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Stagger Angle

Blade Angle

Leading Edge

Trailing Edge

Relative Velocity

Deviation Angle

Camber Angle

Mass; Mass Flow

Chord

Pitch

Incidence Angle

Enthalpy

Pressure

Pressure Drop

Density

Area

Blockage Actuality Functions
Work

Velocity

Temperature

Gas Constant

Specific Heat

Coefficient Loss

Coefficient

Solidity

Deterioration Factors

Flow Deflection; effectiveness
Efficiency

Fuel Low Heating Value
Fraction Composition

Air Fuel Ratio

Factor

Combustion Chamber Correction Factor
Temperature Difference

Heat Transfer Surface, Entropy
Velocity Loss Coefficient

Mach Number

Throat Section

Dynamic Viscosity
Mechanical Power

Heat Quantity; Thermal Power
Heat Transfer Coefficient
Thermal Conductivity
Heat Capacity

Number of Transfer Units
Ratio

Heat Ratio

Number of blades in a row
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E
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L

ref
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p

deflection

inlet, value order
rotor

Euler

secondary losses
lift

reference
annulus losses
profile losses; pressure
fuel, loss
cooling
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1. Introduction

In recent years, due to the growth of powerful computing resources, the development of robust
computational models and efficient algorithms has led to develop detailed models able to describe the
behaviour of single component and of complex plants.
Two different approaches can be followed:

* Component behaviour is described by Input-Output relationships that can be represented and
implemented by global equations;

* Component behaviour is described by models simulating the physical behaviour of machines and
apparatuses. Different goals can be taken into consideration:

- preliminary thermodynamic evaluations of cycle processes by taking global parameters
into account;

- determination of sizes that represent the design of machines and apparatuses at the
nominal conditions. Such models are oriented to machines and apparatuses performance
calculations taking also governing equation source terms (work exchange, heat transfer,
entropy production, species etc.) into consideration. Empirical relations based on
manufacture and user data, technical literature background and so on, can be taken into
account;

- component and plant off design and part load behaviour analyses under steady-state and
transient conditions can be calculated.

Nowadays, plant behaviour can be described by elementary modules representing single components or
macro modules describing the behaviour of complex plant sections. To represent the plant such modules are
matched together. Various platforms allow an easy build-up of the plant but the component models quite
often can be adapted to new machines and apparatuses with some difficulties. To overcome this problem
RO3, in connection with past EU Projects, has developed models that have shown to be valid and flexible.
Such RO3 models are easily adaptable to new components and can allow the introduction of modifications
for machines and apparatuses.

In the following paragraphs a general mathematical representation of the plant is given together with the
solution approach. Also the models are presented. Finally the component models adapted by RO3 Research
Unit to establish a 300 MW F Class Gas Turbine simulator are shown.

2. Background

Each thermo-mechanical system usually is made of many components each of which is devoted to one
process transfer of heat, of work, of combustion etc.. Closed loop plants or equivalent ones (like IGCC
plants, steam cycles, gas turbines, combined cycles, etc.) can be plotted as in fig. 2.1 where blocks 1, 2 ...
represent components or group of them. In such a figure connections between components, input and output

streams are schematically represented (E]Un being the vector of the useful inlet quantity fluxes, F g being the

vector of fluxes of useful quantities, while F g being the vector of fluxes of rejected quantities).

RO3-D4.2.2 Page 7 of 105



in

Fig. 2.1: Generic plant diagram

Behaviour of a generic plant can be described by an equation set:

F(z)=0 2.1
and by an inequalities set:

D(z)=0 (2.2)
zbeing the overall variable set:

z=yUbUuUg (2.3)
y being the variable set:

y=¢Ux (2.4)
made by independent variables & (DOFs) and by unknown variables x.

b being the boundary conditions set (ambient, etc.)

u being the status of the system set made of r, and a P

u=r,Ua, (2.5)
RO3-D4.2.2 Page 8 of 105
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g being architecture and geometric data.
Moreover, FER", DER’, EER, xER", uER*, bER’, gER®

In general equations F are highly non linear and express conservation of mass, momentum, energy and
entropy, and other phenomena such as work and heat transfer, combustion, pressure loss, etc. F includes also
fluid properties, auxiliary equations, machine and equipment specifications. Equations can also be expressed
in terms of graphs or tables. D represents a set of physical, thermal, chemical and geometrical conditions, as
well as other constrains which determine the domain where the problem (2.1) solution exists.

The values associate to the vector ¢ components usually is establish &, according to suitable criteria one

of which can be the search of an appropriate objective function optimum value. X is the solution of (1.1)
and (1.2). Of course quantities can be exchanged between X and & .

r, and a are the vectors of realty functions and actuality ones respectively. Reality functions r are

introduced to accommodate the model to reproduce the existing component behaviour in a reference
situation (New & Clean). Since during operations the component features behaviour change continuously
due to various phenomena leading to performance modification, the model of each component has to be
tailored to the new situation. Therefore the models of the major components include suitable actuality

functions a % that can represent the actual status of the component. ¢ - accounts for the deviation of the

actual component performance from a condition assumed as the reference.

Thermo-mechanical systems are described adopting a modular approach. This means that each
component, or group of components, is described by a module whose structure may be defined by one or
more subroutines. Each subroutine contains the model of the corresponding elementary unit (i.e. a
compressor blade row, heat exchanger zone and so on). Complex components are built up linking various
subroutines as macro-components (i.e. a compressor is built up calling the stator and rotor blade rows, VIGV
(Variable Inlet Guide Vane) and OGV (Outlet Guide Vane) routines if needed; waste heat recovery system is
built up calling the subroutines for all the requested sections).

2.1 Component and lumped features and performance

RO3 modelling approach is based on a FV lumped feature and performance discretisation of components.
The approach is addressed to model any kind of machines and apparatuses made of elementary components
such as: compressor rows, expander rows, combustion chambers, heat exchangers, pumps, etc. Taking the
compressor as an example, a generic row by row scheme as reported in figure 2.2 is taken into consideration.

Stage 1

_olages ;
Stage 2 Stage i-th

i

Station ) 11 12 13421 22 23430 (D).

Fig.2.2: Generic compressor row by row scheme

RO3-D4.2.2 Page 9 of 105
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The compressor is divided into each representing a stator or rotor cascade. Each row is included in finite
volumes FV’s delimited by a boundary, as figure 2.3 shows.

The inlet station and the central node are described by the same number J

Fig.2.3: Finite Volume Row — Stations and central Node

Real three dimensional time dependent measured flow features are taken into account by lumping on the FV
boundary models J and J +1the distributions of quantities of interest such as pressure, velocity,
temperature, etc., by means of an averaging procedure on surface and time. Moreover the lumping procedure
is adapted for the quantities that are involved in the component performance calculation according to the
implemented modules. The lumped features are reduced to the FV central nodes J,. A scheme of a
compressor model is given in figure 2.2 with the Blade Row Finite Volume scheme given in figure 2.3.
Similar approaches are adopted for other devices. e.g. a heat transfer device such as a shell & tube heat
exchanger can be modelled according to the FV elementary device given in figure 2.4a. For a condenser the
FV approach leads to a multi-zone heat transfer device depicted in figure 2.4b

NS
- XKl X X
I I
& _— e - —&— - - —&|+————
X X X
N
Fig.2.4a: Tube Bundle — Stations and central Node
Page 10 of 105
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Fig.2.4b: Condenser — Multi-zone heat transfer device

2.2 Methodological Approach
Equations and inequalities (2.1, 2.2, ...) describing machines and plant behaviour are addressed to solve
different kind of problems. RO3 methodology is based on different steps:

* Cycle Calculation: this procedure is related to preliminary cycle calculation whet the cycle
potentials are going to be investigated with only few constraints concerning thermodynamic
quantities. Data are usually related to the state of the art machinery and equipment’s (i.e.
efficiency, heat transfer effectiveness and so on). If related to such above quantities cost
specifications are available an optimization procedure can take place. Thermodynamic
optimisation is always possible. Indeed overall plant efficiency and specific of work or a
combination of these quantities may be chosen as objective function. Results of this calculation
are thermodynamic quantities at some plant stations, mass flows, value of powers crossing
component boundaries and overall performances.

* Sizing: this phase is preliminary to the next component off design component and plant part load
analyses. It consists in the calculation of size of machines and equipment’s and alternative global
parameters to describe off-design behaviour of components. Input data are from the previous
cycle calculations or may come from data base DB related to the commercially available
machines and equipment’s whose design features are close to that of required cycle calculation.
In this phase specifications concerning costs of machines and equipments are used for optimized
design. Results of this inverse calculation phase may be devoted to equipment and machine
preliminary designs, but at present, they are mainly addressed to the next plant off-design
investigation.

* Off-Design Analysis: this direct phase investigation requires the knowledge of geometric data,
architecture and some global parameters related to the plant components. Maps of the machine
and equipment are obtained and how they match in the plant is studied. Changes in the
independent quantities (DOF’s) may be investigated according to control policies the related
rules may be implemented as specifications. In this casa the component state quantities (u) may

RO3-D4.2.2 Page 11 of 105
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be used to optimize operations according with load requirements (electric and thermal power)
which are implemented as time dependent constraints.

2.3 Solution strategy

Once the parameters u and the degree of freedom y have been given, the search of the unknowns z may
be performed by minimization of the plant unbalance function.

A(z) = F(z)TF(z) (2.6)

When the solution of F{z} i s achieved (ie. Z= z ), A(Z) s zero.
The necessary condition A(Z} minimum is achieved, the following n equations have to be satisfied.

n

of; o
Z;fja—zi_o Vi €[Ln]
=

(2.7)
Of course this occurs when:
fiz’)=0Vj e[1l.,n] (2.8)
In this case, the Hessian matrix of A(Z} i s definite not negative for 2~ = z
af;(z”
1@ 0vj €[1.n]
dz; (2.9)

In this case Z~ isa stationary point for function f j (z)’ therefore, it may not be the searched solution point.

The above suggests the idea that stating the following minimization problem
minimize {A@)| F.z,y) = 0: D(w.z,y) 2 ;u=u'+ y=y'+} (2.10)

The solution of Fu.z, ¥} =0 ith Diw,z,¥! > 0 s assumed because constraints of the minimization

problem are both equations F{z) and inequalities D2}
At any k-th step, A(Z) represents the plant unbalance that vanishes when the solution is achieved.

2.4 Objective function definition
In order to solve problems of sizing, optimization, matching an appropriate algorithm (ECRQP) for the
search of the minimum of an objective function has been adopted. In relation to the issues addressed, the

objective function takes on different expressions. Indeed a set of objective functions fob& R"may be
established. The global objective function Fob is

N
F0b=21wj-f0bj (2.11)
J=

The first element, for j =1, represent the unbalance A (A =1- fob)), the other elements may express a

special objectives (like initial cost, operating cost, volume, weight, etc.) and weight vector elements w’ can
take the value zero or one. Of course W, always must be 1.

Adopting the suitable formulation of the objective function Fob and the vector of unknown quantities  the
following problem may be solved:

Search z : min {Fob‘F(&, x,b,u,g,r;,a,)=0;D(& x,b,u,g,r;,a,)=0 } (2.12)

RO3-D4.2.2 Page 12 of 105
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Matching constraints and therefore plant unbalance are still taking into consideration.

2.5 Solution Methods

Various optimisation techniques based on Equality Constraint Recursive Quadratic Programming
(ECRQP), Genetic Algorithms (GA) and Simulated Annealing (SA) as well as hybrid GA-ECRQP and SA-
ECRQP have been applied and compared (Cerri, 1996; Cerri et al., 2005; Boccaletti et al., 2000). The choice
of the most suitable one depends on the peculiar problem to be solved.

2.5.1 Simultaneous

Simultaneous means that all the unknown variables are foreseen (i.e. each assume a proper value) at the
beginning of any step (iteration). Since all the unknown quantities are assumed in the iteration (see fig. 2.5)
the contributions of all the component to the objective function (components unbalance, costs, etc.) and to
the constraint structure may be calculated. Therefore the plant performance (when it is under an unbalanced
condition), costs, emissions of pollutants and the objective function are evaluated. All components are
described by equations which express: conservation of energy, mass, momentum and entropy (second
thermodynamic law); other phenomena on physical or empirical basis such as work and heat transfer,
pressure loss, etc.; fluid properties and auxiliary equations.
Components are described by algebraic relationships and by differential equations which are reduced to
algebraic ones by adopting a finite difference procedure. Performance of a plant component is related to its
load level. This relationship is influenced by its history (ageing, deterioration, fouling, maintenance and so

on).

initial guess

Variable attribution to modules
X

Module Module Module Module

Calculation of fob (x)
Built of the constraint array

No

Fig. 2.5 : modular structure calculation method - ECRQP

Problem (1.4) could be solved adopting an optimisation technique developed by Cerri (1991, 2010) based on
ECRQP that provides to introduce two merit functions:

RO3-D4.2.2 Page 13 of 105



* the penalty function:
1 ;
P(z,r)=Fob(z)+—-Vv'v (2.13)
r

I being the penalty parameter and V being the vector of active constraints.

* the Lagrange function:
L(z,A) = Fob(z) + A"v (2.14)
A being the set of Lagrange multipliers related to the constraints.

The parameter /" must be positive and when it tends to zero the minimum of P(z,r)tends to the minimum
of Fob . The minimum of L(z, A)also coincides with the minimum of Fob .

The solution is found starting from an initial tentative solution X,. At the generic k™ iteration the step

d, (which moves the tentative solution from z,to z, . =2z, +d,) is searched by solving a quadratic-
k k kel = 2 Ty y
programming problem. The objective function is a quadratic approximation of Fob :

|
Fq=fkdk+5d,fdka (2.15)

being the gradient of the Foband H, its Hessian matrix, both evaluated at point z,. Second order
k g g k k

Taylor’s series expansion around z, lead to approximate expression of the penalty function gradient:

VP(z,,r,) = f, +H,d, +%(A,ka +A4,A47d,) (2.16)
k

and the Lagrange function gradient:
VL(z,, A) = f, +Hd, + A 2, (2.17)
A, being the Jacobian matrix of active constraints calculated for z = z, .

The search of d, is performed by imposing the condition of minimum P (VP(z,,7,) = 0)and using further

conditions resulting by equating the right terms of Eqs. (2.16) and (2.17). Therefore the steps towards the
minimum of Fob (z)are performed along the locus of penalty function minima, as shown in figure 2.6.

RO3-D4.22 Page 14 of 105
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Fig. 2.6: Solution Path along the Locus of P(z,r) Minima

2.5.2 Sequential

The most widely adopted method is the sequential one, by this method the plant is divided into modules
corresponding to the plant components. For each module subsets of equations and inequalities are
established. Each module is analysed sequentially, module outputs are solved from input quantities. Two
major aspects related to the computing time have to be pointed out. The first is connected with the non
linearity of the module equations which require internal iterations to get outputs. The second is related to
closed loops and recycling streams (i.e. when the module under analysis needs other not yet analysed module
outputs means that those variables have to be given as tentative ones, therefore external iteration levels in
order to have balanced solutions of subsystem process groups). From given data, usually the solution starts
from one module and continues following one fluid streams.
Due to the component equations being non-linear and really numerous for complex plants, various level
(nested) iterative loops are needed. This method requires a big computation effort and a long CPU time.

2.5.3 Hybrid

The hybrid process consists in the division of the variables into different sets: one is the Dependent
Variables DV that are the unknowns of the independent equation set; the second variable set consists in the
Independent Variables /V that have to be given a priori and do not change during the calculations. The IV set
is made of the degree of freedom DOF’s and of the Boundary Variables BV or f such as ambient
conditions and similar ones. The hybrid approach consists in dividing the calculation environment into two
zone. In the first zone the IV set is established and the final outputs are saved. The second zone consists in
the calculation of the DV set using the Non Linear Equation Solution NLES that can be performed by a
simultaneous or sequential approach. This hybrid methodology is suitable also for the solution of
optimization problems. In this case the DOF set is divided in two sets. One is £ that consists in the DOF’s to

be optimized and the remaining /s consists in the f set whose components [, remain constant during the

calculations.
Accordingly there are three zones:

* the first zone inputs inside the calculation process a suitable & and calculates the related objective
function.

