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Abstract

The Specialization Centre for Energy Efficiency at the University of Cape Town has a goal of
building thermo-hydraulic models of an entire power plant. A one-dimensional thermo-hydraulic
network solver, Flowneyx, is the software envisaged to accomplish this goal. The development of

appropriate steam turbine models in Flownex supports fulfiiment of this goal.

Steam turbines of fossil and nuclear power plants make up most of the generating capacity for the
majority of industrialised and industrial developing countries, except for those whose power
industry depends mainly on hydroelectric power plants [1]. It is therefore a matter of great

interest to be able to predict the steady state and transient operation of steam turbines.

The aim of this dissertation was to use minimal data that was readily available to the end user to
develop accurate models. Acceptance test data was used as the primary source because it is more

reliable than plant data.

Various pressure drop correlations and methods to predict off-design efficiency were investigated.
These correlations and methods were solved analytically and implemented in Flownex.
Interpretation of the error analysis for the pressure drop correlations established that the general
empirical law using inlet conditions and Stodola law in the volume form were the most accurate
and consistent in predicting mass flow rate and pressure. The Ray method was shown to be the

most accurate to predict off-design efficiency and one of the less complicated to implement.

Steady state models were built for four turbine trains using the general empirical and Stodola
laws. The results produced by both correlations were similar, showing that for high vacuum

conditions either correlation could be used.

The general empirical law was the chosen correlation to implement for transient analysis since it
was generally more accurate and easier to implement than Stodola. The power predicted by the

model was within £1 % of that of the actual power produced.
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Chapter 1. Introduction

1. Introduction

1.1 Problem description

The Specialization Centre for Energy Efficiency at the University of Cape Town has as its goal the
building of thermo-hydraulic models for an entire fossil and nuclear power plants. The software
identified to accomplish the modelling is Flownex. Flownex is a one-dimensional thermo-hydraulic

network solver.

It is envisaged that the models will be used to analyse Eskom power plants in order to conduct
fault finding, investigate methods of improving the cycle efficiency and simulate the behaviour of
the power plant as a whole in transient situations, load rejection, islanding etc. The turbine

systems form an integral part of the power plant model.

Turbine manufacturers rarely supply detailed steam path information about their turbines. This is
done to prevent these turbines being used in reverse engineering by other turbine manufacturers
and spares suppliers. This lack of information makes it difficult to model turbine systems
accurately. The aim of this study was to use data that is available to the end user to develop the

models.

The primary source of data for modelling is acceptance tests. Where there are gaps in the
acceptance test data, the acceptance test is supplemented by heat balance diagrams and data

from plant instrumentation.

Although acceptance test data is produced under stable steady state conditions, it is believed that
suitable transient responses could be modelled using this data. One can assume quasi-steady

|H

conditions, and as long as the model “adjusts” for different quasi-conditions, the results should be

representative. Of course this means that very fast transient results may not be valid.

The detailed geometry of the steam path through the turbine is not available for virtually all of the
steam turbines in the Eskom fleet. However, if the detailed geometry were available it would
require three-dimensional CFD software to model them. Flownex being a one-dimensional

thermo-hydraulic network solver, it cannot model such problems.

There are various correlations available in literature to predict the pressure drop across a steam
turbine and its efficiency during off-design load conditions. The accuracy and solving time of these
correlations is important in modelling as it has an economic impact. Therefore a trade-off is

required between accuracy and solving time.
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In similar manner the level of detail required to model has an impact on accuracy, solving time and
the ability to study special conditions, so once again a trade-off is required in the level of detail in

the model.

The generic nature of the Flownex toolset makes it laborious to model a turbine system in an
existing power plant. To overcome this problem, compound components are envisaged, operating
like any other Flownex component. These compound components will have built-in “intelligence”
about how to model a certain turbine configuration, and do the necessary pre-processing to apply

the correct model parameters, given a limited set of user inputs.

1.2 Purpose of the project

The purpose is therefore to develop thermo-hydraulic models for steam turbines (including their
extraction lines) with various degrees of detail to predict steady state, transients (loading and de-

loading) and secondary effects using data that are available to the end user.

1.3 Scope and limitation of the project

The models are limited to steam turbines and extraction lines, but include the appropriate
volumes of the working fluids, predominantly on the piping connecting the various turbine
sections. The electrical power developed by the steam turbines considered ranges from 200 MW
to 686 MW. The models include reaction, impulse, reheat, non-reheat, wet-cooled and dry-cooled

LPTs. The lowest steam quality considered during the modelling was 0.8723 at the LPT exhaust.

The models did not contain rotational inertia of the turbine rotors, IPT cooling steam (where
applicable) and gland sealing. Also, the generator is not included; the power developed, therefore,

is the thermal power.

The boundary of the model was on the inlets and outlets of the turbine, including a very short
portion of the extraction lines. The characteristics of feed water heaters and other components

connected to the turbine were simulated with boundary conditions.
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1.4 Outline of dissertation

The remainder of this dissertation is structured as follows:

Chapter 2. Literature Review: Introduction of steam turbines, pressure drop correlations and
efficiency methods. Flownex and the conversion of the various equations into an implementable
format are discussed. A review of Eskom steam turbine architecture is also presented. The

accuracy of acceptance test data is ascertained through a review of the ASME standard.

Chapter 3. Pressure Drop Correlations: description of the methodology used in the analytical
solution as well as the Flownex solution of the various pressure drop correlations. A comparison is

made between the various correlations and between the analytical and Flownex implementation.

Chapter 4. Efficiency Correlations: description of the methodology used in the analytical solution
and Flownex solution of the various efficiency methods. A comparison is made between the

various methods and between the analytical and Flownex implementation.

Chapter 5. Case Study Implementation of the Models: showing the steady state solution of turbine
train models at various load conditions. A transient scenario is also modelled in Flownex and the

results are compared to actual plant data.

Chapter 6. Compound Component: presenting the description of the compound component,

together with the inputs required and results produced.

Chapter 7. Conclusions and Recommendations: concluding remarks based on the analysis

conducted in Chapters 3, 4 and 5 as well as proposals for recommendations for future work.
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2. Literature Review

2.1 Rankine cycle

Steam power plants are based on the Rankine cycle. The working fluid, water, is condensed at low
pressure (line 7-1) so that the working fluid can be pumped. The pressure of the working fluid is
raised in two stages (lines 1-2 and 3-4). The temperature of the working fluid is raised at constant
pressure in the steam generator (line 4-5). The working fluid is expanded in the turbine in order to
produce power (line 5-7).The ideal expansion of the working fluid in the turbine is represented by
line 5-7s. Line 6-3 represents the extraction steam to the feed water heater in order to improve

cycle efficiency as well as to reduce the temperature range in the steam generator.

d_a: died

Steam
generator

Wt

Temperature

Enlropy

Drsjected irreversibilities

Source: Adapted from www.powerfromthesun.net/book/chapter12

Figure 1: Rankine cycle

The pressure difference from 5 to 6 (Ap, ) represents the pressure drop between the turbine
inlet and the extraction point. The pressure drop Ap,_,represents the pressure drop between the
extraction point and the turbine exhaust. One aspect in this dissertation involves predicting these

pressure drops using appropriate correlations. These correlations are discussed in section 2.4.

Turbines are not 100 % efficient, hence there is an increase in entropy due to the losses incurred.

The result is that the actual expansion line from point 5 ends at point 7 and not 7s. Some of these
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losses are discussed in section 2.5.1. The second focus of this study is to evaluate published

models which would predict the isentropic efficiency of the turbine at different load cases.

