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Abstract

The shift towards renewable energy has steered the focus of power plant operation towards
flexibility and fast response which are more attainable through the use of combined-cycle power
plants. These aspects are required to account for the fluctuation of the supply as well as the demand

of power that is associated with renewable energy.

Combined-cycle power plants consist of a gas turbine as the topping cycle, forming the core of the
plant, and a Rankine cycle with a steam turbine as the bottoming cycle. A component called the
Heat Recovery Steam Generator (HRSG) forms a connection point between the two cycles. It uses
the heat released from the gas turbine to produce high pressure and temperature steam to be sent

to the steam turbine.

The objective of this project is to develop a model of a combined-cycle power plant in Flownex which
can be solved in off-design conditions in order to compare it to plant data. The verification of this
model will show that Flownex can be used to effectively and efficiently model a combined-cycle

power plant.

The process of development of the final Flownex model was achieved using various additional
software. Initially, an analytical model was developed in Mathcad (software used for engineering
calculations). This software provides a tool for understanding knowns, unknowns and what is being
calculated in the system. Manual calculations of the Heat Recovery Steam Generator (HRSG) were
done using heat balance equations. A temperature profile of the gas and water/steam in the HRSG
was developed so that the duties of each component (economiser, evaporator, superheater) could
be calculated. The overall conductance (UA) of each component was calculated in the design mode
for the system to be evaluated in off-design mode. The development of an analytical model provided

detailed understanding of the process of mathematical modelling used in commercial tools.

Thereafter, a model was built in Virtual Plant, a thermodynamic modelling software for assessing
plant performance. Virtual Plant uses plant design information and first engineering principles to
predict plant performance. Finally, the Flownex model was designed. Flownex uses endpoint values
(initial pressure and temperature and outgoing mass flow) and the UA of each component to

calculate the characteristics of the flow at each intermediate point.

For the single-, double-, and triple-pressure combined-cycle power plant systems, the analytical,
Virtual Plant and Flownex models were compared. The results of all the models agreed closely with
one another. The triple-pressure design and off-design Virtual Plant and Flownex models were also
compared to plant data and it was concluded that Flownex was successful in modelling the design

and off-design conditions of a combined-cycle power plant.
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Chapter 1. Introduction

1. Introduction

1.1 Background

Energy is a crucial component of human society. It is a necessity for growing food, providing warmth
and comfort as well as many other basic needs in various sectors of life such as agriculture, industry
and transportation [1]. Energy is primarily derived from fossil fuels, solar radiation, wind, tidal waves
and geothermal. The conversion, distribution and utilisation of energy fall within the field of
engineering. The worldwide energy demand is rapidly increasing due to the exponential growth of
the population, continuous rise in living standards and the focus on creating energy intensive
industries in numerous newly emerging countries, in order to improve their economies so that

poverty and deprivation may be overcome.

Fossil fuels such as coal, oil and gas are currently responsible for supplying more than 95% of the
energy required worldwide [1]. Fossil fuels are, however, a finite resource. Therefore, the reserves
on the planet are diminishing sharply. This resource also has a negative impact on the environment.
Once combusted, fossil fuels release toxic gases — polluting the atmosphere and paying forth to
global warming. Thus, the future use of fossil fuels is unethical with regards to energy conservation

as well as the environment and its fortification.

Renewable energy presents itself as a solution to the downfalls of fossil fuels, however, these
resources are only able to account for less than 10% of the world's total energy demand [1].
Unfortunately, this statistic is not expected to change significantly in the near future. As a result of
this, and in order to ensure the conservation of fossil fuels, the increase of efficiency in present

power generation systems is critical.

Combined-cycle power plants have the highest efficiency in the world in comparison to other power
plants that operate on power grids. They have efficiencies of up to 62.22% [2]. These plants consist
of a gas turbine as the topping cycle, forming the core of the plant, and a steam turbine as the
bottoming cycle. A component called the Heat Recovery Steam Generator (HRSG) forms a
connection point between the two cycles. It uses the heat released from the gas turbine to produce
high-pressure steam to be sent to the steam turbine. The process involves a Brayton cycle (gas
turbine) to produce electricity and steam for the Rankine cycle (steam turbine) in order to generate

additional power. The basic layout of a combined cycle power plant is shown in Figure 1.
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Figure 1: Basic Combined-Cycle Power Plant[3]

1.2 Primary Objective

The objective of this project was to develop an off-design model of a combined-cycle power plant
in Flownex in order to compare it to plant data so that it may be verified. This software provides a
simulation tool for systems within which a fluid is the driving force. The verification of this model
will show that Flownex can be used to effectively and efficiently model a combined-cycle power

plant.

The focus of the project was to show that it is possible to do equivalent studies, based on combined-
cycle power plants, in Flownex, that have been done previously. The success of this project will open
opportunities for the optimization of combined-cycle power plants using Flownex. The methods

developed and lessons learned in this study will enable future modelling of such plants in Flownex.

1.3 Scope of Study

This project analyses the thermodynamic properties of the steam side of a combined-cycle power
plant. The process of the development of the final Flownex model was understood and documented
using various additional software. Initially, Mathcad was used as a learning platform to develop the
analytical model. Thereafter, a model was designed using Virtual Plant, a thermodynamic modelling
software for assessing plant performance. Finally, the design and off-design models were developed

in Flownex, a thermohydraulic network solver.
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The analytical model examined the HRSG in detail and included calculations for the steam turbine.
In terms of the gas cycle, only properties of the exhaust gas (such as temperature, mass flow,

composition and specific heat) were considered.

A model was then created in Virtual Plant in order to predict and assess the performance of the
plant. This model also omitted the details of the gas cycle and only included the exhaust gas
characteristics. It analysed detailed steam characteristics through the HRSG, steam turbine,

condenser and pumps.

The Flownex model did not include the full steam cycle of the combined-cycle power plant. This
model only focussed on components of the HRSG, steam turbines and pumps. The remaining
components (condenser and feedwater pump) were not included as they would add unnecessary
complications by trying to create a closed cycle in Flownex. The modelling of these components was

also not vital to this project.

The gas cycle was not considered in any of the models due to the fact that generic gas plant models
can be used in order to provide the exhaust gas required. The gas cycle was, therefore, not included

in the scope of this project.

A model for single-, double- and triple-pressure systems was done using each software for design
and off-design cases. However, only the triple-pressure models were compared to real plant data.
This was because plant data for the single- and double-pressure models was not available. These

models were compared to textbook results in order to validate them.
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2. Literature Review

2.1 The Gas Cycle

Gas turbines generally involve an open cycle where ambient air enters the compressor within which
the temperature and pressure are raised [4]. The air then flows to the combustion chamber which
burns the injected fuel at a constant pressure resulting in a high temperature gas. The gas flows to
a turbine where it expands to the atmospheric pressure and the enthalpy of the gas is used to
produce mechanical energy which is then generated into electrical energy. The exhaust gases from
the turbine are released into the atmosphere resulting in the process being an open cycle. The

schematic of this cycle is shown in Figure 2.

Fuel —» .
Combustion

chamber

W

(2) |
net
Compressor Turbine - f——»

@ Fresh Exhaust
air gases @

Figure 2: Schematic of a Gas Cycle [4]

If the open cycle gas-turbine cycle were to be modelled as a closed cycle instead, this would form
the Brayton cycle. The compression and expansion processes are unchanged but the combustion
process becomes an isobaric (constant pressure) heat addition and the exhaust process becomes an
isobaric heat rejection to the ambient air [4]. Referring to Figure 3, the following processes occur:
isentropic compression from 1-2; the addition of heat at constant pressure in the heat exchanger
from 2-3; isentropic expansion from 3-4; and heat rejection at constant pressure from 4-1. A
temperature-entropy, T-s, diagram of the Brayton cycle is shown in Figure 4. The thermal efficiency

of the Brayton cycle can be calculated as shown in equation (2.1).



1
nBrayton =1- k-1
k

Where,

rp, — pressure ratio
k — specific heat ratio

P — pressure of gas at the respective point in the cycle [Pa]

Chapter 2. Literature Review

(2.1)

(2.2)

Therefore, the thermal efficiency of a Brayton cycle depends on the pressure ratio of the gas turbine

and the specific heat ratio of the working fluid.
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Figure 3: Schematic of a Brayton Cycle [4]
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Figure 4: T-s diagram for a Brayton Cycle [4]

2.2 Steam Cycle

In a steam power plant, fossil fuels are used to convert the energy released by them into mechanical
work [5]. The working fluid in a steam cycle is water, the phase of which varies between liquid and
vapour. The energy given off by the burning of fossil fuels is transferred to water in the boiler in
order for steam to be produced at a high pressure and temperature. The pressure of the steam is
then decreased in the turbine by means of expansion which allows for the creation of shaft work.
Steam then exits the turbine to be condensed back to water. The condenser makes use of the
circulation of cooling water which transfers heat away from the steam. The condensate is then
pumped back into the boiler creating a continuous cycle. Because of its cyclic nature, the internal
energy of the fluid will remain constant throughout the cycle. Therefore, the net energy absorbed

as heat by a unit mass of the fluid should equal the net energy transferred as work from the fluid.

If the processes in the steam cycle were to be ideal, i.e. no extraneous effects such as heat loss, the

cycle would then be called a Rankine cycle.

The Rankine cycle is the most commonly used thermodynamic process for the generation of
electricity and does not comprise of any internal irreversibilities [6]. Referring to Figure 5, the
following processes occur: isentropic compression of water in the pump from 1-2; the addition of
heat at constant pressure in the boiler from 2-3; isentropic expansion of steam in the turbine from

3-4; and heat rejection at constant pressure in the condenser from 4-1 [4]. This can be represented



Chapter 2. Literature Review

by means of a T-s, diagram shown in Figure 6. The area under a process curve on a T-s diagram
symbolises the heat transfer for that process (being that the process is internally reversible).
Therefore, the area below the curve 2-3 symbolises the heat transferred to the water in the boiler
and the area below the curve 4-1 symbolises the heat transferred away from the water in the
condenser. The difference between these areas is shown by the area enclosed by the cycle, which
represents the net work produced by the cycle. The thermal efficiency of the Rankine cycle can be

calculated using equation (2.3).

S 1 (23)
qin qin

nRankine

Whnet — Net work produced by the cycle [W]

Qinout — heat transferred to and from the working fluid [W]

Hin

@)

Wiurb,out

Turbine

Wpump.in

A

= Pump

\

@-- Condenser

Figure 5: Schematic of a Rankine cycle [4]
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Figure 6: T-s diagram for a Rankine cycle [4]

2.3 The Brayton-Rankine Cycle

Chapter 2. Literature Review

A combined-cycle power plant makes use of a ‘Brayton-Rankine cycle’ [7]. The hot gas exiting the

gas turbine is used to produce superheated steam for a steam turbine. The exchange of energy is

done in an HRSG instead of a boiler and may be supplementary fired too. The schematic of a

combined-cycle power plant is shown in Figure 7.
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Figure 7: Schematic of a combined-cycle power plant [7]
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Approximately 40% of the energy in the system is converted to power through the gas turbine. The
rest of the energy, about 60%, is sent to the HRSG and is utilised by powering a steam turbine which
converts around 20% of this energy to power. The energy distribution of the system is shown in

Figure 8.

Fuel input 100%
N —D Gas

Radiation turbine

losses K —1 output

0.5% — 38%

Energy in -
exhaust Slea_im Radiation
— 61 .59 ::> turbine [ losses
Radiation 1.5% output 0.2%
losses <:: 219
0.3%

!

[*]
Stack 10% Condenser

30%

Figure 8: Energy distribution in a combined-cycle power plant [7]

The efficiency of a combined-cycle power plant, with no supplementary firing in the HRSG, is shown
in equation (2.4)[8].

Tlec = 77Brayton + TTRankine (1_ nBrayton) (24)

2.4 Heat Recovery Steam Generator

The Heat Recovery Steam Generator (HRSG) acts as a heat exchanger which uses exhaust gases from
the gas turbine to generate steam. When designing an HRSG, the evaluation of steam generation
and steam temperature profiles are important starting points [9]. For the HRSG, unlike typical heat
exchangers, the desired steam flow rate and exit gas temperature cannot be assumed in order to
determine the amount of fuel required in the gas cycle. Due to the low inlet gas temperature and
large gas to steam ratio in an HRSG, making assumptions for the steam flow rate and exit gas
temperature may lead to temperature cross situations. As a result of the low inlet gas temperature,
the generation of steam by an HRSG is lower than a conventional steam generator (using the same

gas flow). Figure 9 shows the schematic of an HRSG.
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To steam
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: |
| W\ .
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Figure 9: Schematic of an HRSG

A basic single pressure HRSG is composed of an economiser, evaporator and superheater. The
components work together to convert thermal energy from the exhaust gas into steam. Feedwater
is heated in the economiser after which it enters the drum at slightly subcooled conditions. The
water then circulates in the evaporator, re-entering the drum as a water/steam mixture [5]. The
water and steam separate in the drum and the saturated steam travels to the superheater where it
experiences the maximum heat exchange temperature (inlet temperature of the exhaust gas from
the gas turbine) and is superheated to the desired temperature. The T-s diagram for these

components is shown in Figure 10.

10
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Figure 10: T-s diagram for an HRSG [5]

The steam production and gas and steam temperature profiles are dependent on the assumed pinch
point and approach point values [9]. HRSG's can be thermally designed without having to physically
size them [10]. A temperature profile is shown in Figure 11 with the red line representing the flow
of gas and the blue line representing the flow of water and steam. The pinch point is the minimum
temperature difference between the two fluids i.e. the difference between the temperature of the
gas exiting the evaporator and the saturation temperature of steam. A pinch point is required in
order to prevent a temperature cross situation — which is when the temperature of water exceeds
the temperature of gas. This would cause heat to be transferred from water back to gas. The
approach point is the difference between the saturation temperature of steam and the temperature
of the water that exits the economiser. This value is used to prevent steaming in the economiser
which occurs at off-design conditions. This means that steam starts to form in a component which
is intended only for the liquid phase. Having steam in this component would lead to flow and
operational problems. Therefore, water should always be kept at a subcooled liquid state in the
component. The pinch and approach points will determine the size of the superheater, evaporator
and economiser. The conditions (flow rate, temperature, etc.) of the gas entering the HRSG also has
an impact on the amount of steam produced [10]. The exhaust gas of the gas turbine can be used
to develop the temperature profile, which establishes the foundation of the HRSG sizing. The pinch
point and approach point values for the design case can then be selected which leads to the final
sizing of the HRSG. However, different gas conditions will result in the variation of the pinch point
and approach point which can be evaluated in a simulation of the HRSG. A simulation will allow for

the optimisation of temperature profiles as well as the HRSG design.

11
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Ganapathy provided suggestions for the ranges of pinch and approach points that should be used

based on the inlet gas temperature [10]. These can be seen in Table 1.

Table 1: Suggested Pinch and Approach Points

Evaporator Type:

Plain Tubes

Finned Tubes

Both

Inlet Gas Temp. (°C)

Pinch Point (°C)

Pinch Point (°C)

Approach Point (°C)

650-900
375-650

60-85
40-60

20-35
5-20

20-40
5-20

At high inlet gas temperatures, a low pinch point is not practical as it would lead to a temperature

cross situation at off-design conditions [10]. In contrast, to optimise steam generation, lower pinch

and approach points should be used. The choice of approach point depends on whether the HRSG

is going to be operating at low loads as well as whether steam formation in the economiser is

expected. If there are multiple pressure levels and the generation of steam in the second pressure

level is a higher priority, a large pinch point can be chosen for the low-pressure level and a smaller

one for the second pressure level.

12
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2.5 Pressure Levels and Arrangement of an HRSG

The primary use of multiple pressure levels in a combined-cycle power plant is to attain maximum
efficiency [11]. In a single-pressure combined-cycle power plant, the exhaust gases in the stack
usually have temperatures of between 110°C-140°C, whereas a triple-pressure plant would have
stack temperatures of between 80°C-100°C. The result of the use of three pressure levels as

compared to one is an increase of efficiency of around 3%.

The components that make up a combined-cycle power plant (e.g. compressors, pumps, turbines
and valves) are usually standard machinery in various sizes [12]. However, the HRSG is one of the
few components that are custom made depending on details of the specific plant. Therefore, it is
practically the only component of the combined-cycle power plant where all factors of the steam
cycle performance have been considered and can be optimised. Any change in the design of the
HRSG affects all performance factors of the steam cycle directly. As a result, it is vital to optimise its

design parameters and the layout of its heat exchangers.

Mohagheghi and Shayegan found that the most critical factors affecting all decision variables and
the net power output are the type of HRSG used (single-, double-, or triple-pressure, with or without
reheat) and the layout of its heat exchangers [12]. It was shown that the use of multiple pressure
levels and the optimisation of heat exchanger layout led to an increase in power output in
comparison to a single pressure HRSG. Using a triple-pressure HRSG with reheat and an optimised
layout of heat exchangers provided the highest power output which showed a 22.5% increase of

power compared to that of a single pressure cycle.

2.6 Circulation Systems in an HRSG

HRSG’s can be sorted into three categories according to their circulation systems, these being
natural circulation, forced circulation and once-through [10]. Natural circulation systems are
composed of vertical tubes and horizontal gas flow, while forced circulation systems have horizontal
tubes with vertical gas flow. Once-through systems can be designed either way. These systems can
be seen in Figure 12. Natural circulation is enabled by the density difference between the down-

coming colder, denser water and the rising hotter, less dense steam mixture in the evaporator.

A once-through HRSG does not have distinct regions separating the economiser, evaporator and
superheater [10]. The only point of control for a once-through system is the feedwater control valve.
The mass flow of water/steam varies in this system depending on the gas inlet temperature and the
steam exit temperature. This process does not make use of a drum and instead uses a smaller scale

water chamber. Hence, these have a faster response to load fluctuations.

13
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The difference between natural and forced circulation HRSG’s poses various factors such as the fact
that natural circulation systems do not entail a pump for circulation in the evaporator tubes [10].
The presence of pumps in the forced circulation system leads to operational as well as maintenance
costs. These pumps also pose the risk of the HRSG shutting down in the case of their failure. The
distribution of water and steam in the pipes of the natural circulation system is more beneficial as
the pipe walls are wetted evenly, considering water moves downward and steam rises upward.
Whereas in the case of forced circulation there is a temperature difference between the upper and
lower parts of the horizontal tubes, which may lead to thermal fatigue [10]. The vertical tubes in a
natural circulation system allow for higher heat flux than horizontal tubes in a forced circulation

system.

Natural circulation HRSG’s make use of more floor space than that of forced circulation ones,
especially if multiple modules are used [10]. Although the floor space taken up by forced circulation
systems is smaller, their height is greater causing the need for ladders, platforms and more steel

support structures.

This study will focus on HRSG’s making use of a drum. Whether the flow is circulated naturally or

forced does not affect the thermodynamic modelling approach.
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Figure 12: a.) Natural circulation HRSG b.) Forced circulation HRSG c.) Once-through HRSG [33]

2.7 Calculations for Temperature Profile

Using the temperature profile in Figure 11, the known values for the system are shown in Table 2

[9].

14
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Table 2: Known values for temperature profile

Description Variable
Gas flow rate Mmy

Gas temperature at the inlet of the HRSG Tg1
Feedwater temperature Twi
Temperature of the steam exiting the superheater Tso
Pressure of the steam Ps
Saturation temperature in the evaporator can be determined using steam | T
properties for the chosen pressure

The gas temperature exiting the evaporator and the water temperature exiting the economiser can
be found using the drum temperature and pinch and approach points as shown in equation (2.5)
and (2.6).

T 5 =T, + Pinch Point (2.5)
T,, =T, — Approach Point (2.6)

Using the energy balance across the superheater and evaporator, the energy absorbed by these

components is shown in equation (2.7).
Qsh,ev = mgcpg (Tgl _TQS) = ms (hso - hwz) (27)

Qshev — duty of the superheater and evaporator combined [W]
mg,s — mass flow rate of gas or steam [kg/s]
Cpg — specific heat of gas [J/kg.K]
Ty —temperature of gas [°C]
hso, w2 — enthalpy of the fluid exiting the superheater or economiser [J/kg]
Ty and Tgy3 are known, therefore the duty of the superheater and evaporator combined, Qsp,ev, and

the steam mass flow rate, ms, can be calculated.

The energy absorbed by the superheater can be calculated as shown in equation (2.8).
Qsh :ms(hso _hv):mgcpg (Tgl _ng) (28)
Qs» — duty of the superheater [W]

15
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hso,v — enthalpy of superheated or saturated steam [J/kg]
The temperature of the gas exiting the superheater, Ty, can therefore be calculated.

The energy balance of the economiser provides equation (2.9).
Qec = ms (hWZ - hwl) = mgcpg (Tgs _Tg4) (29)
Qec — duty of the economiser [W]

The temperature of the gas exiting the economiser, Ty, can therefore be calculated.

The calculated variables will allow for the gas and steam temperature profiles as well as the steam

generation to be determined once a pinch point and approach point is selected.

2.8 Heat Exchanger Modelling

Once the temperature profile and duty of the HRSG in design mode is obtained, the way in which it
performs in the off-design mode may be determined. Thus, the HRSG can be thermally designed
and its performance analysed without having to evaluate its geometry. From the design mode, the
LMTD method is utilised in order to obtain the performance of the HRSG or its components. This is
done by first calculating a value for the overall conductance, UA, of each component as shown in

equation (2.10).

ua=-2 (2.10)
AT

m

U — overall heat transfer coefficient of the component [W/m?.K]
A —surface area of the component [m?]
Q — duty of the component [W]

AT, —log mean temperature difference between the two fluids [K]
The equation for log mean temperature difference is shown in equation (2.11).
AT, — AT
AT =—2—2 T 2
In L
AT,

Where AT; is the temperature difference between the two fluids at the inlet of the heat exchanger

(2.11)

and AT, is the temperature difference between the two fluids at the outlet.

