = S (WF$ ,P=Poy ,h=hgy)

pot = P(WFS ,T=Tou,h=hgy)

Isentropic Efficiency

hisen,out - hin
ncowp = —
hout - hin

Calculating Required Work
W = m - (howt — hin)

END VCCCompressor

Condenser

MODULE VCCcompressor (VVF$, N COMP, W, m, Tin, Pin, hin, Sin, Pin, Tout, Pout, hout, Sout, pout)

Energy Balance

Qcono = Mpew - (hrwout — hrwiin)
Qcono = Mvcc * (hin = hoy )
Performance

Tconp,sat =  Trw,out

Towt = Tconp,sat

Outlet Conditions (WF)
Pout = P (WF$ ,T=Toyu ,X=Xout )

howt = h (WF$ ,T=Tout ,X=Xout )
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Sout = S (WF$ ,T=Tou , X=Xout )
pout = P(WFS$ , T=Tou,X=Xout )

Xout = O

Pressure Relations
Pout = Pin

Prw,out = Prwin — APFw

END VCCcondenser

Main Program
Rankine Cycle Input Parameters

CW Information

Tew,n = T ('Steamiapws', P=Pcw,in . h=hcw,in)

PCW,in = 01 [MPa]

hewin = 8401 [Kikg]
Scw,in = S ('Steamapws', P =Pcw,in,h=hcw,in)
pew,in = p ('Steamiapws', P=Pcw,in . h =hcw,in)
Mew = 2007 [Kgls]

FW Inlet Information

Tew,in = T ('Steamapws', P =Prw,in ,» h=hrw,in)

PFW,in = 0.8 [MPa]

hewin = 150  [kJkg]
SFw,in = S ('Steamapws', P =Prw,in,h=hrw,in)
pew,in = p ('Steam apws', P =Prw,in , h =hrw,in )

FW Inlet Information

Tew,our = T ('Steamjapws', P =Prw,out -+ h=hrw,out )
hrwow = 467.5 [kIkg]

Srw,out = S ('Steamjapws’, P =Prw,out -+ h=hrw,out )
PFwout = p ('Steamiapws', P =Prw,out , h =hew out )

Mew = 0.8495  [kg/s]
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VAPOUR COMPRESSION CYCLE

Additional Inputs
WF$ = 'Ethanol'

ncowp = 0.85
HXeff,.evap = 0.85

APconp,rw = 0.2

Calculations

The Vapour Compression Cycle Expansion Valve
Call VCCexpansion,vave[WF$, T4, P4, ha, s4, pa, T1, P1, h1, s1, p1]

The Vapour Compression Cycle Evaporator
Call VCCevaporator[WF$, Qevap, mcw, mvcc, HXefievap, T1, P1, ha, s1, p1, T2, P2, h2, s2, p2, Tew,in, Pcw,in, hcw,in, Scw,in, pcw,in,
Tew,out, Pcw,out, hcw out, Scw,out, pcw,out]

The Vapour Compression Cycle Compressor
Call VCCcompressor[WF$, ncomp, Wcomp, mvee, T2, P2, h2, s2, p2, Ts, P3, hs, s3, p3]

The Vapour Compression Cycle Condenser
Call VCCcondenser[WF$, Qconp, mrw, mvce, APconp,Fw, Ts, Ps, hs, s3, p3, T4, P4, ha, sa, pa, Trw,in, Prw,in, hFw,in, SFwin, pFw,in,
Trw,out, PFw,out, hFw,out, SFw,out, pFW,out]

8.2.2 Results

SOLUTION

Unit Settings: [kJ]/[C]/[MPa]/[kg]/[degrees]

APconp,Fw = 0.2 [MPa] ncomp = 0.85 [] HXett,evap = 0.85 [-]
hcw,in = 84.01 [kJ/kg] hew,out = 75.03 [kJ/kg] hrw,in = 150 [kJ/kg]

hrw out = 467.5 [kJ/kg] mcw = 20.07 [kg/s] mrw = 0.8495 [kg/s]
mvce = 0.2767 [kg/s] Pcw,n=0.1 [MPa] Pcw,out= 0.1 [MPa]
Prw,n= 0.8 [MPa] Prw.out = 0.6 [MPa] Qconb = 269.7 [kW]
Qevar = 180.3 [kW] pcw,in = 998.2 [kg/ms] pcw,out = 998.6 [kg/ms]
prw,in = 994.1 [kg/ms] pFw,out = 950.1 [kg/ms] scw,in= 0.2965 [kJ/kg-K]
scw,out = 0.2657 [kJ/kg-K] srw,in = 0.5135 [kJ/kg-K] srw,out = 1.433 [kJ/kg-K]
Tew,in= 20 [C] Tew,out=17.85 [C] Trw,in= 35.63 [C]
Trw,out=111.4 [C] WF$ = 'Ethanol' Wcowmp = 89.46 [KW]

Local variables in Module VCC_Expansion_Valve\l CALL VCC_Expansion_Valve

hin= 368.3 [kJ/kg] hout = 368.3 [kJ/kg] Pin=0.328 [MPa]
Pout = 0.005029 [MPa] pin= 700 [kg/ms] pout = 0.3184 [kg/m3]
sin= 1.328 [kJ/kg-K] Sout = 1.464 [kJ/kg-K] Tin=111.4 [C]
Tout=17.48 [C] WFS$ = 'Ethanol’ Xout = 0.2992 [-]
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Local variables in Module VCC_Evaporator\1 CALL VCC_Evaporator

HXett,evap = 0.85 [-]
hin = 368.3 [kJ/kg]
mvcc = 0.2767 [kg/s]
Pin=0.005029 [MPa]
pcw,in = 998.2 [kg/m3]
pout = 0.02507 [kg/m3]
sin= 1.464 [kJ/kg-K]
Tew,out=17.85 [C]
WF$ = 'Ethanol’

hew,in = 84.01 [kJ/kg]
hout = 1020 [kJ/kg]
Pcw,in= 0.1 [MPa]

Pout = 0.005029 [MPa]
pcw,out = 998.6 [kg/ms]
scw,in = 0.2965 [kJ/kg-K]
Sout = 3.707 [kJ/kg-K]
Tin=17.48 [C]

Xout=1 [-]

hcw,out = 75.03 [kJ/kg]
mcw = 20.07 [kg/s]
Pcw,out= 0.1 [MPa]
Qevar = 180.3 [kW]
pin=0.3184 [kg/m3]
scw,out = 0.2657 [kJ/kg-K]
Tew,in= 20 [C]
Tout=17.48 [C]

Local variables in Module VCC_Compressor\1 CALL VCC_Compressor

ncomp = 0.85 [-]

hout = 1343 [kJ/kg]
Pout= 0.328 [MPa]
sin= 3.707 [kJ/kg-K]
Tout=202.9 [C]

hin= 1020 [kJ/kg]

m = 0.2767 [kg/s]
pin= 0.02507 [kg/ms]
Sout = 3.811 [kJ/kg-K]
WF$ = 'Ethanol’

Local variables in Module VCC_Condenser\l CALL VCC_Condenser

APrw = 0.2 [MPa]

hin = 1343 [kJ/kg]
mvcc = 0.2767 [kg/s]
Pin=0.328 [MPa]
prw,in = 994.1 [kg/ms]
pout = 700 [kg/m3]
sin= 3.811 [kJ/kg-K]
Trw,in = 35.63 [C]
Touwt=111.4 [C]

ARRAYS TABLE

Nr. Pressure [MPa]
1 0.005029
2 0.005029
3 0.328
4 0.328

hrw,in = 150 [kJ/kg]
hout = 368.3 [kJ/kg]
Prw,n= 0.8 [MPa]

Pout= 0.328 [MP3a]
prw,out = 950.1 [kg/m3]
srw,in = 0.5135 [kJ/kg-K]
Sout = 1.328 [kJ/kg-K]

Trw.out= 111.4 [C]
WF$ = 'Ethanol’
T h
[°C] [kJ/kg]

17.48 368.3
17.48 1020
202.9 1343
111.4 368.3

hisen.out= 1295 [kJ/kg]
Pin = 0.005029 [MPa]
pout = 3.911 [kg/ms]
Tin=17.48 [C]

W = 89.46 [kJ/s]

hrw,out = 467.5 [kJ/kg]
mrw = 0.8495 [kg/s]
Prw,out = 0.6 [MPa]
Qconbp = 269.7 [kW]

pin = 3.911 [kg/m3]
srw,out = 1.433 [kJ/kg-K]
Tconpsat = 111.4 [C]

Tin=202.9 [C]
Xout=0 [-]
S rho
[kJ/kg-K] [kg/m3]

1.464 0.3184
3.707 0.02507
3.811 3.911
1.328 700
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8.3 RANKINE-HEAT PumP COMBINED CYCLE SIMULATION MODEL

8.3.1 Simulation Model

Component Functions

RCC

MODULE Condenser (Tr, TTDconb, Tsus, me, mz, ms, m4, Psat,conp1, Psat,conp2, Pout, Tout, hout, Sout, pout, hconpz,in,
hconb2,in, hLP,FDHTR,0ut, Qoss, Tcw,in, Pcw,in, hcw,in, Scw,in, pcw,in, Tcw,int, hcw int, Scw int, pcw,int, Tcw,out, hcw,out, Scw,out,
PCW,out)