2.2 Steam turbines

6s

6”

P>

Stage 1
_pe

& ) Stage 2

- p6!
'vyelvl Stage 3

p6”'
fslll Stage 4
p6IV
e 6 Stage 5
6|vS p6V
— 6Y Stage 6
6 _p6

Source: Adapted from Zerban and Nye [2]

Figure 2: Representation of the expansion through each stage

The actual expansion line from 5 to 6 (and 6 to 7) is similar to one represented by Figure 2. This is

the result of the stage-by-stage energy extraction in the turbine. This happens in two stages: first

a portion of the thermal energy of the steam gets converted into kinetic energy through the fixed

blades (or nozzles). Then the kinetic energy of the flow is extracted by the rotating blades, which

transfers the work onto the turbine shaft. From a macro perspective, the flow exits at a lower

density than the entrance, and it is said that the steam has expanded through the turbine, almost

as-if it is expanding in a piston engine and doing work onto the shaft.

The vertical lines in Figure 2 represent the ideal flow expansion through the stage. It is generally

assumed that the inlet velocity of the steam is negligible, and the flow through the nozzle is very

close to isentropic [3]. The nozzle exit velocity Ve can therefore be written as:
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v, =+/2(h, —h,) (1)

The kinetic energy of the flow is then extracted by the rotating blades. Since the blades cannot

extract all the kinetic energy of the steam, there is an exit velocity component. This exit velocity is

then available for use in the next stage. This is called carry-over [3]. Wall friction, leaks and

turbulence all result in losses, which in turn are converted to heat. The result is that the exit flow

is also heated due to the losses. From a process-point of view, this appears like steam reheat, and
is therefore called stage reheat [3].

A

h Py
\ A
1
\ P Stage
\
Stage ! % | work
available \ T I
A A
energy \\\ / 3 Stage
; reheat
A - A

Fixed blade
reheat

Rotating
blade reheat

Residual velocity,
windage losses

Source: Reproduced from Zerban and Nye [2]

Figure 3: Reheat losses of a single turbine stage

If one would follow the steam as it moves through the blade passages, the T-s diagram will have
the saw-tooth shape shown in Figure 2. However, when studying a turbine as a single entity (using

only inlet and outlet conditions), the exact expansion line through the turbine is irrelevant. The
process through the turbine is therefore only described as was shown in Figure 1.

Steam turbines can be classified in several ways. One of the most important and common of these
classifications is based on blade geometry and the energy conversion process. They are as follows:
e Impulse turbine.

e Reaction turbine.



Chapter 2. Literature Review

2.2.1 Impulse turbine

fixed rotating
blades blades

steam
inlet

~_ steam
" outlet

Ve —

a b c

Source: Adapted from Eastop and McConkey [4]

Figure 4: Impulse turbine stage static pressure and absolute velocity variation

Figure 4 shows how the flow cross-sectional area changes from the fixed blade inlet to the rotating
blade exit (coloured rectangles). The area significantly reduces along the fixed blades, causing a
pressure drop and associated flow acceleration (see the bottom portion of the figure). The flow

acceleration is denoted by the change in colour (blue to red) of the rectangles.

As the flow moves through the rotating blades, the static pressure remains constant because the
flow cross-sectional area does not change. The relative velocity of the steam remains constant as
denoted by the colour of the rectangles. However, the absolute velocity drops as the flow does
work on the blades. The rotating blades change the direction (cause a change in momentum —i.e.
an impulse) of the steam flow which contributes to the tangential force exerted on the blades by

the steam which in turn produces the torque on the shaft.

The entire stage pressure drop therefore occurs in the fixed blades only. This suggests that one
should be able to model the pressure drop using similar correlations used to model pressure drops

in fixed geometry pipes. A typical model used to calculate secondary pressure drops in a pipe like

bends or contractions is Ap=k,%pV?. This can be further expanded into a general empirical form

as Ap=C,p"Q“, and is one of the correlations that will be considered in this study.
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The actual energy extracted from the steam can be determined knowing the detail geometry of
the blade passages and angles. With the aid of velocity triangles (shown in Figure 5), the relative

and absolute flow velocities can be calculated graphically.

Fixed blade

Exit
Inlet velocity Combined inlet and exit
velocity triangle velocity triangles
triangle v

re

Rotating
blade

Source: Adapted from Eastop and McConkey [4]

Figure 5: Impulse turbine velocity triangles

Because the cross-sectional area in-between the rotating blade passages does not change for
impulse blades, the relative velocity along the blade is the same, i.e. Vi = Vi (ignoring frictional

losses along the blade passage). The power output per stage is then given by:

W =mV,U(cos 8, +cos f3,) (2)
V. —U
whereV, =—%—— o5,
cos f3.

The maximum amount of energy that can be extracted is when the absolute exit velocity Vee is
zero, i.e. all the kinetic energy of the incoming flow (%V.?) is extracted. From inspecting the
velocity triangles, one can see this means f = 0, which is physically impossible for an axial turbine.
Additionally, to obtain maximum power output from equation (2), it means £ = 0, or otherwise
stated, &; = 0. This is also physically impossible to achieve in an axial flow turbine. In section 2.5.2
it will be shown that there is an optimum ratio of blade speed U versus fixed blade velocity Vg;, and

that the efficiency is driven mostly by the fixed blade exit angle ;.
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2.2.2 Reaction turbine

rotating
blades

-~ steam
-

- outlet

NS

Va

a b

a]

Source: Adapted from Eastop and McConkey [4]

Figure 6: Reaction turbine stage pressure and absolute velocity variation

Figure 6 shows how the flow cross-sectional area changes from the fixed blade inlet to the rotating
blade exit for a reaction stage. The fixed blade flow cross-sectional area reduces similar to that of
the impulse stages, but the cross-sectional area of the rotating blades flow passage is now not
constant, but also reducing. The flow is therefore further accelerated in the rotating blade
passages, giving rise to a reaction force, similar to the force one experiences when holding a high-
flow water hose-pipe in the air. The flow acceleration (relative velocity) in both the fixed and
rotating blades is denoted by the change in colour (blue to red) of the rectangles. A further
pressure drop therefore occurs, but the absolute flow velocity still decreases as the kinetic energy
is converted into shaft work. For practical purposes, there is always an element of impulse energy
conversion because the flow needs to move generally in an axial direction through the turbine,

hence requires a change in direction after the fixed blade exit.

In an impulse stage, the static enthalpy drop (and pressure drop) occurs only over the fixed blades,
but for a reaction stage, a portion of the enthalpy drop (and pressure drop) occurs over the
rotating blades as well. The degree of reaction is defined as the ratio of the enthalpy drop over

the rotating blade to the overall enthalpy drop in the stage,
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The degree of reaction in a pure reaction turbine is 100 % while the degree of reaction in a simple
impulse turbine is 0 %. Most reaction turbines have a 50 % degree of reaction. For the typical
pressure range of steam turbine stages, this also results in the ratio of about 0.5 for the pressure
drop over the fixed blades to the overall pressure drop. The consequence of this fact for the
current study is that a simple pressure drop correlation, as would be applicable for impulse stages,
might not produce suitable results when applied to 50 % reaction stages. It is therefore important
that the selection of turbines used to evaluate the various pressure drop correlations includes

reaction as well as impulse machines.

The actual work extracted can again be determined using velocity triangles, as shown in Figure 7.
For 50 % reaction stages the rotating blade is a mirror image of the fixed blade, resulting in a

symmetrical velocity diagram [4]. Therefore Vie = Vai, Vii= Vee and B, =« .

Fixed blade

U Combined inlet and exit
velocity triangles

Rotating
blade

Inlet
velocity
triangle

Exit
velocity
triangle

Source: Adapted from Eastop and McConkey [4]

Figure 7: Reaction turbine velocity triangles

The resulting power output of a stage (ignoring velocity changes due to wall friction), is then

W =mu(2V, cosa, —U) (3)

10
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A similar conclusion can be made that the total incoming kinetic energy can only be extracted
when both a; and S is equal to zero, which is not physically possible. There is therefore also a
carry-over component at the exit of the reaction stage for use in the next stage. However, the
blade shapes allow for very small angles (10°-15°) [5], resulting in a smaller exit velocity Vqe than

typically in the case of impulse blades.