The overall heat transfer coefficient, U, need not be calculated since the overall conductance, UA,

can be used as a singular term. In the off-design mode, the UA is corrected for each component

16
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according to the change in gas flow and temperature [10]. The corrected UA is then used in the

effectiveness-NTU method in order to evaluate the off-design performance.

Effectiveness is the ratio of the actual heat transfer to the maximum possible heat transfer of a heat

exchanger. It is defined as shown in equation (2.12) [13].

_ Qactual

E =

2.12
Q.. (2.12)

e — effectiveness of the heat exchanger

Quctual,max — actual or maximum heat that can be transferred by the heat exchanger
[W]

Quctual can be calculated as shown in equation (2.13).

Qactual = Chot (Thl _Tho) = Ccold (TCO _Tci) (213)
Where,

C=m-c, (2.14)

Chot.cold — fluid heat capacity rate of the hot or cold fluid [W/K]

Thi, — temperature of hot fluid flowing in or out of the component [°C]

Tcio — temperature of cold fluid flowing in or out of the component [°C]
Qmax is the maximum possible heat transfer that could be achieved by the heat exchanger. This is
the heat transferred if one of the fluids has a temperature change equal to the temperature
difference between the incoming hot and cold fluids. It is therefore defined using the minimum
(limiting) fluid heat capacity rate and the maximum temperature difference between the two fluids

as shown in equation (2.15) [13].
Qe =C,in (Th —Tc)) (2.15)
While the actual heat transfer factors in the effectiveness of the component shown in (2.16).
Qo =¢-C,ir (Th =Tc,) (2.16)

The effectiveness depends on the geometry of the heat exchanger, what the flow pattern is (parallel
flow, counter flow, cross flow, etc.) and the number of transfer units [14]. The equation for the
effectiveness of a counter flow heat exchanger is shown in equation (2.17).

1_ g NTUG-R)

£ = e (2.17)

Where,
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NTU = % (2.18)
Cmin
And,
R = Smn (2.19)
Cmax

Due to water vaporising in the evaporator, C_,, becomes immense and R approaches zero which
leads to the effectiveness equation shown in (2.20).
e=1-e " (2.20)

The specific heat capacities of gas can be calculated using the gas composition, specific heats of the
gas constituents at each component’s average temperature and the molar masses of the gas

constituents [10]. The formula is shown in equation (2.21).

_ Z y: Cp,constituent ‘M

Pg zyM

y —volume fraction of the constituent [%]

c (2.21)

Cp,constituent — SPecific heat of the constituent at the average gas temperature [J/kg.K]
M — molecular weight of the constituent [g/mol]

The specific heat capacity of steam/water in each component can be calculated using the change in

enthalpy and temperature as shown in equation (2.22).

h. . —h..
Cps — s.out s.in (2.22)
Ts.out _Ts.in

Using these equations, the effectiveness of each component in the off-design mode can be

calculated.

2.9 Off-Design UA

The UA value under off-design conditions has been calculated differently by various researchers.

Ganapathy used the relationship in equation (2.23) [10].

. 0.65 . 0.15
UAy =UAgq [ dLEL ] ( ot J ( Coon ] (2.23)
esign 5 5 .
’ mg,design ms,design I:gj,design

Fq is a gas property factor as shown in equation (2.24).
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C 0.33k 0.67
_ P9 g

Fg = —,ugo'32 (2.24)
kg — thermal conductivity of the gas [W/m.K]
Ug — dynamic viscosity of the gas [Pa.s]

Equation (2.25) shows that used by Kehlhofer [15].
m . ) (K "
UA:)ff = U'A\iesign 1 2.8 ' 2l ’ /ug,design (2-25)
mg,design kg,design :ug,off

Where m is a constant that depends on the geometry of the heat exchanger, usually assumed
between 0.57 and 0.65 [16].

Haglind [17] expressed the ratio of overall conductance of either the gas or steam side as shown in

UA\) _ UAd [ moff . koff .Lludesign . Proff (2 26)
ff esign . .
’ mdesign kdesign :uoff I::'rdesign

Pr — Prandtl number of gas or steam

equation (2.26).

Physical properties of the fluids may often be assumed to remain constant. Hence, the off-design

overall conductance of the gas side can be expressed as shown in equation (2.27) [17].

U _ mg,off i
A)ff _UAjesign {m J (2.27)

g,design

The Virtual Plant software tool employs equation (2.28) to calculate off-design UA.

m

m 2 2 1
g,off . kg,off 3 . /ug,off 3 . Cpg,of‘f s (2 28)
' g,design kg,design /ug,design Cpg,design

m

UA)ff = UAjesign (

One can also derive a similar equation for the off-design UA from first principles as follows: The
equation for the overall heat transfer coefficient of the heat exchanger can be calculated using

equation (2.29).
:i+£+l (2.29)
h, k h

U — overall heat transfer coefficient [W/m?.K]

hg s — convective heat transfer coefficient of the gas or steam [W/m?2.K]
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L —thickness of the tube [m]
k — thermal conductivity of the pipe[W/m.K]

Assuming the thickness of the pipe is negligible allows for the thermal resistance of the pipe to be
ignored. The heat transfer on the steam side (hs) is typically much larger than that of the gas side

(hg). Thus, the overall heat transfer coefficient can be approximated as shown in equation (2.30).

:Nu-kg

Uzhg 5

(2.30)

Nu — Nusselt number of gas
D — hydraulic diameter of the tube [m]

The Nusselt number for the cross flow of gases over plain tube banks is shown in equation (2.31)
[10].

Nu =0.33-Re™. Pr®® (2.31)
Re — Reynolds number of gas

The equations for Reynolds and Prandtl numbers are shown in equation (2.32) and (2.33).

v -D

Re=Pe Yo ™ (2.32)

Hy

pg — density of gas [kg/m?3]
vq — velocity of gas [m/s]

C .
pr=—r 't (2.33)

kg

Substituting equation (2.32) and (2.33) into equation (2.31) results in equation (2.34).
p V- D m e lu 0.33
Nu=0.33.| 28 | B
Hy Ky
(2.34)
c 0.33 1 m-0.33
=0-33(,0g v, D)”‘ [ﬂ] [_]
Ky Hq
Equation (2.34) can then be substituted into equation (2.30) to produce equation (2.35).
m m—0.33
U=033(p, v )m(ij ¢ 0@ os | 1 (2.35)
g g D pg g ,Ug '
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The velocity of gas can be calculated as shown in equation (2.36).

mg
Vg =
Py A
m, (2.36)
- -D?
Py 4

Ax — cross-sectional area of pipe [m?]

Substituting equation (2.36) into equation (2.35) leads to equation (2.37).

m 4" 1 trm 1 m-0.33
U:O.33[ g j [—] -cpg°'33-kg°'67-(—J (2.37)
Vs D g

The ratio of UA in the off-design case to that of the design case can therefore be expressed as shown

in equation (2.38).

M 4 m 1 +m 1 m-0.33
off 0.33 0.67
0.33[g j (Dj *Cg off -kg,Off | —
UAoff 4 Iug,off

UAsesign ) m . .4\" L+m m-0.33
g 033(gdeygn] ’ (é] ) Cpg,designo.sa‘ ’ kg,designOﬁ7 { 1 \] (238)
d /ug,design

. m 0.33 0.67 m-0.33
_ mg ,off . Cpg ,off . kg ,off . :ug,design
mg ,design Cpg ,design kg ,design :ug ,off

If physical properties of gas are assumed to remain constant at lower loads, the UA at off-design

conditions can be calculated using equation (2.39), which is the same as equation (2.27).

U _ mg,off i
A\uff _UAdesign [m } (239)

g,design

This assumption, however, slightly decreases the accuracy of the calculation since the physical

properties of gas would change at various temperatures.

The NTU in the off-design mode can then be calculated using the off-design UA. The effectiveness
for each component can therefore be evaluated. This allows for the duty of each component to be

found in the off-design mode.
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2.10 Off-Design Behaviour

For the design case, components in the steam cycle are designed to meet specific criteria. However,
for the off-design case, the performance of the plant is reliant on the behaviour of the fixed

components as a result of deviations in the operating environment [8].

It is vital to have a detailed understanding of the steady state and dynamic operating performance
of the plant [8]. However, theoretical modelling of the dynamic performance is costly and
problematic. Hence, knowledge gained from existing plants as well as estimates must be used in

conjunction with steady state plant calculations in order to predict dynamic performance.

There is a substantial difference between the calculation of the steady state design and off-design
conditions of the steam part of a combined-cycle power plant and that of a conventional steam
plant [8]. The difference is mainly based on the boiler and the design mode of the plant. In an HRSG,
heat transfer is largely attributed to convection, unlike a conventional boiler where radiation is

responsible for most of the heat transferred.

The most economical method of steam turbine operation in a combined-cycle power plant is
through the use of sliding pressure [8]. Steam characteristics depend on the exhaust gas flow and
temperature and on the swallowing capacity of the steam turbine. This is opposed to a conventional
steam plant which often runs at a fixed pressure (where live-steam pressure and temperature
remain constant) — this allows for calculations to be straight forward due to steam temperature and
pressure being known in advance as well as for the boiler and steam turbine to be assessed
separately. In a combined-cycle power plant, however, the design of the HRSG and the steam

turbine have to be done in conjunction with each other.

2.11 Gas Turbine Low Load Control

Control of the electrical output of a combined-cycle power plant (with no supplementary firing) is
solely managed by the gas turbine [8]. The power generation of the steam turbine then follows the

trend of the gas turbine since it utilises the amount of steam that the HRSG produces.

Variable inlet guide vane (VIGV) control and gas turbine inlet temperature (TIT) control are used to
govern the power output of the gas turbine [8]. The control of the TIT is done using the fuel flow
into the combustor and the VIGV setting. Recent gas turbines are designed with up to three rows of
VIGV’s allowing for high gas turbine exit temperatures from full load to as low as around 40% load.
At loads below 40%, the TIT is lowered further in order to prevent the decrease of gas flow, since a
further reduction of gas flow is not desirable. Therefore, from 0% to around 40% load, the VIGV’s

are closed resulting in the exhaust gas mass flow remaining constant while exhaust gas temperature
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increases until it reaches design temperature [18]. After this point (approximately 40% load), the
VIGV’s start to open causing the exhaust gas flow to increase while the exhaust gas temperature
remains constant. The graph shown in Figure 13 shows an example of the trend resulting from VIGV

control.
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Figure 13: Graph of exhaust gas parameters at different loads

When a change in load of the gas turbine occurs, the steam turbine responds automatically after a
small delay [8]. The gas cycle is responsible for around two thirds of the total power output of the
plant. Thus, a control variable for the steam turbine power output, which causes complications and
lower efficiencies, is not necessary. Modern gas turbines also have a fast response to changes in

frequency, and usually balance the effect of the delay in steam turbine response.

2.12 Turbine Flow Control

Generally, power plants reach their maximum efficiency at design conditions, therefore, at lower
load conditions their efficiency drops [19]. Certain power plants may have higher thermal
efficiencies at off design conditions while others see substantial drops in efficiency with relatively
minor load drops. Combined-cycle power plants use a concept called sliding pressure in order to

increase the thermal efficiency at off-design conditions.

The control of the steam turbine output is essential when it comes to the efficiency of power
generation at lower loads [19]. The reduction of the power output involves the control of steam
flow which can be attained through throttle control or nozzle control. Throttle control decreases
the amount of steam flowing through the turbine by means of a throttle valve, after which, steam

is fully admitted to the first turbine stage. Nozzle control uses multiple control valves that may be
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partially closed in order to control the flow. Steam is partially admitted to the collection of nozzles

in the control stage.

Sliding pressure may also be used by the steam generator in order to control steam flow to the
turbine. In sliding pressure conditions, throttle devices remain fully open allowing the boiler
pressure to ‘slide’ in order to preserve a balance between the volumetric flow of the steam turbine

and the heat exchanger [19].

2.13 Turbine Pressure

2.13.1 Mass Flow Coefficient

Turbines have a specific flow path area which governs the maximum steam flow rate that the turbine
can accommodate at a given steam condition. This is called the swallowing capacity of the turbine.
Equation (2.40) shows the relationship between steam flow rate through the turbine and steam

parameters used by M. P Polsky [19].

T
T p = constant (2.40)

i To
ms — steam mass flow rate [kg/s]

Ti —temperature of steam entering the turbine [°C]

P;, — pressure of steam entering or exiting the turbine [Pa]

For condensing steam turbines, the pressure of steam exiting the turbine is negligible compared to

that entering. Thus, the equation can be simplified as shown in equation (2.41).

m L'Z = constant (2.41)
\P

The ideal gas law (shown in equation (2.42)) is then used to replace temperature in equation (2.41)

P-v
T=—r (2.42)
T — temperature of gas [°C]
P — pressure of gas [Pa]
v — specific volume of gas [m3/kg]

R —ideal gas constant [J/K.mol]

Therefore, equation (2.43) is formed, which is called the flow coefficient.
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Vv
ms\/; = constant (2.43)

Equations (2.41) and (2.43) show that the steam flow that a steam turbine can accommodate is
dependent on the inlet steam parameters. The flow coefficient can be rewritten as shown in
equation (2.44). This shows that at specific inlet steam conditions, there is a fixed volumetric flow

rate that a steam turbine can swallow.

" v_m-.wv _V
NP JP.v Py

V — volumetric flow rate [m3/s]

= constant (2.44)

Using equations (2.41) and (2.43), it can also be shown that the steam pressure at the first stage of
the turbine is dependent on steam mass flow and temperature or specific volume. This is shown in

equation (2.45).

m. /T, v-m?
P= AT = : (2.45)
constant constant

If the steam temperature entering the turbine remains constant, the steam mass flow is then

directly proportional to steam pressure.

The amount of steam generated by the HRSG depends on exhaust gas flow, exhaust gas temperature
and steam pressure [19]. The lower the pressure of the steam, the lower the exit gas temperature
from the evaporator and the more energy from the gas that the steam is able to absorb — leading
to more steam being produced at the same gas conditions. The control valves being fully open
means that the steam generated by the HRSG is controlled by the steam turbine swallowing
capacity. A decrease in load results in the temperature or mass flow of the exhaust gas being
decreased, which would lead to decreased steam being generated by the HRSG. However, if the
throttle valves are positioned fully open, the pressure of steam decreases and the amount of steam
generated increases. When the volumetric flow rate generated by the HRSG corresponds with the
turbine swallowing capacity, the steam pressure and rate of steam generation stabilise. This defines
the operating point for the specified load. The mass flow rate of water in the evaporator, however,

is dependent on the desired heat uptake by the evaporator as well as the drum pressure.

2.13.2  Stodola Ellipse Law

Stodola found that if the mass flow of a fluid through a turbine were to be plotted against its exit
pressure, the graph would form an elliptical shape [20][21]. This is related to the fact that a graph

of the pressure ratio across a turbine versus the corrected mass flow would be asymptotic. The
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inlet

pressure ratio used to form the asymptotic graph is evaluated as . However, when the inverse

outlet

outlet

pressure ratio is used { j, the graph would represent an elliptical shape. Hence, the steam

inlet
mass flow during off-design modes may be calculated using that of the design condition. This forms

the basis of the ellipse law shown in equation (2.46) in temperature form.

2
P T 1_( E’Oﬁ }
moff = mdesign . i,off . i,design . i,off
Pi,design Ti,off

P
Mdesign,off — Steam mass flow rate in design or off-design conditions [kg/s]

(2.46)

2
0,design
I:)i,design

Ti —temperature of steam entering the turbine [°C]

P;, — pressure of steam entering or exiting the turbine [Pa]

The Stodola ellipse law produces more accurate results as compared to the constant flow coefficient
model, specifically for non-condensing turbines. However, not all software tools utilise this method

since it adds complications to the solving algorithms.

2.14 Attemperation

The temperature of steam generated by the HRSG will sometimes be higher than desired due to the
variation of steam flow rate [22]. The steam cycle usually requires for the generated steam to
remain at a specific temperature. Thus, a temperature control device needs to be utilised. Power
plants should be designed so that the desired steam temperature is attained at design conditions.
The temperature of the steam will therefore only need to be decreased when operating at off-

design conditions.

A way in which the temperature of steam may be brought down is to spray fine droplets of relatively
cool water into the steam [22]. The combination of the hot steam and cold droplets results in the
droplets evaporating and the mixture having a lower temperature with an increased volume of
steam. This process is done by an attemperator. The use of attemperation causes a change in mass
flow after the attemperator. Attemperation usually occurs at the exit of a superheater in order to
control the output steam temperature, using coolant from the feedwater. There are various types

of attemperators, some of which are mentioned below.

e Mechanically Atomised Attemperator
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A mechanically atomised attemperator is one in which high-pressure cooling water is mechanically
atomised into small droplets at a nozzle. This allows for the area of contact between the steam and

water to be maximised [22].
e Variable-Area Attemperator

By using a variable-area attemperator, the limitations presented by a fixed nozzle may be overcome
due to the fact that the profile changes with the quantity of spray water [22]. A sliding plug is used

and moved by an actuator which changes the number of nozzles through which the water is sprayed.
e Variable-Annulus Desuperheater

A variable-annulus desuperheater offers accurate control of steam temperature over the widest
possible dynamic range [22]. As the coolant enters the stream, its velocity is instantaneously
increased, and pressure decreased so that it vaporises and develops into a micron-thin layer that is

then peeled off the head and driven downstream.

2.15 Previous Work

There are numerous models of combined-cycle power plants that have been developed previously.
Ali and Abdalla developed a model in order to assess the performance of combined-cycle power
plants at full and part loads [23]. The model equations were solved using Matlab and were used to
examine the effect of load changes and heat losses in the combustion chamber on the performance
of the plant. The results were compared to that of actual plant data and it was found that deviations
were between 3-5%. An exergy analysis was also performed on the model which showed that the
maximum exergy destruction occurred in the combustion chamber for full and part loads. It was
found that as the heat loss in the combustion chamber increases, fuel mass flow rate and the net

work of the gas turbine increases while the thermal efficiency decreases.

Tica et al. developed a combined-cycle power plant for optimisation [18]. The model was developed
using Dymola/Modelica, with the use of ThermoPower which is a library for modelling thermal
power plants, and the components were validated by experimental data. The paper presented a
method to turn a physical combined-cycle power plant model, designed for simulation, into one

that optimised the start-up procedure of the plant.

Rauch et al. developed a model in Matlab which determined the maximum thermal efficiency of a
combined-cycle power plant limited by gas temperature entering and exiting the gas turbine,
condenser temperature and the dryness fraction at the outlet of the steam turbine [24]. The impact
of adiabatic flame temperature, pinch point and the dryness fraction on the thermal efficiency of

the plant was also investigated. The adiabatic flame temperature was found to have the largest
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impact on the thermal efficiency of the plant with the increase in temperature causing an increase

in efficiency.

Mohanty et al. investigated the effect of a change in operating parameters, such as the maximum
temperature and pressure of the Rankine cycle; turbine inlet temperature; and pressure ratio of the
Brayton cycle, on the net work and thermal efficiency of a combined-cycle power plant [25]. A model

was developed in Matlab in order to achieve a higher net work and thermal efficiency of the plant.

Ebaid and Al-Hamdan considered the effect on combined-cycle performance of different
configurations of the gas turbine engine operating as part of the plant [1]. Visual Basic was used to
develop the model. It was shown that the maximum efficiency of the plant occurred when the gas
cycle was not at its maximum efficiency or specific work output. It was also shown that
supplementary heating or gas turbine reheating decrease the efficiency of the combined-cycle
power plant. Finally, even though gas turbine intercooling enhances the performance of the gas

cycle, it has a minimal effect on the performance of the plant as a whole.

Srinivas et al. used computer simulation software to assess the performance of a combined-cycle
power plant at part loads [26]. The study presented the optimum process parameters of steam
exiting the HRSG at part loads. It also presented the optimum combination of thermal efficiency,
power output and decision variables. It was found that at lower loads, the plant requires a lower

high-pressure value in order to produce suitable dry steam exiting the turbine.

Ganapathy developed a program for HRSG simulation in order to produce the thermal design and
off-design performance of unfired, fired, simple or complex, multimodule, multi-pressure gas
turbine HRSGs without having to physically size them [10]. This uses the known gas flow,
temperature, gas analysis and steam parameters to produce temperature profiles for gas and steam
as well as the duty of each component of the HRSG in design mode. The off-design performance of
the HRSG can then be analysed. Textbooks by Ganapathy presented various examples of HRSG

simulation.

Alobaid et al. presented a comparative study of different dynamic process simulation codes for
combined-cycle power plants at design and off-design conditions [27]. A combined-cycle power
plant utilising a sub-critical triple-pressure HRSG was developed using Aspen Plus Dynamics and
Apros. These models were validated against plant data at 100%, 80% and 60% load. The models
showed close agreement to plant data with a maximum error of around 5% for pressure and less
than 1% for temperature and mass flow rate. The models were also compared to dynamic plant data
during a transient operation. The models were able to predict plant data qualitatively but achieved

a maximum error of 10% for quantitative predictions. The results concluded that the Aspen and
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Apros models accurately predict plant data at various steady-state loads, however, the prediction

of plant behaviour at low loads is less accurate.

2.16 Software

The software tools used in this study were Mathcad, Virtual Plant and Flownex [28]—[30]. Initially,
Mathcad was used as a learning platform. This is a software tool used for engineering calculations
and provides a tool for understanding knowns, unknowns and what is being calculated in the

system.

Virtual Plant is a thermodynamic modelling software tool used for assessing plant performance. This
uses plant design information and first engineering principles to predict the performance of a power
plant cycle. Virtual Plant models operate as a connected system of plant components with the
conservation of energy and mass. It uses design inputs such as temperature, enthalpy and mass flow
(i.e. what the plant is required to do) in order to calculate the duties of each component as well as
actual temperatures, enthalpies and mass flow in the system. Virtual Plant provides an HRSG
component which was beneficial to this study. The fundamentals of Virtual Plant are similar to those
used in the Mathcad models, therefore, the process of mathematical modelling used by Virtual Plant

was well understood.