Condenser Performance

Tewout = Teow,in + Tr
Tsatconor = Tew,int + TTDconp
Tsatconp2 = Tcw,out + TTDconp

Condenser Pressures

Psatconpr = P ('Steamapws', T=Tsar,conp1 X=0)

Psat,conp2 = P ('Steamapws', T=Tsat,conp2 ,X=0)

Outlet Conditions per Condenser

Tconptout = Tsatconor — Tsus
hconptout = h ('Steamapws', P =Psat,conp1 » T=Tconpi,out )
Tconpzout = Tsatconpz — Tsus
hconp2,out = h ('Steamapws' , P =Psat,conp2 » T=Tconb2,out )

Outlet Mass Flow Rates per Condenser

McoNDL,out = Mg

McoND2,out = M7 + Mg + Mg

Combined Outlet Conditions

Pout = Psat,conp2
Towt = T ('Steamapws', P=Pout . h=hout )
hout + ( r'nCONDl,out + r.nCONDZ,out ) = rhCONDl,out * hconbi,out
+ r.nCOND2,0ut * hconpz,out
Sout = S ('Steamiapws',P=Poyu ,h=hout )

pout = p('Steamiapws', P=Pout ,h =hgy )

Cooling Water Enthalpy

hew,in = h ('Steamapws', T=Tcw,in, P =Pcw,in )
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hcw,int = h ('Steamiapws', T=Tcw,int, P=Pcw,in )
hcwour = h ('Steamiapws' . T=Tcw,out , P =Pcw,in )
Energy Balances
mew © (hew,ine — hewin) = Mg - (hconowin — Nconprout )
Mmew - (hewout — hewine) = (Ms + m7 + mg) - (hconozin — Nconpzou )
Giss = Mg - (hconowin — hconprou )
+ (ms + m7 + ma) - (hconpzin — hconpzou )

Other CW Properties

Scw,n = S ('Steamjapws', T=Tcw,in.P=Pcw,in)
Scw,out = S ('Steamiapws', T=Tcw,out » P=Pcw,in )
ew,in = p ('Steamiapws’, T=Tcw,in, P=Pcw,in )
pew,out = p ('Steamiapws', T=Tcw,out s P=Pcw,in )

END Condenser

CEP
MODULE ExtractionPump (PoaBLeep, APLPHTR, 1PUMP, MLOSSES, Pin, Pout, Tin, Tout, hin, hout, Sin, Sout, pin, pout, Mtot, M2,

M3, WPUMP, WPUMP,CYCLE)

Outlet Conditions

Pout = Ppapeep + APLpHTR

Nisenout = h ('Steamapws', P =Pout , S =Sisen,out )

Sisenout = Sin

Touwt = T ('Steamiapws', P =Pout ,h=hoy ) Sout = S ('Steamiapws', P =Pout , T=Tout )
put = p('Steamiapws’, T=Tout , P =Pout )

r-n = r-ntot - f-nz - f-ns

Isentropic Efficiency

n hisen,out - hin

PUMP - .
hout - hin

Pump Work

Wpymp = (hout — hin) - m

Converting Pump Work to Shaft Power

Wpump

WPpPUMP,CYCLE =
NLOSSES
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END ExtractionPump

HP FWH

MODULE HPFeedHeaters (Porum, APEcon, m1, m2, Tin, Pin, hin, Sin, Tout, Pout, hout, Sout, pout, TH,in, PH,in, hH,in, SH,in, TH,c,
PH,c, hH,c, sH.c, pH.c, Ppa, THout, PH,out, hH,out, SH,out, pH,out)

FW Outlet Conditions
Pout = Pprum + APEecon
Tout = Thc
howt = h ('Steamjapws', T=Tout , P=Pout )
Sout = S ('Steamjapws', T=Tout . P=Pout )
pout = p('Steamapws' . T=Tout , P =Pout )

Condensate conditions

Puc = Phjin

Tuc = T ('Steamippws' ,Xx=0,P=Pyc)
hpc = h ('Steamapws', x=0,P=Pyc)
sy,c = s ('Steamapws' ., X=0,P=Pyc)
pc = p('Steamiapws' ,Xx=0,P=Pyc)

Energy Balance

My - (howt — hin) = m2 - (hyin— hue)

Hot Side Outlet Conditions — After Expanding

Phout = Popa

THout = T ('Steamiapws', P =Pu out, h=hy out)
hHout = huc

SHout = S ('Steamiapws', P =Pu out, h=hn out)
MHout = p('Steamiapws’, P =P out, h=hp out)

END HPFeedHeaters

Dearator

MODULE Dearator (Poa,sLeep, Tout, Poa, hout, Sout, pout, hin, h,in, hc,FD,HTR,0ut, Mtot, M2, M3)

Outlet Conditions

Ppa = PpaBLEED
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Touw = T ('Steamiapws' ,P=Ppa ,Xx=0)
houw = h ('Steamapws', P=Ppa ,x=0)
Sout = S ('Steamiapws',P=Ppa ,Xx=0)
pout = p('Steamiapws', P=Ppa ,x=0)

Energy Balance

(Mt — My — m3) - (how — hin) = m2 - (hcrpHRout — hout )

+ m3 - (hpin — hou )

END Dearator

BFP

MODULE BoilerFeedPump (npump, MMECH, NTUR, Mtot, M5, PorRUM, APHP,HTR, APECON, hin, Sin, Tout, Pout, hout, Sout, pout,
Pconp2, hTur,in, STUR,in, PTUR0ut, TTUR0ut, NTUR0ut, STUR0ut, PTUR out)

Pump Outlet Conditions

Pout = Pprum + APnpHR + APECON
Nisenout = h ('Steamapws', P =Pout , S =Sisen,out )
Sisenout = Sin

Touwt = T ('Steamapws', P=Pout ,h=hout )

Sout = S ('Steamiapws', T=Tout , P =Pout )

pout = p('Steamiapws', T=Tout , P =Pout )

Turbine Outlet Conditions

Ptur,out = Pconb2

hTUR,isen,out h ('Steamapws' , P =PTUR,0ut : S =STUR,isen,out )

STUR,isen,out = STUR,in

Trur,out = T ('Steamapws', P =Ptur,out » h =hT1UR,0ut )
STUR,out = S ('Steamapws', T=T1ur,out » h =hTUR,0ut )
Prur,out = p ('Steamapws', T=TTur,out » h =hTUR,0Ut )

Isentropic Efficiency

hisen,out - hin
neump = —f— .
hout hin
h1ur,out — hTUR,in
NTUR =
hTUR,isen,out - hTUR’,in
Pump/Turbine Work
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wpump = (houwt — hin) - My
WTur,out = Ms - (hur,in — NhTuR0ut )
Wpump = WTUR,out =~ TIMECH

END BoilerFeedPump

Economiser
MODULE Economiser (PDRUM, Pout, Tout, hout, Sout, Pout, hin, din, m1)

Outlet Conditions

Pout = Pprum

Toww = T ('Steamjapws',P=Pout ,x=0)
houw = h ('Steamppws', P=Pout ,X=0)
Sout = S ('Steamjapws',P=Pout ,x=0)
pout = p('Steamippws', P=Pout ,X=0)

Energy Balance
gin = m1 - (houw — hin)

END Economiser

Drum
MODULE Drum (PDRUM, Tout, hout, Sout, pout, hin, Qin, m1)

Outlet Conditions

Touw = T ('Steamapws',P=Pprum ,x=1)
howt = h ('Steam apws',P=Pprum ,X=1)
Sout = S ('Steamapws',P=Pprum ,X=1) pout = p('Steamapws', P=Pprum ,Xx=1)

Energy Balance
din = M1 (houwt — hin)

END Drum

Super Heaters
MODULE HPSuperHeaters (AP, Tout, Pin, Pout, hout, Sout, Pout, hin, qin, m1)

Outlet Conditions
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Pout = Pin — AP

houwr = h ('Steamippws’, T=Tout , P =Pout )
Sout = S ('Steamiapws', T=Tout , P =Pout )
pout = p('Steamippws’, T=Tout , P =Pout )

Energy Balance
Qin = m1 - (hoy — hin)

END HPSuperHeaters

Super Heater Attemperation

MODULE HPAttemperation (TH, Pin, Tin, hin, Sin, Patt, Tatt, hatt, Satt, Mtot, M1, Ms, Pout, Tout, hout, Sout, pout)

Mass Balance
mi = Moyt — Mg

Super Heater Outlet Conditions If Attemperation Would Have Been Applied At Inlets

Pout = Pin

Towt = Th

houw = h ('Steamapws', T=Tout , P=Pout )
S out s ('Steamiapws' s T=Tout \P=Pout )  pout = p('Steamiapws', T=Tout , P =Pout )

Energy Balance
Mout * Nowt = M1 - hip + Mg - hyy

END HPAttemperation

HP turbine Inlet Valve and Piping
MODULE HPTurbinelnletValve (mz1, ms, AP, Pin, Tin, hin, Sin, pin, Pout, Tout, hout, Sout, pout, Qioss, PATTout, hATT,out)