* the second zone inputs into the calculation procedure the f set.

* the third zone provides the calculation of the unknowns by a simultaneous or a sequential procedure

RO3-D4.2.2 Page 15 of 105



Maps of the plant can be calculated by suitably changing the point inside the f domain.
The above procedure is implemented by RO3 Research Unit by adopting Genetic Algorithm G4, Simulated

Annealing S4 and ECRQP. The GA-ECRQP hybrid algorithm is schematically represented in figure 2.7.

Generate a population

of individuals
Balanced plant solution Updating &
by local ECRQP new generation
l Natural Selection
Mutations
Elutration

Calculation of fitness

No

Max fitness 7

Fig. 2.7: Hybrid methodology — Genetic Algorithm/ECRQP
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2.6 Modular approach

With reference to section 2.1, a thermo-mechanical system may be described by modules each
corresponding to a component or sub-component of a plant. This is achieved by splitting the F (equations)
and D (inequalities) function vectors in subsets of equations
@, (d",x")=0 (2.18)
and a subset of inequalities

3, (d",x")=0 (2.19)

Of course the above subsets must satisfy the following conditions

F=(I>1UCI)2U(I>jUCI>Z (2.20)
and
D=51U52U(5jU5Z (2.21)

Each pair @ , 5, represents a module that can be a real component or a fictitious one; z being the number

of modules.
A module is schematically represented in fig.1.3 variables x" are input; output quantities are:
values assumed by equalities d)j, and inequalities 5, ;

the partial plant unbalance (component unbalance) Aj;
other partial objective functions which represent component contributions fobj

other quantities of interest.

Due to the peculiarities of the simultaneous solution method, implementation of component specifications
which generally are function of both component inlet and outlet quantities is really simple in these modules.

- A J.(x) Unbalance
Xy Lth —p &, c Equalities
. _’ MODULE _> 5jghlequalities
vatiables —> fobjPaxtial objective function
—p Other ( e.g. costs, entropy production, exergy
T destruction, etc)
Module Specification

Fig. 2.8: Schematic Module Specification
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IN variables
«COMD = Physics (thermodynamics,
mechanics), Chemistry,
COMD Life Consumption Modelling,
M etc.
g TSAC +TSAC = Total System Analyses and
U Costing
COEM
Ié «COEM = Component Environmental
— — DB Modeling

DB = Database Management
OUT quantities

Fig. 2.9: block showing the connections between the module and the sections which produce the single objective

function contribution

Fig. 2.9 shows the connections between the sections which treat thermodynamic, mechanical, emission, cost
and control aspects. Each module may activate the sections that are of interest for the present study, each
section produces the single objective function contribution.

The single module calls the COMD sections (TH and ME in fig 2.9). The results of COMD are given to
the other sections. TSAC and COEM contribute to the module objective function. A section of program built
the global objective function by the single module contributions and calls the solution routine.

RO3-D4.2.2
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3 List of models
The list below shows the models that have been developed by RO3 on his own. These models can be
adapted to the H2-IGCC plant.

- Weather Hood

- Air Filter

- Evaporative Cooler

- Coil

- Compressor

- Combustion Chamber

- Expander

- Diffuser

- Ducts connecting GT components
- Steam generator 1 (fired)

- Steam generator 2 (fired)

- Heat Recovery Steam Generator (HRSG)
- Superheater

- Boiler

- Economizer/Preheater

- Postfire

- Steam Turbine (1)

- Steam Turbine (2)

- Steam/water surface heat exchangers
- Deaerator

- Storage Vessel

- Pump

- Attemperator

- Gassifier

- Process compressors, fans and pumps
- Fluidized beds

- Heat Exchangers

- Junctions

- Valves

- Splitters

- Mixers

- Electric power generator

- fluids properties

4. Description of the models

4.1 Fluid Properties

Fluid properties routines have been derived by those already existing at RO3. Improvements concerning
easy and fast utilization and more accurate description (such as the influence of ambient pressure on humid
air properties). The amount of water vapour existing in the air varies with different conditions. Gas mixtures
(e.g. O,, N,, CO,, H,0O) with emphasis to air and combustion gases have been taken into consideration.
In this context revision of fluid properties have been done to identify the state of the flow (which may be in a
mono-phase or two-phase flow) and routines have been improved to calculate thermodynamic properties at
different conditions. Special modifications have been carried out by RO3 to allow the functions calculated
from the two sites, wet and superheated, to have the same value on the dry saturated steam line.

4.1.1 Properties of two phase flow system

As discussed above, the air contains water, which could be in the form of vapour phase and liquid phase.
Thermodynamically it is a difficult task to obtain the properties of the mixture undergoing a phase change.
However assuming thermodynamic equilibrium for the system the properties of the mixture can be obtained,
based on the following concepts:
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Specific heat at constant pressure for two phase flow
The specific heat of a two phase flow mixture at equilibrium is defined as the rate of change of enthalpy with
respect to temperature at constant pressure, i.e.

ep=[ U7
dT ‘P 4.1)

Since the enthalpy of the mixture at equilibrium is the sum of the enthalpies of the chemical species in the
gas phase and enthalpies of the liquid phase, i.e.

H-= mghg +mph; 4.2)
where (g) and (1) denotes the gas phase and liquid phase in the system.

hg = f (T, pi, mass fraction of chemical species in the gas phase) 4.3)
hy =1(T) 4.4)
Thus the specific heat of the system is given by

Cpsys_ dT + dT 4.5)

being
mg +m) = constant

which implies that

dmg _ _ﬂ
dT dT

thus, eq. 4.5 can be written as

dhg = dhy

dml
“Psys =M g1 TM g1 dT

hy-h
+hy ~hg) gy (4.6)

Note that the first term in the right hand side of eq. 6 indicates the specific heat of the chemical species in the
gas phase, the second term indicates the specific heat of liquid phase, and the last term indicates the rate of
change of liquid to vapour phase at constant pressure.

Hence the specific heat of the system can be expressed as:

_Hp-H

Cpsys B T,-Ty 4.7)

where (H,) denotes enthalpy at temperature (T,)and (H,) is the enthalpy at (T;).

Specific heat at constant volume for two phase flow

The specific heat of a two phase flow mixture at equilibrium is defined as the rate of change of internal
energy with respect to temperature at constant volume, i.e.
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ev=[ gy

dT (4.8)

Since the internal energy of the mixture at equilibrium is the sum of the internal energy of the chemical
species in the gas phase and internal energy of the liquid phase water, i.e.

U =mgug +myy (4.9)
Being:
ug = hg —RgT; (for gas phase flow)
up=hy- psat (for liquid phase flow)
Pw
Rg = f(T;, p;, mass fraction of chemical specious in the gas phase)
p W = f(Tl) Psat = f(T )

(Pgq) is the saturation pressure and (P W ) is density at liquid water saturation.

The specific heat of the system is given by

d(mgu d(mju
Cvsys = ( dgl" g) (d"ll" D (4.10)

which can be expand as

du du dm
Cvsys = Mg dTg +my dTl +(up - ug) 1 4.11)

Again the first term in the right hand side of eq. 4.11 indicates the specific heat of the chemical species in the
gas phase, the second term indicates the specific heat of liquid phase, and the last term indicates the rate of
change of liquid to vapour phase, at constant volume.

Cvsys = I%; }Fjll (4.12)
where (U,) is the internal energy at temperature (T,) and (U,) is the internal energy at temperature (T;).
Density of a two phase flow system

The density of a system is defined as the mass per volume of the mixture and is given as:

p="1 (4.13)

The volume of the chemical species in the gas phase of the system is function of pressure, temperature and
gas constant Rg, and gas phase composition.

V, = 1(pi, Ti, Rg, gas phase composition) (4.14)

Also the volume of liquid phase is function of temperature and saturation pressure, i.e.

Vi =1(Th) (4.15)
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Thus the total volume of system is
Vsys = Vg+ V| (4.16)
The density of the system per kg of mass is
4.17)

Psys = Tys

sound velocity for a two phase flow system

All the substances are compressible. The compressibility of any fluid id defined by the Bulk Modules of
Elasticity denoted by (Ks) and is given by

dP
Ks = (%X (4.18)
p(dp

The sound velocity for the chemical specious of the gas phase in the system is

K
C= yRgTi= /pj (4.19)

where (g) denotes the chemical specious of gas phase in the system. Thus the bulk’s modules of elasticity for
the gas phase is given by

Ko = RoTi (4.20)
g=Pg¥Rg
Hence the sound velocity of the system containing liquid water can be expressed as (Alan Vardy, 1990);

p4YRgTi
C _ -9
SY$ Psys

(4.21)

The speed of sound in a mixture containing liquid water is much smaller than the speed of gas phase alone.
In a mixture containing liquid water the compressibility factor is governed by the air whereas the density is
governed by the water.

4.1.2 Fluid Property routines developed

To show the fluid properties behaviour with different chemical composition and at various physical
conditions , which may be encountered in practice, the following routines have been developed to meet the
necessity of having an inlet temperature ranging from -50°C to 60°C for various humidity conditions.

-  VOLTMAFR (volume to mass fraction routine) for a given ambient condition (i.e. dry volumetric
compositions [XV]ay, (consisting of O,, N,, CO,, H;0), relative humidity [¢], pressure [pi],
temperature [T;]). This routine evaluates the mass fractions of the mixture [ XM ]y (consisting of O,,
Nz, COz, and H20)

IN ouT
__ | VOLTMAFR | “~
pi’ Ti’ [XV]dry, (P [XM]wet
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GSVLTOMS ( gas volume to mass fraction) this routine evaluates the mass fractions of the
mixture [XM]yet (consisting of Oz, Na, CO,, H,0), total mass fractions(FMi) and gas
molecular weight (MWyg,), for a given volumetric fractions of the mixture [XV]ary,
(consisting of O, N», CO,, and H,0).

IN ouT
l GSVLTOMS l
[XV]dry, [XM]wet, ’ FMtotaI, MWgas

PARPR ( partial pressure of the gas mixture) this routine evaluates the partial pressure of different
components in the mixture (i.e. PPo,, PPna, PPcoa, PPrao,) for a given pressure(p;), and volumetric
fractions of the mixture [XV]qy, (consisting of O,, N, CO,, H,0).

IN PARPR ouT
— >

Pi, [XV]dry, PPo2, PPn2, PPco,
PPh20

PPSTRH given ambient condition ( i.e. dry volumetric compositions [XV]4y, (consisting of O,, N,
CO,, and H,0), relative humidity[¢], pressure [p;], and temperature[T;]). This routine evaluates the
saturation pressure[psy], partial pressure of vapour [pmao], volumetric compositions of the mixture
[XV]wet (consisting of O,, N,, CO,, and H,0), humidity ratio [Hu], and dew point temperature of the
mixture [Tgew].

IN OuT
) PPSTRH I
pi’ Ti’ [XV]dry, (P [psat]’ [pHZO]’ [XV]wet ) [Hu]’
[Tdew]

CHECK (subroutine check) for a given pressure(p;), temperature(T;), and fractions of mass
compositions in the mixture [XM]y (consisting of O,, N, CO,, and H,0O). This routine checks that
the system is a mono-phase or two-phase flow. If there is a possibility of existence of water in the
system it calculates the amount of water in the system (Mya,er), total mass of chemical species in the
gas phase of the system (Mg,), and gas mass fractions of each chemical species in the system

(XMgas)-

IN CHECK ouT
—P —>
Pi, Ti, [XM]wet, @ [XM]gas, Mgas, Muwater,

GSTHPRM (gas thermodynamic properties) for a given pressure(p;), temperature(T;), and mass
fractions of gas mixture [ XM ]y (consisting of O,, N,, CO,, H,O). This program is used to recognize

RO3-D4.2.2
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the mixture condition (i.e. is it a mono-phase or two-phase flow). If it is a mono-phase flow the
routine calculates the mass of each chemical species in the gas phase. If there is a possibilities of
existing of liquid water, it calculate the mass of liquid water (M), and the mass fractions of each
chemical species in the gas phase of the system (XMg,). In addition the routine calculate the
thermodynamic quantities of the mixture (i.e. specific heat at constant. pressure [Cp], specific heat at
constant volume [Cv], gas constant[RG], specific heat ratio of the system [k], polytropic exponent of
the mixture [¢], sound velocity [Cs], and density of the gas mixture for the-mono phase flow or two-

phase flow [p].

IN ouT
I GSTHPRM I
pi, Ti, [XM]Wet [XM]gas ) [M]gas ) [M]water ,

Cp, Cv, k,RG, ¢, Cs, p

- TWOPH (two phase flow) for a given pressure(p;), temperature(T;), and fractions of wet mass
compositions in the gas mixture [XM],, (consisting of O,, N,, CO,, H,0). This routine obtains the
thermodynamic properties of the mixture, when some amount of water exists in the mixture (i.e.
specific heat at constant pressure[Cp], specific heat at constant volume [Cv], specific heat ratio of
the system [k], polytropic exponent of the wet mixture [€], density of the mixture [p], and sound
velocity [Cs]).

IN ouT
N TWOPH ERN
Pi, Ti, [XM]wet Cp, Cv, k, RG, ¢, Cs, p

- ENGA2 (enthalpy of gas mixture) this routine calculate the specific enthalpy of gas phase mixture
for a given pressure (p;), temperature (T;), and fractions of compositions [ XM ]y (consisting of O,,
N,, CO,, H,0). In this routine the heat of vaporization of water vapour is not considered.

IN ouT
ENGA2
Pi» Ti, [XM]wet hgas

- HGA2 (gas enthalpy) calculate the specific enthalpy of a gas mixture for a given temperature (T;),
and mass fraction of compositions [ XM ]y (consisting of O,, N, CO,, H,0). In this routine the heat
of vaporization of water vapour is not considered.

IN ouT
HGA2
Ti, [XM]wet hgas
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-  ENGAI (enthalpy of gas mixture) this routine calculate the specific enthalpy of gas phase mixture
for a given pressure (p;), temperature (T;), and fractions of compositions [ XM ]y (consisting of O,,
N,, CO,, H,0). In this routine the heat of vaporization of water vapour is being considered.

IN ouT
l ENGA1 l
Pi» Ti, [XM]wet hgas

- HGAI (gas enthalpy) calculate the specific enthalpy of a gas mixture for a given temperature (T;),
and mass fraction of compositions [ XM ]y (consisting of O,, N, CO,, H,0). In this routine the heat
of vaporization of water vapour is being considered.

IN ouT
) HGA1 R
Ti, [XM]wet hgas

- GASCO for a given air compositions [ XM ]y (consisting of O,, N,, CO,, H,0), fuel constituents
[XM]ge (consisting of C, Hy, O,, Ny, S, H,0), and air-fuel ratio (o).
This routine determines
1) fractions of gas products at combustion chamber exit for burning 1 kg of fuel [XM ]y
(consisting of Oy, N,, CO,, H,0).
2) stoichiometric air-fuel ratio, and
3) % of excess air.

- SPHTG calculate the specific heat of the gas phase at constant pressure for a given gas temperature
and gas compositions ( consisting of Oy, Ny, CO3, and HO ).

Accordingly, computer programmes have been written for each of the above cases, incorporating correlations
for calculating the gas properties, by implementing the concepts discussed above. The list of input and output
quantities developed for each of the above routine and the other ones available are given in appendix A.
Moreover already existing water steam thermodynamic functions have been improved to have a shorter
computing time. Modifications to traditional subroutines have been introduced, to have an exact matching of
enthalpy values (and of other quantities) on both saturated water and saturated steam lines when such
quantities are calculated with functions valid in two adjoining regions. In order to calculate the
thermodynamic quantities below the triple point, properties of solid phase and solid-vapor mixture phase
have been added to the routines. The list of input and output quantities developed for each routine is given in
appendix B.