Flownex is a thermohydraulic network solver based on the numerical solutions of the governing
equations of fluid dynamics and heat transfer. In order to obtain the mass flow, pressure and
temperature distributions in a network, it solves partial differential equations for the conservation
of mass, momentum and energy. It allows for the modelling of integrated systems in order to
efficiently size components, perform flow balances and test control methodologies. For the models
developed in this study, each component of the HRSG was modelled using heat exchangers or heat
transfer components available on the Flownex library. Flownex uses endpoint values (initial pressure
and temperature and outgoing mass flow) and the overall conductance of each component to
calculate the characteristics of the flow at each intermediate point (such as temperature, enthalpy,
mass flow, quality etc.). The model requires an input of what the plant will look like and calculates

what it will do.
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3. Single Pressure Model

3.1 Methodology

Chapter 3. Single Pressure Model

First, a single pressure system was analysed and modelled in the design mode. The steam

generation, gas and steam temperature profiles and duties of the economiser, evaporator and

superheater were calculated without calculating the tube sizes or lengths, fin geometry, surface

area or tube spacing etc. The models only focussed on the steam cycle and the use of the exhaust

gas.

The analysis of the HRSG was done using heat balance equations. Figure 14 provides a schematic

showing the representation of each variable name. The variables in blue represent water/steam and

those in red represent gas. The design values used for this model were obtained from a textbook

written by V. Ganapathy [31]. The architecture and inputs used for the model were therefore based

on that of the textbook.
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Figure 14: Schematic of a single-pressure combined-cycle power plant
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3.1.1 Analytical Model - Design Case

A temperature profile of both the gas and water/steam in the HRSG was developed so that the

duties of each component could be calculated and the foundation of the HRSG could be established.

The known values for the system were the exhaust gas mass flow and temperature, desired pressure
of the water/steam in the HRSG, temperature of the feedwater into the HRSG and the desired

temperature of steam to be generated. These values are shown in Figure 15.
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Figure 15: Schematic of the single-pressure model showing known variables

Assumptions for the pinch and approach points (8.3°C each) were made in order to form the basis
of the HRSG design. The saturation temperature of water/steam in the drum was found using steam

tables and the known pressure. The gas temperature exiting the evaporator, ng, and the water

temperature exiting the economiser, T ,, were found using the drum temperature and pinch and

approach points.

The block diagram in Figure 16 shows the sequence of how the remaining values were calculated.
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Qsh,ev = rhg (hgl - th) = ms (hso - hwl)

4//\>

Qsh,ev = mg (hgl _hgji) m — m-?(hgl _hg3)
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]

1 0
h —h . ==k _ = Q_
Qev = Qsh,ev - Qsh ¢! ¢ f’i’lg hg3 hg4 ﬂlflg
h,, h,

| I
T T,

Figure 16: Block diagram showing the sequence of variables being calculated

An energy balance was done across the superheater and evaporator using the gas mass flow and

change in enthalpy as shown in equation (3.1).
Qsh,ev = mg (hgl o hg3) (31)

The enthalpy of gas was used instead of specific heat (as shown in equation (2.7)), the relationship

between these two characteristics is shown in equation (3.2).
Ahg =Cyy -(ATg) (3.2)

As a simplification, a formula for the enthalpy of air was used to calculate the enthalpy of gas at

certain temperatures. This formula for pure air is shown in equation (3.3) [32].

h,(T)=0.9816-T +1.245x107*-T* -1.308x107°-T* -2.154x107"* - T* (3.3)
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The duty of the superheater and evaporator as well as the change in enthalpy of steam was then
used to calculate the mass flow of steam/water as shown in equation (3.4). The enthalpy of steam

and water was found using steam tables.

— Qsh,ev
) hso - hvv2

The duty of the superheater was then calculated using the steam mass flow rate as shown in

m (3.4)
equation (3.5).
Qsh = ms (hso - hv) (35)

The duty of the superheater was used to calculate the change in enthalpy of gas in the superheater

as shown in equation (3.6).

|
=
O
E

= <sh (3.6)

This was used to calculate the enthalpy of gas exiting the superheater, hg, using the known enthalpy
of gas entering the superheater, hy:. The enthalpy of gas exiting the superheater was then used to

find the gas temperature exiting the superheater, using equation (3.3).

The duties of the evaporator and economiser were then calculated as shown in equation (3.7) and
(3.8).

Qev = Qsh,ev _Qsh (37)
Qec = ms (hwz - hm) (38)

The duty of the economiser was used to calculate the change in enthalpy of gas in the economiser,
as shown in equation (3.9). This allowed for the gas temperature exiting the economiser, Ty4, to be

calculated using equation (3.3).

-h, = Qu (3.9)

The overall conductance (UA) of each component was calculated using equation (3.10) in order for

the system to be evaluated in the off-design model.

UA:& (3.10)
AT,

Im

Finally, the pressure drop over the steam turbine was calculated. The saturated pressure of water
in the condenser was found using steam tables and the known temperature of water entering the

HRSG. Using the feedwater to find the condenser pressure was for simplicity reasons and led to a
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high condenser temperature and pressure. This was done to avoid a temperature change in the
feedwater pump. This did not decrease the accuracy of the model as it was just for example sake. A

schematic of the system showing calculated variables is shown in Figure 17.

! Condenser

Steam
Turbine
X
Pump
253.8°C
4240 kPa
@ [245.5 °C]| [110 °C|
315.6 °C 3.106 kg/s
18.75 kgls M ] ’
_ Superheater Evaporator Economiser
519.8 °C 262.2°C 169.6 °C
0.613 MW 5.39 MW 1.862 MW
L J

-
6.003 MW

Figure 17: Single pressure schematic showing known variables

3.1.2 Analytical Model - Off-Design Case

The exhaust gas mass flow and temperature in the off-design mode followed the trend shown in
Figure 13. The other known variable in the system was the temperature of the feedwater into the
HRSG. The main differences between the design and off-design case are that the pinch and approach
points as well as steam pressure are unknown in the off-design case. This requires a substantially
different calculation sequence, which involves making an assumption for the drum pressure and

iterating until a convergence is achieved.

The effectiveness of each component was used to calculate the duty of the component. First, the
off-design overall conductance (UA) of each component was calculated using equation (2.39) with

the assumption of m as 0.65. In doing so, it was assumed that the gas properties remained constant
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in design and off-design cases. This would be a valid assumption since the change in the gas

properties would be minimal.

In order to calculate effectiveness, the fluid heat capacity rate for both gas and water/steam in each
component was required. This was done by first calculating the respective specific heat capacities
at each component’s average temperature and multiplying those by mass flow rates. Since no
temperatures were known in the off-design case yet, the specific heat capacities were calculated

using design characteristics.

An assumption was made for the steam mass flow rate in order for the fluid heat capacity rate of
steam to be calculated. This value was then iterated until it equated to the calculated steam mass
flow rate, as illustrated in Figure 18. In order to calculate the actual mass flow rate of steam, an

assumption for the temperature of water entering the evaporator, T ,, was made. This value was

then iterated until it equated to the calculated value. The actual value for the temperature of water
entering the evaporator was calculated using an energy balance across the economiser to calculate

the enthalpy of water entering the evaporator and using steam tables to find the temperature.

The effectiveness of each component was calculated using the number of transfer units (NTU) and
the fluid heat capacity rates of gas and water/steam for that component. First, the minimum and
maximum fluid heat capacity rates between gas and water/steam were identified. Thereafter, the
NTU and effectiveness were calculated. The effectiveness formula used for the superheater and
economiser was that of a counter flow heat exchanger and for the evaporator was that considering
a phase change. These were then used to calculate the duties of each component using equation

(2.16). Figure 19 shows the sequence in which duties and gas temperatures were calculated.
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Assumption
made for steam
mass flow rate
Fluid heat capacity
rate of steam in
each component
C? = m&'c!)..ﬂ‘
Effectiveness of Assumption made
each component for steam pressure
Duty of each ]
Assumption
component de for T
O=¢-C. AT made for T,
Mass flow rate of
NO steam
ms — Q(.’V
hﬁ _hw2
YES
Actual pressure Actual enthalpy
. 2
_ PS.a’L’S."gn U ps.des.ign ) — &+ h
s,actugl . 3 w2.actual wl
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Actual temperature,
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tables

Figure 18: Iterative processes in the off-design model
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Qsh = gsh ) Cmins}'.' (T;(l - T;)

Q{:L‘ = g{‘(‘ ' Cminec (rg.'i - Twl)

Figure 19: Block diagram showing the sequence of duties and gas temperatures
being calculated

A relation between the mass flow rate of steam in the design and off-design cases was used to
calculate the pressure entering the steam turbine in the off-design case. It is derived from the flow
coefficient shown in equation (2.43). This is consistent with the equation used by Virtual Plant to

calculate off-design pressure. The relation is shown in equation (3.11).

P o
. JProt Pt (3.11)

m = ms,design P
\/ in,designpin,design

s,off

Ideally, all valves should be open and the steam pressure in the HRSG should be equal to the turbine
inlet pressure. This was used to make the iterative adjustment to the steam pressure in order to

find the operational pressure at the chosen low load condition.

3.1.3 Virtual Plant Model

The inputs as well as the results obtained from the design base analytical model are needed to

construct the Virtual Plant model. First, the components were connected as shown in Figure 20.
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Stack

Steam Turbine

—

Exhaust Gas

Condenser

-

HRSG

Pump

Thereafter, the inputs to each component were defined. The gas source for the exhaust gas was

Figure 20: Single Pressure Virtual Plant model

defined as shown in Figure 21. This allows for the mass flow rate, pressure, temperature and
composition of the inlet gas to be input. The composition of gas used was similar to that of air in

order to be consistent with the enthalpy calculation done in the analytical model.
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Gas Flow Source X

Define Gas Composition v

Flow Composition
18.747 | kgfs (O Known Use Information Node
(i'l Specified Nitrogen 78.00  %Vol
(O Use Information Node Oxygen 22,00  %Vol
Pressure Carbon Dioxide .00 | %Vol
1.013 bara (O Known Argon .00 %ol
(® Specified Water .00 %vol
(O) Use Information Node
Total 100.00
Temperature
548.3 | °C (O Known
Bias @ Specified
0| delta °C(O) Use Information Node
— —

Figure 21: Exhaust gas inputs in single pressure Virtual Plant Model

The data for the HRSG was input as shown in Figure 22. The Virtual Plant model cannot be built
without the analytical model as a basis, since it provides process conditions around each component
which is required by Virtual Plant. The ‘Gas Path Arrangement’ tab requires the components to be
listed in order of gas flow from hot to cold — which is first the superheater, followed by the
evaporator and then economiser. A percentage of the total gas flow across the component was
specified as 100% for each. The flow arrangement was chosen as counter flow for the superheater
and economiser as the general flow of steam/water through them opposes the general flow of gas.
This allows for the heat transfer effectiveness calculations to be the same as those in the analytical
model. No changes were made to the ‘Steam Side Arrangement’ which provides the option to use
desuperheater sprays, mixers, splitters and bypasses. ‘HT Design Data’ allows for most of the design
process data to be defined. Gas inlet conditions and the pressure, enthalpy and mass flow rate of
water/steam entering and exiting each component was entered. The ‘UA Adjustment Multiplier’ is
used to multiply the off-design UA value when the performance of the component is below
expectations as a result of fouling, or above expectations due to radiation. The ‘UA Mass Flow
Scaling Exponent’ is used to calculate the off-design UA value. It is the exponent of the ratio of design
gas flow to off-design gas flow (shown as m in equation (2.28)). The ‘Design Fuel and Flue Gas’ was

used to define the composition of gas which was consistent with the composition in Figure 21.
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HRSG X

Operating Data (_Gas Path Arrangement ) Steam Side Arrangement | HT Design Data | Design Fuel and Flue Gas

Gas Path - Hot to Cold

Pressure parallel with % of
Gas

Section Type Level Previous Flow Arrangement Description
A gt #1 Superheater - 13 @) No (_) Parallel 100 | Counter Flow - sh ~
v
A gt #2 Evaporator (Dru... ¥ 1 5 (@ No (O Paralel 100 evap
v
A Gt 23 Economizer v 1 : @) No C) Parallel 100 | | Counter Flowr - econ
v

T T -
Operating Data | GasPath Arrangement | Steam Side Arrangemeni(| HT Design Data ) Design Fuel and Flue Gas

HRSG Gas Inlet Flow 18.747 kafs HRSG Gas Inlet Temperature 548.3 | °C
Section Conditions
Pressure Enthalpy Flow
(bara) (J/kg) (kg/s)
Saction No. 1 - Supsrheater - sh
on e pe =S UA Adjustment Multipher 1 | Scaling ~
Steam Outlet 42.403 2997.14 2584 | Cale | yn Mass Flow Scaling Exponent 0.65
Steam Inlet 42.403 2799.62 Calc | Section Heat Loss (%) 0 %
on N = - ey
R e A ey UA Adjustment Multiplier 1 | Scaling
Steam Outlet 424 2799.62 2,584 | Calc UA Mass Flow Scaling Exponent 0.65
Water Inlet 1063.95 Calc | Section Heat Loss (%) 0 %
oo 3= —
SRR T e UA Adjustment Multipler 1 | Scaling
Water Outiet 2403 1063.95 2:384 | Calc | yp Mass Flow Scaling Exponent 0.65
Water Inlet 42,403 464,35 Calc | Section Heat Loss (%) 0 %

Figure 22: HRSG inputs in single pressure Virtual Plant model

Once all the data was entered on Virtual Plant and all the nodes connected, the process of running
the model commenced. Virtual Plant first calculates the design UA for each component. The fluid
heat capacity rate, C, of the component is then calculated for each fluid, which allows for the
minimum fluid heat capacity rate, Cmin, to be identified. The design base duty, Q, is calculated using
the design data (pressure, flow and enthalpy) that was entered. Virtual Plant uses the bisection
method to iteratively solve for the NTU of the component. This method solves the effectiveness
equation (equation (2.17) or (2.20)) and heat transfer equation (equation (2.16)) with two
unknowns (effectiveness and NTU). The UA of the component is then calculated once the NTU is
found (using equation (2.18)). After calculating the design UA, the off-design UA is calculated using
equation (2.28).

All values required to calculate the off-design UA are known and derived from the current iteration.
After calculating the current UA, the NTU and effectiveness are calculated. Thereafter the off-design

duty of the component is calculated.

This method is repeated for each component in the HRSG. Virtual Plant runs these iterations until a

convergence of the outlet flows and enthalpies is achieved. If a convergence is not reached, the
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failure is reported. This would mean that the system cannot be successfully calculated using the

data entered.

The inputs to the steam turbine are shown in Figure 23. Design inputs included the inlet pressure,
enthalpy and mass flow as well as the exhaust pressure. Constant efficiency and efficiency
adjustment ratio were chosen, instead of Virtual Plant calculating the efficiency and an adjustment
from efficiency curves (change in efficiency vs. throttle flow ratio). The inlet pressure calculation is
the source of the relation in equation (3.11), which is derived from the flow coefficient. Virtual Plant
calculates the inlet pressure, outlet mass flow and outlet enthalpy depending on the upstream flow
data. The outlet pressure is obtained from the condenser. Virtual Plant uses the input design data
to perform calculations for off-design modes using the flow coefficient model, similar to what was

used in the analytical model.

Generic Turbine Section X
Design Data
Effidency Calculation Method  Constant Effidency v 85 %
Inlet Press Calculation Flow = C *sgrt(P/v) -

Design Inlet Pressure 2.4 bara

Design Inlet Enthalpy 25997.16 kijkg Calc

Design Inlet Flow 2.984 kafs

Design Exhaust Pressure 1.434 bara

Effidency Adjustment Ratio  Constant Adjustment - 100 %

Exhaust Loss Enabled

Bypass Turbine

OK Cancel

Figure 23: Steam turbine inputs in single pressure Virtual Plant model

Finally, the condenser and pump inputs are shown in Figure 24 and Figure 25. The condenser
determines the expected turbine backpressure. Since constant backpressure was chosen, only the
pressure and subcooling values needed to be input, which remain constant during the calculations.
The subcooling temperature of the condenser was set so that the feedwater temperature equated
to the required value. A subcooling temperature of -17.1°C had to be used due to a known error in
Virtual Plant which makes a conversion error between 0°C and 0°F. Virtual Plant used steam flow
and drain inlet flow to calculate the hotwell flow. The efficiencies, inlet and outlet pressure and

outlet flow rate were specified for the pump, though these are only used as initial estimates.
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Name: Condenser, Mai

Figure 24: Condenser inputs in single pressure Virtual Plant model

Select Pump Type SmplePump i+ KnownPressue  Upstream &Downsteam ~ |
Motor Effidency 95 Known Flow [ Downstream ~ |
Deita P Delta H Efficiency Pressure Flow
(bar) Oodhg) © (%) (bara) kafs)
Discharge o| | of | 75| WaterInlet | 1434 0|
Bleed o | o Water Outlet = 42403 = 2.984

Figure 25: Pump inputs in single pressure Virtual Plant model
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3.1.4 Flownex Model

The single pressure model developed in Flownex is shown in Figure 26. Unlike the Virtual Plant model, the condenser and feedwater pump are
omitted from this model because creating a closed cycle in Flownex would lead to additional complications due to the difficulty of managing a
two-phase tank in the model. However, this would not fundamentally affect the outcome of the HRSG results. The upper path shows the flow of
gas and the lower one shows that of water/steam. Boundary conditions were used to set the temperature and pressure at the beginning of each
stream. For gas, the boundary condition at the beginning of the stream was also used to set the ‘Mass Source Fraction’” which defines the gas

composition and the one at the end of the stream set the mass flow rate. For steam, the boundary condition at the end of the stream was set as
outlet pressure of the turbine. This was done to create a fixed condenser pressure

Script for UA at Low Load

Boundary Condition
| \--:ﬁﬂ; @‘ N \ (::) MSF
(E) . . T -f -------

Script for Sliding Pressure

I Q

>B —> PP —> 5 —> PP —— —— PP ———— TP ——> a

LN &L

Superheater

Turbine
‘\ / Evaporator

-
sz
-
r

&)

Ty
Q./

Figure 26: Single pressure Flownex model
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Flow Resistance elements were used to connect all components together. These were used due to
their allowance of limited geometrical information. The flow admittance to the element is inversely
proportional to pressure drop across them. Therefore, these were set to a high flow admittance in

order for the pressure drop across them to be negligible as it was not being modelled.

The economiser and superheater were modelled using Primary and Secondary Heat Exchanger
components which allow for the overall conductance (UA) as an input. There were other Flownex
components that could have been used for the economiser and superheater such as the Finned-
Tube Heat Exchangers and the Shell & Tube Heat Exchangers. However, these require physical
design information. Thus, the Flownex model for a combined-cycle power plant can only be
developed once the analytical solution or detailed design information is available. Coefficients for
pressure drop were also required as an input. These were minimised to allow for pressure drop to
be negligible. Flownex uses the effectiveness-NTU method to calculate heat transfer in these

elements. An example of the inputs to a Primary Heat Exchanger (gas side) is shown in Figure 27.

Ce—Ye—c

=/ Heat Exchange Data

Heat exchanger type Counter flow E
AU 52.97 /K [~ |

—| Primary Side Flow Data
—| Coefficients Ap0=Ck*p~p*Q"a

Ck 0.001
Beta 1
Alpha 2

— Y —

Figure 27: Inputs to a Primary Heat Exchanger

The evaporator could not be modelled using a Heat Exchanger component due to the phase change
that takes place in an evaporator. It had to be manually modelled as Flow Resistances connected in
a loop to a drum, where a Composite Heat Transfer Element transfers heat from the gas to one of
the Flow Resistance elements in the loop. The Flow Resistance elements in the loop were discretised
into multiple increments. This means that the element is subdivided into sections of equal volume
that are treated as separate elements, where the pressure loss coefficient and heat transfer are
equally distributed among them. This was done to accommodate the change in water properties in
the evaporator. The Composite Heat Transfer Element was used to model convection to and from
the pipe wall and, therefore, required the convective heat transfer coefficient for either side of the

pipe wall and an area of the surface as inputs. This could be calculated from the overall conductance
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as shown in equation (3.12). An area of 1m? was input and it was assumed that the inner and outer

convective heat transfer coefficients were equal.

1 1 1
— = + (3.12)
UA h h, - A,
Therefore,
1. 112
UA h h h (3.13)
h=2-UA

UA — overall conductance [W/K]

hio — inside or outside convective heat transfer coefficient [W/m?K]

Aio— inner or outer pipe area [m?]
A boundary condition was used for the drum setting the quality to 0.2. This ensures that there is
always at least some water in the drum. The connection of the outgoing Flow Resistance to the
superheater was set to a fraction of 1 so the steam flowing to the superheater exits the drum from
the top. The connection of the outgoing Flow Resistance in the loop was set to a fraction of 0 so that
water from the bottom of the drum enters the evaporator. Figure 28 depicts the location of the

drum fractions.

Figure 28: Drum fractions

The mass flow in one of the Flow Resistance elements was fixed to around three times the normal
steam mass flow in order to ensure sufficient circulation in the evaporator. The exact value for the
mass flow was not crucial, as water would keep circulating until enough heat transfer occurs to
produce steam. As long as it was high enough to prevent steam from being produced too early on
in the evaporator. The drum was modelled using a two-phase tank which allows for phase
separation of a two-phase fluid. A parallel flow configuration was chosen for the Composite Heat
Transfer Element since the general direction of flow in the evaporator is the same as (parallel to)
the flow of gas. This is also consistent with the Virtual Plant model. The inputs to the Composite

Heat Transfer Element are shown in Figure 29.
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Conduction

Area upstream surface 1 m2
Area multiplication factor 1
Layers Click here to edit...
Area discretization scheme Standard (average areas)
Configuration
Flow configuration Parallel
Heat transfer grading factor 1
Convection Radiation And Wall Flux
=l Upstream
= Configuration
Heat transfer option Convection
=| Convection
Convection area option Use area as specified in conduction
Convection coefficient option Constant h .
h 139220 wmz.K [~
= Downstream
—| Configuration
Heat transfer option Convection
—| Convection
Convection area option Use area as specified in conduction
Convection coefficient option Constant h
h 130220 Wi/mz.K

Figure 29: Inputs to a Composite Heat Transfer Element
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A Simple Turbine was used to model the turbine. The empirical loss coefficient option was chosen

which meant that the off-design pressure calculations were closer to the Stodola Ellipse Law rather

than that used in the analytical model and by Virtual Plant. The difference in these calculations,

however, were expected to cause only a minor difference in the inlet pressure value. The pressure

drop across a component using the empirical loss coefficient is calculated using equation (3.14).