Because this project focusses on modelling a turbine as a whole without internal geometry
information, the application of velocity triangles and blade angles cannot be used. Instead,
correlations will be studied which try to predict the efficiency of the turbine, given the design base
efficiency is known. These correlations are built from analogies drawn from viewing the turbine

on a macro-level as shown in Figure 1. These correlations will be elaborated in section 2.5.2

2.3 Steady state power plant modelling software

Below is a list of some software packages used in power plant modelling. They use different
methods to predict efficiency and pressure drop across a steam turbine. However, the methods
are based on similar research publications. All these software codes are applicable only to steady
state simulations. The goal was to develop models with transient capabilities, therefore these
software packages are not applicable. However, one may approximate reasonably slow transients
in a quasi-steady state simulation, hence steady state methods may be applicable. It was

therefore beneficial to have some insight into what methods the various software uses.

EBSILONZ® is steady state thermodynamic software developed by Staeg. The software is used in the
engineering, design and optimisation of thermal power plants. The software solves the
conservation of mass and energy equations. For more information on the software one is referred

to https://www.steag-systemtechnologies.com/ebsilon professional+M52087573ab0.html

PEPSE® is steady state energy balance software developed by Scientech. The program is used in
the modelling, design, diagnostics and performance analysis of thermal power plants. For more

information on PEPSE one is referred to http://famos.scientech.us/PEPSE.html

EtaPRO™ Virtual Plant™ is steady state thermodynamic software developed by GP Strategies. The
software is used for assessing power plant performance. The software allows “what-if” mass and
energy balances of the power plant cycle to be modelled. For more information on the software

one is referred to http://powerplant.gpstrategies.com/prodVP.aspx

SteamPro is software used for the design of steam power plant cycles while SteamMaster is used

for the off-design simulation of steam power plant cycles. Both SteamPro and SteamMaster are

11
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developed by Thermoflow. For more information on SteamPro and SteamMaster one is referred

to http://www.thermoflow.com/convsteamcycle STM.html

2.4 Pressure drop correlations

The pressure drop characteristic of a component is used in solving the conservation of momentum
equation. There are several correlations that have been developed over time to predict the
pressure drop characteristic across a steam turbine. These correlations differ in accuracy, solving

time and ease of implementation. Some of the most common of these are as follows:

e Stodola’s law of ellipse.
e Schegliaiev’s model.
e General empirical law.

e Constant flow co-efficient.

2.4.1 Stodola’s law of ellipse

Stodola developed his law of ellipse experimentally using an eight-stage laboratory turbine [6]. It is
valid for steam turbines operating with superheated or saturated steam, and when the flow is not

choked. The law of ellipse establishes the relationship between three parameters:

1. Totalinlet pressure.
2. Static outlet pressure.

3. Inlet mass flow rate.

2
L

-

P,

.»4"“4"

Source: Adapted from Wikipedia.org/wiki/Ellipse_Law

Figure 8: Graphical representation of Stodola’s law of ellipse

12
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In the above diagram, Stodola’s “Cone of Steam Weights” represents the ellipses at various inlet
pressures. The ellipse represents the “fundamental law for variation of steam mass flow with the

outlet pressure for a given inlet pressure and constant speed” [7].

The law of ellipse relates the constant inlet flow co-efficient ¢; with the pressure ratio (total inlet

to static outlet pressure) in such a way that:

¢, o 1—(&] (4)
pol

pol (5)

Substituting (5) into (4) results in:

(6)

To remove the proportionality sign, the mass flow rate and pressures need to be referenced to a

design or nominal condition, giving:

m, >
P 1_[/02)
Vl — ol
mln p 2 (7)
p 1_( N ]
oin poln
V.

By algebraic manipulation the volume form of Stodola’s law of ellipse is then:

13
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(8)

Applying the Ideal Gas Law pv =RT to (8) produces the temperature form of Stodola’s law of

ellipse:

(9)

EBSILON®, SteamMaster and PEPSE® use Stodola’s law of ellipse as the basis for some of their
turbine calculations. PEPSE® specifically uses Stodola’s law of ellipse in applications where

expansion is to a controlled extraction and/ or high back pressure [8].

2.4.2 Schegliaiev’s model

Like Stodola’s law of ellipse, Schegliaiev’'s model proposes a relation between mass flow rate,
pressure and temperature for partial load, knowing design or nominal conditions [9]. Schegliaiev’s

model is valid for steam turbines operating with superheated or saturated steam.

Based on the nozzle-flow analogy, Schegliaiev developed an expression for the partial load

operation that relates the following:

1. Inlet mass flow rate.
2. Steam static pressures (inlet and outlet).

3. Inlet static temperature.

7| (p*-p)-0c(p,—p,)

ml 1n
—= =t (10)
2
m,, A (plnz _pZnZ) - G(pm —Pz,,)
LS
& 2 kit
where o= and e=| —— ' (12)
l-¢ k+1
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2.4.3 General empirical law

The general empirical law can be used to predict the pressure drop across heat exchangers, valves
and turbines (gas and steam). The correlation is valid for gases, liquids and two-phase flow. The

general empirical pressure drop law relates total pressure drop to the following:

1. Inlet density.

2. Inlet volume flow rate.
Por =Poy = A:C’o = Ckplﬂala (12)

The simple turbine component of the transient thermo-hydraulic simulation package Flownex®
uses the general empirical law as one of the methods of determining the pressure drop across a

turbine.

2.4.4 Constant flow co-efficient

The constant flow co-efficient (5) is not a pressure drop correlation. However, it is used by PEPSE®
and EtaPRO™ Virtual Plant™ as one of the options in their steam turbine components to predict
pressure. The constant flow co-efficient method is invalid for expansion to a controlled extraction

or high back pressure applications [8].
For the derivation of the constant flow co-efficient the reader is referred to Salisbury [10].

By algebraic manipulation it can be shown that the constant flow co-efficient is a special case of
Stodola’s law of ellipse [6] and the general empirical law when the outlet pressure is negligible

compared to the inlet pressure.

The following demonstrates that the constant flow co-efficient is a special case of general

empirical law:

Assuming o =2 and S =1(as per Flownex recommendation [11]), equation (12) becomes:
Po1 = Po :Ck:olQl2 (13)
Assuming p_, is negligible compared top,, :

P, = C/<:01Ql2 (14)

15
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1

SubstitutingQ, =M in (14) and re-arranging gives:

1

r_.m (15)

Co PP

. . . 1 . 1 . .
Since C, is a constant, it follows that C_:¢l' and knowing p, =— we arrive again at the same
k Vi

form as equation (5):

2.5 Steam turbine efficiency

There are two major components which define the total performance of a steam turbine, i.e.
efficiency and availability [12]. The major component of interest in this dissertation is efficiency.
The efficiency of a steam turbine is defined as the ratio of the actual enthalpy difference of the
working fluid expanding between two pressures to the isentropic enthalpy difference between the

same two pressures [12], [4].
Referring to Figure 1:

_h7
= 16
= (16)

5 7s

In a power plant that works with a fixed boiler pressure, the HPT (without governing stage)
efficiency decreases with an increase in flow throttling (with the governor valve closed to a greater
degree). This is because the pressure ratio across the turbine increases and the velocity ratio
decreases below the ideal design value. The efficiency of the HPT is therefore a function of the
throttle flow ratio [13].

In a LPT, the efficiency is primarily a function of the exhaust velocity, and is termed “leaving

losses” [13].

16
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2.5.1 Factors influencing steam turbine efficiency

There are basically four major factors that influence steam turbine efficiency [12]. These four

major factors are:
1. Stage leakage losses.
2. Stage moisture losses.
3. Leaving losses.

4. Basic aerodynamic losses associated with the stage structure.

e Stage leakage losses occur at the stationary and rotating blade tips (interstage seals) as well as
at the gland seals. The interstage leakage loss represents steam that has not contributed to the
expansion work and therefore results in a reduction in stage output. The interstage leakage
loss is greater in a reaction turbine than an impulse turbine because of the pressure difference

across the clearance passage in a reaction turbine. The stage leakage losses are influenced by:

1. Assembled clearance as compared to design clearance.
2. Increased clearance due to rubs at critical speeds when running up or running down the
turbine.