The flow diagrams given in appendix C shows the details of calculation procedure for the following cases:
Analysis of fluid properties for a mono phase flow system.

Recognise the system is a mono phase or two phase flow and calculate the mass of gas phase, mass of liquid
phase, and mass fraction of each chemical species of the gas phase in the system.

Analysis of fluid properties for a two phase flow system.
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4.2 Equivalent thermodynamic quantities

The calculation of gas turbine processes usually are performed iteratively due to the non-linear
relationships which relate the working fluid thermodynamic and transport properties to pressure and
temperature. When optimizations are performed, thus a significant amount of computing resources may be
saved if there is a straight forward calculation may be performed as a function of process parameters.
Moreover in on line systems with close loop controls, if load varies to operate the plant optimally certain
input parameters has to be changed accordingly. Under such circumstances it is desirable that the computing
time will be as low as possible. Thus as soon as the load varies, computer may calculate the optimum
parameters for the new operating conditions to be fed back to control unit to operate the plant optimally.
Hence there is a need to find new techniques which can reduce the computing time significantly.
A fast direct calculations of fluid polytropic exponents across compressors and gas expanders, as well as
specific heats across combustion chambers fed with different fuels equivalent to those of real processes have
been studied. Such quantities are expressed as functions of parameters relevant for gas turbine calculations.
In this context various mathematical algorithm and computational methods that were carried out for
calculation of gas turbine gas properties have been reviewed and summarized below:

4.2.1 Background Concepts
In general compression and expansion process thermodynamic differential equations may be expressed as:

AL (4.22)

where polytropic exponent e=R/C, is function of pressure(p), temperature(T) and fluid composition(XM):
e = fi(p, T, [XM]uia) (4.23)

For expansion y =m, and for compression y =1/r. take into account the polytropic efficiencies. The fluid
compositions at compressor inlet consists of different compounds, which may be in the form of gas or
vapour, such as H,O. Thus it is of great importance to recognize the H,O status, to evaluate the effect of
vapour pressure on the gas constant of the mixture.

Owing to relationship (4.23) for €, eq. (4.22) may be integrated by a step-by-step process. Starting from the
initial point p;, T, to the final point p,. If the number of steps are infinite the final integral value t,. is the true
value. In the step-by-step integration the number of steps has been fixed according to the deviate of T, with
the step number to check the asymptotic value. As consequence T, has been assumed as true value. A high
degree of accuracy in the results may be achieved with many steps.

Since in a perfect gas the value of € is a constant value independent of pressure and temperature, the
integration of eq. (4.22) leads to the expression:

23
T
12 _ (pZ) (4.24)
T \py

that suggests the concept of equivalence. This means that taking into account the behaviour of real gases and
vapour it may be established an equivalence between a real gas whose extremes in the integral time are py,,
T, par, Tor and a perfect fictitious gas whose value of equivalent polytropic exponent (g.q) bring to the
following equation;

Tor
T
Por
y In—=
P1r

In

(4.25)
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of course the equivalence will establish a relationship between e.q and the variable parameters involved in the
process, which are:

€eq = B2(p1, T1, B, ¥, [XMtwia) (4.26)

where p; and T, are the fluid inlet pressure and temperature, for compression P=p./p; and for expansion
P=pi/p2. The fluid composition at compressor inlet is consisting of dry air volumetric compositions with a
given relative humidity().

The relationships (4.25) and (4.26) may be found by numerical procedures which give the value of €. in a
domain whose points are characterized by parameters of eq. (4.26) within a proper range of variability.
Similarly the value of equivalent specific heat (C), using energy balance across combustion chamber (Cerri,
1982) is defined as:

C. Nee. [
9 (l+a) (T3-Tp) (4.27)

C.q is the specific heat of a fictitious working fluid whose (a+1) mass units flow through the combustion
chamber entering at temperature(T,) and exit at temperature(T;) after it has received the heat .. I'; .
The value of Ceq can be established depending on the parameters involved in the process, i.e.

Ceq = f3( P2, T2s ATC.C.7 Ne.c» [Xv]dry airs P, [XM]fuela Apc.c,/pin) (428)

where AT, is the temperature difference between the gas at exit(Ts) and air at inlet(T,) of combustion
chamber. The value of Cq in eq. (4.27) is obtained within the domain characterized by parameters of eq.
(4.28) in a proper range of variability.

The value of equivalent polytropic exponents for compressor and gas expander (geq), and the equivalent

specific heat across combustion chamber (Ceq) are calculated separately for n,(more than 2000 points) sets
of random variables. The random sets of variables have been generated using a Universal Random Number
Generator (Forsythe “et al.”, 1997) within the physical range of each component.

The unknown quantities are the regression coefficients which are assigned by optimization method to
calculate the equivalent quantities directly for the random set of variables given in eq. (4.26) and (4.28) with
different polynomial order functions.

The function adopted to find the regression coefficients is polynomial addition with a single constant;

Nk NOk +1

Feq(§) =C11+ 2 L
K=1 J=1 (4.29)

being £ €[1<NVAR <N¢]

The solution method adopted to find the regression coefficients is ECRQP. This method has been described
in detail by Cerri (1996).

4.2.2 Step-by-Step Integration of Compressor and Gas Expander

Using finite difference concept form of polytropic transformation, an equivalent method have been
proposed to calculate the exit condition of compressor and gas expander using step-by-step integration. This
method is based on a variable pressure difference bringing to roughly constant temperature increment.
Consider a thermodynamic process between two ends statuses(1 and 2). Let the process is divided into a
number of small intervals. Using the concept given in eq. (4.22) the exit temperature from each interval is
expressed:
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Tis1-Tj=— 5 (Pj+1-P))

(4.30)

The value of (Tj:;-T;) remains almost constant along the integral, also (pj:1-p;) has been chosen accordingly.
* % %

When the number of steps are sufficiently high the value of T , p , and ¢ may be assumed as a arithmetic
average values of each step. If n, points are assumed n,-1 of eq. (4.30) may be written.

Assuming p;, Ti, pnp and consequently p; (n,-2) the temperatures T; (n,-1) 2= j =n, may be calculated. To
have a roughly constant temperatures difference (Tj:1-Tj), the pressures p; 2= j <n,-1 are chosen according to,

Pig,

Pj+1=Pj + Tj

4.31)

C, control the number of intervals, and is being a suitable constant which tends to zero when n, tends to
infinite. Higher the number of integration steps lower is the value of C,. The above calculation have been
performed in a domain of definition of points Pi(p;, Ti, B, ¥, [XM]uuid), Where k is sufficiently high.
Calculation points have been randomly spread in the domain for any point (k).

Based on the above procedure a value of T,.x has been calculated. Also €.qx is calculated using eq. (4.25)

with Ty =Txk. Using eq. (4.29) and solving T2e k = T1 Kk ﬁ}/geq the error on compression and expansion

has been established as:

Err = 2 (Towk — Toek )2
max (4.32)

Coefficients in eq. (4.29) have been found by mini-max error within a specified domain.

4.2.3 Combustion Chamber Calculation using Equivalent Method
The combustion chamber is treated as a system producing a pressure drop with energy, mass and
momentum conservation and with chemical reaction.
Chemical reactions are assumed to be at equilibrium. Stoichiometric equations have been implemented to
account for oxidation of components.
Air enter into combustion chamber(c.c.) with the following specifications (see fig. 4.1):
fraction of dry volumetric compositions [XV]4y consists of O,, N», CO,, and H,O, with a given relative
humidity (o),
air inlet pressure (p,) and temperature (T,),
Given fuel specifications,
mass fractions of fuel [XM]y, consisting C, S, H,, O,, N,, and H,O(vapour),
fuel lower heating value (I%),
fuel enthalpy (h¢), and
air-fuel ratio (o).
Also for a given combustion chamber design,
combustion chamber efficiency (1...), and
pressure drop across combustion chamber (Ap.../p2)-
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Fig. 4.1Combustion Chamber Specifications

The exit quantities from combustion chamber can be determined as follow,
combustion chamber exit pressure is a function of,

p3 = fu(p2, Ape.c/p2) (4.33)
enthalpy of air at combustion chamber inlet,

hy = f5(p2, To, [XV]ary, @) (4.34)
fractions of mass compositions of the product gases [XM]g,s at c.c. exit,

[XM]gas = f12([XV]ary, @ » [XM]guer , @) (4.35)

The enthalpy of product gases (hs) is obtained from heat balance across combustion chamber, using the mass
and enthalpy concept, i.e.

ahg +hs +ng T

3 140 (4.36)

The product gases temperature (T5) is achieved iteratively using equality constraint that has to satisfy the

state point enthalpy of gases.
The minimum error across combustion chamber is achieved from the difference;

S(ATec.— ATec)?
max (4.37)

Err =

Solving eq. (4.27) AT, is calculated, also AT".. is obtained from regression coefficients of eq. (4.29).
Coefficients leading the mini-max error in the domain.
The list of programs developed for the above procedures are listed in appendix D.
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4.3 Component models
4.3.1 Weather Hood
Figure 4.2 shows the weather hood scheme:
—> —>
m 1,0 Weather Hood m 5, P 2.0 o,
fl_1029f1_1N2’ f1_2029f1_2N2’
fl_lcozafl_lH20 f1_2C029f1_2H20
! perd >
(&4, ) v Ap
Fig. 4.2: weather hood scheme
In the following table module inputs and outputs are described:
Inlet air: Outlet air:
* mass flow * m 1.1 * mass flow m_1.2-a
* pressure * p 1.1 * pressure p_1.2-a
* temperature e T 1.1 * temperature T 1.2-a
* oxygen fraction . f1.1-0, * oxygen fraction f 1.2-0,
* nitrogen fraction e f1.1-N; * nitrogen fraction f 1.2-N;
 carbon dioxide fraction e f1.1-CO, e carbon dioxide fraction  f_1.2-CO;
* steam fraction e f I.1- * steam fraction f 1.2-H,0
H,0
Other global quantities of interest:
¢ global pressure drop coefficient ?g',
* Inlet section A in
* pressure drops at nominal conditions Ap*
* pressure drop index i_perd

Sizing procedure:

Knowing i perd, A in and Ap* or & the module can evaluate the other quantities using the relationship
below:
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Ap=E&-p, 71 (4.38)

p_1 being the air density and w_1 the inlet air velocity.
Once that the pressure drops are evaluated, the module calculates the reference drop coefficient OL* using:
(4.39)

A
_p=ao/L‘2
P

u being the inlet corrected mass flow

_myTh

‘u_
P

(4.40)

Off-design procedure:
(4.41)

The pressure drops are evaluated by means of the following equation:

* ml\/iZ

a
Ap=——"p;"
)2

fdp

o* being the nominal pressure drop coefficient and f 4., being the fouling coefficient <=1.

4.3.2 Coil (Anti-icing)
The anti-icing module can be described as in figure 4.3:
] T at Heat exchanger geometry and architecture

ice>
A

fluid thermal and
fluid-dynamic properties
sp?

<

—>
m 5,01 20 s Coil m 3, Py 3.1 3,

N 205, /i 2Ny, N 305, /1 3N,

h €Oy, fi ,H,0 N 3CO,, £ 3H,0

mhw_ out» mhw_in >
phw_out’ phw_in’
Thw_out Thw_in

Fig. 4.3: anti-icing module scheme
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A detailed description of the global quantities involved is given in the table below:
Inlet air: Outlet air:
* mass flow m 1.2 * mass flow m 1.3
* pressure p 1.2 * pressure p 13
* temperature T 1.2 * temperature T_1.3
* oxygen fraction f 1.2-0, * oxygen fraction f 1.3-0,
* nitrogen fraction f 1.2-N, * nitrogen fraction f 1.3-N,
e carbon dioxide fraction f 1.2-CO, e carbon dioxide fraction f 1.3-CO,
* steam fraction f 1.2-H,0 * steam fraction f 1.3-H,O
Inlet hot water: Outlet hot water:
* mass flow m_hw-in * mass flow m_hw-out
* pressure p_hw-in * pressure p_hw-out
* temperature T hw-in * temperature T hw-out
Sizing procedure
In the sizing procedure the following quantities have to be assigned as data of the problem:
. Inlet air mass flow, pressure, temperature and composition
. Desired outlet air temperature
. Inlet water mass flow, pressure and temperature
. Air and water velocities
. Architecture and geometric specifications
RO3-D4.2.2 Page 32 of 105



** %
.

* *
* *
* ok

P
7 =
H,IGCC

Fluid thermal and fluid-dynamic properties:

Air

Water

specific heat (constant c_p-air

pressure)

specific heat (constant c_v-air

specific heat
pressure)

specific heat

(constant c¢_p-hw

(constant c¢_v-hw

volume) volume)

* dynamic viscosity w_air * dynamic viscosity w_hw

* thermal conductivity A _air * thermal conductivity A hw
Heat exchanger architecture and geometry:

* tube internal diameter di

* tube thickness s t

* tube conductivity At

* tube layout i_maglia

* tube pitch p_t

* heat exchange (physical phenomena) i_scamb

* finning i_alet

* ratio between finned and bared tube external surfaces rap_est

* ratio between finned and bared tube internal surfaces rap_int

* external finning efficiency n_e

* internal finning efficiency n_i

* air velocity w_1°

* hot water velocity w_hw-in

* thermal resistance due to the fouling effect on tube external surface FSC_e

* thermal resistance due to the fouling effect on tube internal surface FSC i

* heat exchange global surface S

* nominal pressure drops Ap*

* anti-icing system activation index iice

4.3.3 Filter

is clean as new) is given as:

The filter pressure drop Aps at compressor inlet with that of actual mass flow at reference (when the filter

ag
x| Maqgj
Apy = Apf| 8| Kq 442)
m air
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m,;;* being the clean reference filter air mass flow; Aps* standard filter pressure drop;
oy filter exponent, and filter fouling factor Ky.

4.3.4 Evaporative Cooler

The evaporative cooler module can be described as in figure 4.4:

latt _evp

T

att

Z,

u

ev?

—>

m1_3sl71_3aT1_3s”1_

Evaporative Cooler

—>

M4, D1 _a>11 45t 4

Nt 4055 fi 4Ny,

f1_302sf1_3N2=
f1_3C02,f1_3H20

f1_4C02,f1_4H20

w_out?

mw_in m
Tw_in > Tw_out >

pw_in pw_out

Fig. 4.4: Evaporative cooler module scheme

List of the variables involved is presented:

Inlet Air Outlet Air
* mass flow m 1.3 * mass flow m 14
* pressure p 13 * pressure p 1.4
* temperature T 1.3 * temperature T 1.4
* relative humidity ul3 * relative humidity ul4d
* oxygen fraction f 1.3-0, * oxygen fraction f 1.4-0,
* nitrogen fraction f 1.3-N, * nitrogen fraction f 1.4-N,
e carbon dioxide fraction f 1.3-CO, e carbon dioxide fraction f 1.4-CO,
* steam fraction f 1.3-H,0 * steam fraction f 1.4-H,0O
Inlet water spray: Outlet water
* mass flow m_w-in * mass flow m_w
* temperature T w-in

RO3-D4.2.2
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List of data input to the module:

data
* evaporative cooler efficiency € ev
* wet bulb temperature T bu
* evaporative cooler activation temperature T att-ev
* reference pressure drops Ap*
index
i att-ev

evaporative cooler activation index

T 1c is evaluated by the relation that takes the cooling effectiveness into consideration:

o (m-7 )
“ (s -To) -

The model is based on the following rules of conservation:

* mass conservation:
(4.44)

ml_b +mw_ev =m .

m_w-ev being the evaporating mass flow

My, ey =My iy =My, oy 4.45)

* Energy conservation:

ml_b : hl_b +m,,_;,° hw—in = ml_c ) hl_c My _our” hw—out (4.46)

h being the enthalpy.
Since for heat transfer processes the following relationships exist:
F(e,NTU,c,, ,c,. .architecture) =0

U-S
c

NTU =

min

and allow the off design calculations. The procedure is given in the paragraph 4.3.8.
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4.3.5 Axial Compressor
The model uses the following equations:
* mass conservation
PAWSIn; - Pj+1Aj+ Wi 1Sin e = 0 (4.47)

0 is the density, (A) is the annular section, () and (m) are the fluid angle and blade relative velocity.