Ci, 8 and o — pressure drop constants

V —volume flow rate [m3/s]

AP =C, pV“ + pgAz

(3.14)

The turbine required the pressure differential, volume flow rate and density at design conditions as

inputs. The isentropic efficiency and speed were chosen as shown in Figure 30.

—| Simple Turbine Inputs
Loss option

Empirical loss coefficient

=| Empirical Loss Coefficient Inputs

Loss coefficient option
Design pressure differential
Design volume flow rate
Design density
—| Operational Inputs
Isentropic efficiency
Speed

Specify design values
4,097
0.171
17.411

0.85
5000

Figure 30: Inputs to the Simple Turbine

MPa
m3/s
kg/m3

0-1
rpm

<]

—>
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In order to find the operational pressure at each low load, the water/steam pressure was manually
adjusted until the energy source of the drum became zero. The energy source represents the result
of an energy balance at the drum. The reason an energy source occurs is due to over constraining
the system as a result of the quality boundary condition at the drum in addition to the boundary
conditions at the beginning and end of each flow. If all constraints cannot be met, an external heat
source or sink must be utilised. Therefore, in order to ensure that the quality boundary condition
was met without external factors, the water/steam pressure was adjusted to eliminate the energy
source. Due to this manual operation and the two-phase nature of the model, the use of a condenser
and feedwater pump (creating a closed cycle) would have increased the instability of the model

when designing for off-load conditions.

There were other methods of finding the operational pressure at each low load such as the
‘Designer’ function in Flownex. It allows for the specification of an operating condition (e.g. zero
energy source) while automatically calculating component sizes and capacities. This, however, was
highly unstable especially in the double and triple pressure models due to the two-phase nature of
the problem. Another method would be to run the model in transient mode and use a controller to

find the operational pressure, however, that was beyond the scope of this project.

Two scripts were added to account for off-design modelling. The first script dealt with the off-design
UA, a portion of which is shown in Figure 31. It used the gas mass flow through the Flow Resistance
as an input for off-design gas mass flow (shaded in grey on the left), to calculate the off-design UA
for each component (using equation (2.39)). These results (unshaded on the left) were then used to
control the UA in the economiser and superheater and the convective heat transfer coefficient in
the evaporator. Variables are transferred to and from the script and components using Data
Transfer Links. These allow for the mass flow to be transferred from the specified Flow Resistance
to the script, and for the UA to be transferred from the script to each heat transfer component. They
also allow for a multiplication factor for the data being transferred which was set as 2 for the
evaporator (in order to calculate the heat transfer coefficient from the UA). The off-design UA
equation used in Flownex is consistent with the analytical model, however, different to that used
by Virtual Plant. This is a simplification by assuming that gas properties remain constant at lower

loads — a fair assumption as it wouldn’t drastically change the results between the two models.
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| General 22 [fscript main execution function ]
\dentifier Script-4 Zl ?ubhc override void Execute(double Time)
Description 25 double UAec_design=52970:
Solving 26 double UAev_design=69610:

| Steady Behaviour double UAsh_design=2367;
Execute before steady state | Yes double mgas_design=18.747;

Execute during steady state | Yes UAec_offdesign. Value=UAec_design*Math. Pow(magas_offdesign/mgas_design.0.65);

Execute after steady state Yes Uhev_offdesign Value=UAev_design*Math Pow(mgas_offdesign/mgas_design.0.65);
4 Script UAsh_offdesign. Value=UAsh_design*Math. Pow(magas_offdesign/mgas_design.0.65);
Use repository script No [fprocessing to do before steady state
=l Seript public override void ExecuteBeforeSteadyState()
[=I Script Inputs And Outputs )
_UAev_offdesign 69610 Bxecute(0.0)
_UAsh_offdesign 2367 fIprocessing to do while solving steady state
_mgas_offdesign 18.747 41 public override void
_UAec_ofidesign 5297 KWK 43 1 Execute(0 0);

[l processing to do after steady state
public override void ExecuteAfterSteadyState()

Execute(0.0);

[lconstructer initialises parameters
public Script()
{

o

gy RYR")

UAev_offdesign = new IPS_Properties. Double();
UAec_offdesign = new IPS Properties. Double();
UAsh_offdesign = new IPS_Properties. Double();
mgas_offdesign = new IPS_Properties. Double();

e

&

R

UAev_offdesign Value = 0;
UAec_offdesign.Value = 0;
UAsh_offdesign. Value = 0;
mgas_offdesign.Value = 0;
UAec_offdesign DisplayUnitGroup = IPS Units UnitGroup AU;
UAsh_offdesign.DisplayUnitGroup = IPS. Units UnitGroup AU

1L L T LT AN ] e e e e e
- F AR = oo — O Lr

mo o
iy Rr- ¥

=

Figure 31: Script for off-design UA

The second script controlled the sliding pressure on the steam side. This control mechanism was not
required to be modelled in Virtual Plant as sliding pressure is automatically accounted for by Virtual
Plant. The Flownex script extracted the mass flow rate of gas through the Flow Resistance to control
the pressure input at the Boundary Condition for water/steam. In order to achieve this, the model
was run at various loads to find the operational pressure at each low load by manually adjusting the
pressure until the energy source of the drum was zero. The load was not decreased below 50% to
ensure that only exhaust gas mass flow changes and not temperature. The operational pressures
were then plotted against the gas mass flow at each load. The trend was linear so the equation for

the trendline was used in the script to obtain water/steam pressure from gas mass flow.
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3.2 Results

3.2.1 Design Model

The analytical results corresponded exactly with all data in the textbook from which it was obtained
[31]. Therefore, the Virtual Plant and Flownex results were also compared to textbook data. The off-

design results could not be compared to textbook data as it was not available.

Figure 32 shows results obtained from Virtual Plant for the HRSG. The results contain a design and
actual temperature profile of gas through the HRSG; characteristics (mass flow, temperature and
enthalpy) of water/steam at the inlet and outlet of each component; the heat input to the HRSG;
and characteristics (mass flow, pressure, enthalpy and temperature) of water/steam and gas at the
inlet and outlet of the HRSG. The design and actual gas temperatures represent those at design load
and off-design load. If the values are the same, it means that the model is running at design base

conditions.

Gas Temperature Profile:

Section Design, °C Actual, =C
sh 348.3 548.3
evap 519.9 519.9
econ 262.4 262.4
Exit 170.1 170.1

Steam/Water Conditions:

Pressure Level #1: Inlet Outlet
sh 2.984 2.984 kafs
253.8 315.6 °C
2799.62 2997.15 klfkg
evap 2.984 2.984 kafs
245.5 253.8 °C
1063.94 2799.62 klfkg
econ 2.984 2.984 kafs
110 245.5 =C
464.3 1063.94 kJfkg
HEAT INPUT: 7.558 MW
Has Run: True
Node Name Flow kg/s Press bara Enth kl/kg Temp °C
Duct Burner Controlled Flow 0 0 0 -17.8
Press Level #1 Inlet Node 2,984 42,399 464.3 110
Press Level #1 Outlet Node 2.984 42,399 2997.15 315.6
Node Name Flow kg/s Press bara Enth kJ/kg Temp °C
GT Compressor Inlet Information 0 0 0 25
Gas into HRSG 18.747 1.013 550.6 548.3
Gas out to Stack 18.747 1.013 147.44 170.1

Figure 32: Results from single pressure Virtual Plant model
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The Virtual Plant model also produces results for the steam turbine, condenser, pump, gas source

and stack.

The Flownex model produced detailed results such as pressure, temperature, mass flow, quality and
numerous fluid variables at each component and node. In order to compare the results of the design
case model between each software (Mathcad, Virtual Plant and Flownex), the temperature profiles
for water/steam and gas in the HRSG were extracted as this provided the output of the system. The
graph in Figure 33 shows the comparison. The ‘econ out’ and ‘evap in’ values are the same as well
as the ‘evap out’ and ‘sh in’ since they represent the points at the end and beginning of the
components. These were, however, plotted separately since Virtual Plant calculates these values

from either end. Therefore, the horizontal line represents the consistency in the model.

600
500
;G 400
o Mathcad
2 *
© 300 X Virtual Plant
o
g’ * * + Flownex
)
= 200 —— Mathcad Gas
X Virtual Plant Gas
100 x + Flownex Gas
0
<, <, © ) I\ o
7 7. Z, Z, s C.
o% % %o 90/_ %o g)/.
% ? % 2

Distance Along HRSG

Figure 33: Graph showing comparison of single pressure models

The graph depicts a strong agreement between the models. The other results, such as mass flow
rate, pressure and heat uptake, were also consistent throughout all three models. This shows that
the analytical and Flownex model produce results as would be expected from a single pressure

combined-cycle power plant.
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3.2.2 Off-Design Model

The graph of the water/steam and gas temperature profiles for the analytical, Virtual Plant and

Flownex single pressure models at 80% load is shown in Figure 34.
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Figure 34: Graph showing comparison of single pressure models at 80% load
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The off-design results for all models agreed closely with each other. Results obtained at 60% load

are shown in Figure 35.
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Figure 35: Graph showing comparison of single pressure models at 60% load
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Chapter 3. Single Pressure Model

Once again, the results agreed closely with each other, which shows that there was consistency in

the off-design models. This showed that Flownex was successful for off-design modelling.
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4. Double Pressure Model

4.1 Methodology

A double pressure model meant adding another drum. The model is therefore made up of a low-
pressure system and a high-pressure system. In this model, the low-pressure system is composed
of an economiser and evaporator only and the high-pressure system is composed of an economiser,
evaporator and superheater. Water from the low-pressure drum is sent through a pump to the high-
pressure economiser. Steam exiting the high-pressure steam turbine and the LP drum mix before
entering the low-pressure steam turbine. A schematic of the double pressure model, showing all
variable names, is shown in Figure 36. The architecture and values used for this model were
obtained from a textbook written by V. Ganapathy [31]. The reason there was no low-pressure

superheater in the system was in order to be consistent with the textbook.

Thp.so

L )

HP HP HP LP LP Tgé
Superheater Evaporator Economiser [ Tgd | Evaporator Economiser

HRSG

Figure 36: Schematic of a double pressure combined-cycle power plant
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Chapter 4. Double Pressure Model

4.1.1 Analytical Model

The approach to modelling the double pressure system was similar to that of the single pressure
system. However, due to the increased complexity, the mass flow rate of each pressure level had to

be known. Figure 37 shows the known variables of the system.

Q Pump
(793kPa |
6.4 kgls
/ / [110°C|

2 L) o b b ) |

= HP HP HP LP LP
837.8°C Superheater Evaporator Economiser Evaparator Economiser

HRSG

Figure 37: Schematic for a double pressure system showing known variables

Once again, assumptions were made for the pinch points (27.8°C for high-pressure and 5.6°C for
low-pressure) and approach points (8.3°C for high-pressure and 5.6°C for low-pressure). The
saturation temperatures of water/steam in each drum were found using steam tables and the

known pressures. The gas temperature exiting each evaporator, T93 and T ., and the water

95
temperature exiting each economiser, T, and T, ., were found using the drum temperature

and pinch and approach points.

The process of calculations in the double pressure model is shown in Figure 38.
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Figure 38: Block diagram showing the sequence of double pressure variables being calculated

An energy balance was done across the high-pressure superheater and evaporator using the gas
mass flow and change in enthalpy. The equation used to calculate the enthalpy of gas was the same

as that of the single pressure model (shown in equation (3.3)).

The duty of the high-pressure superheater and evaporator combined, steam mass flow rate and the

enthalpy of water entering the evaporator were then used to find the temperature of the steam

The duty of the high-pressure superheater could then be found using the steam mass flow rate and
change in enthalpy. This was used to calculate the enthalpy of gas exiting the superheater using that
of gas entering the superheater. The enthalpy of gas exiting the superheater was then used to find

the gas temperature exiting the superheater, using the enthalpy equation in equation (3.3).
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Chapter 4. Double Pressure Model

The duties of the high-pressure evaporator and economiser were then calculated. The duty of the
high-pressure economiser allowed for the gas temperature exiting the economiser to be calculated
using equation (3.3). The water temperature entering the high-pressure economiser was equated

to the low-pressure drum temperature.

The duty of the low-pressure economiser was calculated using the low-pressure steam mass flow
and change in enthalpy. This was then used to calculate the gas temperature exiting the HRSG. The
duty of the low-pressure evaporator was then calculated using gas mass flow rate and change in

enthalpy.

In order to calculate the enthalpy of steam entering the low-pressure turbine, the mixture of the
exhaust of the high-pressure turbine and steam from the low-pressure drum had to be considered.
First, the entropy of steam entering the high-pressure turbine was found using steam tables. This
was then used to find the isentropic enthalpy of steam exiting the high-pressure turbine, also using

steam tables. The actual enthalpy could then be found using equation (4.1).
hex.actual = (hex.s - hin) s+ hin (41)

hinex — enthalpy entering or exiting the turbine [kJ/kg]

ns — isentropic efficiency of the turbine

The enthalpy of the mixture was then found using equation (4.2).

ms,hp ’ hex.actual + (ms,lp - rhs,hp ) ) hIp.v
mix — 5 (4-2)
ms,lp

hmix, 1p.v — €nthalpy of the mixture and the flow exiting the LP drum [kJ/kg]

Ms, hp, Ip — Steam mass flow rate of high- and low-pressure flows [kg/s]

The overall conductance (UA) of each component was calculated in order for the system to be
evaluated in the off-design mode. The saturation pressure of water in the condenser was found

using steam tables and the known temperature of water entering the HRSG.

An analytical off-design model was not done for the double pressure system as there would be too

many unknowns.
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4.1.2 Virtual Plant

The variables obtained from the analytical model were used in the Virtual Plant model shown in

Figure 39.

Stack HP Turbine

—.
G LP Turbine

Exhaust Gas

r—y

Condenser §

Feedwater Pump

( e
HP Pump QF "

Figure 39: Double pressure Virtual Plant model

The gas composition used for the exhaust gas was, again, similar to that of air. As part of the inputs
to the HRSG, the ‘Gas Path Arrangement’ was set according to the schematic in Figure 37. In the
‘Steam Side Arrangement’, a split to the cycle was added after the low-pressure economiser to

accommodate the water being transferred to the high-pressure system as shown in Figure 40.
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Operating Data | Gas Path Arrangement k stea'n Side Arrmgemen! ) HT Design Data | Design Fuel and Flue Gas

Pressure Level Steam [ Water Destination

PPressure Level 2 i Cyde -
Section #4 Evaporator (Drum Type) - LP evap Hot

Non-Gas Path s Spitt to Cyde
Section #5 Economizer - LP econ

Spray No. 1 Edit 33

Spray MNeo. 2 Edit >>

Temperature Control Bypass Edit >>

Pump Edit >

ReCirc Ear ) =

Input from Cyde >>

Output to Cyde

Remave | << | Cold
Steam [ Water Source
.Cyde -

Figure 40: HRSG inputs in double pressure Virtual Plant model

The gas mass flow and temperature and water/steam pressures, enthalpies and mass flows were

entered in ‘HT Design Data’ as shown in Figure 41.

Operating Data | Gas Path Arrangement | Steam Side Arrangement | HT Design Data | Design Fuel and Flue Gas

HRSG Gas Inlet Flow 37.8 kafs HRSG Gas Inlet Temperature 537.8 =C
Section Conditions
Pressure Enthalpy Flow
(bara) kika) (ka/s)
Section No. 1 - Superheater - HP sh UA Adjustment Multipber 1 | Scaling |
Steam Outlet §7.23 3100.23 4877 Calc | A Mass Flow Sealing Exponent 0.65
Steam Inkt 57.23 2787.45 Calkc | Section Heat Loss (%) ' 0 %
Section Number 2 - Evaporater - HP evap UA Adjustment Multipher 1 | Scaling |
Steam Outlet 57.23 278745 4877 Cale | A Mass Flow Sealing Exponent 0.65
Water Inist 1155.54 Cak | Section Heat Loss (%) ' 0 %
Section No. 3 - Economizer - HP econ UA Adjustment Multiplier 1 Sc*vg|
Water Outlet 57.23 1155.54 4.577'| Cale | A Mass Flow Scaling Exponent 0.65
Water Inlet 57.23 722.11 Calc | Section Heat Loss (%) ' 0 %
Section Number 4 - Evaporator - LP evap UA Adjustment Multiplier 1) [ scaling |
Steam Outiet 7.93 2767.94 1423 || Galc | | Mass Flow Scaling Exponent | 0.65
Water Inlet 695.36 Calc | Section Heat Loss (%) 0 %
Section No. 5 - Economaer - LP econ B ‘ UA Adjustment Multiplier | rlb\Sahg!
Water Outlet 7.93 635.17 6.406 | Calc | A Mass Flow Scaling Exponent 065
Watar Inlet fi 793 461.84 Calc | Section Heat Loss (%) 0 %

Figure 41: HRSG inputs in double pressure Virtual Plant model
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Chapter 4. Double Pressure Model

The inputs to the high- and low-pressure turbines were set accordingly. The enthalpy of the gas
entering the low-pressure turbine equated to the mixture of the exiting steam from the high-
pressure turbine and steam from the low-pressure drum. Constant efficiency and adjustment ratio
were chosen. The efficiencies used for both pumps in the system were consistent with that of the

single pressure model.

For the off-design model, only the gas mass flow in the gas source was changed according to the

load. Virtual Plant automatically calculates characteristics in the off-design mode.
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4.1.3 Flownex Model

Chapter 4. Double Pressure Model

The double pressure model developed in Flownex is shown in Figure 42. Once again, the upper path shows the flow of gas and the lower one

shows that of water/steam. Boundary conditions were used to set the temperature and pressure at the beginning of each stream. For gas, the

boundary condition at the beginning of the stream was also used to set the ‘Mass Source Fraction’ and the one at the end of a stream set mass

flow rate. For steam, the boundary condition at the end of the stream set the outlet pressure of the low-pressure turbine.

HP Pump

Script for Sliding Pressure __I______'___...--;_-_-.':.-:.-.':.L‘l‘-""""'""

P

LP Evaporator

Script for Off-Design UA

PP——— P —> & — P PP TP > —> W

t

HP Superheater

HP Economiser E)

— | o

YA\

\

'\/\

HP Evaporator

LP Turbine

/

HP Turbine

Figure 42: Double pressure Flownex model
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The Flow Resistance elements were set to a high flow admittance to create a negligible pressure
drop once again. The UA of the economisers and superheater were used as inputs to the Heat
Exchangers. The coefficients for pressure drop in them were consistent with the single pressure

model.

The evaporators were modelled the same as in the single pressure model. An area of Im? was used
for the Composite heat Transfer Element and the convective heat transfer coefficients were
calculated using the UA of the evaporators as in equation (3.12). A boundary condition maintained
the quality of the drum at 0.2 and the mass flow rate in one of the Flow Resistances in the loop was
fixed.

Water was extracted from the low-pressure drum for the high-pressure system. A Basic Centrifugal
Pump was used for the high-pressure pump. The inputs required for the pump included the head at
Best Efficiency Point and the volume flow at Best Efficiency Point. The head was calculated from the

pressure rise equation shown in equation (4.3).
AP =p-g-AH (4.3)

AP — pressure drop [Pa]
p — density of fluid [kg/m3]
g — gravitational acceleration [m/s?]

AH — fluid head [m]

The density of the water was found using steam tables and the known inlet pressure and

temperature. Using this, the volume flow could also be calculated as shown in equation (4.4).
Vourp == (4.4)

Vpump — Volume flow rate through the pump [m3/s]

ms— mass flow rate of water through the pump [kg/s]

The inputs to the pump are shown in Figure 43.

=| Pump Design/BEP Conditions [
Head at BEP 564.633 m |~
Volume flow at BEP 0.005511 m3/s E
Dimensionless speed option Apply reference chart E
Efficiency at BEP 0.75 0-1 | v | g—bu

Pump design criteria Specify number of stages E
Number of stages 1

Figure 43: Inputs to the high-pressure pump
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Chapter 4. Double Pressure Model

After exiting the high-pressure steam turbine, the high-pressure steam mixes with steam from the

low-pressure drum to enter the low-pressure steam turbine.

Once again, scripts were used to account for off-design modelling. A script was used to calculate the
UA of each heat exchanger for off-design cases. Another script was added to calculate the
operational pressure for the low-pressure level as was done in the single pressure model. This script
was also used to control the pressure in the high-pressure level by changing the pump head. The
low-pressure value and pump head were found for various low loads. This was done by manually
adjusting the water/steam pressure at the boundary condition for the low-pressure level as well as
the pump head for the high-pressure level until the energy source for both drums were close to
zero. The values for pressure and pump head were then plotted separately against gas mass flow
which resulted in linear trends. The equations for the graphs were then used in the sliding pressure

script in order to calculate the low-pressure value and pump head from gas mass flow.

62



Chapter 4. Double Pressure Model

4.2 Results

4.2.1 Design Model

The temperature profiles of water/steam and gas obtained from the double pressure models are
shown in Figure 44. These results were also validated due to the fact that all data for the system
was available from the textbook from which it was obtained, allowing all intermediate temperatures

for gas and steam to be validated [31].