Turbine Inlet Valve Outlet Conditions

Pout = Pin — AP

hout = h ('Steamiapws', T=Tout , P =Pout )
Sout = S ('Steamjapws', T=Tout . P =Pout )
pout = p ('Steamiapws', T=Tout , P =Pout )
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Turbine Inlet Valve Inlet Conditions
Pin = PatTout

Tin = T ('Steamapws', P=Pin,h=hjy)

hin = hout
Sin = S ('Steamapws', T=Tin,P=Pjy)
pn = p('Steamiapws', T=Tin,P=Pin)

Heat Loss In The Piping Between The Super Heaters And The Turbine Inlet Valve

Qoss = (M1 + mg) - (harrow — hin)

END HPTurbinelnletValve

HP turbine

MODULE HPTurbine (m1, ms, NTUR, hin, Sin, Pout, Tout, hout, Sout, Pout, Wout)

Outlet Conditions
= h ('Steamapws' , P =Pout » S =Sisen,out )

hisen,out
Sisen,out Sin
Toww = T ('Steamapws', P =Pout . h=hou )
Sout = S ('Steamiapws', T=Tout , P =Pout )
pout = p('Steamippws’, T=Tout , P =Pout )

Isentropic Efficiency

i hout - hin
sen hisen,out - hin
Turbine Work Output
Wout = (my + mg) - (hin — hoy)

END HPTurbine

Reheaters

MODULE Reheaters (AP, Tout, Pin, Pout, hout, Sout, pout, hin, Qin, M1, ms)

Outlet Conditions
Pout = Pin — AP

howw = h ('Steamjapws', T=Tout , P=Pou )
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Sout = S ('Steamiapws' s T=Tou ,P=Pou )

pout = p('Steamapws', T=Tout , P =Pout )

Heat Loss In The Piping Between The Reheaters And The Turbine Inlet Valve

Gin = (M1 + mg) - (how — hin)

END Reheaters

Reheater Attemperation

MODULE RHAttemperation (TH, Pin, Tin, hin, Sin, Patt, Tat, hat, Satt, Mtot, M1, Ms, M9, Pout, Tout, hout, Sout, pout)

Mass Balance
mp + Mg = Mt — Mo

Super Heater Outlet Conditions If Attemperation Would Have Been Applied At Inlets

Pout = Pin
Tout = TH
houw = h ('Steamiapws', T=Tout , P =Pout )

s ('Steamapws' s T=Tout . P=Pout )

(2
o
c
s

|

pout = p('Steamiapws', T=Tout , P =Pout )

Energy Balance
Mit © howt = (Mg + mg) © hin + Mg * hay

END RHAttemperation

IP Turbine Inlet Valve and Piping

MODULE IPTurbinelnletValve (m, AP, Pin, Tin, hin, Sin, pin, Pout, Tout, hout, Sout, pout, Qloss, PsH,out, hsH,out)

Turbine Inlet Valve Outlet Conditions

Pouw = Pin — AP

houwr = h ('Steamippws', T=Tout , P =Pout )
Sout = S ('Steamiapws', T=Tout , P =Pout )
pout = p('Steamippws’, T=Tout , P=Pout )

Turbine Inlet Valve Inlet Conditions
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Pin = PsH,out

Tin = T ('Steamapws', P=Pin,h=hin)
hin = hout

Sin = s ('Steamjapws', T=Tin, P =Pin)
an = p('Steamiapws', T=Tin, P =Pin)

Energy Balance
Qoss = M - (hsyout — hin)

END IPTurbinelnletValve

IP Turbine
MODULE IPTurbine (min, Mbs, Misen, kpoly, PrwH, Poutlet, Pin, Tin, hin, Sin, pin, Pus, Tbs, hbs, Sbs, Pbs, Pout, Tout, hout, Sout, pout,

Wout)

Mass Balance
Miy = Moy + Mpg

Turbine Outlet Conditions — Isentropic Efficiency

Pout = Poutlet

hisenout = h ('Steamapws', P =Pout ,S =Sin)
Touw = T ('Steamiapws', P =Pout , h=hout )
Sout = S ('Steamiapws', T=Tout ,P=Pout )
put = p('Steamiapws’, T=Tout , P =Pout )

Isentropic Efficiency

hout - hin

Nisen
hisen,out - hin

Converting temperature to Kelvin for polytropic efficiency calculations
Tink = Tin + 27315 [K]
Thsk = Tps + 27315 [K]

Toutk = Tou + 273.15 [K]

Bled Steam Conditions — Polytropic Efficiency

Pbs = PrwH
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hps = h ('Steamapws', T=Tps ,P=Pps )
Sps = S ('Steamiapws' , T=Tps , P =Pps )
s = p('Steamjapws', T=Tps ,P=Pps )

Polytropic Efficiency

Tin,K _ I:)in Kpoly

Tout,K Pout

Tin,K _ [ Pin Kpoly

Tbs,K l:>bs

Turbine Work Output

Wout = Min = (hin — hps) + Moy = (hps —

END IPTurbine

hOUt )

LP turbine

MODULE LPTurbines (ntur, Kpoly, Pin, Tin, hin, Sin, PBLEED, TBLEED, hBLEED, SBLEED, pBLEED, PSAT,conp1, TTUR1,S20ut,

hTUR1,S2,0ut, STUR1,S2,0ut, PTURL,S2,0ut, PSAT,COND2, TTUR2,S2,0ut, NTUR2,52,0ut, STUR2,S2,0ut, PTUR2,S2,0ut, Mtot, M2, M3, M4, M5, Mé,

m7, Wout)

Mass Balance

Mtyrr + MTyr2 = Mt — M2 — M3 — Mg — M5

Pin — Psatconbi  _ MTur1

Pin — Psar,conp2 M1uR2 2

MTur1 = Mg

MTUR2 mz

Turbine 1 Outlet Conditions — Isentropic Efficiency

Pturt,out = Psat,conp1

hisen,TURl,out

Sisen,TURL,out = Sin

TTURL 0ut T ('Steam apws' , P =PturL,0ut » W =hTUR10ut )
STURLout = S ('Steamiapws',h=htur1out P =P1Ur10ut )
PTURL, out p ('Steamapws' , h =htur1,0ut » P =PTURL0Ut )

Turbine 2 Outlet Conditions — Isentropic Efficiency

Pturz,out = Psat,conp2

= h ('Steamapws', P =PTur1,0ut » S =Sisen, TURL,0ut )
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Sisen,TUR2,out = Sin

Tturzout = T ('Steamapws'; P =P1urz,out » h =hTUR2,0ut )
STUR20ut = S ('Steamiapws',h=htur2,0ut » P =PTUR2,0ut )
prurzout = P ('Steamapws' , h =hturz,out » P =PTUr2,0ut )

Isentropic Efficiency

_ hturiouw — hin

NTUR =

hisen,TURl,out - hin

htur2,0ut — hin
NTUR

hisen,TURZ,out - hin
Turbine Work Output
Wout = Mg - (hin = hturiout ) + M7 - (hin — hyur20ut )

END LPTurbines

Vapour Compression Cycle Expansion Valve
MODULE VCCExpansion,VaIve 0NF$, Tin, Pin, hin, Sin, pin, Tout, Pout, hout, Sout, pout)

Outlet Conditions

Pouw = P (WF$ ,T=Tou,h=hou )
hout = hin
Sout = S (WF$ ,T=Tou,h=hoy )

pot = P(WFS ,T=Tou,h=hgy)

Xout = X (WF$ ,T=Tou,h=hoy )

END VCCExpansion,VaIve

Vapour Compression Cycle Evaporator

MODULE VCCEvaporator (WF$, QEVAP, mcw, mvcc, HXeitevap, Tin, Pin, hin, Sin, pin, Tout, Pout, hout, Sout, pPout, Tew,in, Pcw,in,
hcw,in, Scw,in, pcw,in, Tcw,out, Pcw,out, hcw,out, Scw out, pcw out)

Inlet Conditions (CW)

hcw,n = h ('Steamiapws' . P=Pcw,in, T=Tcw,in)
Scw,in = S ('Steamiapws',P=Pcw,in.T=Tcw,in)
pew,in = p ('Steamapws', P=Pcw,in, T=Tcw,in)

NORTH-WEST UNIVERSITY
U YUNIBESITI YA BOKONE-BOPHIRIMA 8-43
l NOORDWES-UNIVERSITEIT
POTCHEFSTROOMKAMPUS




School of Mechanical and Nuclear Engineering

Energy Balance

Qevar = mcw - (hcwin — hcw,out )
Qevap = mMycc * (howt — hin)
Performance

Tew,in — Tcw,out

HX, =
eff ,EVAP TCW,in _ Tin

Outlet Conditions (CW)

Tecw,out = T ('Steamiapws', P=Pcw,out » N =hcw,out )
Pcw,out = Pcw,in

Scw,out = S ('Steamiapws’, P=Pcw,out »h =hcw,out )
pew,out = P ('Steamiapws', P =Pcw,out » h =hcw,out )

Outlet Conditions (WF)
Touw = T (WF$ ,P=Pgy ,X=Xout )

Pout = Pin

houw = h (WF$ ,P=Poyt ,X=Xout )
Sout = S (WF$ ,P=Pout ,X=Xout )
pout = p(WF$ , T=Tou ,h=hoy )