¢ energy conservation

hyer F1/2:(Wiei” - i) = b+ 172wy’ - ) (4.48)
(h) and (u) represents the enthalpy and blade velocity.

*  Momentum conservation

The work done by the rotor on the fluid, from the steady flow energy equation and momentum equation is:
Li =t Wjs.1€08 i1 - ww; cosfy + wyu -’ (4.49)
Across stator work done is zero.

e Correlation for calculating the losses

The total pressure losses in cascade is obtained with respect to the isentropic transformation. The total
pressure at exit is correlated with the fluid condition at inlet;

0 Cp/ R
o

T;

1
P?,j+1 =D; _Epj W?CU (4.50)

0, . . . . . .
where (Tr ) is the total cascade temperature obtained from the conservation of energy given in equation
4.48:

2 _y2
TO= T+ 41 4.51)
: 2Cp

(w) being the global coefficient of the total pressure loss defined as:
Ap;

W = . 5 (4.52)

5 PiVi
The relation (4.52) is a generalized form of equation for the rotor and stator. In this equation the velocity
corresponds to the relative velocity in rotor and absolute velocity in the stator. Of course the relative velocity
of the stator blade is zero.
The model contains other relations which furnish thermodynamic properties.
The compression process for the complete stage is presented on a Mollier diagram in fig. 4.5, which is
generalized to include the effect of irreversibility.
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Fig. 4.5: h-s diagram flow of the fluid.

4.3.5.1 Model for Cycle calculation
The correlation adopted to calculate the compression process is expressed by thermodynamic differential
equation,

dT _k-11 dp
T 'k mwp (4.53)

with (dp) being polytropic efficiency, (k) ratio of specific heats which is calculated as a function of
pressure, temperature, and gas compositions.

Calculation across compressor is conducted by dividing compressor inlet and exit pressure into small
intervals (nint) of equal segments.

Given the compressor inlet conditions (i.e. inlet pressure, temperature and air mass flow) and exit pressure,
and assuming compressor exit temperature (the exit temperature may be assumed equal to the inlet
temperature), the actual compressor exit temperature can be obtained iteratively by integrating the polytropic
transformation given in eq. 4.53, i.e.

ki-1. 1
Tu,_] (pu,J) kJ Np
Tii \pij (4.54)

(Ti,j) and (Tu,j) respectively are the temperatures at inlet and exit of each interval j-th, (pu,j) and (pi,j)are the
corresponding pressures, and (kj) represents the specific heat ratio correspond to the inlet condition. The
calculation is performed simultaneously. The exit conditions from one interval are the inlet conditions to the
next interval.

4.3.5.2 Sizing
Finite volume row by row lumped model is taken into consideration the through flow scheme is shown in

figure 4.6.
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Fig.4.6: Generic compressor row by row scheme
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Fig. 4.7: Nomenclature adopted for cascade
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The model is used to solve the inverse problem which determines the geometry and global parameters to
characterize the compressor. Successively assigning these quantities the calculation is proceeded with the
suitable number of working points that permit to establish the compressor map.

Figure 4.7 represents a cascade to cascade geometry flow considering the following equations written for the
j™ and j+1™ station with respect to inlet and exit to each cascade.

The problem is the sizing of a compressor which is for a given gas turbine (also for other applications) and
equivalent to the real one whose real size are not known and there are not enough information’s (from the
manufacturer). The compressor have been divided in to stationary and moving rows as shown in figure 4.5.
The model of a finite volume lumped row by row steady flow.

The geometry data of compressor are provided by the manufacturer. If these data are not available they are
calculated by a preliminary solution of an inverse (sizing) problem using RO3 methodology.

The empirical models of the flow features and performance (deviation, loss, etc.) reported in this section is
one of the option that can be chosen. In fact there are various models that can be selected (Anely and
Medison, Howell, etc.).

The flow and working fluids quantities of compressor at nominal conditions given as input quantities are:

* air mass flow; kg/s

* rotational speed; rpm

* inlet pressure (pi,); bar

* inlet temperature (Tj,); °C

* pressure ratio (f);

* number of stages (Niage);

* number of stator with varying geometry;

* inlet air mass compositions; %

* index for the presence of inlet and outlet guide vanes [VIGV and OGV]; (if 0 there is no VIGV, if 1
There exists an VIGV).

* index for velocity; (if O then speed is constant, if 1 speed is varying, then the program read the
maximum and minimum velocities);

* constructive efficiency (etacons);

e optimum reaction coefficient (optcoef);

* maximum permissible peripheral velocity (ulmax);

* maximum permissible Mach number (May,y);

¢ design total exit temperature (t34e);

Variables introduce in the program are:

* Dblade heights for each station (i.e. stator and rotor);
* peripheral blade velocity (u;) corresponding to the 1st station;
* ratio of actual losses to that of calculated losses (fr).

the geometrical quantities are unknowns.

The compressor model calculates thermodynamic and fluid dynamic quantities at the exit of each row (which
are the entrance to the next row), the whole machine calculate the stacking of the contribution of various
rows. The model use mass, energy, continuity, and 2™ law equation, empirical correlation’s for losses, and
deviation calculations.

Consider one stage of the compressor consisting of a fixed and moving row (i.e. stator and rotor). The inlet
flow to the first row ( stator or VIGV) is indicated by station 1. The exit quantities from first row which are
the inlet quantities to the next row is denoted be station 2, and the exit of moving row is shown by station 3.
The thermodynamic quantities and geometric data using row-by-row sizing of the compressor are obtained
from the following relations.

First of all experience has indicated that the axial velocity should remain constant at the design point. Thus
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w;sinf; - Wi cosfi+; = 0 (4.55)
and
Cisinoy - Cj+sincg+; = 0 (4.56)

(w;) and (wj:1) being the relative velocities at inlet and exit. (Cj) and (Cj+1) are the absolute velocities. (o)
and (p) are the relative and absolute angles as shown in the triangular velocity diagram (see fig. 4.8).

Rotor inlet

Rotor exit

Fig. 4.8: Rotor triangular velocity diagrams
* Degree of reaction

The degree of reaction provides the extent to which the rotor contributes to the overall static pressure rise in
the stage, and is given as;

R=f(w,, u (4.57)
being

W= (W;cos B +wj+; cosPi1)/2 (4.58)
and

u = (urtu)/2 4.59)
j and j+1 being the inlet and exit conditions from each moving blade row.

* Flow coefficient at the entrance of each stage

From continuity equation, assuming incompressibility, yields;

W COSPj = Caj = Wi COSPs1 = Cajr1= Ca (4.60)
the flow coefficient is

D, = f(cq, u) = wisinf/u (4.61)

with (i) indicating each stage and (j) corresponds to the inlet condition. (c,) is the axial velocity and (u;) is

the blade moving row velocity. (®;) is being determined.
Given the maximum stage efficiency and degree of reaction the flow coefficient can be written as follow;
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®;=A4~/R>-R+0.5
where (A) is the optimum coefficient for calculating the flow coefficient, denoted by optcoef in input data.

Total and static temperatures and pressures

the static temperature at the rotor inlet is;
C?
J
T.=T.. ————
n
2Cp

J
the static pressure at the rotor inlet is;

Tj )Cp/R

p.=p.
! m(Tin

the total relative temperature at the rotor inlet is;

T rj:Tj-l-W

the relative total pressure is;
o Cp /R
o L T rj
P 1j =Pj T.
J
the total relative temperature at the rotor exit is equal to that of the
temperature is given by;

2 2
—Uj+1

2C,

Wi+l

Tiv1=Ty-

* Aspectratio
The ratio of height (H) to chord (1) is called as aspect ratio and is defined as:

AR = H/I

* Solidity

The ratio of chord (1) to pitch (s) is called solidity and is defines as:

o=1/s

* Incidence angle

The optimum incidence angle at inlet to each blade is

(4.63)

(4.64)

(4.65)

(4.66)

rotor inlet, therefore, the static

(4.67)

(4.68)

(4.69)
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ig=i,+n6-0.5 (4.70)

where (0) is the blade chamber angle, (i) and (n) are the indexes obtained as a function of flow inlet angle
reported in figure 4.8

e chamber angle ()

Is the difference between the blade inlet angle and blade exit angle (see figure 4.6).
* Mach number

It is calculated as
Wi

JRT

w; being the relative velocity and T is the temperature at the inlet to each stage.

4.71)

Ma =

e Stream deviation

The deviation angle is the shifting between the fluid angle and blade angle at exit of the blade, and is
expressed as;

0s=0)+tmp-0.5A (4.72)
with 8y, m, A are being calculated as a function of the flow inlet angle /J’j as shown in figure 4.9.

A contribution of losses are taken into account evaluating for each row related to profile losses, annulus
losses, and secondary losses, and are defined as follow:

* Annulus losses
Taking into account the losses due to drag on the annulus surface, the corresponding drag coefficient is given

by;

_ _ (e)
Cpa = 0.02 (s/H) = 0.02 @ (4.73)

5 040 —

~ 4+

B 030 +

v 34

<, = 020 1

~ 2

= 11 0.10 +
0 } } } } } } . 0.00 | EE R R S E— — a—
20 3 40 & D D % 10 20 30 40 50 60 70 80 90

B 1(deg) B 1(deg)

Fig. 4.9: Correlation used to determine the optimum incidence.
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Fig. 4.10: correlations used to calculate deviation

* Profile losses
The relative coefficient for total pressure losses wpq is given as a function of diffusion factor (D);
Witi w;cosf; — Wi €08, 4 (4.74)

D=1-
by means of correlation given in figure 4.11, the parameter f(D) is obtained and accordingly the total

pressure loss wpq is being calculated from eq. 4.75.
-3

w_.sin’f.

foy= 24 J+1 (4.75)

Page 43 of 105

RO3-D4.2.2



0.08 -
0.06
0.04 -
0.02 -

f(D)

2 *
1 1

0.00
0.0 0.1 0.2

0.3 04 05 0.6 0.7 0.8

diffusion factor

Fig. 4.11: Correlation used to calculate the profile losses.

e Secondary losses

Arises from secondary flows which are always present when a wall boundary layer is turned through an
angle by an adjacent curved surface, and is expressed as;

Cps = 0.018 C;°

C. being the lift coefficient and is given as:
C = (2/0) sin By, (cotanf3; + cotanfi:)

and angle (P.) is the:

Bm = tan [0.5 (cotanf; + cotanfi1)]

* Global coefficient

The global coefficient loss is defined by w:

.2
0 o sin“f,
0= 7Apr2 = (Cpa t Cps) 7] T Wpg
PjW; sin” B,
2

j referring to the inlet condition to each cascade.

Once calculated the losses which defines:

* incidence (i)

* camber angle (6,)

* stagger angle (§,)

* thickness ratio (TR,)
* aspectratio (AR,)

* solidity (o)

¢ Mach number (Ma,)

(4.76)

4.77)

(4.78)

(4.79)

and other details such as clearance, surface roughness, and so on. typical empirical functions are assumed
according to the level of technology. Thus the loss coefficient for the rotor is defined as:

O — aTr(ir, Or, Er, TRr, ARr, or, Mar)

(4.80)
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Therefore the total rotor exit relative pressure is:
[ o 1 . 2
= 0w
pI‘J 1=P ) 2 er J+1 (4.81)
and the static pressure is:
Cp/R
° Tj +1
p jt1= P j+1 o
(4.82)

The blade height can be establish from the continuity equation. Therefore for each station of one stage, we
have:

pi=RT; p; (4.83)
01 70 (drep 31 Hy + Hi? )wisinf8y = m (4.84)

where area (A) is given by;

A= % (thip - Dzhub)

A= Tl drep +2H) - e |
A= Z[dref Hj +H12]

and for station 2

p2=RT; p; (4.85)
02 T (drey 32 Hy + HY )wasinfy = m (4.86)
similarly for station 3

p3=RT; p; (4.87)
03 T (dvy 33 Hz + Hs* )Cssina, = m (4.88)
To go at the stator exit the total temperature at the stator inlet is;

Tia=T + U’ -0 Ui Wir1008Bj1 + ujw; cosp; (4.89)

the total pressure is

RO3-D4.2.2 Page 45 of 105



Fa
H,IGCC
o Cp /R
° ! i+l (4.90)
P j+1=Pij+1| + :
) Tj +1
The loss coefficient for the stator is defined as:
@: @(isa 659 ES: TRS: ARS) 05: Mas) (491)
* incidence (is)
* camber angle (0;)
* stagger angle (&)
* thickness ratio (TRy)
* aspect ratio (ARy)
* solidity (oy)
¢  Mach number (May)
The total temperature at station 3 is;
T5=T, (4.92)
LT, S (4.93)
377 27¢, '
Therefore the total rotor exit pressure at station 3 is given by:
o 1 2
pP3=p , -gwspzc ) (4.94)
and
Cp/R
o (T3 T
P3=pP 3| o (4.95)
T3
The blade angle for the rotor is given by:
Bor + 6= Pr2= 0 (4.96)
Bi+i-Ppr= 0 (4.97)
Pat 6 -Pr =0 (4.98)

(Bv1) and (Py2) being the rotor blade inlet and exit angles, (6,) is the rotor camber angle, (i,) is the rotor
incidence angle, and (9,) is the rotor deflection angle.

Similarly the stator blade angles are given by:
Opy + O - op3 = 0 (4.99)

a tig-ap= 0 (4.100)
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a3+6_q—ab3=0 (4101)

where (o,1) and (o) are the stator blade inlet and exit angles, (0;) is the stator camber angle, (i,) is the stator
incidence angle, and (d;) is the stator deflection angle.

If the blade camber line is circular type, then for rotor

&= (Bo + Br2)2 (4.102)
for stator
& = (o + ap )2 (4.103)

The peripheral velocities are:
Uy =7man (drefXI + H])/60 (4104)
U =Jmn (drefXQ + Hz)/60 (4105)

(uy) and (u,) being the inlet and exit peripheral velocities of the moving blades, (H;) and (H;) being the blade
heights, (n) being the rotational speed, (d.f) being the reference hub diameter ratio, (;) and () are the
diameter ratios at each station.

Note that

w = 7n/30
u=wD =mmR/60 = mn (dref xI + H1)/60
(D) being the mean diameter, (R) being the mean radius and (n) rotational speed

This procedure is repeated for N-number of stages. The exit quantities from one stage are the inlet quantities
to the next stage.

e Mechanical Power

The mechanical power is calculated by;

Py =(1-1y) Py (4.106)
with P, = P; -P,, taking into account the mechanical power. Of course this proceed to determine the constant
Kn=Pn (4.107)

with n” reporting the rotational velocity of machine at nominal condition of air mass compositions.