3. Re-entry of the leakage steam into the main steam flow.

Rotating blade
tip leakage

Rotating blade
“root leakage

Stationary blade
packing leakage

Source: Adapted from Hesler [14]

Figure 9: Stage leakage loss in a reaction turbine
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Stage moisture losses: When the working fluid expands into the moisture region, water
particles are formed and transported in the steam. There is drag between the steam and the
water particles because of the continual acceleration and retardation of the working fluid [12].
The moisture in the stage can also cause mechanical damage to the stage blades.

The efficiency loss due to moisture ranges from 0.8 % to 1.2 % per 1 % average stage moisture
content [12]. The stage moisture loss mainly affects the LPT of fossil plants and HPT and LPT of

nuclear plants.

Leaving losses are due to the following:
1. Unused kinetic energy at the exhaust of the turbine.
2. Hood losses.

3. Turn-up losses.

Kinetic energy losses in the HPT and IPT are relatively small when compared to the other
losses and are usually ignored. In the LPT the exhaust velocity is significant and therefore
cannot be ignored. Reducing the exhaust velocity below a critical value does not reduce
the leaving losses, because of unfavourable blade velocity to steam velocity conditions
[12].

Hood losses are due to steam passage through the diffuser and exhaust hood. Hood losses
for the LPT can be reduced by better design for the diffuser and better LP hood geometry

selection.

Turn-up losses are due to reduction in exhaust velocity at low load conditions. In these low
load conditions recirculation occurs through the root section of the rotating blades. Turn-

up losses can also occur during high back-pressure operation.
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hood losses

leaving losses

turn up losses

Leaving losses

0 Exhaust axial velocity

Source: produced with information from Sanders [12]

Figure 10: Typical leaving losses curve

Basic aerodynamic losses associated with stage structure are influenced by profile and stage

geometry, and are a function of the steam velocity and physical properties [12]. The following

are major factors (greater than 2 %) which influence the basic aerodynamics:

1
2
3.
4

Fixed and rotating blade profile.
Row aspect ratio.
Wall-end and flare.

Disc friction.

Profile loss is defined as the ratio of total loss in stagnation pressure across the blade row
to the difference between the stagnation and static pressures at the outlet. Profile losses
are a result of boundary layer formation which steepens owing to adverse pressure

gradients.

The row aspect ratio is the ratio of the chord length to the blade length. The influence of
the inner and outer casing wall of the first and second rows can be large because of
secondary flow effects acting on a greater proportion of the discharge blade length.
Secondary flow within the blade channel causes recirculation at the inner and outer side

walls, so causing losses because of the introduction of vortices [12].

Wall-end and flare losses occur at the inner and outer side walls. These losses are a result

of wall friction and are influenced by discontinuities and direction changes which occur at
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the wall. These losses are larger at the outer wall than the inner wall because of higher

velocities and dramatic profile shape changes [12].

Disc friction loss occurs as a result of the disc rotating in the working fluid. The magnitude

of the loss is influenced by the steam density and the amount of exposed area.

100
%0 = Wall end and flare
80 losses
_ [ Leaving loss
X 70
3 H Moisture loss
g 60
o
= 50 M Disc friction loss
c
g 40 M Leakage loss
2
S 30 M Aspect ratio loss
@
20 M Profile loss
10
0
IPT LPT Total
Components

Figure 11: Typical percentage loss in a 500 MW impulse turbine

Figure 11 was compiled with data from Sanders [12]. Leaving losses and profile losses constitute

the major losses in this particular type of steam turbine.

2.5.2 Methods of predicting steam turbine efficiency

There are various methods to determine the efficiency of new steam turbines and steam turbines
operating at off-design conditions. The efficiency is specifically the static to static isentropic

efficiency. Those considered are given below:

Stage by stage calculation method.
Spencer, Cotton and Cannon method.
Method employed in the PEPSE code.
Method employed in the EBSILON code.
Ray method.

A A S o

Darie method.
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Stage by stage calculation method: A large steam turbine consists of a number of relatively

independent components called stages [15]. The overall efficiency of a steam turbine can be

determined from calculating the performance of the individual stages (i.e. stage by stage

calculation) since overall performance depends on the efficiency of the individual stages [13].

This method is suitable for an existing steam turbine where the internal geometry of the steam

path is known. It is not suitable for any steam turbine (new and existing) where the internal

geometry of the steam path is unknown. For this project, it is assumed that the internal

geometry of the steam path is unknown, therefore a stage by stage calculating method is not

applicable.

Stage efficiency of impulse turbine: 7 = 4£(cosa, —ij

ai ai

2g 2cosa; — v
Vai Vai

2
1- v +2£cosa,
Vai Vai

Stage efficiency of reaction turbine: 7 =

: Reaction turbine
Zeos
1+cos’ o \

COS1 [

Impulse turbine

Cos & cos o

o~

Source: Adapted from Wikipedia.org/wiki/Steam_turbine

Figure 12: Efficiency vs. ratio of blade speed to steam velocity for reaction and impulse turbine

(17)

(18)

Figure 12 shows that for a given inlet angle, the efficiency of a reaction turbine is better than an

impulse turbine as the ratio of the blade speed to steam velocity increases.
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Spencer, Cotton and Cannon method: The method proposed by Spencer, Cotton and Cannon

(SCC) uses a base efficiency and then applies corrections for various conditions. The authors

developed efficiency correlations based on five factors:

1. Expansion line efficiency, which can be determined from the following,

2
3
4.
5

a) Volumetric flow rate.

b) Pressure ratio.

c) Initial conditions (pressure and temperature).

d) Configuration of the governing stage.

Leaving losses.

Gland seal and valve leakage losses.

Mechanical losses.

Generator losses.

For a detailed description of the method, the reader is referred to Spencer, Cotton and
Cannon [13].

Intermediate

Reheat section

mean of loops

Turbine type | Non-reheat | High pressure section pressure
section
3600 rpm 3600 rpm 3600 rpm |3600rpmnon{ 3600rpm | 2600/1200rpm | 1200 rpm
condensing non- non- condensing | condensing condensing condensing
2 row condensing | condensing without without without without
EOVEININg 1 rowr 2 row EOVErNIng governing | governing stage | governing
stage governing | gowverning staze stage staze
stage stage

Baze efficiency B9 .48 27 24 Fig.13 91.93 91.93 92.95
Correction for _4302I5C-N _1-}:.‘51‘:1%.' _:ISSC}:II}N _12?'3333",‘., _ 1270000 N _12?-3:::):-{'..
volume flow Qv Qv Qv Qv Qv Qv
Correction for
EOVENINg Fig.2 Fig.7
stage
Correction f|:.>r Fig6 Fig 10
pressure ratio
Correction for
initial Fig.14 Fig.14 Fig.14 Fig.14
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Correction for
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Correction for Fig.3 Fig.9 Fig.11
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substitution of g E.K AEw )
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section
Correction for Fiz.5 Fig.12 Fig.12

Figure 13: Extract of the SCC procedure [13]
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e PEPSE® method: One of the methods that PEPSE software uses to determine the efficiency of
an entire turbine is the SCC method. Once the efficiency of the turbine is determined the
efficiency of the individual stages or groups of stages is determined by a set of expansion line
curves built into PEPSE. These are enthalpy versus entropy curves on a Mollier chart. Specific
points on the curve are determined from the individual group stage constant flow co-efficient

since it relates to pressure and mass flow rate for the stage.

From these curves, the curve for any load can be derived by making the slope of the chord of
the new curve parallel with the chord of the original curve, but offset by the amount of change
in entropy. The expansion line of the HPT section is a straight line while that of single reheat

IPT and LPT sections are curved [8].