Xout = 1

E N D VCCEvaporator

Vapour Compression Cycle Compressor

MODULE VCCCompressor(WF$, NCOMP, W, m, Tin, Pin, hin, Sin, pin, Tout, Pout, hout, Sout, pout)

Outlet Conditions
hisen,out = h(WF$ ,P=Pout ,S=Sin)

Tout = T(WF$ ,P=Pgy ,h=hgy)

S (WF$ ,P=Pqoyt ,h=hgy )

Sout

pot = P(WF$ ,T=Tou,h=hgy)

Isentropic Efficiency

hisen,out - hin

ncomp
hout - hin
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Calculating Required Work
W = m - (hou = hin)

END VCCCompressor

Vapour Compression Cycle Compressor Turbine Drive
MODULE VCCcompressor,Td (_MECH, Ms, hTur,in, hTUR,0ut, Wcomp)

Steam Mass Flow

= ms - (hyurin — hTUR0UL )

WTUR,out

Energy Balance with Losses

WcomMp = WTUR,out ~ TMECH

END VCCCompressor,TD

Vapour Compression Cycle Condenser
MODULE VCCcondenser (WF$, QCOND, mrw, mvce, APrw, hFW,VCC,C,out, Tin, Pin, hin, Sin, _in, Tout, Pout, hout, Sout, Pout, Trw.in,
Prw,in, hrwin, SFw,in, pFw,in, TFw,out, PFw,out, hFw,out, SFw,out, PFW,out)

Energy Balance

Qcono = Mew - (hewout — hrFw,in)
Qcono = Mvcc * (hin = hoy )
Performance

Tconp,sat =  Trw,out

Towt = Tconp,sat

Outlet Conditions (WF)
P (WFS$ , T=Tou ,X=Xout )

Pout =

houwr = h (WFS$ , T=Tout , X=Xout )
Sout = S (WF$ ,T=Tout,X=Xout )
pout = p(WF$ , T=Tout ,X=Xout )
Xou = 0

Outlet Conditions (FW)

Trw,out = T ('Steamiapws', h =hrw,out » P =Prw,out )

hrwout = hrw,vee,coout
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SFrw,out = S ('Steamiapws',h=hrwout , P =Prw,out )

prw,out = p ('Steamiapws', h =hrw out » P =Prw,out )

Pressure Relations
Pout = Pin

Prwout = Prw,in — APfrw

END VCCcondenser

Main Program

Rankine Cycle Input Parameters

Carnot Parameters
Ty = 540 [C]

T. = 20 [C]
RCC Parameters

Tr = 20 [C]

TTDcono = 3 [C]
Tconp,sus = 3 [C]
CEP Parameters

ncer = 085 []
Ncep,Losses = 0.702  []
LP FWH Parameters
APpHtr = 02 [MPg]
PipFo,HTR,BLEED = 0.15 [MPa]

DA Parameters
Ppaseep = 0.6 [MPa]

BFP Parameters

nerpump = 085 []
ner,pump,TUR = 0.88 [
nerpuMpMECH = 0.95 [

HP FWH Parameters
APppumr = 0.2 [MPa]
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Pup,Fo,HTRBLEED = 2 [MPQ]

Economiser Parameters
APEcoON = 3.7 [MPq]

SH Parameters
APupsi = 1.2 [MPa]
Thp,sH,out = 545 [C]

HP turbine Inlet Valve Parameters
APppryv = 01 [MPg]

CEP Parameters

Thp,TUR,in = 538 [C]
PupTurin = 16.8 [MPa]
nupTUR = 09 [
Reheaters Parameters

APRH = 12 [MPa]
TrRH,out = 545 [C]

IP Turbine Inlet Valve Parameters
APpriv = 01 [MPa]

IP Turbine Parameters
Mo = 1 [kols]
TipTurin = 538 [C]
Pipturin = 3.4 [MPa]

nip,7ur = 0.88 [

IP Turbine Parameters
neTUR = 0.88 [
Vapour Compression Cycle Input Parameters

Working Fluid
WF$ = 'Ethanol

ncome = 0.85

NMecH,vcc,comp = 0.95

HXeff,evap = 0.85
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AP conD,Fw 0.2 [MPa]

hrw,vee,cowt = 4675  [kdkg]

RCC
Tewin = TL

Call Condenser[Tcw,n, Pcw,rconp,in, TR, TTDconp, Tconp,sus, me, M7, Ms, M4, Psat,conpi, Psat,conp2, Pconb,out, TCOND,out,
hcoND,out, SCOND,out, PCOND,out, NTURL,0ut, hTUR2,0ut, qcoND, Mew, Tew,int, hew,int, Scw,int, pew,int, Tew,out, hcw,out, Scw,out, Pcw out]

Extraction Pump
Call ExtractionPump[PoagLeep, APLPHTR, MCEP, MCEP,LOSSES, Pconp,out, Pcepout, Tconp,out, TcePout, hconp,out, hcepout,
SCOND,out, SCEP,out, PCOND,out, PCEP,out, Mitot, M2, M3, WCEP, WCEP,CYCLE]

Dearator
Call Dearator[PpasLeeD, Tpaout, PpA, hpa,out, SDA0ut, ppAout, hLP,HTR 0ut, NIP,TUR0ut, NHP,FD,HTR,DA,in, Mtot, M2, M3]

Boiler Feed Pump

Call BoilerFeedPump[neF,pump, NBF,PUMP,MECH, T|BF,PUMP,TUR, Mtot, M5, PDRUM, APHP HTR, APECON, hDA,out, SDA0ut, THP,PUMP,0u,
PHp,pUMP.out, hHP,PUMP,out, SHPPUMPout, PHPPUMPout, PsAT,conD2, hip,TURout, SIP,TURout, PBFPTDout, TBFPTD0ut, hBFPTDout,
SBFPTD,out, PBFPTD,o0ut]

HP Feed Heaters

Call HPFeedHeaters[Porum, APEcoN, M1, M2, THP,PUMP,out, PHP,PUMP,out, hHP,PUMP,0ut, SHP,PUMP,0ut, THP,FD,HTRout, PHP,FD,HTR out,
hHP,FD,HTR0ut, SHP,FD,HTRout, PHP,FDHTRout, THPFDHTRHin, PHPFEDHTRH,n, HHPEDHTRH,n, SHPFDHTRC, THPFDHTRC,
PHp,FDHTR.C, hHPFDHTRC, SHPFDHTRC, PHPEDHTRC, PDABLEED, THPFDHTRDAMN, PHPFDHTRDAN, NHPFDHTRDAN,
SHP,FD,HTR,DA,in, PHP,FD,HTR,DA,in]

Economiser
Call Economiser[Porum, Pecon,out, TECON,out, NECON,out, SECON,out, PECON,out, NHP,FD,HTR,out, QECON, M1]

Drum
Call Drum[Pprum, ToruMm,out, hDRUM,0ut, SDRUM,0ut, PDRUM,0ut, NECON,0ut, QDRUM, M1]

HP Super Heaters
Call HPSuperHeaters[APHpr,sH, THpP,sH,out, PDRUM, PHP,SH,0out, NHP,SH,0ut, SHP,SH,out, pHP,SH,out, NDRUM,out, QsH, M1]

HP Super Heaters Attemperation
Call HPAttemperation[TH, PHp,sH,out, THP,SH,out, hHP,SH,0out, SHP,SH,out, PHP,PUMP,0ut, THP,PUMP out, NHP,PUMP,0ut, SHP,PUMP,out, Miot,
mz1, Mg, PHPT,IP,in, THPT,IP,in, NHPT,IP,in, SHPT,IPin, PHPT,IP,in]

HP Turbine Inlet Valve with Upstream Piping

Call HPTurbinelnletValve[mzi, me, APHPT,Iv, PHPT,Iv,in, THPT,Iv,in, NHPT,IV,in, SHPT,IV,in, PHPT,IV,in, PHP,TUR,in, THR,TURin, NHP,TUR,in,
SHP,TUR,in, PHP,TUR,in, QHPT,IP,loss, PHPT,IPin, HPT,IP,in]

HP Turbine

Call HPTurbine[mzi, ms, nHr,TUR, hHP,TUR,in, SHP,TURin, PHP,TUR,0ut, THP,TUR,0ut, NHP,TUR out, SHP,TUR,0ut, PHP,TUR,0ut, WHPT]

Reheaters
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Call Reheaters[APRrH, TrRH,out, PHP, TUR,0ut, PRH,out, RH,0ut, SRH,0ut, pRH,out, NHP,TUR,0ut, GRH, M1, Mg]

Reheaters Attemperation
Call RHAttemperation[TH, PrH,out, TRH,out, hRH,0ut, SRH,0ut, PHP,PUMP,0ut, THP,PUMP,0ut, NHP,PUMP,0ut, SHP,PUMP,0ut, Mtot, M1, M,

mo, PipT,ip,in, TIPTIR,in, NIPT,IPin, SIPT,IP,in, PIPT,IP,in]

IP Turbine Inlet Valve with Upstream Piping
Call IPTurbinelnletValve[mtot, APIPT Iv, PipT,iv,in, TIPTIv,in, NIPT,IV,in, SIPT,IV,in, pIPT,v,in, PiP,TUR,in, TIP,TUR,in, hIP,TUR i, SIP,TURin,
PIP,TUR,n, QIPT,IP,loss, PIPT IP,in, hiPT,1P,in]