4.3.5.3 Part load analysis

The schematic diagram of the model is shown in figure 4.12
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Fig. 4.12: Schematic model of axial compressor

The corresponding inlet and exit variables and power across the compressor are defined as:

Inlet fluid

Exit fluid

Inlet mechanical power

Exit mechanical power

m mass flow
pi pressure
T; temperature

composition (mass fractions O,, N, CO,, H,0)

m mass flow
Pu pressure
Ty temperature

compositions (mass fractions O3, N, CO,, H,O)

P mechanical power
n rotational s

Py mechanical power
n rotational velocity

Compressor geometric data for each stage are given as a input are:

[ kg/s]
[ MPa]
[ °C]

[ kg/s]
[ MPa]
[°C]

[MW]
[rpm]

[MW]
[rpm]

* VIGYV absolute flow angles at inlet and exit, camber angle, solidity (of course these quantities are

read if VIGV exists);
* stator absolute angles at

inlet and exit [°];

* rotor relative angles at inlet and exit [°];

* diameter ratios [m];

* height at each station [m];
* area at each station [m’];

e stator and rotor camber

angles [°];

e stator and rotor stagger angles [°];

* stator and rotor solidity;

* stator and rotor aspect ratio;

e stator and rotor maximum thickness ratio;

e stator and rotor pressure losses;

e stator and rotor inlet and exit blade angles [°];
* stator and rotor incidence angle [°];

The different operating points are determined giving the values of:

RO3-D4.2.2
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* compressor inlet pressure and temperature;
* rotational speed; and
*  exit pressure

At various junctions between the adjoining modules mechanical power and rotational speed are defined as
variables.

the axial compressor model is a constant mass flow model: the code assign automatically the same value of
mass flow at compressor inlet and outlet. conservation of mass is automatically satisfied.

In the same way the code assign the same name to the variables whose values do not change during model
calculation (such as fluid compositions, rotational speed, etc.).

The energy conservation is written as:

m (hu'hl) = Pmi - Pmu - Pmp (4108)
(hy) and (h) being the enthalpy of fluid at exit and inlet, calculated by means of state equation as a
function of pressure, temperature, and compositions. P, is the mechanical lost power calculated by

means of an assigned coefficient.

Compressor inlet pressure (p;) is expressed as:
pi=p, (1-Ap,) (4.109)
Ap ,being the inlet duct pressure loss, p being the atmospheric pressure.

For the off-design condition following relations are used:

FBmt,p,no) =0 (4.110)
and
F(Bntipina) =0 (4.111)

(pi) and (T;) being the inlet conditions to the compressor, B=p,/p; represents the compressor pressure
ratio, () is the adiabatic efficiency. (n) is the rotational velocity and (a) being the parameter for the
opening of the VIGV for stator cascade with variable geometry. Care should be taken for 3 different
cases:

a. compressor with fixed geometry: the calculation are obtained for different values of rotational speed.
The upper and lower limits have been imposed for compressor rotational speed;

b. compressor with variable geometry and fixed rotational speed: are calculated for different values of
a;

c. compressor with variable geometry and variable rotational speed: a role is taken that correlates the
opening of the moving vanes with the rotational velocity. Different values of rotational speed (n) for
a field given by the user.

for each value of the parameters (n) and (o) the calculation is done for different machine fluid inlet
temperature. The maximum and minimum values of the temperature are given by the user.

On each curve surge condition is assumed when the row is stalled. Stall limits for positive and negative
incidence angle are found using the Mellor’s diagram (Horlock, 1858). This correlation is available in the
subroutine MELLORI.

If in the stage there isn’t pressure increment choking condition is assumed.

The only change in the model with respect to inverse problem is that of the calculation of the profile losses
and of the flow deviation.
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For the profile losses a parabolic variation of the relative coefficient of the total pressure losses is assumed,
which is given as:

W, = @Wa(0.8335° + 0.167s + 1.0) (4.112)
with
i )
s= for i<0 (4.113)
Bid — Bic
and
=L for i>0 (4.114)

Bid — Bis

wpq being the coefficient of total losses at the nominal condition (determined from the solution of inverse
problem), (Bj4) is the constructive angle of the blade at leading edge. (Bjs) and (B;c) are the fluid angles when
there are conditions of positive and negative stalls.

The flow deflection € = Bj;1-f; through the cascade is calculated as a function of incidence with a curve given
in fig. 8. This curve is normalized with the value of ig and g, i.e. incidence and deflection of reference points.
With the flow deflection the calculation of the deviation and the flow angle at the exit is faster.

1.6 +
14 4
1.2 +
1.0 +
0.8 +
0.6 +
04 +
0.2 +
0.0 | | | | | | | {
-0.8 -06 -04 -02 00 02 04 06 038
(- 1)/&q

Fig. 4.12: correlation used for calculating the deflection

#/5q

Enthalpy of air at compressor inlet and exit are:
hi = F(p, T;, [XM])) (4.115)
h,=Fp., T, [XM],) (4.116)

[XM],;: being the fractions of air mass compositions.
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4.3.6 Combustion chamber (C.C.)

The
energy,

combustion chamber is treated as a system producing a certain design point pressure drop with
mass and momentum conservation and with chemical reaction.

Chemical reactions are assumed to be at equilibrium. Fuel composition is given in term of fractions of C, S,

H,, O, N,, and H,O (vapour). Stoichiometric equations have been implemented to account for oxidation of
above components are:

C+0,=C0, (4.117)
S +0,=S0, (4.118)
2H, + 0, =H,0 (4.119)

XM}, a, Ty, Cpy, T fuel

gas inlet gas outlet
> COMBUSTION 5

CHAMBER
pi, Ti, [XM];, m; Pus Tu, [XM]u, my

Fig. 4.13: Combustion Chamber Specifications

Consider a combustion chamber (C.C.), as shown in figure 4.13 with the following reference air and fuel
specifications entering into the combustion chamber:

mass flow m; [kg/s];

inlet pressure p; [kPa];

inlet temperature T; [K];

exit pressure p, [kPa];

mass fractions of fuel compositions [XM]¢consisting C, S, Hy, O, N», and H,O [%];
fuel lower heating value T’ [kl/kg];

fuel temperature T¢[K];

fuel specific heat at constant pressure Cp¢[kJ/kg K];

combustion chamber efficiency n, [%];

combustion chamber pressure drop (Apc..)

The decision variables are:

gas mass flow at inlet m; [kg/s];

gas inlet pressure p; [kPa];

gas inlet temperature T; [°C];

fractions of air mass compositions atinlet [ XM]; consisting O,, N,, CO,, and H,0 [%].
fuel mass flow m; [kg/s];

fuel inlet pressure pr [kPa];

fuel inlet temperature Ty [°C];

fractions of fuel mass compositions atinlet [XM]; consisting O,, S, N,, and H,O [%].
water/steam mass flow m,, [kg/s];
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* water/steam inlet pressure py, [kPa];
* water/steam inlet temperature T, [°C];
* water/steam inlet enthalpy h,, [kJ/kg];
* gas mass flow at exit m, [kg/s];
* gas exit pressure p, [kPa];
* gas exit temperature T, [K];
* fractions of gas mass compositions at exit [ XM]; consisting O,, N,, CO,, and H,0O [%].
This module evaluates the following quantities
e thermal load;
* pressure loss;
* energy losses;
* product gases compositions;
* combustion chamber efficiency;
e availability costs and operational costs.
product of gas compositions [FB]s,s burning 1 kg of fuel:
[FB]gas = f( [XM], [XM]) (4.120)
fraction of mass compositions of the product gases [XM], at C.C. exit:
[XM], = f( [XM];, [XM], o) (4.121)

A constraint is implemented to check that the actual air-fuel ratio is not less than the stoichiometric
air-fuel ratio.

enthalpy of air at C.C. inlet

hi = f( pi, Ty [XM];) (4.122)

The module consists of:

* mass conservation

m, =m; + my+ m, (4.123)

¢ cenergy conservation

my hye = mg hy +me(Cpy Tr+ np I3) +my, by, (4.124)

The product gases temperature (Tg,) is achieved using equality constraint that has to satisfy the state point
enthalpy of gases at combustion chamber i.e.

hy = f( pu Tu [XM],) (4.125)

The pressure drop across combustion chamber ( Ap...) occurs mainly due to the frictional pressure loos. Thus
combustion chamber exit pressure is established as:

pu=pi(1-Kp,) (4.126)

(Kp,.) being the combustion chamber fouling factor and is given by
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K, =Kg|— (4.127)
Pu p P;
1

(Kfp) is a constant and its value is determined based on the pressure loss and gas conditions at combustion

chamber inlet with respect to nominal point.

For the off-design calculation the thermal losses are established as a function of pressure and temperature
difference between two streams in combustion chamber using generalized relationships with respect to the
reference data. Figure 4.14 shows the curves for off-design calculation of combustion efficiency versus the
temperature difference between two streams varying inlet pressures:

s = fipi ATy, CRF) (4.128)

(pi) being the combustion chamber inlet pressure, (ATy) the difference between the two stream temperatures
in across combustion chamber, and (CRF) is the combustion chamber correction factor and is obtained from
the design calculation, respectively.

1.00 =

//
R
"

d

n / Fnom

0.80 /

0.75

100 200 300 400 500

temperature difference [°C]

Fig. 4.14: Generalized curve to determine combustion chamber efficiency.
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4.3.7 Gas Expander
Figure 4.15 shows a four-stage gas expander. In figure. 4.16 the profile of the blade are reported. The

quantities of interested related to blade and flow features are also reported.
The model describes the flow through a blade cascade (stationary or rotating). the model takes into account

the air mass flows. Consider one stage of gas expander in figure 4.15, for each station 1, 2, and 3 the

following variables are assumed:

The
and

pressure, temperature, and mass flow of the gas;
mass flow of coolant;
fluid angles.

: Stage 3 . Stage 4 !

Station ' . . .
i

Fig. 4.15: Generic gas expander row by row scheme

expansion of both gas stream and coolant are studied separately considering the evaluation of two fluids
then mixing them as shown in figure 4.17. The quantities involved in the calculation corresponding to

inlet and exit blades are shown. For the sake of generality the following refers to a mixing blade row. The

expansion of the main gas stream and coolant flows are described in fig. 4.18 on a h-s diagram, showing the
thermodynamic statuses of the flow during the process.
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Fig. 4.16 Nomenclature adopted for the cascade.

inlet gas stream
g pi, T;, My, hy, Bj, wj, u;

coolant inlet

Mj ), TN

Pj+1, Ti+1, M1, Nje1, ,Bjr1, Wijr1, Uj+g

mixed fluid at exit
Fig. 4.17 Model of the cascade with film-cooling.
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* Main gas stream
The equation of conservation of energy is expressed in term of total enthalpy of the rotor (h°):):
(4.129)

o 1 > 1 |
horg =l + W= 5 W= g + 5 Wik = 5 W
where (g) denotes the condition of the gas expansion in the last stage before mixing with the coolant flow.

Fig. 4.18 Film cooling expansion h-S diagram
(4.130)

The velocity (Wj+1(g)) is determined by,
Wit~ YWs(g)
(y) being the coefticient of the velocity loss, and (W) is the velocity of the isentropic expansion given as:
(4.131)

2

= 2 _ 2
Ws(g) = \/Z(hJ - hs(g)) + Wj - uj + uJ+1
in this equation (hy is calculated from the state equation of fluid as a function of compositions, pressure and
temperature. Isentropic expansion temperature is calculated by:
Rg
. *
Tso =Tj (pgl) » (4.132)

j
with (c*p) is the arithmetic mean of the specific heat at constant temperature (T;) and (Tj+;). The enthalpy of
Page 56 of 105
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jti(e) = g - 5 Wit T 5 Wil (4.133)

2 2

¢  Cooling flow

The coolant relative velocity is considered equal to zero i.e. wjc) = 0. The same approach for the main stream
of gas is being adopted here, using the energy conservation equation:

1 1 1
h®re) = hy() - 3 uzj = hjrie) + 3 W2j+1(c) "5 u2j+1 (4.134)
the relative velocity of the fluid is:
Wit1()~WeWs(e) (4.135)

the isentropic velocity at last point of expansion is given by:

2 2 2
J2(hj(c) ~hye) + Wi -uj +uj,, (4.135)

Ws(e) =

isentropic expansion temperature is:
Re
Ty = Ty | 23| e
se) = Lje P p (4.136)

J

enthalpy of cooling fluid at exit is:

1 1
hici = h%e - Wi + 5 Wy (4.137)

Mixing take place at the exit section of the blade at the pressure (pj+1.).
mass conservation

M) = M) + My (4.138)

The velocity of mixed fluid is obtained using the momentum equation:

MWyl = My Wivig) T MjgWji() (4.139)
Enthalpy of mixed fluid is given by:

myhj, ) + mjeh;
1le+l

1O + AE,, (4.140)

hj+1 =

in this equation (AE,) is the kinetic energy loss in the mixture:

2. . 2. 2.
mijW=j+1(g) + M)W j+1(c) =M, ;W41

AEcin = )
21’nj+1

(4.141)

The mechanical power (P) exchanged between blade and fluid is calculated using the momentum equation:
P = mju; (uj - wicosy) - myjujei(tysg - Wy+1€08B+1) (4.142)

(cosp;) and (cosfi+1) being the fluid angles at inlet and exit, as shown in figure 4.17.
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In the case of stator blade given in the above relations, the velocity of blade (u;) and (uj+1) are equal to zero.
So the power in stator is zero, thus the power exchanged between fluid and blade using momentum equation
is the one given in equation 4.142.
The phenomena of heat transfer between blade and fluid is calculated from the efficiency of coolant given
by:

(4.143)

C

o]
Tj(g) - Tb,j
o
Ti) - Tje)

where(T®)) is the total temperature of the gas, (Ty;) is the blade temperature and, and (T,) is the cooling
fluid temperature. The efficiency of the coolant is obtained from the empirical correlations generated from

the curves.

4.3.7.1 Model for calculating the cycle
A similar thermodynamic differential equation model adopted for the axial compressor is used for the gas

expander:

dT k-1 d
jf7=44E4»7m-i§, (4.144)
1, being the polytropic efficiency. The calculation of the expansion line is same as the procedure adopted for

the axial compressor.

The number of stages are established on the basis of cycle calculation by means of empirical correlations
based on the manufacturer data.
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4.3.7.2 Sizing

the following quantities that are necessary for successive off-design behaviour calculation are
established:

* Hub diameter and blade height at each stage;

* Blade constructive angles;

* Velocity reducing coefficients in reference conditions (one for each row);

* Coolant flow rates and efficiencies in reference conditions;

* Pressure differences in reference conditions between coolant flow extraction point and the injection
point in the principal gas flow.

For the calculation, the following quantities values are requested

e fluid inlet mass flow (sum del principal gas flow in the machine inlet section and coolant flows)
determined in the previous cycle calculation;

* fraction of the gas compositions;

e fraction of the cooling fluid compositions

* temperature [SO;

* gas total inlet pressure at inlet;

* pressure in exit;

* number of stages;

* rotational speed;

* temperature of the blade;

* cooling fluid temperature.

The value of the mechanical efficiency is assumed equal to 0.999, this quantity is not accessible by the user;
this choice is a result of adequacy. Such value could be modified including mechanical modules that take
journal and trust bearings and machine weight into account. Moreover, the rates between each stage hub
diameter and the diameter relative to the first row (stage n°1) are assigned.

The assumed hypothesis for the calculation are:

¢ axial direction of machine inlet flow;

* incidence angle equal to zero of the flow at each row inlet;

* Stage degree of reaction equal to 0.5;

* Blades designed in order to have a rectilinear suction face between the throat section and the outlet
section.

The velocity triangles are established in order to obtain high values of blade efficiency. Such condition is
achieved imposing a relationship between load coefficient W (rate between the stage work and square blade
velocity) and the flow coefficient ¢ (rate between the rotor inlet axial velocity and the blade velocity).

The curve of such a correlation is reported in fig 4.19.
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Fig. 4.19: Correlation ¢

In order to completely define the velocity triangles, the rate between the rotational velocity and the rotor
outlet one are assigned.

Wy coS B/ ujrp = 1.02 (4.145)
There are two further conditions concerning the total flow rate entering the machine and the ISO

temperature.
The first expression is:

m=m; + Ejilesrmj(c) (4.146)

m, being the flow at inlet to the machine (station 1) and (mj(,) being the coolant flow relative to the number
of stators and rotors being cooled.