The PEPSE equation for fossil plant curved expansion line is given as

h,—(h+Y)
37

1
5

371 -
Z=10"°"  and Y =650

s=10 +R,(h—h,)+s,-Z (19)

(s,—s,)+Z [10(

whereR =
h

1_h2
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Source: Adapted from Minner [8]

Figure 14: HPT partial load expansion line developed from nominal load expansion line

EBSILON method: In addition to using the SCC method as one of its options for determining
the efficiency of steam turbines, EBSILON software uses normalized characteristic curves [16].
These curves use the nominal efficiency to determine efficiencies at other loads.

Py /Py,

. m Q
These curves are functions of ——, % /™1 gand —-.
mln pZ pZn an

Ray method: Ray developed a semi-empirical relationship to predict the off-design efficiency
of a steam turbine [17]. The assumption is that the efficiency is a function of the ratio of blade
tip velocity to theoretical steam velocity. Blade tip velocity is proportional to turbine shaft
speed and theoretical steam velocity is proportional to the square root of the isentropic

enthalpy drop across the stage.
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N

\JAh
——1| withxk=2 (20)

n

Ah

sn

n=mn,-K

During normal operation the shaft speed is closely controlled to maintain it close to nominal

speed. Therefore equation (20) reduces to:

An )
n=n,-2 -1 (21)

Ah

S

Darie method: In their article, Darie et al [18] propose the following relationships to predict

off-design steam turbine efficiency:

h h
Pressure section n=n, |-2%|2- |22 (22)
h25 th
0.15 h no )
Governing stage 77:(0.83— - )1—0.04(1— ﬂ}—l.lGS(l— ﬂ} (23)
mlvl 2s 2s
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2.6  Flownex

Flownex® is a one-dimensional thermo-hydraulic network simulation environment. Flownex is able
to solve steady state as well as transient problems. The thermo-hydraulic system is solved

numerically using an implicit pressure correction method. It solves the three conservation laws:

1. Conservation of mass.
2. Conservation of energy.

3. Conservation of momentum.

Flownex uses a state of the art pressure correction solution algorithm that results in fast and

accurate simulations [19]. The following sequential steps are followed in the algorithm:

Guess the initial pressures at all nodes.

Calculate the mass flow rate using pressure-volume flow rate relationships.
Check for continuity at all the nodes.

Adjust the pressure to ensure continuity at all nodes.

Update mass flow rates using the new pressures.

Repeat steps 1-5 until the solution converges.

Solve the energy equation at all nodes.

Repeat steps 1-7 until the solution converges.

W oo N O kR W

For transient problems, move to the next time step and repeat steps 1-8.

Flownex uses a segregated solution algorithm which sequentially solves the three governing
equations and closure equations [19]. This enables the user to control various aspects of the
solution procedure through relaxation parameters, adjusting the number of iterations and

convergence criteria of the solution [19].

Flownex has a very useful designer function. The designer is used to calculate component
parameters automatically to obtain a specific operating condition. The calculation is limited to one
independent variable per equality constraint. Flownex uses the Newton-Raphson method to solve

the set of non-linear equations.
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2.6.1 Governing equations

The following are the governing equations solved in Flownex:

e Conservation of mass [20]

v(z—f+m2—m = (24)

e Conservation of energy [20]

. . 0

Q-W= VE(Pho —p)+m,h,, —m,h,, +m,gz, —m,gz, (25)
e Conservation of momentum [20]

a) Incompressible flow

ov
pLE+(poz—pol)+pg(22—zl)+Apo:O (26)

b) Compressible flow
ov 1 1

PLG =P )+ PV T T ) 02 -2,) +2p, =0 (27)

2.6.2 Existing turbine components within Flownex

Flownex has two existing turbine components within its library, i.e. the normal turbine and simple

turbine.

e Turbine component: The turbine component uses performance charts i.e. pressure ratio and
efficiency, to determine the characteristics of the turbine. There is a library of standard charts
available to the user or the user is able to input custom performance charts. The pressure ratio

and efficiency charts are functions of corrected mass flow and corrected speed.
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Figure 15: Example of pressure ratio and efficiency charts [11]

The user is able to construct composite turbo machines by adding compressors and generators
via a shaft component to the turbine component. The model is also capable of calculating

speed during transient simulations.

The turbine component is subject to following constraints:

1. Adiabatic turbine with compressible flow.
2. Negligible fluid mass and thermal inertia.

3. One dimensional flow at turbine inlet and outlet.

The turbine component requires the following inputs

Performance chart.
Rotational speed.

Inlet guide vane angle.
Geometric scaling factor.
Power supplied to the grid.
House load.

Generator efficiency.

© N Uk W E

Switch gear efficiency.

Turbine performance charts are very rarely available to the user therefore the use of this

component is not applicable to this dissertation.
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Simple turbine component: The simple turbine component is a turbine with one working

point, i.e. constant isentropic efficiency and total pressure drop [11]. The component can

handle two-phase flow and choking in the throat of the element. The component is capable of

calculating power developed but does not include rotational inertia, nor does it have the

capacity to calculate speed during transient simulation.

The pressure drop across a steam turbine can be input by the user in three formats for the

simple turbine component:

1. The restrictor with discharge co-efficient.
Ps
Apo :pal[l__J
pol

2. The restrictor with loss co-efficient.

3. The general empirical law which was described in section 2.4.3 and equation (12).

The simple turbine component requires the following input in order to operate:

1. Isentropic efficiency.
2. Pressure drop input method with additional information:
a. Restrictor with discharge co-efficient.
i. Throat diameter or area.
ii. Discharge co-efficient.
b. Restrictor with loss co-efficient.
i. Throat diameter or area.
ii. Loss co-efficient.
iii. Contraction co-efficient.
c. General empirical law.
i. Turbine loss constant.

ii. The index for density and volume flow rate.

(28)

(29)

This component can be used without knowledge of the details of the steam path which makes

it most suitable for this project.
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2.6.3 Compound component

In a flow network model, parts of that network may be repeated a number of times. It can become
laborious creating the same sub-network repeatedly so to alleviate this problem Flownex provides

the compound component functionality [21].

From the user’s perspective the compound component represents a single component which can
be used like all other components. However, in reality the compound component contains all the
details of the sub-network which can be used repeatedly in the same project or copied to the

global environment where it can be used in other projects.

It is also possible to include scripting elements inside the compound component which would
handle the pre-processing or conversion of user inputs into the appropriate parameters of the

internal components. This is particularly useful for the development of the steam turbine.

Compound component

Internal of a compound component

Source: Dr WF Fuls

Figure 16: Example of a compound component
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2.7 Architecture of steam turbines used in Eskom

The aim of this exercise was to study the steam turbine architecture and functionality of the
various power plants in the Eskom fleet in order to determine whether certain turbines and power
plants could be grouped together. The grouping of turbines and power plants could assist in
developing compound models of complete turbine trains, i.e. HPT+IPT+LPT in one component with

multiple extraction points.

Eskom has 16 power plants that employ steam turbines as a prime mover to drive their generators
in order to produce electricity. The power plants constructed prior to 1971 do not have reheat
systems. These turbine trains consist of two cylinders, an HPT and a LPT. The power output of
these turbines ranges from 95 MW to 200 MW per unit.

The power plants constructed after 1971 have reheat systems. These turbine trains consist of four
cylinders, HPT, IPT and 2xLPT pairs. The power output of these turbines ranges from 400 MW to
800 MW per unit. In addition, Eskom has one nuclear power plant with an output of 965 MW per

unit. The nuclear power plant turbine train consists of four cylinders.

Eskom has 38 units with reaction machines and 63 units with impulse machines. All the steam
turbines used by Eskom are axial flow machines, therefore this dissertation is concerned only with

this type of turbine.

The OEMs of these turbines vary but the turbine OEM for a particular power plant is usually the
same for all the turbine trains at that plant. Eskom made a conscious decision not to be reliant on
one turbine OEM, therefore the Eskom turbine fleet consists of turbines from various turbine
OEMs.