600
500
T 400
o
e Mathcad
® 300
o) X Virtual Plant
Q
g + Flownex
~ 200
—— Mathcad Gas
100 X Virtual Plant Gas
+ Flownex Gas
0

Distance Along HRSG

Figure 44: Graph showing comparison of double pressure models

There is a small difference in temperature at the inlet of the high-pressure economiser (HP econ in)
of the Virtual Plant model. This occurred because Virtual Plant extracts water from the exit of the
economiser (before it enters the drum) for the higher pressure level since the split to cycle is
positioned at that point. If the split to cycle was set at the drum, it would lead to steaming in the
high-pressure economiser. This was due to the fact that the connection point for the splitter to the
drum could not be controlled in Virtual Plant as was done in Flownex (at a fraction of 0). Thus, Virtual
Plant extracts steam from the drum. This was not an issue for the analytical model since the
temperature of the water entering the high-pressure level could be set to the drum temperature.

The results closely agree with each other once again.

63



4.2.2 Off-Design Model

Chapter 4. Double Pressure Model

A comparison of the Virtual Plant and Flownex models run at 80% load are shown in Figure 45.
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Figure 45: Graph showing comparison of double pressure models at 80% load
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Results for the Virtual Plant and Flownex models run at 60% load are shown in Figure 46.
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Figure 46: Graph showing comparison of double pressure models at 60% load
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Chapter 4. Double Pressure Model

Only Virtual Plant and Flownex off-design results were compared for the double pressure model
since the modelling of the off-design analytical model would have been too complex. The double
pressure off-design results for Virtual Plant and Flownex agreed closely with one another. This
showed that the added complexity of the system did not contribute to any errors or variations

between models.
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5. Triple Pressure Model

5.1 Methodology

This model was based on that of Alobaid et al [27]. Unlike the single and double pressure models,
no results for intermediate water/steam and gas characteristics in the triple pressure model were
available. This made the complexity of the modelling method much greater, especially considering
the number of components in the system. This system was also highly optimised in order to increase
efficiency, which made the results of the solution extremely susceptible to errors. The approach to
modelling the triple pressure system was different to the single and double pressure systems. Firstly,
the gas flow path no longer flowed through the pressure levels from high- to low-pressure
consecutively. For example, the low-pressure (LP) components were ordered so that components
from the intermediate- (IP) and high-pressure (HP) levels were positioned between them. Secondly,
this model contained a reheating (RH) section following the intermediate-pressure section. Also, it
included multiple economisers and superheaters in the high-pressure section, as well as locations
where the gas would split through different heat exchangers that were at the same gas path

location.

The schematic in Figure 47 shows the layout of the model with the initial known temperatures of
water/steam represented by green circles. The only other knowns were the pressure of each drum,
the mass flow rate of water/steam at each pressure level and the mass flow rate of gas. The sections
that contain two heat exchangers (IPECON/HPLTECON1 and LPSH/IPSH) represent components in
parallel, i.e. gas flow is split between the components. Water from the low-pressure drum is
extracted for the intermediate- and high-pressure systems. Steam from the intermediate-pressure
superheater mixes with steam from the outlet of the high-pressure turbine to form the flow through
the reheater section which flows to the intermediate-pressure turbine. Steam from the
intermediate-pressure turbine outlet mixes with steam exiting the low-pressure superheater to

enter the low-pressure turbine.
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Chapter 5. Triple Pressure Model

The isolated low-pressure system is shown in Figure 48 showing variable names (mass flow in green,
water/steam temperature in blue and gas temperature in red). The red dashed line represents the
omittance of components from other pressure levels. Water from the condenser first enters the
HRSG to the low-pressure economiser (LPECON), it then flows to the low-pressure evaporator
(LPEVAP). Water exits the low-pressure drum which splits into the intermediate- and high-pressure

flows. Steam from the drum flows to the low-pressure superheater (LPSH) and then to the low-

pressure turbine.

mend ¥ From Condenser

Te14
Tlpecon.in n: ' ‘ r ’ =]
g LPECON Mip
L t -
TIpQﬂ.Out Tg13 *ﬁ Lp Tlp.drum'
| LPEVAP 5 ik,
F.F To HP and IP
= Te12 {
--------- S 0 T
T
< Ipsh.out 1% I.PSH % Gas mass flow split in LPSH
To LP turbine Tg7

Figure 48: Schematic of low-pressure system
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Figure 49 shows a schematic of the isolated intermediate-pressure system. Water enters the
intermediate-pressure economiser (IPECON) from the low-pressure drum, which then flows to the
intermediate-pressure evaporator (IPEVAP). Steam from the intermediate-pressure drum flows to
the intermediate-pressure superheater (/PSH), which then mixes with steam from the high-pressure
turbine to enter the low temperature reheater (LTRH). Thereafter, the steam enters the high

temperature reheater (HTRH) and then flows to the intermediate-pressure turbine.

Tipecon.in

Mip-Mhp From LP drum

Gas mass flow split in
Tip.drum  IPECON

IPECON

ipecon.out

Tipsh.in

Gas mass flow split in IPSH

From HP turbine

To IP turbine

Thtrh.out | '

Figure 49: Schematic of intermediate-pressure system
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The schematic in Figure 50 shows the layout of the isolated high-pressure system. Water from the
low-pressure drum flows to the high-pressure low temperature economiser 2 (HPLTECONZ2), then
the high-pressure low temperature economiser 1 (HPLTECON1), followed by the high-pressure
intermediate temperature economiser (HPITECON) and, thereafter, the high-pressure high
temperature economiser (HPHTECON). After the four economisers, the water flows to the high-
pressure evaporator (HPEVAP). From the high-pressure drum, steam flows to the high-pressure low
temperature superheater (HPLTSH) and, finally, the high-pressure high temperature superheater
(HPHTSH) after which it flows to the high-pressure turbine.
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Figure 50: Schematic of high-pressure system

5.1.1 Analytical Model

Various approaches to the analytical model were made. Initially, an attempt was made to model the

system starting from the inflow of water at the low-pressure economiser and working through it
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systematically. However, due to the vast number of unknowns and the assumptions that had to be

made, this model was unsuccessful. Steaming in the HPHTECON could not be avoided.

The gas composition used for this model was changed from the one used for the single and double
pressure models. A more precise gas composition was used in order for the heat uptake to be similar
to that of an actual gas to avoid any errors. This was because the composition, and therefore
enthalpy calculation, used for the previous models was based on that of pure air which would cause
a variation compared to flue gas. This variation would cause the highly optimised triple pressure
model to fail. The gas used in the triple pressure model was made up of 75.37% nitrogen, 13.25%
oxygen, 3.51% carbon dioxide, 0.9% argon and 6.97% steam. Therefore, the calculation of gas
enthalpy had to be changed. In order for the enthalpy calculation to be consistent with that used by
Virtual Plant, a specific heat capacity equation was extracted by running a single pressure Virtual
Plant model at various gas inlet temperatures. The pinch point of the model was maximised in order
to minimise the change in gas temperature over the HRSG. Thereafter, the model was run at
multiple gas inlet temperatures and the specific heat capacity of gas was calculated at each data

point using equation (5.1). The other variables were obtained from Virtual Plant results.
QHRSG = mg 'Cpg ATg (51)

Qkrse — duty of the HRSG [W]

mg — mass flow rate of gas through the HRSG [kg/s]
Cpg — specific heat capacity of gas [J/kg.K]

ATy — change in gas temperature over the HRSG [K]

Table 3 shows a few of the data points obtained from Virtual Plant. The graph of specific heat
capacity of gas vs average temperature resulted in a linear equation as shown in Figure 51. The

enthalpy equation was then calculated as the integral of the specific heat equation.

Table 3: Data points for Cp calculation

Gas '":fé)Temp' ?:;12”("'2; HRSG Duty (W)  Ave. Temp (°C) Cp (kI/kg.K)
548.3 436.1 2405000 492.2 1.14338
555 435.2 2569000 495.1 1.143867
560 434.6 2690000 497.3 1.144255
565 434.1 2811000 499.55 1.145485
570 433.4 2934000 501.7 1.145718
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Figure 51: Graph of cp of gas vs. average temperature

Two deviations from the model obtained from Alobaid et al. had to be made [27]. Firstly, the steam
temperature exiting the LPSH had to be decreased from 293°C to 280°C in order to prevent a
temperature cross situation that, otherwise, could not be avoided. Secondly, the gas temperatures
entering and exiting the HRSG could not be set according to that of Alobaid et al. but had to be
calculated. The gas temperature entering the HRSG was decreased from 628°C to 625°C and that
exiting the HRSG increased from 81°C to 101°C. This could have been due to the difference in gas

composition or the difference in calculation of gas enthalpy.

It was found that the calculation had to start with an initial assumption (of 260°C) for the water
temperature entering the HPHTECON in order to prevent steaming in this component. The high-
pressure drum temperature was found using steam tables and the known pressure. Thereafter, the
gas temperature (Tgs) exiting the HPEVAP and the water temperature (Thphtecon.out) €Xiting the
HPHTECON were found using assumed pinch and approach points of 2°C each. The duty of the
HPHTECON was then found, which was used to calculate the gas temperature exiting the component
(Tg7).

The enthalpy of steam exiting the high-pressure drum was calculated, which allowed for the duty of
the HPEVAP to be calculated. This led to the calculation of the gas temperature entering the HPEVAP
(Ty5). The calculation process up until this point is shown in Figure 52 with assumptions highlighted

in orange and calculated values highlighted in green.
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The temperature of the low-pressure drum was found using steam tables and the known pressure.

The enthalpy of steam exiting the low-pressure drum and that of steam exiting the LPSH were

calculated which allowed for the calculation of the LPSH duty. The temperature of gas exiting the

LPSH (T4s) was then calculated using an assumption of the fraction (0.8) of gas flowing through the

LPSH. The assumption was based on the ratio of steam flowing through the LPSH to steam flowing

through the IPSH, since these two components were in parallel, and then adjusted accordingly. This

process is sho

wn in Figure 53.
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Figure 53: Process of calculation for the LPSH
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The duty of the IPSH was found using the known change in gas temperature across it as well as the
remaining fraction (0.2) of gas flowing through it. This allowed for the steam temperature exiting
the component to be calculated (Tipsh.out). The temperature of water entering the LTRH was found
from the enthalpy of a mixture of steam exiting the IPSH and the high-pressure steam turbine,
calculated as shown in equation (4.1) and (4.2). In order to move on, an assumption had to be made
for the temperature of steam exiting the LTRH. Since the temperature of steam entering the LTRH
(348.7°C) and exiting the HTRH (567°C) were known, these provided limits for the assumption, which
was later adjusted to 427°C. The duty of the LTRH was calculated which allowed for the gas

temperature entering the component (T44) to be calculated. This calculation is shown in Figure 54.

Thtrh.out Thtrh.out

Qipsh (= i | Qipsh (e 1 ]

Thtrh.out Thtrh.out

Figure 54: Process of calculation for IPSH and LTRH

Another assumption of 425°C had to be made (with limits of 309°C and 567°C) for the temperature
of water exiting the HPLTSH. The duty of the HPLTSH was then calculated and thereafter, the gas
temperature entering the component (Tgs). The duty of the HPHTSH could then be calculated from

the known values of steam entering and exiting the component.

The duty of the HTRH was calculated using the known values of steam, which allowed for the gas
temperature entering the component (7,2) to be calculated. Using this, and the known value for the
duty of the HPHTSH, T4 was calculated (3°C lower than that of Alobaid et al). The calculation

sequence for these components are shown in Figure 55.
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Figure 55: Process of calculation for the HPLTSH, HPHTSH and HTRH

The temperature of the gas exiting the LPEVAP (Ty13) and water exiting the LPECON were calculated

using the low-pressure drum temperature and a pinch point of 15°C and approach point of 2°C. The

duty of the LPECON was calculated which was used to calculate the gas temperature exiting the
component (Ty14) (20°C higher than that of Alobaid et al.). The duty of the LPEVAP was then

calculated, allowing for the gas temperature entering the component (T412) to be calculated. This

process of calculation is shown in Figure 56.
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Figure 56: Process of calculation for the LPECON and LPEVAP

The temperature of the intermediate-pressure drum was calculated which led to the calculation of
water temperature exiting the IPECON and the gas temperature entering the IPECON (T410) using
pinch (20°C) and approach (2°C) points. The temperature of water entering the IPECON was known
as it was extracted from the low-pressure drum, and the duty of the component could therefore be
calculated. After making an assumption of the fraction (0.06) of gas flowing through the IPECON,
the gas temperature exiting the component (Ty1:) was calculated. The assumption was based on the
ratio of steam flowing through the IPECON to steam flowing through the HPLTECON1. This fraction
was small due to the fact that the flow through the IPECON was a small portion of the total IP flow
as most of the flow is formed in the reheater section. The duty of the /IPEVAP was calculated using
the change in enthalpy of the water exiting the IPECON and steam exiting the drum. This was then
used to calculate the gas temperature entering the IPEVAP (T49). This calculation is shown in Figure
57.
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Figure 57: Process of calculation for the IPECON and IPEVAP

The duty of the HPLTECONZ2 was calculated using known gas temperatures. Since the water entering

the component was extracted from the low-pressure drum, the temperature of water exiting the
HPLTECONZ2 could be calculated. The duty of the HPLTECON1 was calculated using known gas

temperatures and fraction (0.94) of gas flowing through it. The temperature of the water exiting the

component was then calculated. Finally, the duty of the HPITECON was calculated using known gas

temperatures. The water temperature exiting the component was calculated which was used to

iterate the assumption made for the inlet temperature of the HPHTECON. The process of this

calculation is shown in Figure 58.
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Figure 58: Process of calculation for the HPLTECON2, HPLTECON1 and HPITECON

mixture equation shown in equation (4.1) and (4.2).

5.1.2 Virtual Plant Model

in Figure 59.

Certain assumptions made in this model were critical. These included the pinch point of each
pressure level (3), the 2 gas splits in the parallel components and the 2 water temperatures that had
to be assumed. These 7 values had to be fine-tuned in the highly optimised system until there was

no steaming or temperature cross situations in the system.
The pressure of steam exiting the low-pressure turbine was calculated as the saturated pressure of

the feedwater. The enthalpy of steam entering the low-pressure turbine was calculated using the

The UA of each component was calculated in order for them to be evaluated in off-design mode.

The results obtained from the analytical model were used as inputs to the Virtual Plant model shown
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Figure 59: Triple pressure Virtual Plant model

The gas composition used was consistent with the analytical model. The ‘Gas Path Arrangement’
was set according to the triple pressure schematic in Figure 47 with the consideration of the parallel
components. The fraction of gas mass flow through the parallel components was also set. For the
‘Steam Side Arrangement’, a split to the cycle was added after the LPECON to account for the water
leaving the low-pressure drum. This was then split further to flow into the intermediate- and high-
pressure pumps. A mix to the cycle was added before the LTRH in order to accommodate the steam
exiting the high-pressure turbine. The characteristics of gas at the inlet of the HRSG and
water/steam at each component were entered in ‘HT Design Data’. All inputs to the HRSG are shown

in Appendix E.

The inputs to the low-pressure turbine were set according to the mixture of the steam exiting the

intermediate-pressure turbine and the LPSH.

For the off-design model, only the gas mass flow in the gas source was changed according to the

load.
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5.1.3 Flownex Model

The triple pressure Flownex model is shown in Figure 60. Due to the complexity of the model, it was separated onto 3 drawing pages and

interconnected using projected nodes called View Nodes.
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Figure 60: Triple pressure Flownex model
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The connection of nodes between each pressure level was done by creating a page of Flow
Resistance elements leading from a node projection of one pressure level to that of another
pressure level. The gas was split where necessary by creating parallel Flow Resistance elements with
flow admittances proportional to the fraction of gas flowing through them. The Flow Resistances
were set to linear resistance behaviour. This means that the mass flow rate of fluid through them
changes linearly with a change in admittance factor. The pressure drop over a Flow Resistance

element with linear resistance behaviour is shown in equation (5.2).

m
AP=———— 4 p.g-Az (5.2)
Af'&f'A)

AP — pressure drop over the component [Pa]

m — mass flow rate of fluid through the component [kg/s]

As— flow admittance
Ass—admittance scaling factor
Ao —opening
p — fluid density [kg/m?3]
g — gravitational acceleration [m/s?]
Az — height difference between inlet and outlet [m]
An example of gas split at the entrance of parallel components is shown in Figure 61.
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Figure 61: Gas split using projected nodes
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The split of water exiting the low-pressure drum was done using parallel Flow Resistance elements
connected to the respective pumps. This is shown in Figure 62. It was ensured that the Flow
Resistance connected to the low-pressure drum, for flow to the higher pressure levels, was set at a

fraction of 0 so that water exited from the bottom of the drum.

W—»—»ﬁ —p

/ IP Pump

vV ¢

\W—»—>§ —p

HP Pump

Figure 62: Water split using projected
nodes

The inputs to both pumps were calculated using equations shown in equation (4.3) and (4.4). For
off-design modelling, the input for each pump head was manually adjusted (along with the low-
pressure value at the boundary condition) in order to find the operational pressure at each low load.
The intermediate- and high-pressure values were controlled through the corresponding pump head

values.

Boundary conditions were used to set the temperature and pressure at the beginning of each
stream. For gas, the boundary condition at the beginning of the stream was also used to set the
‘Mass Source Fraction’ and the one at the end of a stream set mass flow rate. For steam, the

boundary condition at the end of the stream set the outlet pressure of the low-pressure turbine.

The modelling of the economisers, evaporators and superheaters were similar to that of previous

models.

For this model, a script for off-design modelling was not used for sliding pressure. This was because
of the complexity of obtaining an operational pressure at each low load. The input low-pressure
value and both pumps had to be manually adjusted until all three drums had an energy source close
to zero, without causing any steaming in the economisers. Only two low load conditions were
analysed (60% and 80%) as these were the only low loads at which information was available from
Alobaid et al [27].
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5.2 Results

The triple pressure model was analysed in design and off-design mode. The design case was
analysed using a comparison between each model, as done previously. The design and off-design
cases were then analysed by comparing results of the Virtual Plant and Flownex models to published
plant data obtained from Alobaid et al [27].

5.2.1 Design Model

The comparisons between plant data and the analytical results for steam are shown in Table 4.

Table 4: Comparison between design base plant data and analytical results for steam

Steam mass flow (kg/s) Outlet temp. (°C) Pressure (bar)
Component P H i
Plant Analyti Error% @ Plant Analyti Error % Plant Analyti Error %
cal cal cal
HPSH outlet 78.2 78.2 0 567 567 0 97.7 97.7 0
RH outlet 83.2 83.2 0 567 567 0 21.4 21.4 0
LPSH outlet 9.8 9.8 0 293 280 4.44 4.1 4.1 0

The comparisons between plant data and the analytical results for gas variables are shown in Table
5.

Table 5: Comparisons between design base plant data and analytical results for gas

Gas Variable Plant Analytical Error %
Mass flow (kg/s) 587 587 0
Tgl —Inlet (°C) 628 624.8 0.51
Tg14 — Outlet (°C) 81 100.7 -24.32
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The low-, intermediate- and high-pressure levels were plotted separately for the triple pressure
model. The low-pressure water/steam and gas temperature profiles for each model is shown in
Figure 63. The break in the gas flow line represents the omittance of components from other

pressure levels.
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Figure 63: Graph showing comparison of triple pressure models (low-pressure)

The intermediate-pressure water/steam and gas temperature profiles for each model is shown in

Figure 64.
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Figure 64: Graph showing comparison of triple pressure models (intermediate-pressure)

The high-pressure water/steam and gas temperature profiles for each model is shown in Figure 65.
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Figure 65: Graph showing comparison of triple pressure models (high-pressure)

Despite the fact that numerous assumptions had to be made for the triple pressure system, the
results agree quite closely with one another. Considering the complexity of the system and the fact
that a small difference at one point of the system could cause a larger difference down the line, the

models produced successful results.

5.2.2 Off-Design Model

The Virtual Plant and Flownex models were run at 80% and 60% load. For Virtual Plant, the load was
decreased by decreasing the gas mass flow accordingly. Other factors such as UA and steam
pressure at each low load were automatically calculated by Virtual Plant. The gas mass flow for each
load was obtained from Alobaid et al [27]. For Flownex, the gas mass flow, UA of each component
and pressure of water/steam at each pressure level were changed for low load. The UA for each
component was calculated, the low-pressure was manually adjusted using the boundary condition

and the intermediate- and high-pressures were manually adjusted through the respective pump
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heads. The pressures at each pressure level were adjusted until each drum had an energy source of

close to zero (maximum 75.5 kW, which is less than 3% of the duties of the heat exchangers).

The results available from Alobaid et al. were the mass flow rate, temperature and pressure of the
exiting steam for each pressure level i.e. the outlet of the HPHTSH, HTRH and LPSH [27]. Results for
the outlet of the HPHTSH are shown in Table 6 with ‘Expected’ representing published plant data.

Table 6: Triple pressure off-design comparisons for HPHTSH outlet

Load%

80
60

HPHTSH steam mass flow (kg/s)

Virtual
Expected Plant Flownex
66.9 65.6 67.3
58.3 56.3 57.8

HPHTSH outlet temp. (°C)

Virtual
Expected Plant Flownex
566.8 576.4 572.5
566.9 583.2 579.4

HPHTSH pressure (bar)

Virtual
Expected Plant Flownex
88 82.9 84.7
76.2 71.7 73.3

Results for the outlet of the HTRH are shown in Table 7.

Table 7: Triple pressure off-design comparisons for HTRH outlet

Load%

80
60

HTRH steam mass flow (kg/s)

Virtual
Expected Plant Flownex
74.7 69.7 71.6
64.9 59.8 61.6

HTRH outlet temp. (°C)

Virtual
Expected Plant Flownex
567 571.3 569.4
566.9 574.5 572.4

HTRH pressure (bar)

Virtual
Expected Plant Flownex
20.6 18 18.5
17.7 15.5 15.9

Results for the outlet of the LPSH are shown in Table 8. Since the outlet steam temperature had to

be decreased from 293°C to 280°C, a considerable difference in these results were expected.