The second expression imposed on the value of the inlet temperature at ISO condition is:
mh(Tis,) = mih(T) + S My h(T) (4.147)

h(Tis), h(T,) and h(T.) being the enthalpies at ISO temperature, gas at inlet to the first stage and coolant
temperature, respectively.

The coolant flow are determined by mean of the relationships deducted from available data of existing
machinery.

Such expressions provide the fraction values:

= (myey/m; ) 100 (4.148)

In function of the difference between the row inlet gas temperature and the blade temperature at reference
conditions T j):

w=A+B(T%-T ) (4.149)
The value of the coefficients A and B assumed for stator blades (used for film-cooling) are:

A =0.0845 B=10.0105
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The value of the coefficients A and B assumed for rotor blades (used for film-cooling) are:

A=0.139 B=10.0284

The coefficients predicted for the velocities of (Wswen) and (Yrgen ) related to stator and rotor blades
introduced in eq.4 are calculated using the correlation reported in the literature given in figure 4.20 and 4.21.
(Ws(reny) 1s expressed as function of the fluid angle at stator exit condition, and (y.s) is obtained as a function
o deflection i.e. AP = B;-i-B;. For the coefficient predicting the velocity of the coolant (1) a constant value
equal to 0.6 is assumed.

0.98 +
097 +
0.96 +
095 +
2 0.94 T
0.93 +
0.92 +
091 +
0.90 I I I I I I
0 10 20 30 40 50 60
B, [deg]
Fig. 4.20 Coefficient for predicting the velocity of stator blade.
1 +
09 +
0.8 T
5 07 1
0.6 T
0.5
0.4 I I I I I I I I
0 25 50 75 100 125 150 175 200

Fig. 4.21 Coefficient predicting the velocity of rotor blade.

Blade angle at the leading edge is determined by zero-incidence flow condition. At trailing edge the flow
angle (Bj+1) and blade angle (Bj:14)) (expressed in radiant) are calculated as a function of the local Mach
number (M;+):
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® For Mj+1 =<0.5 [3(0,5)j+1 = 1'12[3(d)j+1 -0.0279 (4150)
* ForMj, =1 Baoit = By (4.151)

For the values of Mach number between 0.5 and 1 external values are connected by a sinusoid . The relation
is built up by sinusoid line according the extreme values.

The mechanical power and variables whose values do not change during calculation has already been
discussed in axial flow compressors.
The equation of energy conservation is written as:

m (hu'ht) = Pmu'Pmi+P*mp (4152)

where (h;) and (hy) respectively are the enthalpies at inlet and exit, P*mp is the mechanical power lost.

(m) represents the overall gas mass flow entering the gas expander, i.e. the main stream gas flow at
combustion chamber exit and the air flow requested for the blade cooling. The temperature (T;) is defined
according to ISO condition: T; represents the temperature obtained by mixing all the mass flows entering the
gas expander.

Mechanical power losses (P*mp ) are given by:

P, = 1;]nm P (4.153)

with P, = Pn, - Py being the mechanical power output. The constant (K.) is employed to calculate
mechanical losses occurring during off-design options:

K.=P,/n (4.154)

the term (n*) indicate the value of rotational speed at nominal condition.
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4.3.7.3 Part Load Analysis
Figure4.22 shows the schematic diagram of a gas expander:
inlet flow
V/
> =
inlet mechanical exit mechanical
power power
exit flow
Fig. 4.22: Schematic model of a gas expander.
The inlet and exit variable quantities in each junctions are:
inlet flow
m mass flow [ kg/s]
pi pressure [ MPa]
Tiso temperature (ISO) [ °C]
composition (fraction in mass O,, N,, CO,, H,0)
exit flow
m mass flow [ kg/s]
Pu pressure [ MPa]

T, temperature [ °C]
composition (fraction in mass O,, N,, CO,, H,0)

inlet mechanical power

P mechanical power [MW]

n rotational velocity [rpm]
exit mechanical power

P mechanical power [MW]

n rotational velocity [rpm]

The gas expander model has been developed to analyze the off-design behaviour both for cooled and
uncooled. A mean line row by row calculation method has been implemented. Input geometry data obtained
by inverse sizing are given as a input data.

The input geometry data for gas-expander with cooling are:

* stator inlet area [m’];

* stator inlet blade angle [°];

*  stator exit area = rotor inlet area [m’];

* stator mean diameter [m];

* stator exit blade angle [°];

* stator efficiency and correction coefficient;

RO3-D4.2.2
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* rotor inlet blade angle [°];

* rotor exit area [m’];

* rotor mean diameter [m];

* rotor blade exit angle [°]

* rotor efficiency and correction coefficient;

* maximum permissible temperature of stator bade [°C];
* maximum permissible temperature of rotor blade [°C];
* cooling temperature for the stator blade [°C];

* cooling temperature for the rotor blade [°C];

The corresponding inlet and exit variables across gas expander with cooling are:

e stage inlet mass flow [kg/s];

e stage inlet pressure [kPa];

* inlet temperature [°C];

¢ fluid inlet angle [°];

* inlet fraction of mass compositions (consisting of: O,, N,, CO,, H,0) [%]
* stator exit pressure [kPa];

* stator exit temperature [K];

* stator fluid exit angle [°];

* rotor inlet pressure [kPa];

* rotor inlet temperature [K];

* rotor fluid inlet angle [°];

* stage exit pressure [kPa];

* stage exit temperature [K];

* stage fluid exit angle [°];

* stage exit mass flow [kg/s];

* exit fraction of mass compositions (consisting of: O,, N,, CO,, H,0); [%]
* stator mass flow of cooling fluid [kg/s];

e stator cooling fluid temperature [K];

* rotor mass flow of cooling fluid [kg/s];

* rotor cooling fluid temperature [K];

e fractions of mass compositions of cooling fluid (consisting of: O,, N, CO,, H,0); [%]
* rotational speed.

The different operating points are determined giving the values of:

* gas mass flow at inlet [kg/s];

¢ expander inlet pressure [kPa], and temperature[°C];
* rotational speed; and

e exit pressure [kPa].

Blade cooling has been taken into account using a set of cooling effectiveness versus coolant mass flow
curves given in non-dimensional form.

To solve direct problem geometrical quantities are assigned as data. Conditions on overall mass flow

entering the machine and on ISO temperature.
The first expression is:

m=m; + $IZ I mye) (4.155)

m,being the flow at inlet to the machine (station 1) and (mj.)) being the coolant flow relative to the number
of stators and rotors being cooled, respectively.
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The second condition imposed on the value of the inlet temperature at ISO condition is:
mh(Tis,) = mih(Ty) + 312 My ho(T.) (4.156)

h(Tis), h(T) and h(T.) being the enthalpies at ISO temperature, gas at inlet to the first stage and coolant
temperature, respectively

In solving direct problem the above quantity are determined according to matching conditions with other
components consisting the plant. As previously stated at reference condition the flow is sub-sonic. However
in off-design operations could lead to sonic flow in one or more blade rows. To establish if sonic speed is
reached the properties of main stream gas at row inlet are taken into consideration. The fluid is taken as
perfect gas, thus critical temperature is given by:

Y T o] 2
Te %, s, (4.157)
being
') = T +w'/c, (4.158)

is the total relative temperature to the row, (c,) and (k) are the specific heat at constant pressure and specific
heat ratio evaluated as a function of (Tj):
Sonic velocity is given by:

o= K RyTy (4.159)

(k") being the mean specific ratio between(T;) and (Tj:).

The critical pressure depends on the losses which occur during the expansion. The speed loss coefficient for
critical flow () is evaluated using eq. 33 (introduce in following) where the value of Mach number is equal
to one (Ma=1). (p.) is given by:

°p

* R
(1-;‘1@12] : (4.160)
+ Ccr

2 .2
1 i Y
2¢,

Per = D% [

If a stationary blade row is taken into consideration in eq. 4.160 blade velocities are put equal to zero.
Critical mass flow is expressed by:

1{),1? Ajijcisenbyy (4.161)
cr

My =

(Aji1) representing the flow area at the exit of the row.

If critical flows occur (i.e. the values found for critical pressure and temperature are greater than pj.; and Tj
at row exit the following conditions are imposed:

My = Mgy (4.162)

The presence of air cooling flow extractions is supposed to be equal to the gas expander inlet pressure. This
pressure level (not considering the pressure loss occurring in combustion chamber) represents the discharge
pressure of the compressor moved by the gas expander. Coolant mass flows are related to pressure drop
between gas expander inlet and blade row exit by means of the following expression:
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bi fﬁl - Kp,j( m(gn) (4.163)
Pi Pi
(K,,) being established on the basis of reference quantities value:
0_n. 0 \2
Kpj= |11 f Il [ Hlf 1 ) (4.164)
Pi ; (0)j ref

The relationship between blade cooling effectiveness and the ratio u = (m)/m;) is expressed by an empirical
generalized curve reported in figure 4.23 (u) and (¢) values are normalized with respect to reference value.

1.6 T
1.4 +
1.2 +
1.0 +
0.8 +
0.6 +
04 +
02+
0.0

£ /.Erif

0O 2 4 6 8101214161820222426283.0
W/l
Fig. 4.23: generalized effectiveness vs corrected mass flow curves
Blade temperature is evaluated taking eq. 4.143 into account:

T,=T,-&(T,-T) (4.143)

Main gas stream velocity loss coefficient is evaluated by modifying the reference velocity loss coefficient
(Wwen) as a function of the incidence angle and the Mach number at the exit of the row.
For a sub sonic flow () is calculated as follows:

Y = e - CKTtan’i (4.165)

(CKT) being a coefficient which takes into account blade profile sensitivity to changes of incidence angle. A
value of CKT= 0.05 has been assumed for stator vanes. For rotor blades CKT = 0.05.
If the flow is supersonic the velocity loss coefficient is calculated by:

2 [ (1 4Py + CKTtan’i |1+ 60(1 - Ma)__2FK 4.166
Y (1 -9 ey 0 )2k+kMa2 ( )

(k) taken as mean value between row inlet and outlet.

For coolant expansion a constant value of ¢, = 0.6 is being considered.

If the flow is sub-sonic the blade angle and flow angle at the blade trailing edge is calculated by eq. 4.158
and 4.162. If the flow is supersonic the exit flow angle is calculated applying the continuity equation
between throat section and exit section j+1:

PerCs sinﬁjﬂ(d) = Pj+1 Wi sinﬁjﬂ (4167)

sinfis ) being the flow angle at throat section, taken equal to the blade angle according to eq. 4.158
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4.3.8 Surface Heat Exchangers

Heat transfer by convection is the phenomenon that prevails in units of heat recovery systems placed
downstream of gas expanders. In this zone there are burnt gas/steam (super-heaters), burnt gas/saturated
steam (evaporators) and burnt gas/water exchangers. Units of steam generators placed downstream
combustion chamber, condensers and feed-water regenerators are of connective type too.
Suitable equipment’s to take advantage of this kind of heat transfer phenomenon are heterogeneous systems
constituted by three spatially distinct subsystems: cold fluid, tube walls and hot fluid, interacting through
boundary surface.

The model is based on &-NTU approach (effectiveness-Number of Transfer Units), mass and energy
conservation and constitutive equations.

Heat Recovery Systems

Nomenclature:
*  m = mass flow
¢ T =temperature
* p=pressure
* h=-enthalpy
* P =mechanical power
* Q= thermal power
e *=reference value

Data for heat recovery systems

Input data are:

Evaporator
* minimum difference between saturation temperature and inlet temperature ATmin [°C]

*  heat transfer area [m’];

* design outlet steam temperature [°C];

* design steam mass flow [kg/s];

* heat transfer coefficient of steam [W/m?];
* heat transfer coefficient of gas [W/m’];

* gas mass flow [kg/s];

* gas mass compositions [%].

Superheater
*  heat transfer area [m’]

¢ design inlet steam temperature [°C]
* design outlet steam temperature [°C]
* design steam mass flow [kg/s]
*  heat transfer coefficient of steam [W/m?]
* heat transfer coefficient of gas [W/m?’]
* gas mass flow [kg/s]
* gas mass compositions [%]
Economiser
*  heat transfer area [m’]
* design outlet water temperature [°C]
* design inlet water temperature [°C]
* design water mass flow [kg/s]
* heat transfer coefficient of water [W/m?]
* heat transfer coefficient of gas [W/m?]
* gas mass flow [kg/s]
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* gas mass composition [%]

These data are used to obtain the reference values in design condition. The obtained values are stored in a
input data file and are used by COMD code for the off design analyses.

4.3.9 Evaporator of waste heat boiler

3 water
4 3

1 exhaust

Fig. 4.24: generic evaporator scheme

Evaporator is described schematically in figure 4.24. Water coming from drum enter into the unit
and receive heat by exhaust gas. Input data are those established by design condition and the parameters

(factor ff, taking into account the fouling, and gas pressure loss kpgb) describing the status of the

component.

The governing equations are:

mass conservation:

m,—m, =0 (4.168)
m, —m, =0 (4.169)

energy balance:

(my -l —my - hy) = (my by —m;-hy) =0 (4.170)
heat transfer:

Q, —(m-hy—m,-h)=0 4.171)
O, —¢Cpp (L,-T5)=0 (4.172)

c,.., being the hot fluid (exhaust) specific heat.

e-(1-e"")=0 (4.173)
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NTU _ﬁ(NTU*) FFb) m, ms, 7;9]-'29 T;a]:w [xx]GAS) (4174)
The above equation is solved using the following relationships:
steam heat transfer coefficient:
0.1666
« [ m
U,=U, | = (4.175)
m,
exhaust heat transfer coefficient:
(4.176)

" ALY (e
* m
U, =U, ( i) 1= 5|
m ‘ug Ag cpg

Uy )tg 5 C g being the dynamic viscosity [Pa-s], thermal conductivity [kW/ (m K)] and the heat capacity [kJ/(

kg s)] of the gas. The exponent coefficients w, x, y, z assume different value in dependence on the fluid of

interest. Table below shows the value of these coefficients.

gas Water/steam
w 0.6 0.8
X -0.27 -0.47
y 0.67 0.67
z 0.33 0.33
overall heat transfer coefficient:
1
U —
bc 1 1
- + -
Usb gb
U, =U, ﬁpb
% U U, -S
NTU = NTU® -Sin . 2 _ 2
Cmin Ub Cmin

S being the heat transfer surface.
Other equations used are:

exhaust pressure drop:

_kpgb'mlz.jjl =0

Ap
& P

(4.177)

(4.178)

(4.179)

(4.180)
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fluid properties:
h-H(p,,T,[xx],)=0 (4.181)
h,-H(p,,T,,[xx],,) =0 (4.182)
hy,-H(p;,T;)=0 (4.183)
(4.184)

p, — P(T,) = 0 — equilibrium

The following inequality constrains are imposed:

T,-T,>0
L,-T,>0
T,-T,>0

pinch point >0

T, - (T, +AT,,) >0

4.3.10 Super-heater of waste heat boiler
Super-heater is described schematically in figure 4.25. Steam coming from drum enter into the unit and

receive heat by exhaust gas. Input data are those established by design condition and the parameters (factor
[f, taking into account the fouling, and pressure loss for exhaust kpgs and steam kp_ ) describing the status

of the component.