As can be expected when using different turbine OEMs the turbine hardware across the Eskom
fleet is not homogenous. The turbines vary in terms of whether they are reaction or impulse
machines, in the number of cylinders, the number of stages per cylinder, the number of flows per

cylinder, the number of extractions per flow etc.

Even though the turbine hardware might be different across the Eskom fleet it can be grouped by
considering the following criteria:

1. Whether the power plant employs reheating.

2. The number of flows?! on the HPT, IPT and LPT.

3. The number of extraction points per HPT, IPT and LPT flow.
4. Whether the HPT has any governing stages.

IFlows are the number of parallel streams of steam exhausting (normally one or two) from the turbine cylinder from a
single entry
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5. Whether the IPT requires cooling steam.

Based on the above criteria the heat balance diagrams and acceptance test reports for the various
power plants were analysed to determine whether the turbines and power plants could be
categorised into groups. One will note that from the above criteria, no distinction is made
between impulse and reaction blades because the models developed need to be applicable to

both types of blades.

From the analysis it was determined that all the steam turbines in the Eskom fleet could be

clustered into 10 groups. The number of groups required was reduced through the following:

e The turbine with the largest number of sections is defined as the a base model
e Allowance is made for whether the extraction points are symmetrical or asymmetrical

e The physical inlet, extraction and exhaust pipes are ignored and considered as simple nodes.

The result is that only two generic groups are sufficient to model all the steam turbines in the

Eskom fleet. They are shown below:

Figure 17: Generic group 1

Figure 18: Generic group 2

Turbines with fewer number sections than the number in the Generic group 1 can be modelled by

“blanking off” the extractions of the extra sections. Generic group 2 is used for modelling double
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flow turbines with asymmetrical extractions. The generic groups enable the addition of the

required inlet, cooling steam, extraction and exhaust pipes at the nodes.

For the details of these groupings reference should be made to Appendix A.

2.8 Confidence/ accuracy of acceptance test data

This study relied on acceptance test data to judge the accuracy of the various methods. To
establish confidence in the acceptance test data and thus the model results, the ASME
Performance Test Code [22] was reviewed. Section 4 of the code recommends the
instrumentation to be used, its accuracy, installation, location and calibration requirements to
ensure a low degree of uncertainty in the heat rate calculation. By following the guidelines of the
code, the results for a full scale heat rate test for a typical reheat fossil fuelled unit have an

uncertainty level of approximately 0.25 %.

The following sections are summaries of the code to support the confidence of the data used.

2.8.1 Duplication of instrumentation

The ASME standard requires duplicate instrumentation to measure certain critical data such as
flow nozzle pressure difference, steam temperature and exhaust pressure. The use of duplicate
instrumentation reduces the uncertainty of the average duplicating instruments relative to a single

instrument.

2.8.2 Calibration

An accuracy ratio of less than 10:1 is required for calibrated instrumentation. Accuracy ratio refers
to the ratio of the accuracy of the measuring standard to the accuracy of the instrument being
calibrated [22]. Extremely accurate instrumentation has an accuracy ratio of 4:1. The calibration of
the instrumentation has to cover the range in which it is used. The increment between calibration
points and the method of interpolation between the points is selected to achieve the lowest

possible calibration uncertainty.
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2.8.3 Measurement of electrical power

The power output of an AC generator must be measured with adequate instrumentation that
ensures accurate measurements under all load power factors and unbalance, i.e. no uncertainty is

introduced due to measuring method.

In order to achieve accurate metering of a three-phase system ASME recommends that three
single meters be used for four wire generator connections and two single meters be used for three
wire generator connections. This recommendation is based on Blondel’s theorem, which states
that in an electrical system of N conductors, N - 1 measuring instruments are required to measure

the true electrical power or energy of the system [22].

For AC generator tests the active power must be measured with instrumentation with an
uncertainty of £0.1 % of the reading for power factor > 0.8. Reactive power should be measured

with instrumentation with an uncertainty of £0.2 % of the range.

The instrumentations used to measure the gross electrical output of the generator must be
calibrated to a secondary standard that is traceable to a recognised national standard laboratory.

Calibration must occur before and after each test.

ASME provides guidelines and diagrams for connecting of the instrumentation in order to ensure
that significant error is not introduced to measured power. The test instruments must be
connected on the lines from the generator as close as possible to the generator terminals and on
the generator side of any external connections by which power can enter or leave the circuit [22].
The influence of inductance on measurement should be minimised by the use of twisted and
shielded pairs of instrumentation leads. The arrangement of the instrumentation has to be
checked for stray fields. The selection of the wire gauge on the voltage circuit is based on the
wiring length and a given load of the potential transformers, with consideration of resistance of

safety fuses.

2.8.4 Primary flow measurement

Accurate primary flow measurement is essential in determining heat rate if the results are to be
considered the basis for acceptance test [22]. All known errors are required to be reduced so that

the individual effect is less than 0.05 % of the primary flow measured.

The ASME standard recommends the use of low beta ratio throat tap nozzles because of the
excellent results achieved by these nozzles. Figure 19 shows the layout and basic requirements to

install the flow meter in order maintain the accuracy of the measurement system. The beta ratio
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(d/D) is limited to the range of 0.25 to 0.5. The instrument is required to be installed at least 20
diameters downstream of any obstruction on straight piping and at least 16 diameters

downstream of a flow straightener.

— Tube-type flow straightener Throat taps — ~ Compressed gasket
/ thickness not to
r [/ excesd 1.6 mm
Upstream pressure — -
] taps ]
A D777 A NN | —
( Ls Flow
B e = NS
'-.} = w17 l T \
= ] .
I /777 /771 L A, ; %/x/ | —
\
— Flow ‘— Throat tap L
. 90 L|_: D . D —» nozzle
. 16D
min.
. 20D . N 10D " N
min. min.

Figure 19: Schematic of primary flow section [22]

2.8.5 Differential pressure measurements

For measuring primary flow, differential pressure transducers with an accuracy class of 0.05 % or
better (0.1 % maximum uncertainty) must be used. The differential pressure transducers should
not introduce an uncertainty greater than +0.1 % of the minimum flow measured. The transducers
have to be calibrated before and after each test. The before and after calibration curves should
not differ by more than 0.05 % of the mass flow rate. The temperature of the two lines connecting

the primary element and each instrument should not exceed 2 K.

The change in zero reading before and after each test run should not deviate by more than 0.1 %
of the differential observed during the test run. At any time during the test run, the corrected
instantaneous reading of the two instruments must agree with one another within 0.2 % after

correction for any calibration difference between two tap sets [22].
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2.8.6 Additional flow measurements

The instrument and method used to measure flow other than primary flow should not affect the

heat rate by more than +0.1 %.

The boiler feed pump turbine steam flow rate must be determined with instruments whose
combined uncertainty is not greater than +2 % so as to limit the influence on the heat rate to not

more than 0.5 %.

2.8.7 Absolute pressure measurement

Calibrated pressure transducers of 0.1 % accuracy class have to be used to measure all critical

pressures.

Calibrated pressure transducers of 0.25 % accuracy class must be used to measure all non-critical

pressures.

To ensure reliable and accurate measurements the pressure transducers should be installed in
positions that are free of vibration, dirt and large variations of ambient temperature. The pressure
taps have to be installed on straight pipe sections as far away as possible from upstream

obstructions such as elbows.

The pressure taps at the turbine side of the extraction pipes have to be installed as close as
possible to the turbine connections but not so close that flow disturbances affect the pressure
reading. Errors caused by pressure taps are a function of the type of fluid, tap diameter and
configuration of the tap holes at the wall of the pipe, therefore the ASME standard requires the
use of certain tap diameters and configurations. The holes need to be at right angles to the surface
of the wall adjacent to fluid and the innermost part holes have to be de-burred. In order to
prevent air or water pockets, the connecting pipes must be continuously sloped from the level of
the tap to level of the instrument. For measurement of pressure below atmospheric, provision has

to be made for bleeding off of the air.
The zero reading should not vary by more than 0.1 % of the reading during the test.