IP Turbine with HP Feedwater Bleed

Call IPTurbine[mtwot, m2, niPTUR, Kpoly, PHPFDHTRBLEED, PDABLEED, PiP,TUR/in, TIP,TURin, NIP,TUR/in, SIP,TURjin, PIP,TUR,n,
PHp,FD,HTRH,in, THPFD,HTRH,n, NHP,FDHTRH,in, SHP,FD,HTRH,n, PHP,FDHTRH,n, PP, TURout, TIP,TURout, hiP,TURout, SIP,TURout,
PIP,TUR out, WIPT]

LP Turbines
Call LPTurbines[nr,tur, Pip,TURout, hiP,TURout, SIP,TURout, PsAT,coND1, TTURL,0ut, hTURL0ut, STURLout, PTURLout, PSAT,COND2,
TTur2,0ut, NTUR2,0ut, STUR2,0ut, PTUR2,0ut, Mtot, M2, M3, M4, M5, M6, M7, WLPT]

The Vapour Compression Cycle Expansion Valve
Call VCCexpansion,vave[WF$, Tcc,4, Pcca, hees, scea, peca, Teea, Pec, hee, sce.t, pec.a]

The Vapour Compression Cycle Evaporator
Call VCCevaporato[WF$, Qevap, mcw, mcc, HXeftevap, Tcca, Pcc, heet, sceca, _ce, Tecz, Pecz, heez, sce2, pecz, Tew,in,

Pcwi,in, hcw,in, Scw,in, pcw,in, Tcw,RCOND,in, Pcw,RCOND,in, hcw,RCOND,in, SCW,RCOND,in, PCW,RCOND,in]

The Vapour Compression Cycle Compressor
Call VCCcompressor[WF$, ncomp, wcomp, mcec, Tec,2, Pec.2, hee,2, sce2, pec,2, Tees, Pec,s, hee,s, sces, pecs]

Steam Driven Compressor

Call VCCcompressor,10 ( NMMECH,vcc,comp » M4, hipTurout: NTUR2,0ut » Wcomp )

Wcomp,cycte = O

OR

Electric Driven Compressor

Wcomp

Wcowmp,CYCLE =
MNEXTR,PUMP,LOSSES

mgy = 0
The Vapour Compression Cycle Condenser
Call VCCcondenser]WF$, Qconp, miot — m2 — m3, mcc, APconp,Fw, hrw,vee,cout, Tees, Pecs, hees, sces, pecs, Teca, Peca,

hcca, scca, pcca, TexTRPUMPout, PEXTRPUMPout, NEXTRPUMPout, SEXTR,PUMPout, PEXTRPUMPout, TLPHTRout, PLPHTR.out,
NLPHTR out, SLP,HTR,0ut, PLP,HTR0ut]

Efficiency Calculations

Qioss = OHPT,IPloss T+ .QIPT,IP,IOSS + dconp
din = OdecoNn * dprum *t QsH * OrH
Win = WCEP,CYCLE

Wout = WnpT + WipT + WipT
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Whnet = Wout — Win
W et
Ntot =
in
hces — heea
COPCC h - - -
hccs — hcee
hce2 — heen
COPcce = —mMmM88—

hcecz — hee2

Graph Nodes
Node 1 - CEP Inlet

Trca = Tconp,out
Prc,i = Pconb,out
hrc,1 = hconb,out
SRC,1 = SCOND,out
PRC,1 = PCOND,out

Node 2 - CEP Outlet

Trc,2 = TeEXTR,PUMP,0U
Prc,2 = PEXTR,PUMP,out
hrc,2 = hextr.PUMP,out
SRC,2 = SEXTR,PUMP,out
PRC,2 = PEXTR,PUMP,o0ut

Node 3 — Vapour Compression Cycle Condenser - FW Outlet

Trc,s = TipHTR0ut
Prcs = PLpHTR0ut
hrcs = hipHTR0ut
SRC,3 = SLP,HTR,out
PRC,3 = ALP,HTR,0ut

Node 4 - Dearator Outlet

Trc,a = Toaout
Prcia = Ppa

hrca = hpaout
SRC,4 = SDAout
PRC,4 = PDA,out
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Node 5 - BFP Outlet

Tre,s = THP,PUMP,out
Prcs =  Pup,pumP,out
hrcs = hup,pUMPout
SRC,5 = SHP,PUMP,out
PRC,5 = PHP,PUMP,out

Node 6 - HP FWH - FW Outlet

Trc,6 = THPFD,HTR,0ut
Prc,e = PHP,FD,HTR,0ut
hrc6 = NHP,FD,HTRout
SRC,6 = SHP,FD,HTR,out
PRC,6 = PHP,FD,HTR,0ut

Node 7 - Economizer Outlet

Trc,7 = TecoN,out
Prc,7 = PEecon,out
hrc,7 = hecon,out
SRC,7 = SECON,out
PRC,7 = PECON,out

Node 8 - Drum Outlet

Trc,s = Tbrumout
Prc,s = Pbrum

hrce = hprum,out
SRC,8 = SDRUM,out
PRC,8 = PDRUM,out

Node 9 - HP Super Heaters Outlet (Before accounting for attemperation)

Trc,9 = THp,sH,out
Prc,o = PHp,sH,out
hrco = hhpsH,out
SRC,9 = SHP,SH,out
PRC,9 = PHP,SH,out
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Node 10 - HP Super Heaters Outlet (After accounting for attemperation)

Trc,20 = THPTIP,N
Prc,1o = Pupririn
hrc,10 = hupTIPiN
SRC,10 = SHPT,IP,in
PRC,10 = PHPT,IP,in

Node 11 — HP turbine Inlet Valve Inlet

Trc1r = TupPTaVin
Prc,11 = PuPTIV.in
hrc11 = hupTIVIin
SRC,11 = SHPTIV,in
PRC,11 = PHPT,IV,in

Node 12 - HP turbine Inlet

Trc,12 = THpPTURN
Prc,i2 = PupTURIN
hrc,12 = Nup,TUR,N
SRC,12 = SHP,TUR,in
PRC,12 = PHP,TUR,n

Node 13 - Reheaters Inlet

Trc,13 = THP,TUR0ut
Prci1z = Pup,1UR 0ut
hrc,13 = hHp,TUR Out
SRC,13 = SHP,TUR,out
PRC,13 = PHP,TUR,out

Node 14 - Reheaters Outlet (Before accounting for attemperation)

Trc1a = TrHout
Prc,14 = PRH,out
hrc,14 = NRHout
SRC,14 = SRH,out
PRC,14 = PRH,out
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Node 15 - Reheaters Outlet (After accounting for attemperation)

Trc,15
Prc.15
hrc,15
SRcC,15

PrC,15

TIPT,IP,in
PipTIP.in
NipT,1P,in
SIPT,IP,in

APT,IP,in

Node 16 — IP Turbine Inlet Valve Inlet

Trc,16
Prc,16
hrc,16
SRcC,16

PrRC,16

TiPT1V,in
PipT,1Iv,in
NPT, Iv,in
SIPT,IV,in

PPT,IV,in

Node 17 — IP Turbine Inlet

Trc,17
Prc,17
hrc,17
SRcC,17

PrRC,17

Tip,TUR,in
Pip,TUR,in
hip,TUR,in
SIP,TUR,in

AP, TUR,in

Node 18 — IP Turbine Bleed Point

Trc,18
Prc,18
hrc,18
SRcC,18
PrC,18
Node 19
Trc .19
Prc 19
hrc,19
SRC,19

PRC,19

THP,FD,HTR,H,in
PHP,FD,HTR,H,in
NHP,FD,HTR H,in
SHP,FD,HTR,H,in

PHP,FD,HTR,H,in

— IP Turbine Outlet

Tip, TUR,out
Pip,TUR,out
hip TUR,out
S|P, TUR,out

PP, TUR,out

Ry
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Node 20 - LP

Trc,20 =

Prc,20

hrc20 =

SRC,20
PRC,20 =
Node 21 - LP
Trc21 =
Prc21 =
hrco1 =
SrRC,21 =

PRC,21 =

Turbine 1 Outlet

TTURL, out
PsaT,conp1
hTURL,0ut
S TUR1,0ut
PTUR1,0ut
Turbine 2 Outlet
TTuR2,0ut
PsaT,conp2
hT1UR2,0ut
S TUR2,0ut

PTUR2,0ut

Node 22 - BFPTD Outlet

Trc,22 =

Prc22 =

hrc,22
SRC,22 =

PRC,22 =

TTUR2,out
PsaT,conp2
hTURZ,out
S TUR2,0ut

PTUR2,0ut

Node 23 - CTD Outlet

Trc,23 =

Prc,2z =

hrc,23
SrRC,23 =

PRC,23 =

TTUR2,0ut
PsaT,conp2
hT1UR2,0ut
S TUR2,0ut

PTUR2,0ut

Node 24 - HP Feed Heater Condensate

Trc,24 = TupFDHTR,.C
Prc,2a = PupFpHTR,.C
hrc,24 = hppFDHTR,C
SRC,24 = SHP,FD,HTR,C
PRC,24 = PHP,FD,HTR,C