2
3 steam
4 §
1 exhaust

Fig. 4.25: generic super-heater scheme

The governing equations are:

mass conservation:

(4.185)

m,—m, =0
Page 70 of 105
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m, —m, =0 (4.186)
energy balance:
(my by —my,h))=(m,~h,—my-hy)=0 (4.187)
heat transfer:
O, —(my b —m,-h,) =0 (4.188)
O,-€ ¢y, (L-T;)=0 (4.189)
= o NU(-x)
€ e VU 0 (4.190)
K = Smin (4.191)
c

max

For software reasons a control is established on (k), if it is less than 0.0001 the above equation is changed as
following:

e - [1-exp(-NTU)]=0 (4.192)
and if (1-x) is less than 0.0001
e - NTU/(1+NTU) =0 (4.193)

steam heat transfer coefficient:

w x /'L y c z
Uss = Uss* ’ ﬂi ) is* : _S* : fs (4‘194)
m3 lus )]"s Cps

U, A, C s being the dynamic viscosity [Pa-s], thermal conductivity [kW/ (m K)] and the heat capacity [kJ/

( kg s)] of the steam. The exponent coefficients w, x, y, z assume different value in dependence on the fluid
of interest. Table below shows the value of these coefficients.

exhaust heat transfer coefficient:

w X A, y c z
Ugs=Ugs*'(mi) Y[ [ (4.195)
m ‘ug A’g cpg

u, A, c, being the dynamic viscosity [Pa-s], thermal conductivity [kW/ (m K)] and the heat capacity [kJ/( kg

s)] of the gas. The exponent coefficients w, x, y, z assume different value in dependence on the fluid of
interest. Table below shows the value of these coefficients.
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gas Water/steam
A% 0.6 0.8
X -0.27 -0.47
y 0.67 0.67
z 0.33 0.33
overall heat transfer coefficient:
1
U, = i 1 (4.196)
- + -
Uss gs
U, =U," 1 (4.197)
Uu-S
NTU =—=—2 (4.198)
Cmin
S being the heat transfer surface.
Other equations used are:
exhaust pressure drop:
Ap,, ~kp, -m;-p, =0 (4.199)
0, [kg -m™] being the steam density
exhaust pressure drop:
2
‘m; T
Ap, - M =0 (4.200)
8s
D
fluid properties:
h-H(p,,T;,[xx],)=0 (4.201)
h,-H(p,,T,,[xx],,)=0 (4.202)
hy—H(p,,T,)=0 (4.203)
hy~H(p,.T,)=0 (4.204)

The following inequality constrains are imposed:

T,~T,>0
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L-T,>0
T,~T,>0
T,~T,>0

4.3.11 Economiser for heat recovery by warm water

3 water

S

1 exhaust

Fig. 4.26: general economizer scheme

Economiser is described schematically in figure 4.26. Water enter into the unit and receive heat by
exhaust gas coming from waste heat boiler. Input data are those established by design condition and the

parameters (factor ff taking into account the fouling, and pressure loss for exhaust kpge and steam kp_ )

describing the status of the component.

The governing equations are:

mass conservation:

my—m, =0 (4.205)

m, —m, =0 (4.206)

energy balance:

(my -y —my - hy) = (my by —my-hy) =0 (4.207)

heat transfer:

Q, —(my by —m,-h,)=0 (4.208)

O, —¢Cpp (L-T5)=0 (4.209)
1 = g NTU-1-%)

E e i =0 (4.210)

= i 4.211)
Cmax
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For software reasons a control is established on (x), if it is less than 0.0001 the above equation is

changed as following:

e - [1-exp(-NTU)]=0 (4.212)
and if (1-x) is less then 0.0001
e - NTU/(1+NTU) =0 (4.213)
steam heat transfer coefficient:
w X /‘L y c z
U,=U [ 2] [ B[ & |2 (4.214)
m3 lus A’s cps

U, A, C s being the dynamic viscosity [Pa-s], thermal conductivity [kW/ (m K)] and the heat capacity [kJ/(
kg s)] of the steam. The exponent coefficients w, x, y, z assume different value in dependence on the fluid of

interest. Table below shows the value of these coefficients.

exhaust heat transfer coefficient:

w X /‘L y c z
U, =U 2] o | [ L) (4.215)
m, My A Cpe

g

u, A, c, being the dynamic viscosity [Pa-s], thermal conductivity [kW/ (m K)] and the heat capacity [kJ/( kg
s)] of the gas. The exponent coefficients w, x, y, z assume different value in dependence on the fluid of

interest. Table below shows the value of these coefficients.

gas Water/steam
w 0.6 0.8
X -0.27 -0.47
y 0.67 0.67
z 0.33 0.33

overall heat transfer coefficient:

1
U, =5 (4.216)
- + -
Use ge
U -U._ff 4.217)
vru = YeSe (4.218)
Cmin
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Se being the heat transfer surface.
Other equations used are:
exhaust pressure drop:
Ap,, =kp,,-m; - p, =0 (4.219)
0, [kg -m™] being the steam density
exhaust pressure drop:
Ap,, - M =0 (4.220)

P
fluid properties:
h-H(p,,T,[xx],)=0 (4.221)
hy = H(p,. Ty, [xx],,) =0 (4.222)
hy—H(p,,T,)=0 (4.223)
h,-H(p,,T,)=0 (4.224)

The following inequality constrains are imposed:

T,~T,>0
L-T,>0
T,~T,>0
T,~T,>0

4.3.11 Steam Turbine

The model refers to a group of stages of a steam turbine. At inlet and outlet stations of the stage,
admission and extraction of fluid has been taken into consideration as the following figure points out:
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PVi
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o

' TVo, TVoIS
PVo
HVo

Fig. 4.27: Scheme of a generic steam expander

Taken the inlet and outlet section into account, some variables have been defined:

Inlet Section
kg s Inlet steam mass flow
T [°C] Inlet steam temperature
p, [kPa] Inlet steam pressure
h[kJ kg™ Inlet steam enthalpy
n[rpm] Inlet shaft rotational speed
P . [MW] Inlet mechanical power
Outlet Section
e [kg-s™'] Outlet steam mass flow
T [°C] Outlet steam temperature
p, [kPa] Outlet steam pressure
h [kJ kg™ Outlet steam enthalpy
P [MW] Outlet mechanical power

The model considers the mass flow constant through the stage. Therefore the conservation low of mass is
satisfied as the following relation indicates:

&=k =18 (4.225)
The conservation of energy is expressed as follows:

m-(h—h)-P, =P, —P, (4.226)
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P , being the mechanical power losses.
At the inlet and outlet section the constitutive equations of the fluid have to be satisfied:
f(h,p,T)=0 (4.227)

4.3.11.1 model for the cycle calculation

Taken the cycle calculation into consideration, the model has been structured as well as the expander one.
In this case a correction of the value of the polytropic efficiency has been carried out in dependence of the
steam quality (the line expansion enters partially or fully in the saturated steam region). The polytropic

efficiency n, is expressed by:
7, =1, —(1-x) (4.228)

1,4 being the polytropic efficiency of a steam expansion in the superheated region and x being the steam

quality. The calculation has been carried out splitting up the pressure drop across the expander in a suitable
number of intervals. For each interval equation 4.228 has been applied setting x to the initial condition of the
expansion.

4.3.11.2 model to evaluate the reference quantities

The model takes empirical correlation gathered in literature into account and allows to evaluate the
efficiency of a group of steam turbine stages in the referenced conditions. These conditions have been
established by the cycle calculation or directly by the user:

* pressure, temperature or quality of the inlet steam
e outlet pressure

* steam mass flow

* rotationally speed

Correlations adopted are different in relation to the inlet — outlet state of the steam. Taking the end of the
isentropic expansion into account, the suitable correlation can be chosen. In any case the procedure requires
the calculation of a basic value of the efficiency that is obtained by suitable coefficients calculating
according to eq. 4.232

n=n,c-c (4.232)
Different cases have been taken into consideration:
1. Group of not regulated stages: total admission stages have been considered. Taken the admission or

the extraction of steam into account, dissipative phenomena related to the outlet section have been
considered assigning a pressure loss of 3% at the exhaust.
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Fig. 4.28: efficiency of not regulated stages: superheated expansion

Three subcases are also taken into account

a) Expansion in the superheated region: the efficiency of the group has been determined taking the

)

volumetric flow V_ [m’-s™'] and the pressure ratio p =
P,

shows.

into account, as the figure 4.29

b) Expansion in the saturated region: the efficiency base 77, is evaluated as a function of the inlet

pressure p, and of the pressure ratio £, just defined. Efficiency is represented in figure 4.29.

078 + 300

0.76 + e

(bl 20 0 60 50 130 120 |+
p, [bar]

Fig. 4.29: efficiency of not regulated stages: saturated expansion
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Corrections have been implemented taking the volumetric flow and the steam quality into
account. The first coefficient ¢, is expressed as follows:

_ (B
1BV

1

(4.229)

fis fl* being the values plotted in figure 4.30 and related to the inlet volumetric flow V , V,: .

* .
V' is moreover defined as follows:

Vi =23.6

(4.230)

v [m’ -kg'] ]being the specific volume of the superheated steam at the pressure inlet condition.

|.Lo
1hus
.96
0,494
(.92
(.90
.88

36 -

| 10 (00 [ 000
¥4 5 [m1fsl
Fig. 4.30: Group of not regulated stages: saturated expansion.
Corrective coefficient vs inlet volumetric flow
pilpu=1

‘ 1.5

| ;

+ 10

M

120

40 60 =0 100 [ 40

m | bar]

Fig. 4.31: Group of not regulated stages: saturated expansion.
Corrective coefficient vs inlet steam quality
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The second coefficient ¢, takes the inlet steam humidity into account:
& =1-f,(p B)-(1-x,) (4.231)

x, being the inlet steam quality and £, (p,, ) being obtained by the curves plotted in figure
4.31. The efficiency is expressed by the following relation:

n=n,c¢-¢c (4.232)

¢) Expansion in both regions (superheated and saturated): if the isentropic line expansion begins in
the superheated region and ends in the saturated one, the crossing pressure p_ of the dry

saturated steam line has been determined. Efficiency in this circumstance has been evaluated
taking two different contributions into consideration. The first one considers the expansion from

the inlet pressure p, to the p_, in the superheated region and the efficiency is established with

the previous correlations. The second one refers to the expansion in the saturated region that
begins at the pressure p and ends at the pressure p . In this case the appropriate relations are

taken into account but not considering the dryness fraction correction. The efficiency of all
stages has been evaluated as follows:

_ Ahsh + Ahsat
= A

is

(4.233)

Ah,,Ah  being the enthalpy differences between the first and second lines expansion and

Ah, being the isentropic enthalpy difference between inlet and outlet pressures.

2. presence of regulation stage: referring to a body of steam turbine made of a partial admission stage,
eventually followed by total admission stages.

If the isentropic enthalpy difference across the stage is lower (at least equal) than 52 kJ/kg, the
peripheral speed is more or less 160 m/s (for velocity compounding stage) .The group consists
only of the regulation stage. Otherwise, if the isentropic enthalpy difference is greater than 52 kJ/kg,
the exceeding enthalpy difference is treated by the total admission stages. Two different cases are
taken into account:

a) Presence of only regulation velocity compounding stage: the stage is designed with 5%
exceeding mass flow than the nominal one. The inlet pressure drop is assumed of 5% due to
the crossing of the steam through the regulation valves, assumed completely opened.

*

C, .
Moreover —= = 2 has been assumed, being:
u

¢ = J2-Ah, (4.234)

c; being the steam velocity related to an isentropic expansion and u the inlet rotor row
velocity. The basic value of the efficiency 7, is:

0.015533

1, =91.05- (4.235)

m
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V' [m’-s™'] being the volumetric flow in the designed condition &= 18 (1+0.05).
Under reference conditions the inlet pressure loss is 6% (when the valves are partially
closed), the isentropic enthalpy difference is evaluated. Therefore the velocity of the end of

. . . C. .
the isentropic expansion ¢, and —-have been established:

u
¢, N2 AR
v )2 (4.236)

The base efficiency has been corrected by introducing the coefficient “Ithat takes the row
c

is

velocity u and the ratio ¥ into account:

2

¢ =4 l-(i) -[1-0.319-10-2 -(o.s-i)~(3.281~u -250)] (4.237)

C. C. C.

IA) 1A} A}

. . C. .
The coefficient ¢, evaluated as a function of — ,as figure 4.32 shows, contributes to reduce
u

the efficiency.

L4 7

-]
¥

i 0.2 (3.3 4 k3 2.6

Fig. 4.32: regulation stage — losses corrective coefficient

If the isentropic line expansion is to be found partially or fully in the saturated region, a third
coefficient ¢, is introduced. It takes the dryness fraction at the begin x, and at the end x_ of

the expansion:

X +Xx
le& =1—O.87-(1— : 2 "s) (4.238)
At least, considering all the corrective coefficients, the efficiency expression is presented
below:
Nyeg =My "€ 76, G (4.239)
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2. Regulation stage followed by total admission stages: taking all the outlet quantities related to

the regulated stage (nreg, hmg 0 Preg ,) into account, the expansion till the outlet pressure
p, of the total admission stages is considered and correlation ad hoc for not regulated stages
are taken into consideration to evaluate the efficiency and the outlet enthalpy /4, . The

adiabatic efficiency is expressed as follows:

y =t u (4.240)

Ah,_ being the isentropic enthalpy difference between inlet and outlet sections of the group.

4.3.11.3 model for the off-design analysis

Different models are taken to evaluate the steam turbine performances into consideration and the choice is
related to the possibility or not of the presence of regulated partial admission stages.
If the group consists of regulated stages, the model will foresee the steam admission through infinite valve
points. Maps expressing relation between pressure ratio /3, steam mass flow &, partialization ratio 77 and

adiabatic efficiency 7 have been adopted:
F(B,’&m)=0 (4.241)

F(B.n,7)=0 (4.242)
The maps are provided in non dimensional form and are scaled in relation to the referenced quantities
B,

The starting and the ending points of the expansion are linked with:

hu = hi - 77 ) (hl - hos) (4243)

h  being the outlet isentropic enthalpy and s, the inlet entropy evaluated by the constitutive equations:
f(pihy,s,) =0 (4.244)

f;(po’hosasi) =0 (4.245)

and necessary calculation of the previous one.

On the contrary, if there are not regulated stages, the efficiency will be evaluated by assigning a generalized
functional relation, also in this case are not dimensional one:

E(B,m=0 (4.246)

The correlation between mass flows and pressures is established by Stodola’s Low:

RO3-D4.2.2 Page 82 of 105



iy
H,IGCC
(4.247)

. . . T .
being the referenced conditions, ¢ = m-—— being the corrected mass flow.
p

The relation between the starting and ending point of expansion is established combining expressions

(4.243), 4.244), (4.245).
Loss mechanical power is assumed to be proportional to the rotational speed n:

*
S

p, =P -5
n

mL m

(4.248)

n*,PmL*being respectively the rotational speed and the loss mechanical power in the reference conditions,

evaluated with 77 . =99%.
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4.3.12 Pump
Figure 4.33 shows the generic pump scheme:
mw, Ti, pi, hi mw, To, po, ho
inlet
water
inlet
mechanical power
Fig. 4.33: scheme of a generic pump

Variables have been taken into considerations are:

inlet water

(kg s water mass flow

T [°C] temperature

p, [kPa] pressure

h[kJ kg™ enthalpy

inlet mechanical power

n[rpm] shaft rotational speed

P . [MW] mechanical power

outlet water

% [kg-s™'] water mass flow

T [°C] temperature

p, [kPa] pressure

h [kJ kg™ enthalpy

The model is able to reproduce a fixed rotational speed pumps and variable speed ones.

Power consumption of the machine is expressed by the following relation:

-A
p, A (4.249)
n Pn

Ap being the pressure increase between the inlet and the outlet section, p being the average density of the
work fluid and 77 being the efficiency.
The enthalpy difference across the machine is evaluated as follows:
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h,—h, = L (4.250)
&

In the cycle calculation the efficiency value is set by the user.

For the off design operating conditions, two different cases have to be taken into account. One considering
n=cost and the other considering 7 # cost. In both cases the model takes the characteristic curves that
give the manometric prevalence and the efficiency versus the mass flow and velocity into account.