Table 8: Triple pressure off-design comparisons for LPSH outlet

Load%

80
60

LPSH steam mass flow (kg/s)

Expected Virtual Flownex
Plant
7.7 7.7 8.1
6.4 6.4 6.8

LPSH outlet temp. (°C)
Virtual

E

xpected Plant Flownex
289.9 271.4 271
281 264 263.3

LPSH pressure (bar)
Virtual

E

xpected Plant Flownex
3.9 3.4 35
3.3 2.9 3

The comparison of the plant data, Virtual Plant results and Flownex results for the mass flow rate of

steam at design and low loads is depicted in Figure 66. This shows the mass flow rate of the outlet

steam at low-, intermediate- and high-pressure levels.
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Figure 66: Graph showing comparisons of steam mass flow rate with a change in load
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The comparison of the plant data, Virtual Plant results and Flownex results for the outlet

temperature of steam at design and low loads is depicted in Figure 67. This shows the temperature

of the outlet steam at low-, intermediate- and high-pressure levels.
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The comparison of the plant data, Virtual Plant results and Flownex results for the outlet pressure

of steam at design and low loads is depicted in Figure 68. This shows the pressure of the steam at
low-, intermediate- and high-pressure levels.
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Figure 68: Graph showing comparisons of pressure with a change in load

The percentage error of the off-design Virtual Plant and Flownex results compared to plant data was
calculated using equation (5.3).

expected —result
expected

%error =

100 (5.3)

The graphs in Figure 69 and Figure 70 show the histograms of the percentage error in the Virtual
Plant and Flownex models at low loads.
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Figure 70: Histogram showing the frequency of % errors in the off-design Flownex
models

The error of steam mass flow increases with the decrease in load and pressure level. The error in
the high-pressure model is minimal, however, the intermediate- and low-pressure models produce

fairly higher errors at low loads.

For the low-pressure steam outlet, there was a larger error in outlet temperature due to the

temperature change that had to be made at this point to avoid a temperature cross situation.
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Additionally, the error in temperature for all pressure levels is expected due to the absence of
attemperation in the Flownex and Virtual Plant models as this was not modelled for. These
variations meant that the Flownex and Virtual Plant models would behave differently to the plant

under off-design conditions.

The errors between the models and plant data were expected due the changes in steam and gas
temperature that were made as well as the amount of assumptions that had to be made. There was
also the fact that attemperation was not modelled for in Flownex and Virtual Plant and the
possibility of various other control mechanisms, such as supplementary firing; control valves;

moisture separators; and bypass controls, used in the plant.
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6. Conclusions and Recommendations

The primary objective of this study was to develop a model of a combined-cycle power plant in
design and off-design conditions. This model was first done analytically, in Mathcad; then in Virtual
Plant; and finally, in Flownex. These models analysed the steam side of a combined-cycle power
plant. The Mathcad, Virtual Plant and Flownex models were compared to each other at each

pressure level. This was done to verify them and ensure consistency.

6.1 Design

The architecture and design for the single and double pressure systems were obtained from a
textbook by V. Ganapathy which provided detailed information of each system including the steam
and gas temperatures at the inlet and outlet of each component in the HRSG [31]. Therefore, the

modelling of these systems could be fact checked at intermediate points.

Unlike the single and double pressure systems, the resource used for the triple pressure model
(Alobaid et al. [27]) did not provide detailed information or a modelling approach for the system.
Only endpoint values were available, therefore, several assumptions had to be made without the
option to validate them. Variations from the original system also had to be made to avoid

complications due to the lack of information required for the solution.

The verification of the models was a success for the single, double and triple pressure models.
Results obtained from each software were in close agreement with each other which showed that
the modelling methodology for each software was consistent. The results of the single and double
pressure model were also consistent with that of V. Ganapathy from which the inputs for each were

obtained and were, therefore, validated [31].

In order to validate the triple-pressure model, it was compared to plant data obtained from Alobaid
et al. at design and off-design conditions [27]. The design model showed close agreement to that of
the plant data with the exception of changes that had to be made. These changes included a drop
in the steam temperature exiting the LPSH to avoid a temperature cross situation and a variation in
gas temperatures entering and exiting the HRSG. The changes made could not be avoided, which
could have been due to the amount of assumptions that had to be made or a variation in gas
composition which affects the calculation of gas enthalpy. Because of the complexity of the system,

errors could not be easily pin pointed.
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6.2 Off-Design

The mathematical modelling of off-design conditions in a combined-cycle power plant were first
analysed and understood using the single pressure analytical model. The off-design cases were
modelled for the single and double pressure models in Virtual Plant and Flownex. However, these
were unable to be validated due to the lack of data for them. The textbook from which these

systems were obtained did not provide the off-design results for them.

For the triple pressure model, the off-design case was able to be compared to plant data.
Comparisons were made for steam mass flow rate, temperature and pressure at the exit of each
pressure level at 60% and 80% load. The maximum error of the Virtual Plant model compared to
plant data was 13% for off-design conditions. That of the Flownex model was 10%. This is acceptable
due to the fact that multiple assumptions had to be made while modelling the triple pressure system
as well as the changes in design temperatures. It also needs to be considered that the actual plant
could have various control mechanisms and external factors incorporated in the system that were
not modelled in this project, such as attemperation, control valves, moisture separators and bypass

controls.

The results obtained show that Flownex is capable of modelling a combined-cycle power plant in

design and off-design conditions.

6.3 Recommendations

It is recommended that more plant data be obtained for the triple pressure model in order to fine
tune the results. This would help to perfect the calculation and design of the model. Modelling
control elements of the system such as attemperation, control valves, moisture separators and
bypass controls would also lead to a more accurate model. Once plant design data is obtained, all
additional components in the system, that may not have been disclosed by Alobaid et al. [27], as

well as control mechanisms can be analysed and modelled.

Using the ‘Designer’ function in Flownex would be a more efficient method of finding the
operational pressure at low loads. It can, however, be unstable due to the two-phase nature of the
problem. The transient controller should also be considered in order to increase efficiency. Manually
adjusting the low-pressure boundary condition and intermediate- and high-pressure pumps in order

to find the operational pressure at each low load can be tedious and lead to inaccuracies.
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Appendix A. Single Pressure Analytical Model — Design Case

Appendix A. Single Pressure Analytical Model —
Design Case

Design Case

This model will calculate the temperatures, mass flow rates, duties and other variables for
design conditions of a combined-cycle power plant

Known Variables
The known variables of the system are as follows

B b kg gas mass flow rate
Myas = 148788; = 18.747? entering HRSG

as temperature enteri
Tgq = 1019°F = 548,333°C vas P &

g HRSG
o P pressure of steam
P :=615psi = 4.24MPa generated

temperature of steam

Tgg :=600°F = 315.556-°C generated

Ty.1:=230°F =110-°C Temperature of water entering
' HRSG

The following schematic provides the representation of each variable name

* Condenser
Steam
Turbine

Pstout

X Pump

Ps.drum

Ts

"HH" [ ow

Tso W‘

[ T |
Superheater Evaporator Economiser
Tg2 [ o3 | Tg4

Calculation
HRSG
Assumptions

Initially, a pinch point and approach point need to be chosen in order to form the basis of
the HRSG design

PP :=15A°F =8.333K Pinch point
AP :=15A°F =8.333K Approach point
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Appendix A. Single Pressure Analytical Model — Design Case

The formula for the enthalpy of air is used as an estimate to calculate the enthalpy of gas at
certain temperatures

kI

kg
The drum pressure will be equal to the pressure of steam generated as the pressure through the
HRSG remains constant

1

hgs (T) [o9s16TrC + 1245107 (T rC)? - 1308107 8.(TrC)® - 2150107 2 (TFC)?]

Ps drum = Pso = 4.24MPa Drum pressure

Therefore, the saturated steam temperature can be calculated using steam tables

T, ::Tsteam(Ps.drum’"" ) = 253.84.°C Saturation temperature

Using the temperature profile as reference, the following temperatures can be calculated
. 3 . gas temperature leaving

Tg_3 =Ty + PP =262.174°C evaporator

water temperature entering

T evaporator

w2 :=Ts — AP = 245.507.°C

The duty of the superheater and evaporator combined can be calculated using the gas mass
flow and change in enthalpy

) heat absorbed by the
Qsh.ev = mgas'(hgas (Tg.l) - hgaS (Tg.S)) = 5768 MW superheater and evaporator

This can then be used to calculate the steam mass flow rate using enthalpies of steam

3 kJ
hgg = hsteam(Pso’Tso’"" ) =2997x 10 k_g enthalpy of superheated steam
3 ki enthalpy of water entering
hw.2 = hsteam(Ps.drumva.Z’ > ): 1.064x 10 k_g evaporator
Q
—sh.ev = 2.9849 steam mass flow rate

Msteam = (h S

so hW.Z)

The duty of the superheater can be calculated using the steam mass flow rate

) kJ vapor enthalpy at drum
hs :=Nsteam(Ps.drum- ™ " 1. ) = 2799. 622~k—g i
Qgp = msteam'(hso - hs) = 589.3 kW energy absorbed by superheater

This can be used to calculate the change in enthalpy over the superheater and the enthalpy
formula can be used to calculate the temperature of the gas exiting the superheater

Qsh kJ .
Ah 9 :=—— =31.434— change in gas enthalpy over the
Myas kg superheater
. 3 kJ enthalpy of gas entering the
hgl - hgas (Tg-l) - 573'326k_g superheater
. 3 kJ enthalpy of gas exiting the
Tg2= root(hgas(Tg_l) - th’Tg.l) =519.81-°C gas temperature leaving
superheater
The evaporator and economiser duties are calculated as follows
Qev =Qshey — Qsp = 5178 MW evaporator duty

98



Appendix A. Single Pressure Analytical Model — Design Case

Tw ™" ) = 464.348E enthalpy of water entering HRSG
. kg

Qgc = steam'(hw.z - hw.l) =1.789 MW economiser duty

hw.1= hsteam(Ps.drum’

Finally, the enthalpy formula can be used to calculate the temperature of gas exiting the
economiser

Qec kJ change in gas enthalpy over the
AN g4:= m 95'426k_g economiser
gas
K enthalpy of gas entering the

hg3 = hgas (Tg.3) = 265.661‘k—g economiser
ho —h Ah enthalpy of gas exiting the

g4~ g3 734 economiser
Tga = root(hgas (Tg_3) - hg4,Tg_3) = 169.835°C exit gas temperature from

economiser

UA

UA (overall conductance) calculations are made in order for the system to be evaluated in

off-design mode
The log mean temperature over each component is first calculated so that the UA of

each component may be calculated

(Tg.l - Tso) - (Tg.z - Ts)

LMTDg, = = 249.005K Log mean temperature difference
In (Tg.l - Tso) over the superheater
(Tg2—Ts)
LMTD... . = (Tg.2 - Ts) - (Tg.3 - Ts) 74394K Log mean temperature difference
ev -~ (Tg . Ts) = over the evaporator
Inl 22~/
{<T9-3 - Ts)}
LMTD.... - (Tg.3 - Tw.2) - (Tg.4 - Tw.l) _33.773K Log mean temperature difference
e (Tg 3 Tw 2) T over the economiser
|n -
{(TgA - Tw.l):|
UA a Qsh _ 2367 kw Overall conductance of the
shd -~ LMTDg, T K superheater
Qev kw Overall conductance of the
UAey d = LMTD,, = 69'609? evaporator
kw Overall conductance of the
UAge g = ———— = 52,969 — verar condu
. LMTD K economiser

ec
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Condenser

P

Twp ™™™ ) = 143.376-kPa

con = psteam(

Pressure drop over steam turbine
Pst out == Pcon = 143.376 kPa

3
AP ¢t 4 ==—Pgt gut + Pgo =4.097x 10 .kPa

Mass Flow in Evaporator

hev.in = hsteam(Ps.drum’ ’
3 k
hev.out = hsteam(Ps.drum’ 05, ): 1952x 10 X
Q
_ % _enk

Mey =
hev.out ~Mev.in S

Steam Turbine Calculations

Pey — Pegn = 4.097-MPa

SO con

kg

oo™ "™ ") = 17.411—
3

P SO°
m

Pw = psteam( 0>

3

= 0.171ﬂ
S

 Msteam
W=

Pw
Results

kg
Msteam = 2-984?

kg

= 18.747—
Myas s

Qg = 589.3KW
Qg = 5178x 10°kW

Qe = 1.789% 10°KW

Appendix A. Single Pressure Analytical Model — Design Case

kJ
"0, ) = 1104x 10°.<

kg

Saturated water pressure in the
condenser

Pressure of steam exiting the steam
turbine

Pressure drop across the steam
turbine

enthalpy of water entering the
evaporator

enthalpy of water exiting the
evaporator
mass flow rate in the evaporator

Pressure drop over the turbine
Density of steam entering the
turbine

Volumetric flow rate of steam
through the turbine

100



Appendix A. Single Pressure Analytical Model — Design Case

Tq1 = 548.333°C

:
Tan :

| T Tgp=519.8°C

Teo Ty, = 315.556°C | Tga=202174°C

E T:E

Tga = 169.835°C

T. T,=25384°C :

— Approach Paint

Taz

Tyy2 = 245.507°C Tyy1 = 110-°C

!
i
!
]
:
i
!
]
'
]
!
i
'
]
E ¢ — Pinch Poim
!
]
:
)
!
i
'
]
!
i
!
]
!
)

Suparhester ! Evapporatar ; Economiser
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Appendix B. Single Pressure Analytical Model — Off-

Design Case

Off-Design Case

This model will calculate the temperatures, mass flow rate, duties and other variables for
off-design conditions of a combined-cycle power plant. Factors from the design case will be
used in order to make certain calculations. The off-design mode is carried out at 45% load

Known Variables

The known variables of the off-design case are as follows

The gas mass flow and inlet temperature are controlled in the off-design so that they follow a
trend. This is done to prevent steaming in the economiser. Initially, mass flow remains constant
while temperature increases up until 50% load, after which the temperature remains constant
while mass flow increases. The following calculations plot this concept on a graph which allows
for the calculation of temperature and mass flow at any load

40 866.15 111591

data :=| 50 1019 111591 3 points on the graph at 40%,
100 1019 148788 50% and 100% load
. © .. Ib
Mflow (load) := linterp (data ,data ,Ioad)~i Plotting of mass flow
Tflow(load) := linterp (data<o> ,data<l>,load) °F

Plotting of temperature

load :=0,10.. 100
19 T T T T 900
18F S / 800
17+ o : / —1700
Mflow (load) L -1600 T flow(load) Graph of mass flow and
o o - ds00 temperature over various loads
150 / {400
140 2IO :10 6I0 E;O 103(?0

load
kg
S

Tg.l := Tflow(45) = 505.875°C

Myas = Mflow (45) = 14.06

Pso = 423.5psi = 29.199 bar

Ty :=600°F = 315.556-°C

gas flow rate entering
HRSG at 45% load

gas temperature entering
HRSG at 45% load
pressure of steam
generated

temperature of steam

generated
Ty.1:=230°F =110-°C Temperature of water entering
' b y HRSG
m, :=148788 — = 18.747—g gas mass flow rate in the design
gas.d h S
case

kW
UAsh g = 2367~ =
kw
UAegy g =69.609 =

kw
UAgg g 1=52969 = =

Overall conductance of the
superheater in the design case

Overall conductance of the
evaporator in the design case

Overall conductance of the
economiser in the design case
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Calculation
HRSG

Assumptions for the specific heat capacities of gas and steam/water had to be made due to the

face that temperatures are not yet known

¢ o = 02772 _ 116K

g kg-K kg-K

¢y ey = 026922 _ 1196 X

Pg kg-K kg-K
keal K

€0 g o0 = 02592 _ 1084 —

P-g kg-K kg-K

J
Cyas.sh = Mgas Cp.g.sh = 16-30(5&

specific heat capacity of gas in the
superheater

specific heat capacity of gas in the
evaporator

specific heat capacity of gas in the
economiser

Fluid heat capacity of gas in the
superheater

Fluid heat capacity of gas in the
evaporator

Fluid heat capacity of gas in the
economiser

specific heat capacity of steam in
the superheater

specific heat capacity of
steam/water in the evaporator

specific heat capacity of water in
the economiser

An assumption also had to be made for the steam mass flow which was then iterated

kJ
Cgas.ev = Mgas Cp.g.ev = 15:835—
. kJ
Cgas.ec =Mgas Cp.g.ec = 15.247.;<
kcal kJ
Cpssh = 0764 = 3199 ——
o kg-K kg-K
keal kJ
Co s oy = 40.74T—= = 208,281 ——
p-S. kg-K kg-K
kcal kJ
Cps.ec = 105754 _ 4405 X
o kg-K kg-K
kg
Msteam.a = 2-096?
) kJ
Csteam.sh = Msteam.a Cp.s.sh = 6705&
) kJ
Csteam.ev = Msteam.a Cp.s.ev = 436.556
. kJ
Csteam.ec *=Msteam.a Cp.s.ec = 9'2765-_K

The overall conductance (UA) of each component in the off design case were calculated using the

Assumed mass flow rate of steam

Fluid heat capacity of steam in the
superheater

Fluid heat capacity of steam/water
in the evaporator

Fluid heat capacity of water in the
economiser

UA's of the components in the design case and the gas mass flow in both design and off-design

case. This could be done using a simplification of the relationship between the UA's in design and

off-design modes

0.65
A = UA | 98 _ 1963 W
sh sh.d m K
gas.d

0.65
kW
Ung, = UAg, g 28 ~ 57.737.—
Myas.d K

065
UAg = UAg o —= - 13,935 W
Myas.d K

Overall conductance of the
superheater

Overall conductance of the
evaporator

Overall conductance of the
economiser

The effectiveness of each component is found using the number of transfer units (NTU) and the
fluid heat capacities of gas and steam/water in that component

Appendix B. Single Pressure Analytical Model — Off-Design Case
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First, the minimum and maximum fluid heat capacities between the gas and water/steam need
to be identified. Thereafter, NTU and effectiveness may be calculated

Superheater
; kw
Crvin.sh = Mn(Csteam.sh - Cgas.sh ) = e
kw
Crrax.sh = M Csteam.sh ’Cgas.sh) = 16.306 = -
UAgh
NTUgp, := ——— = 0.293
min.sh
Con:
Ry = min.sh 0411
C
max.sh
s NTUsh-(l—Rsh)
Esh = =0.242
R NTUgp,-(1-Rgp)
Evaporator
; kw
Crnin.ev =M (Csteamev » Cgas.ev ) = 15835 K
kw
Crnaxcev = Cseam.ev ’Cgas.ev) = 436.556 =~
UA
NTUq, = —— = 3646
min.ev
~NTU
goyi=1-¢e v =0.974

Minimum fluid heat capacity in the
superheater

Maximum fluid heat capacity in the
superheater

Number of transfer units in the
superheater

Ratio of minimum to maximum fluid
heat capacities in the superheater

Effectiveness of the superheater

Minimum fluid heat capacity in the
evaporator
Maximum fluid heat capacity in the
evaporator

Number of transfer units in the
evaporator

Effectiveness of the evaporator

The effectiveness formla for the evaporator is different due to R approaching zero. This is
because a phase change occurs and Cmax becomes immense

Economiser
; kw
Crin.ec =M Csteam ec ’Cgas.ec) = 9276 =~
kw
CmaX.eC = m><C5team_eC > Cgas_ec) = 15247?
UA
NTUg = € 4737
C,
min.ec
C R
R = min.ec _ o <os
C
max.ec
1-¢ NTUEC'(l_Rec)
Cec = =0.932
- NTUec'(l_ReC)
1- Rec'e

Minimum fluid heat capacity in the
economiser
Maximum fluid heat capacity in the
economiser

Number of transfer units in the
economiser

Ratio of minimum to maximum fluid
heat capacities in the economiser

Effectiveness of the economiser

The effectiveness formula used is that of a cross flow heat exchanger

Thereafter, the effectiveness of each component can be used to calculate the duties of the
respective component. The pinch and approach points can no longer be chosen in order to
calculate the gas temperature leaving the evaporator and the water temperature entering the

evaporator
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The drum pressure will be equal to the pressure of steam generated as the pressure through the

HRSG remains constant

Ps drum = Pso = 292 MPa

Drum pressure

Therefore, the saturated steam temperature can be calculated using steam tables

TS = Tsteam(Ps.drum’"" S ) =232.363°C

Saturation temperature

The duty of the superheater can be calculated using the effectiveness, minimum fluid head
capacity and difference in temperature between the gas and steam entering the superheater
(maximum temperature difference between the fluids in the superheater)

Qgh = 8sh'cmin.sh'(Tg.l - Ts) = 444124 KW

Energy absorbed by superheater

The temperature of gas can then be calculated using an energy balance across the superheater

Qsh

Myas Cp.g.sh

Tg2:=Tg1- = 478.639°C

Temperature of gas exiting
superheater

The duty of the evaporater was calculated using the same concept as that of the superheater

Qev = 8ev'Cmin.ev'(Tg.Z - Ts) =3.798 MW

Energy absorbed in evaporator

The temperature of water entering the evaporator had to initially be assumed, this was then

iterated
Tyy 2 :=447°F = 230.556°C

Assumed temperature of water
entering evaporator

This was used to calculate the enthalpy of water at that point. Thereafter, the mass flow rate of
steam was calculated using an energy balance across the evaporator with steam/water

enthalpies
3 kJ
hg := hsteam(ps.drumﬂ L0 ) =2.803x 10 k_g
kJ
hw.2 = hsteam(Ps.drum’Tw.Z’ s ) = 992-835k—g
Qev kg
msteam =— =2.098—
(hs - hw.z) S

vapor enthalpy at drum
pressure

enthalpy of water entering the
evaporator

steam mass flow rate

The temperature of gas exiting the evaporator could also be calculated using an energy balance

across the evaporator

Qev
Tg3=Tgo - - 238.789°C
Myas Cp.g.ev

Temperature of gas exiting
evaporator

The duty of the economiser was calculated using the same concept as that of the superheater

and evaporator

Qec 5=8ec’Cmin.ec'(Tg.3 - Tw.l) =1114MwW

Energy absorbed in economiser

The assumption of water temperature entering the evaporator then needed to be tested in order
foriteration. This was done using an energy balance across the economiser by calculating the
enthalpies of water entering and exiting it and using steam tables to find the temperature

nn m mnn kJ
hw.1:= hsteam(Ps.drum’Tw.l’ s ) = 463-385k—g
Qec KJ
h i=——— + hy, 1 = 994.237. —
w.2.test w.1
Msteam kg