Node 25 - HP Feed Heater Bleed Steam Dearator Inlet
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Trc,25 = THP,FD,HTR,DAN
Prc,2s = Pup,FD.HTR.DAIN
hrc,2s = hHpFD,HTR,DAR
SRC,25 = SHP,FD,HTR,DA/in
PRC,25 = PHP,FD,HTR,DAin

Node 26 - BFPTD Outlet

Trc2s6 = Tew,in
Prc,2s = Pcw,in
hrc2e = hcw,in
SRC,26 = Scw,in
PRC.26 = PCW.in

Node 27 - RCC CW Inlet

Trc,2z = Tcw,RCOND,in
Prc,27 = Pcw,rRconb,in
hrc,2z = hcw,RconD,in
SRC,27 = SCW,RCOND,in
PRC,27 = PCW,RCOND,in

Node 28 - RCC CW Intermediate

Trc2s = Tew,int
hrc2s = hcw,int
SRC,28 = Scw,int
PRC.28 = FCW.int

Node 29 - CW Outlet

Trc,29 = Tcw,out
Prc,2o = Pcw,in
SRC,29 = Scw,out
PRC,29 = PCW,out
Node 30 -

Tao = Tcw,out
Pso = Pcwin
hao = hcw,out
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S30 = Scw,out

Mo = Pcw,out
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8.3.2 Results of the Cycle with a Steam Turbine Driven Compressor

SOLUTION

Unit Settings: [kJ]/[C]/[MPa]/[kg]/[degrees]

COPcc,c=2.023

APecon = 3.7 [MPa]
APHp,sH= 1.2 [MPa]
ner.pump = 0.85 [-]

ncowmp = 0.85

nxe,Tur = 0.9 [-]
nmecH,vee,comp = 0.95 [-]
herpTD,0ut = 2403 [kJ/kg]
hew,int=108.1 [kJ/kg]
hoa,out = 670.4 [kJ/kg]
hexTr,PuMP out = 140.5 [kJ/kg]
hupT,iv,in = 3397 [kJ/kg]
hHp,FD,HTR H,in = 3377 [kJ/kg]
hHp,sH,0ut = 3416 [kJ/kg]
hietip,in = 3542 [kJ/kg]
hip,Tur,out = 3074 [kJ/kg]
hTurz1,0ut = 2354 [kJ/kg]

m2 = 0.08745 [kg/s]

ms = 0.04321 [kg/s]

ms = 0.005175 [kg/s]

mcw = 22.94 [ka/s]
Pconp,out = 0.007814 [MPa]
Poa=0.6 [MPa]
Pecon,out= 18.1 [MPa]
PrpT,iv,in = 16.9 [MPa]

PP, Fo,HTR,DAn = 0.6 [MPa]
PHP,pUMP out = 22 [MP3]
PHp,TUR,0ut = 4.7 [MPa]
Pip,Tur,in = 3.4 [MPa]
PrH,out = 3.5 [MPa]

gconp = 1918 [kW]
gHPT,IP,loss = 4.518 [KW]
gecon = 813.2 [kW]

grH = 486.1 [kKW]

pconD,out = 994.6 [kg/ms]
pcw,out = 992.9 [kg/ms]

COPcch=3.023
APxpT,iv=0.1 [MPa]
APpT,v=0.1 [MPa]
ner,pump,mecH = 0.95 [-]
Nextr,pump = 0.85 [-]
nie,Tur = 0.88 [-]

Ntot = 0.4106 [-]

hconp,out = 139.5 [kJ/kg]
hew,out = 159.5 [kJ/kg]
horum,out = 2506 [kJ/Kg]
hrw,vee,c.out = 467.5 [kJ/kg]
hHp,Fo,HTR,c = 908.5 [kJ/kg]
hHp,FD,HTR 0ut = 915.8 [kJ/Kg]
hHp,Turin = 3397 [kJ/kg]
hipT,ivin = 3539 [kJ/kg]
hip,HTR,0ut = 467.5 [kJ/kg]
hTur2,0ut = 2426 [kJ/kg]

m3 = 0.06304 [kg/s]

me = 0.3291 [kg/s]

mo = 0.003973 [kg/s]

miot = 1 [ka/s]

Pcw,in=0.1 [MPa]
Poa,sLeep = 0.6 [MPa]
PexTR,PUMP,0ut = 0.8 [MPa]
PHp,Fo,HTR,BLEED = 2 [MPa]
PHP,FD,HTR,H,in = 2 [MPa]
PHpP,sH,out = 16.9 [MPa]
PipTipin = 3.5 [MPa]
Pip,TUR 0ut = 0.6 [MPa]
PsaTt,conp1 = 0.003955 [MPa]
Qconp = 277.8

gieT,IPloss = 3.562 [KW]

Qin = 2964 [kW]

gsH = 901.8 [kW]

pcw,in = 998.2 [kg/ms]
pcw,RCOND,in = 998.6 [kg/ms]

APconp,Fw = 0.2 [MPa]
APHpHTR = 0.2 [MPa]
APrH=1.2 [MPa]
ner,pumpP,TUR = 0.88 [-]
NexTR,PuMP,LOSSES = 0.702 [-]
nce,Tur = 0.85 [-]

HXeff,evap = 0.85[-]

hew,in = 84.01 [kJ/kg]
hcw,rconp,in = 75.9 [kJ/kg]
hecon,out = 1737 [kJ/kg]
hupT,ip,in = 3402 [kJ/kg]
hHp,FD,HTR,DAn = 908.5 [kJ/kg]
hHp,pump,out = 697.9 [kJ/kg]
hHp, TUR,0ut = 3066 [kJ/Kg]
hip,Tur,in = 3539 [kJ/kg]
hrH,out = 3554 [kJ/kg]
m1=0.9909 [kg/s]

ma = 0.1492 [kg/s]

m7 = 0.328 [kg/s]

mcc = 0.2853

PerpTD,0ut = 0.007814 [MPa]
Pcw,rconp,in = 0.1 [MPa]
Porum = 18.1 [MPa]
PupT,ipin = 16.9 [MPa]
Pup,Fo,HTR,Cc = 2 [MPa]

PP, Fo,HTR,0ut = 21.8 [MPa]
Pup,Tur,in = 16.8 [MPa]
Pip,ivin= 3.5 [MPa]
PipHTR 0ut = 0.6 [MPa]
Psat,conp2 = 0.007814 [MPa]
Qevap =185.9

gorum = 762.4 [kW]

Qloss = 1926 [kW]

perFPTD,out = 0.05823 [kg/m3]
pcw,int = 996.8 [kg/ms]
poAout = 908.6 [kg/ms]
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PDRUM,out = 134.8 [kg/ms]
pHpT.Ipin = 50.75 [kg/ms]
PHP,FD,HTR,DAin = 27.03 [Kg/ms]
pHP,PUMP,out = 917.6 [kg/ms3]
pHP,TUR,out = 18.14 [kg/m3]
pIP,TUR,in = 9.282 [kg/m3]
PRH,out = 9.472 [kg/msa]
sBrPTD,out = 7.686 [kJ/kg-K]
scw,int = 0.3779 [kJ/kg-K]
soaout = 1.931 [kJ/kg-K]
SEXTR,PUMP,out = 0.4824 [kJ/kg-K]
SHP,FD,HTR,C = 2.447 [kJ/kg-K]
SHP,FD,HTRout = 2.414 [kJ/kg-K]
SHP,TUR,in = 6.411 [kJ/kg-K]
SIPT,Iv,in = 7.269 [kJ/kg-K]
SLP,HTR,out = 1.433 [kJ/kg-K]
STUR2,0ut = 7.759 [kJ/Kg-K]
Tconb,out = 33.3 [C]

Tew,int = 25.76 [C]
Toaout=158.8 [C]
TexTR,PUMP,0ut = 33.35 [C]
TrpT,v,in=538.4 [C]
THP,FD,HTR,H,in = 458.5 [C]
THP,sH,0ut = 545 [C]

Tiet,pin = 540 [C]

Tip,Tur0ut = 305.8 [C]
Tr=20[C]

TTur2,0ut = 41.06 [C]
wcowmp,cycLe = 0 [kW]

whpT = 330.5 [kW]

wLpT = 449.8 [kW]

XEXON,out = 0

Local variables in Module ExtractionPump\1 CALL ExtractionPump

APLpHTR = 0.2 [MPa]
hin = 139.5 [kJ/kg]

m = 0.8495 [kg/s]
mtot = 1 [Kg/s]

Pout = 0.8 [MPa]

sin = 0.482 [kJ/kg-K]

pECON,out = 541.2 [kg/ms]
pHPTv,in = 50.91 [kg/ms]
PHP,FDHTR,H,in = 6.038 [kg/ms3]
pHP,sH,out = 50.27 [kg/ms]
piPT,IP,in = 9.536 [kg/ms]
PIP,TUR,0out = 2.278 [kg/m3]
PTURL,0ut = 0.03098 [kg/m3]
sconb,out = 0.482 [kJ/kg-K]
scw,out = 0.5464 [kJ/kg-K]
SpbrRum,out = 5.099 [kJ/kg-K]
SHPT,IP,in = 6.414 [kJ/kg-K]
SHP,FD,HTR,DAin = 2.482 [kJ/kg-K]
SHP,PUMP,out = 1.94 [kJ/kg-K]
SHP,TUR out = 6.472 [kJ/kg-K]
sip,TUR,in = 7.282 [kJ/kg-K]
SrH,out = 7.288 [kJ/kg-K]
TTDconp =3 [C]
Tconp,sue = 3 [C]