Referring to a constant rotational speed of the shaft, these curves are expressed as the product of the nominal

: . . . &
value for the normalized value related to it. Expressing the normalized mass flow ¢ = @, the prevalence I1

and the efficiency 77, they are expressed by the following relations:
M=11° £,(w) (4.251)

n=1""f,(x) (4.252)

(") being representative of the nominal conditions, f;(u), f,(u)being representative of the normalized

curves previously described.
In the case of variable rotational speed, the curves depend on the normalized velocity defined as follows:

v=_ (4.253)
n

and are expressed as a function of the both variables  f,(w,Vv), f,(u,v). These functions are tabulated for

different normalized speed and during the calculations the most adapted curve is selected. Thus, operating in
kinematic similarity, efficiency and prevalence curves are determined vs the actual mass flow and actual

velocity.

4.3.13 Deaerator
Figure 4.34 shows the deaerator model scheme:

Inlet
Steam mvi, Tvi, pvi, hvi
mwi, Twi, pwi, hwi mwo, Two, pwo, hwo
—_— —_—
Inlet Outlet
Water Water
mdi, Tdi, pdi, hdi
Inlet
Drain

Fig. 4.34: scheme of deaerator

Variables have been taken into considerations are:
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inlet water

& [kg-s™'] water mass flow
T,.[°C] temperature

p..; [kPa] pressure

h,, [k kg™'] enthalpy

inlet steam

& [kg-s™'] water mass flow
T.[°C] temperature

p,; [kPa] pressure

h, [kJ -kg™'] enthalpy

inlet water

i, (kg s water mass flow
T,[°C] temperature

p,; [kPa] pressure

h, [kJ - kg™'] enthalpy

outlet water

e [kg-s™'] water mass flow
T, [°C] temperature

P, [kPa] pressure

h,, [kJ kg™ enthalpy

The model takes the mixing of the different fluxes at the pressure p . into account. The model is based on

conservation low of mass,

& =&+ +m (4.254)
on conservation low of energy:

& -h, =mk -h, +m&-h, +m h, (4.255)

and on the constitutive equations of the fluid.
A constraint, considering the equality of the water outlet enthalpy £ to the saturation enthalpy 4 (p,),

has been taken into account:

h,, =h,(p,) (4.256)
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4.3.14 Attemperator

Figure 4.35 shows the attemperator (desuperheating steam) model scheme:

Inlet

Water mwi, Twi, pwi, hwi

mvi, Tvi, pvi, hvi

=

Inlet
Steam

mvo, Tvo, pvo, hvo

—

Outlet
Steam

Fig. 4.35: scheme of the attemperator

Variables have been taken into considerations are:

inlet water

. [kg-s™] water mass flow
T,.[°C] temperature

p..; [kPa] pressure

h,, [k kg™'] enthalpy

inlet steam

& [kg-s™'] water mass flow
T.[°C] temperature

p,; [kPa] pressure

h, [kJ -kg™'] enthalpy

outlet steam

% [kg-s™'] water mass flow
T, [°C] temperature

p,, [kPa] pressure

h, [k kg™] enthalpy

The model takes the mixing of the different fluxes at the pressure p . into account. The model is based on

conservation low of mass,

78%0 =’8$w‘+r&w’

(4.257)
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on conservation low of energy:
(4.258)

rsz'vo 'hvo =I&A}i.hwi +r8lvi.hvi

and on the constitutive equations of the fluid.

4.3.15 Junctions
The following model describes the mixing of two material flows. The developed model takes mixing of

gas flows, water (steam) and water with gas into account. The scheme of the generic model is shown in the
following figure 4.36:

mo

ml m2

Fig. 4.36: scheme of the mixer

The model is based on conservation low of mass,

=1k + 1% (4.259)
on conservation low of energy:
e -h =m&-h +m-h, (4.260)

and on the constitutive equations of the fluid.

m being mass flow rate, h enthalpy and where subscripts /, 2, o refer to first, second incoming flows and to
the exiting flow, respectively.

4.3.16 Derivation
The developed model refers to ramification gas flows, water (steam) and fuel, figure 4.37.
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Fig. 4.37: scheme of the derivation

The model is based on conservation low of mass,
78,‘ = }ﬁf + 185 (4.261)

m; being incoming flow rate, m; and m; exiting flow rates.
Fraction of divided flows can be assigned; in this case, further condition is applied:

B = - 1% (4.262)

4.3.17 Pressure loss devices

The model is used to describe the devices that establish a pressure difference between two domains.
Models for devices operating with gas and water flows are taken into account.
The fluid evolves according to an isenthalpic transformation. Inlet pressure p; and outlet pressure p, are
correlated as follows:

p,=p; (1-k,) (4.263)
k , being loss coefficient.

In the cycle calculation, the previous coefficient can be either assigned or not. Two different cases can be
distinguished: device with fixed or variable opening.
In the first case, the flow rate is correlated to the pressures at the extremities of the device as follows:

M2=k_pi_po (4264)
b
being
T
u=" p\/il (4.265)

the corrected inlet flow rate and k being a constant obtained with respect to reference values: u’, p;’ e py’.
In the second case, device opening is automatically adapted in order to maintain the controlled variables
(pressure or flow rate) at the assigned values.
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4.3.18 Electric generator
The model scheme is reported in the following figure:

At inlet and outlet power, the following variables are assigned:

* mechanical power inlet

P [MW] mechanical power
n[rpm] shaft rotational speed
e clectric power outlet
P [MW] electric power
n[rpm] shaft rotational speed
The electric power can be written as:
P=P -P, -P, (4.266)

P ,, P, mechanical and electric power losses respectively.

ml> " e

In the cycle calculation, the previous quantities are estimated giving the electric and mechanical efficiencies.
During the elaboration phase, the electric P; and the mechanical P,:, losses are calculated in reference

conditions.

The following data are requested:

* n,[rpm] generator rotational speed
* n, [rpm] motor rotational speed
« P [MW] reference electric power

The lost electric power is calculated in function of the electric power P: :

P, =0.01-P -(A-0.34293488 +0.89126466 - ¢, —0.1087785- ¢ +0.0036908606- ¢ ) (4.267)

¢, =1In P;, P; and P: are expressed in kW, A is Zero if the generator velocity is equal to 3000 rpm. For
values inferior to 3000 rpm, A= -0.095.

The mechanical power loss P;lg (kW) is expressed in function of the reference electric power P: (kW):

P, =0.29898103+0.00294889- P +0.612245-107 - P* (4.268)

If n,is different from 7, , the velocity is reduced. The associated mechanical power loss is calculated as:

P, =—(F +F,) (1 - i) (4.269)

r
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P’ <100.10-10° kW
P’ >100.10-10° kW

7, =8.889-107°- P +0.989 for

7, =0.998

The global mechanical power loss of the electric generator is expressed as follows:

for

(4.270)

I)ml =F, +})mlr

mlg
In part load condition, the lost mechanical power is assumed as constant and equal to the reference value P,:l.

The lost electric power P, is related to the produced electric power P, with the empirical relationship:

P*
P, =k-(Ei)-Pe (4.271)
P,and P, are expressed in kW, and K coefficient is given as:
p P\ Py
-20.525271-35.019| =< |+25.514-| = | —-25.1824-| —=
P P P
£ £ (4.272)

e

k=

1—56.218495-( Pi )
P

Since, for very low values of the electric power P, the & value is unreliable. So, the following control is

introduced: for the limit value of P, k=1.
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5. Models adapted for the H2-IGCC Gas Turbine

5.1 Introduction
H2-IGCC project is based on a Power Island that contains a Gas Turbine and a bottomer steam cycle

connected also to the Gas Production section. The gas turbine class has been assumed to be a F one the
power being about 300MW. It is expected to have a generic F class 300MW GT like the 94.3A Ansaldo and
SGTS5 — 4000F Siemens engines.
To produce the GT model the following main modules have been adapted:

¢ Compressor

* Expander

* Combustion Chamber

The physical already defined modules have been adapted to have the modules to be matched together using
also the minor component models such as valve, splitter, junction, shaft, etc. to obtain the Generic F Class

300MW GT (GFC300GT) that is schematically given in figure 5.1:

mf
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-
-
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e
M|
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[
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Fig. 5.1: Generic F class 300MW GT

The GT through flow section is reported in fig. 5.2. Non dimensional data representing the H2IGCC 300
MW F Class GT required to adapt the models to the H2-IGCC GT are given in the APPENDIX E tables.

Data are referred to the size of the VIGV Hub Diameter.

* reference radius 7, = 692.5 mm
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Fig. 5.2: compressor and expander non-dimensional through flow shape

5.2 Compressor
The block scheme of the H2-IGCC 300 MW F Class GT compressor adapted model is given to figure 5.3
where four compressor bodies have been taken into consideration to take into account of the bleeds.
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Fig. 5.3: compressor adapted model scheme

Nominal condition data are given in table 5.1

Table 5.1: compressor data

4
/

Inlet pressure

Inlet temperature
Relative humidity
1* bleed mass flow
2" bleed mass flow
3" bleed mass flow
4™ bleed mass flow

Exit mass flow rate
Exit pressure
Exit temperature

Power

P1
T,
RH
My
my)
mp3
Mpy
m3

P3
T3
Pc

101,3 kPa
15,0 °C
60 %
2 [Y%omi
3 [Yomi
7 [%omi
3 [Yomi
582 kg/s
1844 kPa
397 °C
264 MW
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The compressor blade to blade scheme with the lumped blade profiles are given in figure 5.4 and data in the

APPENDIX F.
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Fig. 5.4: Compressor blade to blade overview
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5.3 Combustion Chamber
Tables 5.2 and 5.3 show data related to the combustion chamber adapted model at nominal conditions

Table 5.2: combustion chamber data

INPUT QUANTITIES
1 Inlet Mass flow Rate mgi 514 kg/s
2 Inlet Pressure pgi 1844 kPa
3 Inlet Temperature Tgi 397 °C
4 Inlet Fuel Mass Flow Rate mf 14.5 kg/s
5 Low Heating Value (LHV) PCI 49736 kJ/kg
6 Expected Flame Temperature Tflame 1440 °C
7 Pressure Drop [%] Apcce 5.6 %
[N2] 76.3 Yom
8 Air Composition [02] 23.1 Yom
[H20] 0.0 Yom
[CO2] 0.6 Yom
[CH4] 100 Yom
[H2] 0.0 Yom
[CO] 0.0 Yom
9 Fuel Composition [CO2] 0.0 Yom
[02] 0.0 Yom
[N2] 0.0 Yom
[H20] 0.0 Yom
Table 5.3: combustion chamber data
OUTPUT QUANTITIES
Exit Mass flow rate mgo 528.3 kg/s
2 Exit Pressure pgo 1788 kPa
Exit Temperature Tgi 1440 °C
[N2] 74.2 Y%om
[02] 11.5 Yom
4 Exhaust Gas Composition
[H20] 6.8 Yom
[CO2] 7.5 Yom
5 Combustion Chamber Efficiency (ref) n 95.0 %
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5.4 Gas Expander

The gas expander has been modelled according to figure 5.5:

Me3

.--"'"""ﬂ
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Fig. 5.5: gas expander adapted model scheme

Cooling flows normalized in respect to the compressor inlet mass flow, cooling effectiveness and blade
temperatures normalized in respect to the firing temperature at the expander design point are given in table

5.4. Data at nominal conditions are given in table 5.5.

Table 5.4: Blade cooling data at the GT nominal point

me [%] | eff [#] Tb/Tf [#]
1S 6.3 0.58 0.62
IR 5.8 0.53 0.61
28 4.4 0.53 0.57
2R 3.4 0.46 0.55
3S 1.8 0.40 0.54
3R 2.3 0.29 0.53
48 - - -
4R - - -
DIFFUSER - - -

Table 5.5: Gas expander design point

Exhaust Mass flow m2 686.8 kg/s
Exhaust Temperature (static) T2 568.0 °C
Exhaust Temperature (total) T20 577.6 °C

Exhaust Pressure (static) p2 104.2 kPa
Exhaust Pressure (total) p20 108.6 kPa
Power Pe 569.3 MW
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The gas expander lumped blade to blade section is given in fig. 5.6:
Stage
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S4 - 7=35

| DVE

Fig. 5.6: Gas expander lumped blade to blade section

Data used to obtain the lumped blade to blade section are given in APPENDIX G.
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6. Matching
Matching all the components described in previous paragraphs, a generic GT simulator has been

achieved. Figure 6.1 shows the through flow shape of the whole GT.

w
/
/
| e—>
>
m——
7
OO0
> o
S 2
o
® o
=\
:J\ﬁ
T\
I
\
\

—
-l

. ‘
—
]

I
=

i)
=1

=

!

[

LY

— |

0 1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16

Fig. 6.1: Gas Turbine Through Flow Shape

All component modules are connected together among the flow, electric and mechanical
connections. All the modules have been sized previously according to their design and boundary conditions.
The equilibrium behaviour is searched by a simultaneous solution approach taking the control quantities set
at their nominal values. Calculation objective is aimed at establishing all the connection related quantities
such as openings, exhaust mass flow, temperature, etc. Degree of freedom have been VIGV percentage and
nominal firing temperature. A flow diagram showing the connections among the components is given in

Figure 6.2.
mf
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Fig. 6.2: GT scheme
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Component models used in this Matching calculations are those for the sized component off-design

analyses. A schematic view of the calculation approach is shown in Figure 6.3.
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x" | initial guess

Variable attribution to modules
X

COMBUSTION GAS
EXPANDER

COMPRESSOR CHAMBER
News

Calculation of fob (x)
Built of the constraint array

No

Min fob ?
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_Stop_

Figure 6.3: Calculation approach

Page 99 of 105

RO3-D4.2.2



** %
.

*
*

*
*
* ok

= iy
7 2
H,IGCC

6.1 Input quantities and boundary conditions

With reference to the first paragraph of this document, the set of equation /' contains variables, degree of

freedoms, geometrical data and boundary conditions. Taking the matching of compressor, combustion
chamber and gas expander into consideration, the quantities below have been assumed to the simulator in

order to obtain the unknown quantities of interest (i.e. pressures, temperatures, etc.).

Table 6.1: Nominal input quantities of the GT matching problem

AMBIENT CONDITIONS (ISO)

[kPa] p inlet compressor
[°C] t inlet compressor
[%]m Air Composition
[%] RH
COMPRESSOR
[%] | VIGV Opening
COMBUSTION CHAMBER
[%]m Fuel Composition
[%] Pressure Drop
[%] Efficiency
GAS EXPANDER
[°C] t firing
[°C] t coolant
[kPa] p outlet diffuser (static)
GAS TURBINE
[MW] Mechanic Power Loss
[MW] | Electric generator Power Loss
[rpm] Rotational Speed
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6.2 Output quantities
means outlet quantities of the compressor (pressure, temperature, etc.), are the input quantities of the

combustion chamber. They are the same variables and are called matching variables.

The output given by the GT simulator have been determined by the matching of the components. That

Table 6.2 shows the performances of the GT at the nominal operating point with the NG feeding.

Table 6.2: Gas Turbine matching main quantities

Gas Turbine Performances

COMPRESSOR

[%]
[deg]
[#]
[%]

VIGV OPENING
VIGV ANGLE
PRESSURE RATIO
EFFICIENCY
POWER

[MW]

COMBUSTION CHAMBER

[kg/s]
[MJ/kg
[%]
[%]

INLET FUEL
LHV
CC EFFICIENCY
PRESSURE LOSS

]

POWER INTRODUCED BY FUEL

[MW]

GAS EXPANDER

[°C]
[7]

[7]

TiT ISO 2314

MECHANICAL POWER

TOTAL TO TOTAL EFFICIENCY
TOTAL TO STATIC EFFICIENCY

[MW]

GAS TURBINE

[MW]
[7]

MECHANICAL POWER
EFFICIENCY

SPECIFIC CONSUMPTION

[kCal/kWh]
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