Tw.2.test 5:Tsteam(Ps.drum’"" w2 test>™ ) =230.838°C

g}

enthalpy of water entering
economiser

enthalpy of water exiting
economiser

Check for water temperature
entering evaporator
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Q
& _165.742°C

Togi=Tya -
4 3
g J Myas Cp.g.ec

entering evaporator

Temperature of gas exiting HRSG

The temperature of steam generated was calculated in order to compare it to the desired

temperature of steam
Qsh kJ

heo = +hg =3015x 10° =
Msteam kg

T hen ™ ) =307.203°C

so.test -~ Tsteam(Pso’"" »Nsg >

Attemperation

Enthalpy of steam generated

Temperature of steam generated

The attemperation required would ideally be zero due to sliding pressure. However, a calclation
was done in order for testing. The mass flow rate of attemperation can be calculated using the

conservation of energy

Matt-Neool + Msteam Nso = Msteam Ndesired + Matt Ndesired

3 ki
Ndesired = hsteam(Pso»Tso, s )= 3.035x 10 k_g
heool =Nw.1
Msteam-("so ~ Ndesired) kg
Myt = = -0017=
att (h ] _h ) S
desired cool
Condenser
Pcon = psteam(Tw.l’ s ) =1434x 10 Pa

Turbine Pressure

Energy balance before and after
attemperation

Enthalpy of steam after
attemperation

water used for attemperation

will be the same as feedwater

mass flow rate of attemperation

Saturated water pressure in the
condenser

The flow coefficient allows for the turbine swallowing capacity to be maintained. It relates the
mass flow rate of steam in the design condition to that of the off-design condition. Using this,
the pressure entering the steam turbine can be calculated so that the pressure drop over the

turbine can be calculated

3
Peo g i=424x 10° kPa

kg
Msteam.d = 3-106 .
kg
Pstind = 17.411 —3
m
kg
Pst.in -~ psteam(Pso T ™ ) = 11.537—3
m

\[Pin'pst.in
Msteam = Msteam.d 5
\/ 50.d Pst.in.d

. 2
b s0.d Msteam “Pst.in.d

in = = 2919 MPa

2
Msteam.d “Pst.in

Pressure of steam generated in
the design condition

mass flow rate of steam in the
design condition

Density of water entering the
steam turbine in the design
condition

density of water entering the
steam turbine

mass flow rate of steam

pressure entering the steam
turbine as a result of the
equation above
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Ideally, the control valve before the steam turbine should be fully open, so the pressure drop over
the valve should be zero. This was used to adjust the steam pressure in order to find the
operational pressure at each low load

AP vane =Pso — Pin = 0562kPa Valve pressure drop

Pst out :=Pcon = 143.376kPa Pressure Qf steam exiting the
steam turbine

AP gt :=Pjy — Pst gut = 2.776MPa Steam turbine pressure drop

Tq1= 505.875°C

| T Tgo=478.639°C

g

Tes, = ° E
s Tgg = 315.556°C : Tg.3 = 238.789-°C

]

Tg4 = 165.742°C

T

Pinich Point g4

1, Tg=232363°C

Approach Point

T-J\.i :
Tw2 = 230.556:°C Tyl = 110-°C

Superheater ' Evapporator ' Econgmiser
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Double Pressure

Condenser

Appendix C. Double Pressure Analytical Model

Appendix C. Double Pressure Analytical Model

Valve

X

_ T [Thpwt |
i Thp-us
Thp.so
Tg1 —/\/\A/— >
g HP HP HP LP LP Tgé
Superheater Tg2 Evaporator Economiser [ Tga | Evaporator Economiser

Known Variables

Ib kg
msteam.hp = 39500F = 4977?

Ib kg
Mteamp 1= 50842 = 6.406-=

Php = 830psi = 57.226 bar

p
Plp := 115psi = 7.929 bar

p
Ib kg
Mgas = 300000 — = 37.799-=

Tg1 = 1000°F = 537.778C
PPhy = 50A°F = 27.778K
PP = 10A°F = 5556K
APy, = 15A°F = 8333K
APy = 10A°F = 5556K
Tip.wa = 230°F = 110-°C

Solution

haas (T) = l09816TrC + 124510 4(TC)? - 130810 8.(TFC)® - 2154107

High Pressure
Thps = Tsteam(Php ,nu ’nu ’nn ) _ 272516°C
Tg3:=Thps + PPpp =300.293°C

Thow2 = Thp.s — APhp = 264.182°C

Qhp.shev = Mgas-(ngas (Tg1) ~ Ngas(Tg3)) = 9678 MW

HRSG

mass flow of HP steam required

mass flow of LP steam required
HP steam pressure

LP steam pressure

gas mass flow

gas temperature entering HRSG
Pinch points

Approach points

Temperature of water entering HRSG

12 (TP C)ﬂﬁ
kg

HP Saturation temperature

gas temperature leaving HP evaporator
water temperature entering HP evaporator

heat absorbed by the superheater and HP
evaporator
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hhp.W2 = hsteam(Php:Thp,Wz, s ) =1.156x 10 .k
- wneoonn [T - 3 kJ
By s = Dteam (Ppp ™"+ +1."" ) = 2.787x 10 =
th.sh.ev 3 kJ
hgo =hpp o + ——— =3.1x 10 =

Mgteam hp
Tso = Tsteam (Php AN ) = 368.004°C
th.sh = Wgteam hp '(hso - hhp_s) = 1.556 MW
th.sh

kY
=—=41.176 —

Moag ke

g : ke
h_,:=h_, —Ah ;,=520.498 —

g2 gl 12 e
Tg2 :th(hgas (Tgl) —hgy Tgl) =500.313°C

th ev T th.sh.ev - th.sh = 8.122MW

T]_ps = Tsteanl (P]_p""" 1|l|l 1|l|l ) =170.044°C
Thp.“-'l = Tlp.s = 170.044°C

kI
hhp.wl =Dhgteam (Php Thpwt-" " ) = 72211}&

Qup.ec =Mgteam hp '(hhp.wz - hhp.wl) =2.157TMW

KJ
hg3 =hgyg (T 3) = 305.633E

kY
— Ah 5, =248.555—
g g3 34 ke

Ty 4 = 100t(hgqq (Tg 3) —hgq. Ty 3) = 245.76°C

Low Pressure

Tg.S = Tlp.s + PPlp =175.6°C

Tlp.wE = Tlp.s - APlp = 164.489°C

"n "n nn — kJ-

hlp.wz =Dhgteam (Plp‘ Tpw2e™ ™ ) = 695.175@
kI

hip w1= Bgteam (Plp‘ Tpwp™ """ ) = 461336@

Qip.ec = Mgteam.1p '(hlp.wz - hlp.wl) = 1495SMW

le.ec

kY
=39.545—

Moag ke

kJ

g

Appendix C. Double Pressure Analytical Model

enthalpy of water entering HP evaporator

vapor enthalpy at HP drum pressure

enthalpy of superheated steam

Temperature of superheated steam

energy absorbed by superheater

change in gas enthalpy over the superheater

Enthalpy of gas entering superheater

Enthalpy of gas exiting superheater
gas temperature exiting superheater
HP evaporator duty

LP Saturation temperature

Temperature entering HP economiser
enthalpy of water entering HP economizer

HP economiser duty

change in gas enthalpy over HP economiser

gas enthaply entering HP economiser

gas enthaply exiting HP economiser

exit gas temperature from economiser

gas temperature leaving LP evaporator

water temperature entering LP evaporator

enthalpy of water entering LP evaporator

enthalpy of water entering LP economizer
LP economiser duty

gas enthalpy change over LP economiser
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Appendix C. Double Pressure Analytical Model

kJ

hg5 = hgas (Tg.5) = 176. 135k—g gas enthalpy entering LP economiser
th = h95 —Ahgg gas enthalpy exiting LP economiser
Tg6 = root(hgaS (Tg.s) - th’Tg.S) = 136.811.°C exit gas temperature from LP economiser

Qip.ev =Mgas"(Ngas (Tg.a) ~ gas(Tgs)) = 2787 MW LP evaporator duty

h|p.S = hsteam(PIp’"" L ) = 2.768x 103-% enthalpy of steam exiting LP drum

Turbines

Pin.st.out = Psteam(Tip.wa> ™ ™ > ) = 1434 bar condenser pressure

shp.in = Ssteam(Php T ™M™ ) = 6.444k|g(—t]K entropy of HP steam exiting superheater
Nhp.outisen = hsteam(Pm,"" ’Shp.in) =267x 103-:—; isentropic enthalpy of steam exiting HP turbine

3 ki . .
hhp.out.actual = (hhp.out.isen - hSO)-O.85+ hgp =2.735x 10 " actual enthalpy of steam exiting HP turbine

g
Msteam.hp “Mhp.out.actual + (msteam. b~ msteam.hp)'hlp.s

hp.st = _2742¢ 1008
Msteam. Ip kg
enthalpy of steam entering LP turbine
Tlp.st = Tsteam(PIp’"" ’hlp.st’"" ) = 170.044.°C temperature of steam entering LP turbine
Php = Psteam(Php A ) = 21.459Q density of steam entering HP turbine
3
m
Php - P|p = 4.93 MPa pressure drop over HP turbine
3
Vhp = M = 0.2321 volume flow rate through HP turbine
Php S
PIp = psteam(PIp’"" M ,h|p o ) = 4.178ﬁ density of steam entering LP turbine
' 3
m
P|p - Plp.st.out = 649.521-kPa pressure drop over LP turbine
3
Ip = M = 1_533£ volume flow rate through LP turbine
p|p S
HP Pump
k . .
Pp = Psteam(PIp’"" ,0,m ™ ) = 897.41—2 density of water entering HP pump
Php ~ Pip m
AH 1= = 560.162m HP pump head
pp'g
3
.h _
Vpump = M =5546x 10 s Volume flow rate through HP pump
Pp S

110



Overall Conductance

High Pressure
(Tgz = Tso) ~ (Tg2 = Thp.s)

LMTDgp, pp = (o —Tod) = 197.366 K
In g—
(Tg.2 - Thp.s)
Tyo-T —(Tya—=T
LMTDev.hp ::( 9.2 F_p;s) g_g.S) hp.s) 05,056 K
In 0.2 hp.s
(Tg.3 - Thp.s)
Tya-T —(Tya-T
LMTDg. 1=( o3~ Thgwe) ~(Tga~ Thpua) — 53.492.K
P (Tg.S - Thp.wz)
In| —m8 ™ —
(Tga ~ Thowa)
Qnp.sh Kw
UAgh pp = b — = 7886
: LMTDgp,
Q
UAg, hp = ﬂ = 85,445k_W
: LMTDgy
Q
UAgc hp = ﬂ = 40.326k_w
: LMTDy
Low Pressure
Toa—Tie) = (Tqe-T
oy 8T 0 )
In g4 Ip.s
(Tg.S - Tlp.s)
Tae—T —(Tye =T
v (Tg5 -~ Tipw2)
In| ——m8M8m8m ™ —
(Tg.6 - Tlp.wl)
Q
UAev.Ip = L AT
: LMTDgy |
Q
UAge Ip = & = 83.866k—W
: LMTDg |
Mass Flow in Evaporators
3 K
hhp.ev.in = hsteam(Php» "0, )= 1198x 10 k_g
3 kJ
hhp.ev.out = hsteam(Php’ ", 05, )= 1.993x 10 k_g
Q
Mhp.ev = p.ev _ 1021049
Nhp.ev.out ~ Mhp.ev.in S
kJ
hip.ev.in = Nsteam(Pip>™" ™ 0. ) = 718.399

Appendix C. Double Pressure Analytical Model

Log mean temperature difference over the HP
superheater

Log mean temperature difference over the HP
evaporator

Log mean temperature difference over the HP
economiser

Overall conductance of the HP superheater

Overall conductance of the HP evaporator

Overall conductance of the HP economiser

Log mean temperature difference over the LP
evaporator

Log mean temperature difference over the LP
economiser

Overall conductance of the LP evaporator

Overall conductance of the LP economiser

enthalpy of water entering the HP evaporator

enthalpy of water exiting the HP evaporator

mass flow rate in the HP evaporator

enthalpy of water entering the LP evaporator
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Appendix C. Double Pressure Analytical Model

mom,0.5,M™ ) =1.744x% 103.E enthalpy of water exiting the LP evaporator

t = hsteam(PIp’ ’ kg

hIp.ev.ou

le.ev kg

= 2-673? mass flow rate in the LP evaporator

Mip.ev =
P hIp.ev.out - hIp.ev. in
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Appendix D. Triple Pressure Analytical Model

Appendix D. Triple Pressure Analytical Model

Known Variables

Php :=97.7har High Pressure
Pip :=21.4bar Intermediate Pressure
P|p :=4.1bar Low Pressure
Meond = 93% Mass Flow through condenser
kg
My, = 78.2— HP mass flow
hp :
kg
mi, :=83.2— IP Mass Flow
ip S
kg
my, :=9.8— LP Mass Flow
Ip S
58719 Mass Flow of
Myas = 587? ass Flow of gas
Low Pressure

Intermediate Pressure
Hiah Pressure

Gas

Tlpec.in :=50°C Temp of water entering LP economiser

Tlpsh.out :=280°C Temp of steam exiting LP superheater

Thirh.out =567°C Temp of water exiting high temp reheater
Thphtsh.out :=567°C Temp of steam exiting HP high temp superheater

Assumptions

AP :=2K Approach Point
PPip := 15K LP pinch point
PPip := 20K IP pinch point
PPhp =2K HP pinch point
fg.lpsh =038 Fraction of gas flowing through the LP superheater
fg ipec = 0.06 Fraction of gas flowing through the IP economiser
T. — 260°C Temp. of water entering HP high temp.
hphtec.in -~ economiser
Tiirh.out ==427°C Temp. of steam exiting low temp. reheater
Thpltsh.out :=425°C Temp. of steam exiting HP low temp. superheater
Solution
Tp:=0°C Reference temp for gas enthalpy calcs.
2
002 Ty/°C

TIrC 0 kJ

hgas(T) = 0.00025464( 5 ) + 1.0178T/°C} - {0.00025464% + 10178 Ty/°C a
g
Thp.drum = Tsteam(Php ) = 309.294°C HP drum temp.
TgG = Thp.drum + PPhp = 311.294.°C Temp. of gas exiting HP evaporator
kJ ”

th = hgas (Tge) = 329.172-k—g Enthalpy of gas exiting HP evaporator
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Appendix D. Triple Pressure Analytical Model

3 k] Enthalpy of water entering HP high temp.

hhphtec.in = hsteam(l:)hp’-rhphtec.in ) =1134x 10 k_g economiser

: o Temp of water exiting HP high temp.
Thphtec.out ':Thp.drum — AP =307.294°C economiser

. 3 kJ Enthalpy of water exiting HP high temp.
hhphtec.out = hsteam('z’hp’Thphtec.out L B ): 1.386x 10 k_g economiser

Qhphtec = mhp'(hhphtec.out = Mhphtec.in ) = 19.683MW
Chphtec = mgas’(hge - hg7)

~Chpht K
hg7 = ﬁ + hgas (Tgﬁ) = 295641k—
Mgas g
Tg7 = root(hg7 - hgas (Tgﬁ)’TgG) = 280.62-°C
3 kJ
Nhp.drum.out = hsteam(Php’ 1 ) =273x10 o

Chpev = mhp'(hhp.drum.out ~ Phphtec.out ) = 105.083 MW

Qhpev = mgas‘(hgs - hgﬁ)

hgs = ?1:]9% + hgas(Tgs) = 508.19k—k;

Tgs = 100t(hgg — hgas(Tgs): Tge) = 471.494°C
Tip.drum = Tsteam(Pp- ™"+ »"" ) = 144.505.°C
Tipshin = Tip.drum

higshin = Nsteam(Pip:™ +"™ +1."™" ) = 2739 10°.9

kg

Duty of HP high temp. economiser

Enthalpy of gas exiting HP high temp.
economiser

Temp of gas exiting HP high temp. economiser

Enthalpy of steam exiting HP drum

Duty of HP evaporator

Enthalpy of gas entering HP evaporator

Temp of gas entering HP evaporator

LP drum temp.

Temp. of steam entering LP superheater

Enthalpy of steam entering LP superheater

) = 3.026 x 103-E Enthalpy of steam exiting LP superheater

hIpsh.out = hsteam(PIp’TIpsh,out s
Qpsh = mlp'(hlpsh.out - hIpsh.in) = 2.809MW
Qipsh = Tg.lpsh mgas'(th - hgg)

~Qipsh

8=
‘ Mgas Tg.Ipsh
T :=00t(hgg — hgas(Tg7) Tg7) = 275.125°C

h t e (Tg7)

kg

Duty of LP superheater

Enthalpy of gas exiting LP superheater

Temp of gas exiting LP superheater

Qipsh = (1 ~Tgpsh )mgaS'(hgaS (Tg7) ~Ngas (TQS)) = 02 Y Duty of IP superheater

Qipsh = (mip - mhp)'(hipsh.out - hipdrum.out)

3 K it
hipdrum.out = hsteam(Pip’ L ) =28x 10 .k_q Enthalpy of steam exiting IP drum
Qipsh 3 ki
hipsh.out a (mip _ mhp) + hipdrum.out =iy k_g Enthalpy of steam exiting IP superheater
Tipsh.out = Tsteam(Pips"" Nipsh.out > ) = 266.846.°C Temp. of steam exiting IP superheater
Phpst.out = Pip = 21.4bar Pressure of steam exiting HP turbine
kJ . .
Shp.in = Ssteam(Php ’Thphtsh.out o ) = e;_azz.kg_.K Entropy of steam entering HP turbine
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Appendix D. Triple Pressure Analytical Model

Isentropic enthalpy of steam exiting HP

3 kJ
hhp.out.isen :zhsteam(Phpst.out’ > ’shp.in)=3'073x 10 k_g turbine
. ) 3 kI  Enthalpy of steam exiting HP high
Mnptishout = "steam(Pp> Thptishout - - ™) <3846 10°4 = oo S pereater

3 k] Actual enthalpy of steam

hhp.out.actual o= 0'8‘l'_’(hhp.out.isen - hhphtsh.ou'[ ) T hhphtsh.out =3144x 10 k_g exiting HP turbine

Thp.out = Tsteam(Pip’"" Mo out.actual ,) =354.115°C  Temperature of steam exiting HP turbine

g _ MhpPhp.out.actual + (mip - mhp)'hipsh.out _ 3130, 108K Enthalpy of steam entering low temp
ltrh.in = m = S d9ex k_g re heater
P
Tirh.in = TSteam(Pip’"" N ™ ) = 348.66°C Temp. of steam entering low temp reheater
h =h (Pip- T ) _ 3306 10°.
Itrh.out -~ “'steam\"ip> " ltrh.out> > - ) = 9.oL0x kg Enthalpy of steam exiting low temp. reheater
Qitr = mi|o'(hltrh.0ut ~Nitrh, in) = Laeslatlt Duty of low temp. reheater
Qirh = mgas'(hg4 - th)
Qltrh .
hg4 =—+ hgas(Tgs) Enthalpy of gas entering low temp. reheater
Myas
Tg4 = root(hg4 - hgas (Tg5),Tg5) = 493.095°C Temp. of gas entering low temp. reheater
Thpltsh.in = Thp.drum = 309.294.°C Temp. of steam entering HP low temp.
superheater
. 3 kI Enthalpy of steam exiting HP low temp.
hhpltsh.out = hsteam(Php’Thpltsh.out R )= 3176x 10 k_g superheater
. g ) 3 Enthalpy of steam entering HP low temp.
hhpttsh.in = Nsteam(Php- ™" »1."" ) = 2.73x 10 " superheater
Qhpltsh = mhp'(hhp"Sh-OUt ~ Phpltsh.in ) = CLERLIIY Duty of HP low temp. superheater
Chpltsh = mgas'(hg3 - hg4)
Q
0= ~hplish + hgas (Tg4) = 592_319E Enthalpy of gas entering HP low temp.
Myas kg superheater
Tg3 = root(hg3 = gz (Tg4),Tg4) = 544.828°C Temp. of gas entering HP low temp. superheater
: Temp. of steam entering HP high temp.
Thphtshin = Thpltsh.out superheater
» ) 3 k]  Enthalpy of steam entering HP high
hhphtsh.in = hsteam(Php’Thphtsh.in 5 b 9 )_3‘176X = k_g temp. superheater

thhtSh = mhp'(hhphtSh.OUt - hhphtShIﬂ ) = 28.956 MW Duty of HP high temp. superheater

3 kI Enthalpy of steam exiting high temp.