Tew,out = 38.06 [C]
Torum,out = 357.5 [C]
TH=540 [C]

THp,FD,HTR.C = 212.4 [C]
THP,FD,HTR,0ut = 212.4 [C]
THpP,TUR,in = 538 [C]
TipT,v,in=538.4 [C]
TL=20[C]

TrH,out = 545 [C]

WEF$ = 'Ethanol’
WEXTR,PUMP = 1.134 [kKW]
win = 1.615 [KW]

Whet = 1217 [kW]

nrosses = 0.702 [-]
hisen,out = 140.3 [kJ/kg]
m2 = 0.08745 [kg/s]
Poa,sLeep = 0.6 [MPa]
pin = 994.6 [kg/ms]
Sisen,out = 0.482 [kJ/kg-K]

PEXTR,PUMP,0ut = 994.9 [kg/ms]
pHP,FD,HTR,C = 849.8 [kg/ms]
PHP,FD,HTR,0ut = 865.3 [kg/ms]
pHP,TUR,in = 50.61 [kg/m3]
piPT,Iv,in = 9.556 [kg/ma]
pLPHTR,0ut = 950.1 [kg/ms]
pPTUR2,0ut = 0.05763 [kg/ms]
scw,in = 0.2965 [kJ/kg-K]
scw,rconD,in = 0.2687 [kJ/kg-K]
secon,out = 3.879 [kJ/kg-K]
SHPT,Iv,in = 6.409 [kJ/kg-K]
SHP,FD,HTR H,in = 7.312 [kJ/kg-K]
SHP,sH,out = 6.432 [kJ/kg-K]
siPT,p,in = 7.274 [kJ/kg-K]
sip,TUrout = 7.395 [kJ/kg-K]
STURL,0ut = 7.816 [kJ/Kkg-K]
TerPTD,0ut = 41.06 [C]
Tew,in= 20 [C]

Tcw,rconb,in = 18.06 [C]
Tecon,out = 357.5 [C]
THpT,IP,in = 540 [C]
THP,FD,HTR,DAIn = 158.8 [C]
THp,PUMP,out = 162.3 [C]
THP,TUR,0ut = 345.8 [C]
Tip,TUR,in = 538 [C]
TipHTR,0ut=111.4 [C]
TTurL,0ut = 28.76 [C]

wcomp = 91.89
WEXTR,PUMP,CYCLE = 1.615 [KW]
wipT = 438.3 [kW]

Wout = 1219 [kW]

neump = 0.85 [-]

hout = 140.5 [kJ/kg]

m3 = 0.06304 [kag/s]
Pin=0.007814 [MPa]
Pout=994.9 [kg/msz]
Sout = 0.4824 [kJ/kg-K]
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Tin=33.3[C] Tout=33.35 [C]
wpump.cYcLE = 1.615 [KW]

Local variables in Module LPFeedHeaters\1 CALL LPFeedHeaters

hh,c = 467.1 [kJ/kg] hH,in= 2811 [kJ/kg]

hin =150 [kJ/kg] hout = 467.5 [kJ/kg]

mz = 0.06305 [kg/s] ma = 0.115 [kg/s]
Pconb2 = 0.008651 [MPa] Poa= 0.6 [MPa]

PH,in= 0.15 [MPa] PH,out = 0.008651 [MPa]
pH,c = 949.9 [kg/ms] pH,out = 0.4968 [kg/m3]
sH.c=1.434 [kJ/kg-K] SH,out = 1.52 [kJ/kg-K]
Thc=111.3 [C] TH,out= 43 [C]

Local variables in Module Dearator\1 CALL Dearator

hc,Fo,HTR,0ut = 908.5 [kJ/kg] hh,in= 3074 [kJ/kg]
hout= 670.4 [kJ/kg] m2=0.08745 [kg/s]
mtot = 1 [kg/s] Ppa= 0.6 [MPa]
pout = 908.6 [kg/m3] Sout = 1.931 [kJ/kg-K]

Local variables in Module BoilerFeedPump\1 CALL BoilerFeedPump

APecon = 3.7 [MPa] APHPHTR = 0.2 [MPa]
npump = 0.85 [-] nTur = 0.88 [-]

hisen,out = 693.8 [kJ/kg] hout=697.9 [kJ/kg]
hTuRr,isen,out = 2324 [kJ/kg] hTur,out = 2414 [kJ/kg]
Mot = 1 [kg/s] Pconp2 = 0.008651 [MPa]
Pout= 22 [MPa] PT1ur,0ut = 0.008651 [MPa]
pTUR0ut = 0.06386 [kg/m3] sin = 1.931 [kJ/kg-K]
Sout = 1.94 [kJ/kg-K] STur,in = 7.395 [kJ/kg-K]
STUR,0ut = 7.679 [kJ/kg-K] Tout=162.3 [C]

wpump = 27.56 [KW] WTUR,0ut = 29.01 [KW]

Local variables in Module HPFeedHeaters\1 CALL HPFeedHeaters

APecon = 3.7 [MPa] hx,c = 908.5 [kJ/kg]
hH,out = 908.5 [kJ/kg] hin=697.9 [kJ/kg]
m1 = 0.9909 [kg/s] m2 = 0.08745 [kg/s]
Porum = 18.1 [MPa] PHc=2 [MPa]
PH,out= 0.6 [MPa] Pin= 22 [MPa]

wpump = 1,134 [kKW]

hH,out = 467.1 [kJ/kg]
mz = 0.08745 [kg/s]
Mot = 1 [kg/s]
PH.c=0.15 [MPaQ]
Pout= 0.6 [MPa]
pout = 950.1 [kg/m3]
Sout = 1.433 [kJ/kg-K]
Tou=111.3 [C]

hin= 467.5 [kJ/kg]
mz = 0.06305 [kg/s]
Poa,sLeep = 0.6 [MPa]
Tout = 158.8 [C]

nmecH = 0.95 [-]

hin=670.4 [kJ/kg]

htur,n = 3074 [kJ/kg]

ms = 0.04397 [kg/s]
Porum = 18.1 [MPa]

pout = 917.6 [kg/m3]
Sisen,out = 1.931 [kJ/kg-K]
STURisen,out = 7.395 [kJ/kg-K]
TTur,out= 43 [C]

hh,in = 3377 [kJ/kg]
hout = 915.8 [kJ/kg]
Ppa= 0.6 [MPa]
PHin= 2 [MPa]
Pout= 21.8 [MPa]
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pH,c = 849.8 [kg/m3]
sH,c = 2.447 [kJ/kg-K]
sin= 1.94 [kJ/kg-K]
Th,in= 458.5 [C]
Tout=212.4 [C]

pH,out = 27.03 [kg/m3]
sH,in = 2.447 [kJ/kg-K]
Sout = 2.414 [kJ/kg-K]
THout = 158.8 [C]

Local variables in Module Economiser\1 CALL Economiser

hin=915.8 [kJ/kg]
Porum = 18.1 [MPa]
pout = 541.2 [kg/m3]

hout= 1737 [kJ/kg]
Pout= 18.1 [MPa]
Sout = 3.879 [kJ/kg-K]

Local variables in Module Drum\1 CALL Drum

hin= 1737 [kJ/kg]
Porum = 18.1 [MPa]
Sout = 5.099 [kJ/kg-K]

Local variables in Module HPSuperHeaters\1 CALL HPSuperHeaters

AP = 1.2 [MPa]
mz1 = 0.9909 [kg/s]
gin= 901.8 [KW]
Tout= 545 [C]

hout = 2506 [kJ/kg]
Qin= 762.4 [KW]
Tout= 357.5 [C]

hin = 2506 [kJ/kg]
Pin=18.1 [MPa]
pout = 50.27 [kg/m3]

Local variables in Module HPTurbine\1 CALL HPTurbine

nTur= 0.9 [-]

hout = 3066 [kJ/kg]

Pout= 4.7 [MPa]
Sisen,out = 6.411 [kJ/kg-K]
Wout = 330.5 [kW]

Local variables in Module HPAttemperation\1 CALL HPAttemperation

hatt = 697.9 [kJ/kg]
m1 = 0.9909 [kg/s]
Mot = 1 [Kg/s]
Pout=16.9 [MPa]
sin = 6.432 [kJ/kg-K]
Th=540 [C]

hin = 3397 [kJ/kg]

ma1 = 0.9909 [kg/s]
pout = 18.14 [kg/ms3]
Sout = 6.472 [kJ/kg-K]

hin = 3416 [kJ/kg]

ms = 0.005175 [kg/s]
Pat = 22 [MPa]

pout = 50.75 [kg/mz]
Sout = 6.414 [kJ/kg-K]
Tin= 545 [C]

pout = 865.3 [kg/msz]
SH,out = 2.482 [kJ/kg-K]
Thc=212.4 [C]
Tin=162.3 [C]

m1=0.9909 [kg/s]
gin = 813.2 [kW]
Tout= 357.5 [C]

ma1 = 0.9909 [kg/s]
pout = 134.8 [kg/ms3]

hout = 3416 [kJ/kg]
Pout= 16.9 [MPa]
Sout = 6.432 [kJ/kg-K]

hisen,out = 3029 [kJ/kg]
ms = 0.005175 [kg/s]
sin= 6.411 [kJ/kg-K]
Tout= 345.8 [C]

hout = 3402 [kJ/kg]
Mout = 0.996 [kg/s]
Pin=16.9 [MPa]
Satt = 1.94 [kJ/kg-K]
Tat=162.3 [C]
Tout= 540 [C]
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Local variables in Module HPTurbinelnletValve\l CALL HPTurbinelnletValve