The exhaust pressure of a condensing turbine has to be measured at, or on either side of and
adjacent to the exhaust joint. The exhaust joint is where the turbine exhaust connects to the

condenser neck.
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2.8.8 Temperature measurement

The temperature measurement systems should have an uncertainty of +0.5 K. Thermocouples and
resistance thermometers must be calibrated before and after each test run. The before and after

calibration values of the instrument should not deviate by more than 1 K.
The ASME standard recommends the following temperature measurement systems:

e Platinum resistance type thermometers, including leads calibrated and used in conjunction
with random bridge (0.03 % accuracy) measuring instruments.

e Thermocouples with continuous thermocouple wires and integral cold junctions calibrated and
used in conjunction with a random high quality digital voltmeter (+0.03 % accuracy or better).

e Calibrated thermocouples or random thermometers with an uncertainty not exceeding 0.5 K

for cold junction ambient temperature reference measurements.

When the temperature is used to determine enthalpy, the temperature measurement device is
required to be installed as close as possible to the corresponding pressure measurement point.
The thermowells must be located downstream of the pressure taps. If the thermowells are located
upstream of the pressure taps, then they should not be located on the same longitude.
Temperature sensors must be located sufficiently downstream of an elbow or extraction nozzle to
minimise temperature difference caused by flow stratification. Thermocouple leads should not be
subjected to large temperature gradients. To avoid high electric fields, the thermocouple and its

lead wires should not be run in the same cable trays as power lines.

2.8.9 Instrument location

To ensure reliable and accurate acceptance test results the proper location of the instrumentation
is important. The ASME standard recommends instrumentation locations to achieve reliable and
accurate results. Figure 20 below is an example of an ASME recommendation. Note that all the
plants used in this study had surface condensers connected to cooling towers. In other words the
condenser is integrated right below the LPT exhaust hood. This makes it virtually impossible to
measure the LPT exit flow velocity, and thus it is not possible to determine the actual total outlet

pressure of the LPT. The static pressure inside the condenser is the only measurement available.
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Figure 20: Location of test instrumentation [22]

2.8.10  Conclusion on accuracy of acceptance test data

Eskom normally specifies the ASME code for plant acceptance tests. However, there is no
guarantee that the code was followed in its entirety, nor that some procedural or installation error
could have happened. Some of the acceptance test data are old and there is no proof that the
tests were carried out as required. However, most of the acceptance test reports do contain mass
and energy balance checks as method of verifying the accuracy of the data. These reports have
been used for the life of the plant as reference data whenever upgrades or re-commissioning is
done. It is therefore generally seen as the most reliable and accurate process conditions for the

plant.

Acceptance test data usually is much more reliable and trustworthy, since there is more stringent
control of the accuracy of the instruments, their calibration and their installation. Acceptance test
data provides a regulated set of data to which the accuracy of the models developed can be tested
and therefore more desirable in modelling process flow than plant data collected from the

Distributed Control System.
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From the information gathered from the ASME standard one can conclude the following about

model results:

e Critical pressure and non-critical pressure errors within £0.1 % and £0.25 % respectively are
considered negligible.

e Main steam flow and extraction line flow errors within +0.05 % and *2 % respectively are
considered negligible.

e Temperatures within £0.5 K are considered negligible.

Finally, it must be noted that regardless of the precision of the actual measurement, the data
given in the acceptance test results have a certain truncation, i.e. only 3-4 significant digits are
reported. This truncation (or round-off) might in some cases result in a value which is less
accurate than the original measurement, especially in the case of pressures where there is quite a

large range from HPT inlet to LPT outlet.
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3. Pressure Drop Correlations

Section 2.3 introduced various pressure drop correlations. Stodola’s law of ellipse, Schegliaiev’s
model and general empirical law are the correlations of interest for this project. As mentioned in
section 2.6, the pressure drop in the simple turbine component used in Flownex can be input in
three formats. The general empirical law format is the chosen format for this project since it does

not require any details of the steam path to be known.

The general empirical law correlation can be directly implemented in Flownex. However, Stodola’s
law of ellipse and Schegliaiev’'s model need to be converted to the general empirical law format

before they can be implemented.

The steam velocity at the inlet to and outlet from the turbine is unknown therefore it is difficult to
determine accurately the total inlet and outlet pressure. When the Stodola and Schegliaiev
correlations are converted to general empirical law format it is assumed that the total pressure is
equal to the static pressure. The velocity effect on pressure is small in most instances except for

the LPT exhaust pressure.

In the case where the LPT is modelled separately in Flownex, an unavoidable error is introduced
when specifying the outlet boundary condition, as Flownex can only apply total pressure to the

boundary, while the actual exhaust pressure is the static pressure in the condenser.

Also note that the units for the turbine loss constant, Ci, depend on the value of the indexes « and
p. ltis therefore different for the different models used. When applying Ck in Flownex, base SI
units must be used to achieve a consistent result, since Flownex performs all calculations in base SI

units, despite the fact that the user has the option to specify inputs in different units.

After algebraically manipulating equation (8), the volume form of Stodola’s law of ellipse in

general empirical law format is:

(Po’ ~Paxr’)
i (V_}{ . j[ : j s D)) (30)
o 1 1
Vln poln mln (pol + poZ)
\ Y J
Ck [kgtm™]

The volume form of Stodola’s law of ellipse in general empirical law format using the ideal gas law

and assuming average density for equation (30) is:
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" (Po =P’
i Lv_j(p J( ; J P P Ly Q) (31)
’ Vln poln mln Rsteam (Tol+7:)2) e
\ Y J
Ck [m™]

The temperature form of Stodola’s law of ellipse, equation (9), in general empirical law format is:

Apo _ Tol 1 (poln ~Poan ) plzalz (32)
\ Toln mln (pol +p02) }

[
Ck [kg*m™]

The temperature form of Stodola’s law of ellipse in general empirical law format using the ideal

gas law and assuming average density for equation (32) is:

Ap — [Tol j( 1 jz (polnz_pOan) p Q 2 (33)
’ \ 7-oln mln Rsteam (T01+T02) } e

[
Ck [m™]

Schegliaiev’s model, equation (10), in general empirical law format is:

2 ) 5 ,
T 1 (poln _pOZn )_G(poln_pozn)
ai O Q’ 34
& [Tln][mln] p01(1—0')+p02(1+o-) ,0101 ( )
|
Ce [kg'm™]

The general empirical law, equation (12), using inlet conditions and assuming ¢ =2 and S=1 as

per reference [11] is simply:
Ap, = CkplQl2 (35)

With Cx [m™] in equation (35).
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The general empirical law using average conditions is:

Apo :CkpaveQaveZ Wlth Qave :i and pave :M (36)

2

With C« [m™] in equation (36).

In equations (30) to (34), Cx, is a function of the unknown outlet pressure therefore the Cyxvalue is
not constant. In order to solve for the outlet pressure an iterative solution is required for Ci for

each off-design condition.

The average density in equations (31), (33) and (36) is a function of the unknown outlet pressure
and outlet enthalpy, therefore to solve for the outlet pressure an iterative solution is required for
each load case with an assumption of isentropic expansion (or nominal condition efficiency). In

equation (36) Ck is constant.

Equation (35) is explicit therefore it does not require an iterative solution.

3.1 Analytical solution of pressure drop correlations

3.1.1 Methodology

The first step was to evaluate the various pressure drop correlations analytically. This was done

using Mathcad. The correlations, equations (30) to (36), were manipulated to solve two scenarios:

1. The inlet mass flow rate, given inlet pressure, inlet temperature (and, if needed, inlet
quality) and outlet pressure.
2. The outlet pressure, given the inlet pressure, inlet temperature (and, if needed, inlet

quality) and inlet mass flow rate.

All the correlations were tested on the HPT of three reference power plants i.e. PP-A (618 MW
reheat impulse machine), PP-B (200 MW non-reheat impulse machine) and PP-C (500 MW reheat
reaction machine). In this first evaluation phase all the correlations were tested on both impulse

and reaction turbines.