Phtrh.out = hsteam(':’ip’Thtrh.out ) =3616x 10 k_g reheater

Chtrh = mip'(hhtrh_out - hltrh.out) =22 Ea bl Duty of high temp. reheater

Chtrh = mgas'(hQZ - hg3)
Qhtrh kJ -

hgz = + hg3 = 636.264 — Enthalpy of gas entering high temp. reheater
Moas kg

ng = root(hgz - hgas (Tg3),Tg3) = 582.667-°C Temp. of gas entering high temp. reheater
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Appendix D. Triple Pressure Analytical Model

Qhphish = Mgas(gas (Tg1) ~ gas (Tg2))

Enthalpy of gas entering HP high temp.
superheater

Temp. of gas entering HP high temp. superheater

Tlp.drum = 144.505.°C LP drum temp.
Tlpec.out = Tlp.drum — AP = 142.505-°C Temp. of water exiting LP economiser
higec.in = hsteam(PIp’TIpec.in o ) = 209,679k_g Enthalpy of water entering LP economiser
hlpec.out = hsteam(PIp’TIpec.ouP M ) = 599.975k—g Enthalpy of water exiting LP economiser
Qipec = COﬂd'(h|pEC-0Ut - hlpec.in) - Ry Duty of the LP econmiser
Qlpec = mgas'(h913 - hgl4)
Gas temp. exiting LP evaporator
Enthalpy of gas exiting LP economiser
Temp. of gas exiting LP economiser
hlpdrum an = hSteam(PIp’"" L ) =2.739x 103.kE Enthalpy of steam exiting LP drum
' g
leev = rnIp'(hlpdrum.out - hIpec.out) = 20.964 MW Duty of LP evaporator
Qlpev = mgas‘(hglz - hgls)
Enthalpy of gas entering LP evaporator
Temp. of gas entering LP evaporator
Tip. i Tsteam(Pip’"" S ) = 215.832.°C Temp. of IP drum
Tipec.in = Tlp.drum Temp. of water entering IP economiser
Tipec.out = Tip.drum — AP =213.832-°C Temp. of water exiting IP economiser
kJ . .
higec.in = hsteam(PiprTipec.in = 609.662-k—g Enthalpy of water entering IP economiser
higec.out = hsteam(Pip’Tipec.out o ) = 915_275k_g Enthalpy of water exiting IP economiser

Qipec = (mip - mhp)'(hiPeC-O'Jt - hipec.in) = Lazelih) Duty of IP economiser
Qipec = fg.ipec mgas'(hglo - hgll)

Temp. of gas exiting IP evaporator

Enthalpy of gas exiting IP economiser

Temp. of gas exiting IP economiser

: Temp. of water entering HP low temp.
Thpltec2.in '=Tlp.drum economiser 2
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Appendix D. Triple Pressure Analytical Model

Qhpltec2 = mgas'(hgas(Tgll) = Iigg (Tgl2)) = 1.425 MW Duty of HP low temp. economiser 2

Qnhpltec2 = (mhp)'(hhpltecz.out - hhpItecZ.in)
kJ Enthalpy of water entering HP low temp.

hhpItecZ.in o= hsteam(Php»ThpItecz.in ST ) = 614'548k_g economiser 2
: thltecz kJ Enthalpy of water exiting HP low temp.
Nhpitec2.0ut = ——— * Mhpltec2.in = 632-765k—g economiser 2

Mh

p
o~ Temp. of water exiting HP low temp.

ThpItecZ.out 5:Tsteam(Php’ ’hhpltecz.out’ ): 148.782°C . 0romiser 2

Thpltecl i = ThpltecZ a Temp. of water entering HP low temp.

' ' economiser 1
Chpitec1 = (1 . fg.ipec)mgas '(hgaS (Tglo) ~Ngas (Tgll)) = 2l Duty of HP low temp. economiser 1
Qnhpltect = (mhp)'(hhpltecl.out - hhpltecl.in)

B kJ .
Phpitect.in = hsteam(Php’ThpItecl.in’ ™ ") =632.827.— Enthalpy of water entering HP low temp.

9 economiser1

thltecl kJ Enthalpy of water exiting HP low temp.

hhpltec1.out = o *+ Mhpltect.in =938'961'k_g economiser 1

Thplecd out = Tsteam(Php,"" Nhpltect.out - ) = 218.495°C Temp. of water exiting HP low temp.
economiser 1

Qipev = (mip - mhp)'(hipdrum.out - hipec.out) =9.422MW Duty of IP evaporator

Qipev = mgas‘(hgg - hglo)

Qipev kJ .
hgg =— hgas (Tglo) = 263.162 — Enthalpy of gas entering IP evaporator

Myas kg
Tgo = fOOt(hgg ~ T (Tglo)’Tglo) = 250.698°C Temp. of gas entering |P evaporator

: Temp. of water entering HP intermediate temp.
Thpitec.in = Thpltecl.out economiser
Qhpitec = Mgas '(hgaS (TQB) ~Ngas (Tg9)) = Lagat oty Duty of HP intermediate temp. economiser
Qhpitec = (mhp - mextract)'(hhpitec.out - hhpltecl.out)
Q .

hhpitec out ;:ﬂ + hhpltecl out = 1.138x 103.E Enthalpy of water exiting HP intermediate temp.

' Mhp ' kg economiser

Thgfizs. i = Tsteam(Php’"" ’hhpitec.out ,) =260.739°C  Temp. of water exiting HP intermediate temp.
economiser (used for to iterate T.hphtec.in)

Turbines

Plost out = psteam(TIpec.in ) = 0124 bar Pressure of steam exiting LP turbine

Sip i = Ssteam(Pip»Thtrh.out = 7'586|<;_-JK Entropy of steam entering IP turbine
hip.out.isen = hsteam(Plp"'" ’Sip.in) = 3.084x 103.:_; Isentropic enthalpy of steam exiting IP turbine
hip.out.actual = (hip.out.isen = Phirh.out )'0'85+ Phirh.out = 3164 103'::_; ﬁﬁt?llgiigthalpy of steam exiting
e = Tsteam(mp,"" Iyl - ) = 347.026 °C Temp. of steam exiting IP turbine
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MipNip.outactual + Mip Mpsh.out

hip.st = = 3.149x 10
P mlp + m|p

Tip.stin = Tsteam(PIp’"" Pip.sts™ ) =339.99°C

Pl — Pipst.out = 397.649kPa

kg
Plp = Psteam(PIp» ’ =hlp.st’ ) = 1'46_3
m
3

m,
cond _ s 606
S

VI =
p|p

D=

Pip — Plp = 1.73x 103-kPa

ip~"lp
Pip = Psteam(Pip-" > Phirh.out ™ ) = 5.584k—i
m
Vip = E = 14.89913
p|p S
— PI

Ph = 7.63MPa

p"Ip
kg

Nhphish.out - ) = 26.662=
m

Php = psteam(F’hp S

m 3
Vi = —2 — 2033
Php S

Pumps
AP = pgAHT
kg
P = Psteam(Ppp ™ >0, ™) = 922.074=
m
Pio Fip
AHT |pi=——"
P9

mlp

=191.32m

_ 3
mh _

P 5423x 10 °

P S

Php ~ Pip
g

mh 3

P _oo0sas ™

S

Voump.1P =

Vpump =

Overall Conductance
Low Pressure

(Tgl3 - TIpec.out) - (Tgl4 - TIpec.in)

n Tgl3 - Tlpec.out
Tgl4 - Tlpec.in

LMTD)pec =

3l
kg

=30.828 K

Appendix D. Triple Pressure Analytical Model

Enthalpy of steam entering LP turbine

Temp. of steam entering LP turbine

Pressure drop over LP turbine

Density of steam entering LP turbine

Volume flow rate of steam entering LP turbine

Pressure drop over IP turbine

Density of steam entering IP turbine

Volume flow rate of steam entering IP turbine

Pressure drop over HP turbine

Density of steam entering HP turbine

Volume flow rate of steam entering HP turbine

Density of water exiting LP drum

IP pump head

Volume flow rate through IP pump

HP pump head

Volume flow rate through HP pump

Log mean temperature difference over the
LP economiser
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Appendix D. Triple Pressure Analytical Model

(T912 - Tlp.drum) - (Tgls - Tlp.drum) Log mean temperature difference over the

LMTD = = 28.584 K
Ipev
p - (Tglz - Tlp.drum) LP evaporator
(T913 - Tlp.drum)
T7-T —(Toa = Tinen i -
7~ 'lpsh. Ipsh. L ff h
LMTD gy ::( g ps out) ( g8 ™ 'lps m) 243K 0g mean temperature difference over the

LP h
|n{(Tg7 B Tlpsh.out )} superheater

(Tgs ~ Tipshiin)

leec 3 kw
UAlpec = LMTD}ec = 1.1774> 10 K Overall conductance of the LP economiser
Q K
. pev. kw
UAlpev = LMTD)pe,, = 733.416 K Overall conductance of the LP evaporator
Qlpsh kw
p

= 115.602 —
K

UAlpsh = LMTD g, Overall conductance of the LP superheater

Intermediate Pressure

(Tglo - Tipec.out) - (Tgll - Tipec.in) Log mean temperature difference over the

LMTD; = 34.446K

ipec *~ ) IP economiser
P In TglO - Tlpec.out !
Tgll - Tipec.in
Ty —T; —(Ty10 = Ti -
LMTD: ( g9 |p.drum) ( 910 |p.drum) 26 748K Log mean temperature difference over the

ipev =
p In[ ng _ Tip.drum J IP evaporator

TglO - Tip.drum

(Tg7 - Tipsh.out) - (T98 - Tip.drum) Log mean temperature difference over the

LMTD; =3L184K

ipsh -~ Ty7 ~ Tipshout IP superheater
In = o
TgS - Tip.drum
LMTDr. (Tg4 - Tltrh.out) - (TgS - Tltrh.in) _ 01 583K Log mean temperature difference over the
Itrh -= T -7 v LT reheater
n g4 Itrh.out
Tg5 = Tirh.in
Ty —T (T =T :
) ( g2 htrh.out) ( g3 Itrh.out) Log mean temperature difference over the
LMTDyrh = =50.633 K

HT reheater
In[ ng ~ Thirh.out ]

Tg3 = Tigh.out

Qipec kw

UAipec = LMTD e - 44'361'? Overall conductance of the IP economiser
Qipev kw

UAipev = LMTDjpey, - 352'258? Overall conductance of the IP evaporator
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A o Jiesh o kw
ipsh LMTD s,
Q
UAgh = — 157,974 X%
LMTD g K
A = L MTD TR

High Pressure

(Tgll - Thpltecz.out) - (Tglz - Thpltecz.in)

Appendix D. Triple Pressure Analytical Model

Overall conductance of the IP superheater

Overall conductance of the LT reheater

Overall conductance of the LT reheater

Log mean temperature difference

LMTD = = 47.598 K .
hpltec2 over the HPLT economiser 2
T - T
11 hpltec2.
inl _9 pltec2.out
Tng - Thpltec2.in
LMTD ._ (T910 B Thpltecl.out) - (Tgll B ThplteCLin) _pg5g7K 09 mean temperature difference
hpltec1 = TglO B Thpltecl out T eser over the HPLT economiser 1
In '
( Tgll - Thpltecl.in J
LMTDu o e (T98 ~ Thpitec.out) ~ (Tg9 ~ Thpitec.in) _ 2 111K Log mean temperature difference
hpitec -~ Tgs - Thoitec.out T e over the HPIT economiser
n| == "=
{ ng - Thpitec.in j
LMTD a (TQG ~ Thphtec.out ) - (Tg7 ~ Thphtec.in ) —10.134K Log mean temperature difference
hphtec -~— Tg6 _ Thphtec out B over the HPHT economiser
In '
[ Tg7 - Thphtec.in ]
LMTD . (TQS B Thp.drum) B (TQG B Thp-drum) _ 36.445K Log mean temperature difference
hpev -~ TgS _ Thp drum - over the HP evaporator
|n - -
(Tgﬁ - Thp.drum J
LMTD _ (Tg3 ~ Thplish.out ) - (Tg4 ~ Thpltsh.in ) _ 149.541.K Log mean temperature difference
hpltsh -~ To3 - Tholish.out TR over the HPLT superheater
In L
Tga ~ Thpltsh.in
LMTD ) (Tgl - Thphtsh.out ) B (ng - Thphtsh.in ) 995K Log mean temperature difference
hphtsh = B over the HPHT superheater
Ty —-T p
1 hphtsh.
i phtsh.out
Tg2 = Thphtsh.in
Q
UAfpitec2 = M = 29,929k_W Overall conductance of the HPLT economiser
P LMTDpptec2 K 2
Q
UA(pitec] = & = 808,853k—W Overall conductance of the HPLT economiser
P LMTDhptec1 K 1
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UAhphtec = __MPNEC 1 ggz15x 103 KW
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thev

kw
UAhpey = ——r — 2883x 10°~—
PV LMTDype, K

Q
UAnpish =~ — 233,521,
LMDy st K
Q
UApphish = __TOPSR 51 0155 XY
LMTDypish K

Appendix D. Triple Pressure Analytical Model

Overall conductance of the HPIT economiser
Overall conductance of the HPHT

economiser

Overall conductance of the HP evaporator

Overall conductance of the HPLT superheater

Overall conductance of the HPHT
superheater
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Appendix E. Triple Pressure Virtual Plant Inputs

The data shown in this section depicts the inputs to the Virtual Plant triple pressure model. Figure
71 shows the gas path arrangement for the HRSG with components ordered from hot to cold flow.
Pressure level 1 was the high-pressure system, pressure level 2 was intermediate-pressure and
pressure level 3 was low-pressure. The parallel components were accounted for, as well as the
percentage of gas flowing through them. The flow arrangement for all components were set as

counter flow except for the evaporators which were cross flow.

Gas Path - Hot to Cold

Pressure  Parallel With % of

Section Type Level Previous Gas Flow Arrangement Description
: Cact #1 Superheater 1 3| @ nNo (O Parallel 100 | | Counter Flow HPHT superheater
: Sect #2 Superheater 2 : @ No Q Parallel 100 |  Counter Flow HT reheater
: Sect #3 Superheater 1 5| @ No (O Paraliel 100 | | Counter Flow HPLT superheater
: Sact #4 Superheater 2 : @ No O Parallel 100 |  Counter Flow LT reheater
: Sect £5 Evaporator (Dru... 1 5| @ No () Paraliel 100 F HP evaporator
: Sect 26 Economizer 1 5| @ No (O Paraliel 100 |  Counter Flow HPHT economiser
: Sact #7 Superheater 2 5| @ nNo () Parallel 20| | Counter Flow IP superheater
: Sect #8 Superheater 3 3| O No (@ Parallel 80 |  Counter Flow LP superheater
: Sect 9 Economizer 1 5 @ nNo () Paralel 100 | | Counter Flow HPIT economiser
: Sect #10 Evaporator (Dru... 2 : @ No O Parallel 100 C F IP evaporator
: Cect #11 | Economizer 1 3| @ No (O paralll 94 |  Counter Flow HPLT economiser 1
: Sect #17 | Economizer 2 52| O No (@ parallel 6| | Counter Flow IP economiser
: Sect #13 | Economizer 1 3| @ No (O paralkl 100 | Counter Flow HPLT economiser 2
: Sect #14 | Evaporator (Dru... 3 2| @ No (O paralkel 100 F LP Evaporator
: Sect #15  Economizer 3 2| @ No (O paralkel 100 | | Counter Flow LP Economiser

Figure 71: Virtual Plant inputs for gas path

The steam side arrangement for each pressure level is shown in Figure 72, Figure 73 and Figure 74.
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Appendix E. Triple Pressure Virtual Plant Inputs

Pressure Level Steam [ Water Destination
Pressure Level 1 - Cyde -
Section #1 Superheater - HPHT superheater Hot
Non-Gas Path s Section #3 Superheater - HPLT superheater
Section #5 Evaporator (Drum Type) - HP evaporator
Spray No. 1 Edit Sachmgsmmﬁu: :ﬂmr
Spray No. 2 Edit Sact;m:gm::ilm;
Temperature Control Bypass Edit
mo
ReCirc —
Input from Cyde
Output to Cyde
Remaove I << | Cold
Steam [ Water Source
CYCE -
Figure 72: High-pressure arrangement
Pressure Level Steam [ Water Destination
Pressure Level 2 - Cyde v
Section #2 Superheater - HT rehaater Hot
Non-Gas Path s Section #4 Superheater - LT reheater
Mix from Cydle
Section #7 Superheater - IP
Spray No. 1 Edt Section #10 Evaporator (Drum Type) - IP evaporator
Spray No. 2 Edit Section #12 Economizer - IP economiser
Temperature Control Bypass Edit
s car
ReCirc Edit
Input from Cyde >
Output to Cyde
Remove I << | Cold
Steam [ Water Source
CY& -

Figure 73: Intermediate-pressure arrangement
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Appendix E. Triple Pressure Virtual Plant Inputs

Pressure Level Steam / Water Destination

Pressure Level 1 v Cyde v
Section #1 Superheater - HPHT superheater Hot
Non-Gas Path Components Section #3 Superheater - HPLT superheater

Section #5 Evaporator (Drum Type) - HP evaporator
Section #6 Economizer - HPHT economiser

Spray No. 1 o i Section #3 Economizer - HPIT economiser

No. 2 R > Section #11 Economizer - HPLT economiser 1
Spray No. Section #13 Economizer - HPLT economiser 2
Temperature Control Bypass jit >>
Pump >>
ReCirc i >
Input from Cyde >>
Output to Cyde >
Remove << Cold

Steam / Water Source
Cyde -

Figure 74: Low-pressure arrangement

Figure 75 shows the design data for the HRSG. The inlet flow and temperature of gas were specified.
For each component, pressure (inlet and outlet), enthalpy (inlet and outlet) and mass flow (outlet)

were entered, as well as the UA mass flow scaling exponent.
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Appendix E. Triple Pressure Virtual Plant Inputs

HRSG Gas Inlet Flow : 587 kagfs HRSG Gas Inlet Temperature

Section Conditions
Pressure Enthalpy Flow
(bara) (k/ka) (kafs)

Section No. 1 - Superheater - HPHT superheater UA Adjustreent Mulipher
Steam Outlet 97.7 3546.46 78.2 ]&[ UA Mass Flow Scaling Exponent
(= A A 7.7 3176.18 IE[ Section Heat Loss (%)
Section No. 2 - Superheater - HT reheater UA Adjustment Multiplier
Steam Outiet 214 3615.55 83.2|| Cac | 1ja Mass Fow Scaling Exponent
Steam Inlet 214 3305.51 ]E; Section Heat Loss (%)
Section No. 3 - Superheater - HPLT superheater UA Adjustment Multipher
Steam Outiet 97.7 3176.18 78.2 | Cac | ya Mass Flow Scaling Exponent
Steam Inlet 97.7 2725.62 !E[ Section Heat Loss (%)
Section No. 4 - Superheater - LT reheater UA Adjustment Multiplier
Steam Outlet 214 3305.51 832 || Calc | ya Mass Fow Scaling Exponent
Steam Injet 214 3131.67 |§I Section Heat Loss (%)
Section Number 5 - Evaporator - HP evaporator U Aditmert Maiphar
Steam Outlet 97.7 2729.62 72| | cac | UA Mass Flow Scaling Exponent
Water Inlet 135 | Cakc | Saction Hest Loss (%)
Section No. & - Economizer - HPHT economiser UA Adjustment Multipher
Water Outlet 97.7 1385.85 78.2 |3[ UA Mass Flow Scaling Exponent
Water Inlet 97.7 1137.77 IE[ Saction Heat Loss (%)
Section No. 7 - Superheater - 1P superheater UA Adjustment Multipler
Steam Outiet 214 2540.17 5/| Calk | ya Mass Fow Scaling Exponent
Steam Inlet 214 2793.71 |§! Section Heat Loss (%)
Section No. 8 - Superheater - LP superheater UA Adjustment Multipher
Steam Outlet 4.1 3025.82 9.8 !3[ UA Mass Flow Scaling Exponent
Steam Iniet 4.1 2735.18 |EI Section Heat Loss (%)
Section No. 9 - Economizer - HPIT economiser UA Adjustment Multipier
Water Outiet 97.7 1137.77 782 | Calc | ya Mass Flow Scaling Exponent
Water Injet 97.7 938.95 li\ Section Heat Loss (%)
Section Number 10 - Evaporator - IP evaporator UA Adjustment Multipher
Steam Outlet 214 2799.71 5|| Calc | 13 Mass Flow Scaling Exponent
Water Inlet 915.28 IE\ Section Heat Loss (%)
Section No. 11 - Economizer - HPLT economiser 1 UA Adjustmant Mulipher
Water Outiet 57.7 938.95 782 | Calc | A Mass Fow Scaling Exponent
Water Inket 97.7 632.83 IE—\ Section Heat Loss (%)
Saction No. 12 - Economizer - IP economiser UA Adjustment Multipler
Water Outiet 21.4 915.28 5 li‘ UA Mass Flow Scaling Exponent
Water Iniet 214 609.66 !E\ Section Heat Loss (%)

624.8 °C
1 | Scaling |
0.65
0 %
1 | Scaling |
0.65
0 %
1 'Sd\g‘
0.65
0 %
1 [Sﬁng|
0.65
0 %
1 |Scﬁ\g|
0.65
0 %
1 | Seaiing |
0.65
0 %
1 lSahg|
0.65
0 %
1 | Scaling |
0.65
0 %
1 | scaing |
0.65
0 %
1 |Scﬂ|g|
0.65
0 %
1 \Sﬂ\g|
0.65
0 %
0.65
0 %
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Appendix E. Triple Pressure Virtual Plant Inputs

Section No. 13 - Economizer - HPLT economiser 2 ) ) ' T

_ = - _ UA Adjustment Multiphier 1 | Sealing |
Water Outiet 57.7 632.83 782 Galc |y Mass Flow Scaling Exponent 0.65
Water Iniet ' 27 61455 Calc | Saction Hast Loss (%) 0o %
Section Number 14 - Evaporator - LP Evaporator UA Adjusimant Muliplr - 1|m|
Steam Outiet 41 1735.18 58 UA Mass Flow Scaling Expanent 0.65
Water Inlet 599.98 Calc | Section Heat Loss (%) 0 %
Section No. 15 - Economizer - LP Economiser . "

UA Adjustment Multiplier 1 | Scaling |

Water Outiet 41 553.38 93 C8c | ya Mass Flow Scaling Exponent 0.65
Water Inlet 4.1 209.68 Calc | Section Heat Loss (%) 0 %

Figure 75: Virtual Plant inputs for HRSG design data
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