AP = 0.1 [MPa]

hout = 3397 [kJ/kg]
PatTout=16.9 [MPa]
Qloss = 4.518 [kW]
sin= 6.409 [kJ/kg-K]
Tout= 538 [C]

hatT,out = 3402 [kJ/kg]
mz1 = 0.9909 [kg/s]
Pin= 16.9 [MPa]

pin = 50.91 [kg/m3]

Sout = 6.411 [kJ/kg-K]

Local variables in Module Reheaters\1 CALL Reheaters

AP = 1.2 [MPa]

ma1 = 0.9909 [kg/s]
Pout= 3.5 [MPa]
Sout = 7.288 [kJ/kg-K]

Local variables in Module RHAttemperation\1 CALL RHAttemperation

hatt = 697.9 [kJ/kg]
mz1 = 0.9909 [kg/s]
Mot = 1 [Kg/s]

Pout= 3.5 [MPa]

sin = 7.288 [kJ/kg-K]
Tv= 540 [C]

hin= 3066 [kJ/kg]
ms = 0.005175 [kg/s]
gin=486.1 [kW]

Tout= 545 [C]

hin = 3554 [kJ/kg]

me = 0.005175 [kg/s]
Part = 22 [MPa]

pout = 9.536 [kg/m3]
Sout = 7.274 [kJ/kg-K]
Tin= 545 [C]

hin = 3397 [kJ/kg]

me = 0.005175 [kg/s]
Pout=16.8 [MPa]
pout = 50.61 [kg/m3]
Tin=538.4 [C]

hout = 3554 [kJ/kg]
Pin= 4.7 [MPa]
pout = 9.472 [kg/ms]

hout = 3542 [kJ/kg]
mo = 0.003973 [kg/s]
Pin= 3.5 [MPa]

Satt = 1.94 [kJ/kg-K]
Taw=162.3 [C]
Tout= 540 [C]

Local variables in Module IPTurbinelnletValve\l CALL IPTurbinelnletValve

AP =0.1 [MPa]
hsH,out = 3542 [kJ/kg]
Pout= 3.4 [MPa]

pin = 9.556 [kg/m3]
Sout = 7.282 [kJ/kg-K]

hin = 3539 [kJ/kg]
m = 1 [kg/s]
PsH,out= 3.5 [MPa]
pout = 9.282 [kg/m3]
Tin=538.4 [C]

Local variables in Module Condenser\1 CALL Condenser

hconby,in = 2354 [kJ/kg]
hconbz,out = 159.4 [kJ/Kg]
hew,out = 159.5 [kJ/kg]

ms = 0.04321 [kg/s]
mconb1,out = 0.3291 [Kg/s]
Pcw,in=0.1 [MPa]
Psat,conp2 = 0.007814 [MPa]

hconb1,out = 108 [kJ/kg]
hew,in = 75.9 [kd/kg]

hout = 139.5 [kJ/kg]

me = 0.3291 [kg/s]
mconb2,0ut = 0.5204 [Kg/s]
Pout=0.007814 [MPa]
Qloss = 1918 [kW]

hout = 3539 [kJ/kg]
Pin= 3.5 [MPa]
Qlloss = 3.562 [KW]
Sin= 7.269 [kJ/kg-K]
Tout= 538 [C]

hconb2,in = 2426 [kJ/kg]
hew,int=108.1 [kJ/kg]

ma = 0.1492 [kg/s]

m7 = 0.328 [kg/s]

mcw = 22.94 [kag/s]
Psar,conp1 = 0.003955 [MPa]
pcw,int = 996.8 [kg/ms]
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pcw,out = 992.9 [kg/ms]
scw,out = 0.5464 [kJ/kg-K]
Tconbi,out = 25.76 [C]
Tew,nt=25.76 [C]
Tr=20[C]

Tsus =3 [C]

pout = 994.6 [kg/ms]
Sout = 0.482 [kJ/kg-K]
Tconp2,0ut = 38.06 [C]
Tew,out = 38.06 [C]
TsaTt,conpi1 = 28.76 [C]

Local variables in Module LPTurbines\1 CALL LPTurbines

nrur = 0.85 [-]

hisen, TUR2,0ut = 2311 [kJ/kg]
ms = 0.06304 [kg/s]

me = 0.3291 [Kkg/s]

mtur: = 0.3291 [kg/s]
Psat,conp1 = 0.003955 [MPa]
Ptur2,0ut=0.007814 [MPa]
sin = 7.395 [k/kg-K]

STUR1,0ut = 7.816 [kJ/kg-K]
Trur2,0ut = 41.06 [C]

hin = 3074 [kJ/kg]

hTur2,0ut = 2426 [kJ/kg]

ma = 0.1492 [kg/s]

m7 = 0.328 [ka/s]

mturz = 0.328 [ka/s]
PsaT,conp2 = 0.007814 [MPa]
PTURL,0ut = 0.03098 [kg/ms]
Sisen,TUR1,out = 7.395 [kJ/kg-K]
STUR2,0ut = 7.759 [kJ/kg-K]
Wout = 449.8 [kV\/]

Local variables in Module IPTurbine\l1 CALL IPTurbine

Tisen = 0.88 [-]

hisen,out = 3011 [kJ/kg]
mbs = 0.08745 [kg/s]
Pos = 2 [MPa]

Pout= 0.6 [MPa]
pin=9.282 [kg/m3]
sin= 7.282 [kJ/kg-K]
Tos,k = 731.6 [C]
Tout= 305.8 [C]

ARRAYS TABLE

Pressure
Nr. [MPa]
1 0.008651
2 0.8
3 0.6
4 0.6
5 22
6 21.8
7 18.1
8 18.1
9 16.9
10 16.9
11 16.9
12 16.8
13 4.7
14 3.5

hos = 3377 [kJ/kg]
hout = 3074 [kJ/kg]
min =1 [kg/s]

PrwH = 2 [MPa]
Poutiet = 0.6 [MPa]
pout = 2.278 [kg/ms]
Sout = 7.395 [kJ/kg-K]
Tin=538 [C]

Toutk = 578.9 [C]

T h
[°C] [kJ/kg]

35.23 147.6
35.29 148.6
111.4 467.5
158.8 670.4
162.3 697.9
212.4 915.8
357.5 1737
357.5 2506

545 3416

540 3402
538.4 3397

538 3397
345.8 3066

545 3554

scw,int = 0.3779 [kJ/kg-K]
TTDcono = 3 [C]
Tew.in= 18.06 [C]
Tout=33.3[C]
Tsart,conpz = 41.06 [C]

hisen, TUR1,0ut = 2226 [kJ/Kg]
m2 = 0.08745 [kg/s]

ms = 0.04321 [kg/s]

mtot = 1 [kg/s]

Pin=0.6 [MPa]

Ptur1,0ut = 0.003955 [MPa]
pPTUR2,0ut = 0.05763 [kg/ms]
Sisen,TUR2,0ut = 7.395 [kJ/kg-K]
TTURrL,0ut = 28.76 [C]

hin= 3539 [kJ/kg]
Kpoly = 0.1944 [-]
Mout = 0.9126 [kg/s]
Pin= 3.4 [MPa]

pbs = 6.038 [kg/m3]
sbs = 7.312 [kJ/kg-K]
Tos = 458.5 [C]

Tink = 811.2 [C]

Wout = 438.3 [kW]

S rho
[kJ/kg-K] [kg/m3]

0.5083 993.9
0.5088 994.2
1.433 950.1
1.931 908.6
1.94 917.6
2.414 865.3
3.879 541.2
5.099 134.8
6.432 50.27
6.414 50.75
6.409 50.91
6.411 50.61
6.472 18.14
7.288 9.472
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15 3.5 540 3542 7.274 9.536
16 3.5 538.4 3539 7.269 9.556
17 3.4 538 3539 7.282 9.282
18 2 458.5 3377 7.312 6.038
19 0.6 305.8 3074 7.395 2.278
20 0.004423 30.71 2365 7.807 0.03431
21 0.008651 43 2437 7.751 0.06322
22 0.008651 43 2437 7.751 0.06322
23* 0.008651 43 2437 7.751 0.06322
24 2 212.4 908.5 2.447 849.8
25 0.6 158.8 908.5 2.482 27.03
26 0.1 20 84.01 0.2965 998.2
27 0.1 18.11 76.11 0.2694 998.6
28 0.1 27.71 116.2 0.405 996.3
29 0.1 40 167.6 0.5724 992.2
Ci 0.005124 17.78 368.3 1.463 0.3248
c2 0.005124 17.78 1020 3.705 0.09698
C3 0.328 202.5 1342 3.809 3.915
C4 0.328 1114 368.3 1.328 700
8-63
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