The HPT of PP-C and PP-A do not have any extraction points. The model developed for these two

power plants considered the whole HPT.
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PP-B’s HPT has four extraction points. The HPT is actually a combined HPT (from inlet to

redirection chamber) and IPT (from redirection chamber to IPT exhaust). The HPT model

developed considers only the inlet to the redirection chamber.

Nominal load conditions (100 % load) from the acceptance test data for the three reference plants

were used to model the HPTs. The off-design conditions (80 %, 60 % and 46 % load) were then

predicted and compared to the acceptance test results.

Table 1: PP-C HPT acceptance test data

HPT

®

Figure 21: Schematic of the HPT

Position Property 100 % load 80 % load 60 % load 46 % load
Pressure (MPa) 16.12 16.35 16.42 16.42
1 Temperature (°C) 510.8 510.8 510.5 510.6
Mass flow (kg/s) 403.43 323.56 248.11 197.41
2 Pressure (MPa) 14.19 11.39 8.725 6.932
3 Pressure (kPa) 3374 2669 2014 1607
Temperature (°C) 295.2 283.5 272.6 266.1
Table 2: PP-A HPT acceptance data
Position Property 100 % load 80 % load 60 % load
Pressure (MPa) 15.965 15.936 15.934
1 Temperature (°C) 535.74 533.87 534.98
Mass flow (kg/s) 482.67 393.13 304.4
2 Pressure (MPa) 15.115 12.297 9.5372
3 Pressure (kPa) 3873.4 3167.4 2452.7
Temperature (°C) 330.87 321.93 314.59
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Position Property 100 % load 80 % load 60 % load
Pressure (MPa) 10.4 10.529 10.527
1 Temperature (°C) 539.8 541.1 539.7
Mass flow (kg/s) 202 158.89 125.11
2 Pressure (MPa) 9.257 7.031 5.537
3 Pressure (kPa) 3970 3111 2400

3.1.2 Evaluation of results

The detailed results for all cases can be found in Appendix B. Only a summary of the results will be

presented here, with the focus on drawing certain conclusions.

To compare all the results, a percentage error is defined as:

error =

calculated value - acceptance test value

acceptance test value

100

(37)

With the above definition in mind, it follows that a negative error implies an under-prediction, and

a positive error an over-prediction.
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Figure 23: Analytical pressure error of the HPT of the various plants at different loads
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The errors from the various models for the plants considered are shown in Figure 22 for predicting
the mass flow rate, and Figure 23 for predicting the outlet pressure. Both follow a similar trend.
Most of the correlations for PP-C and PP-A tend to overestimate the mass flow rate and outlet
pressure, while for PP-B the correlations tend to underestimate the mass flow rate and outlet

pressure.

From Figure 22 and Figure 23 it is difficult to see which correlations are more accurate. The chosen
correlations need to be accurate and consistent in predicting mass flow rate and pressure. To have
a better understanding of which is more accurate, the absolute pressure error is plotted against

the absolute mass flow error.
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Figure 24: Absolute pressure error vs. absolute mass flow error

The points closest to the origin are the most accurate while those further away are less accurate.
Correlation data points grouped in a cluster indicate that the correlations are consistent in
predicting results, despite being less accurate, while those correlations that are widely dispersed

are less consistent.
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From Figure 24, one will note that correlations “GE Ave” and “GE Inlet” appear to be the most
accurate and consistent. “Stodola Tave” is consistent but less accurate. “Stodola T” is inconsistent

and less accurate.

As a further step in determining which correlations to implement, the magnitude of each point
was determined (distance from origin to each data point in Figure 24). From this the mean error
and standard deviation of the magnitude for each correlation were determined and plotted on a
bubble plot shown in Figure 25. The Y-axis represents the mean error, hence the lower the centre
of the bubble, the more accurate the method. The diameter of the bubbles represents the

standard deviation. A larger diameter implies a greater standard deviation, or a low degree of

consistency. The best solution is the smallest bubble at the lowest position.
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Figure 25: Mean error and standard deviation for each pressure drop correlation

From Figure 25, one will note that “Stodola T” has the highest mean error and standard deviation.
Correlation “Stodola Tave” has the lowest standard deviation but the second highest mean error.
Correlations “GE Inlet” and “GE Ave” have the lowest and second lowest mean error respectively

but their standard deviation is larger than “Schegliaiev”.

Based on results for the HPT, correlations “GE Ave” and “GE Inlet” were the chosen correlations to

be implemented. However, the Stodola correlation is a popular correlation used by many
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simulation packages. This suggests that the Stodola correlation might have some advantages not

uncovered by this study. For this reason, “Stodola v’ was also chosen for implementation.

It is interesting to note that Figure 25 is highly influenced by PP-B’s HPT. If the results of PP-B were
removed, the result would be as presented in Figure 26. One notices a large improvement in the
mean error (between 2.9 % and 4.77 % absolute difference improvement) and standard deviation
(between 3.19 % and 5.38 % absolute difference improvement) of correlations “GE Ave”, “GE

Inlet” and “Stodola v’ when compared to Figure 25.

PP-B’s turbine employs partial arc admission. In the evaluation of PP-B’s HPT, the “first stage
pressure” (refer to Appendix B Figure B. 3 p 86) values were used. From the figure one notes the
large difference (+1000 kPa) between “first stage pressure” and the pressure after the governor
valves during off-nominal load conditions. The “first stage pressure” is measured at the first stage
inlet for the arc of blades supplied by “governor valve 4”. During nominal load conditions the “first
stage pressure” is more representative of the overall first stage pressure since all the governor
valves are fully open. During off-nominal load conditions the “first stage pressure”, is less
representative of the overall first stage pressure since three governor valves are throttled and the
fourth valve is closed. It is believed that this discrepancy in the first stage pressure causes the
results (outlet pressures and mass flow rates) obtained using the “first stage pressure” produced
larger errors than those achieved for PP-C and PP-A. The use of the average pressures after the
governor valves (average of valves 1, 2, 3, and 4 and 1, 2, and 3) instead of the “first stage
pressure” in the model was considered. This produced results with even larger errors, hence “first

stage pressure” values (as per acceptance test data) were used in the evaluation.
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Figure 26: Mean error and standard deviation excluding PP-B

To further verify the three chosen correlations (especially at lower pressures), they were tested

analytically for all the remaining turbine sections of the reference plants.

In additional to the HPT, PP-C has one double flow IPT and two double flow LPTs. The LPTs are not

identical in terms of their extraction.

PP-A has one single flow IPT and two double flow LPTs in additional to the HPT. The condenser is in
series i.e. the cooling water first cools the exhaust steam from one LPT before cooling the exhaust

steam of the other LPT. In a series condenser the LPTs exhaust to different condenser pressures.
PP-B has one double flow LPT in additional to the HPT.

All the sections of the turbines were analysed individually, i.e. not connected to each other. It is
also important to note that the turbine was “split” into individual turbines at each steam
extraction point. The result is that the correlations were effectively tested on a total of 23 turbine

sections i.e. 14 impulse sections and 9 reaction sections.

A similar approach was followed to analyse the errors, except that the mass flow error vs. pressure

error was not taken as absolute. This was done to visualise the level of over- or under-estimation.
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NB: In the derivation of equation (31), “Stodola vave”, and equation (33), “Stodola Tave”, an
assumption of average density was made as mentioned in section 3. During the analytical solution
it was noted that a mass flow rate and pressure error resulted under nominal conditions.

Therefore the assumption of average density for these specific equations is invalid.
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Figure 27: Pressure error vs. mass flow error for the three correlations

From Figure 27, one will notice that “Stodola v” is less accurate and less consistent than “GE Ave”
and “GE Inlet”. “GE Inlet” seems to be more accurate and consistent than “GE Ave”. The

correlations tend to over-estimate the results in most occasions.

To determine definitively the best correlation to use, another bubble plot was generated with the
mean error and standard deviations, but this time the mass flow errors and pressure errors were
considered separately. One notes, from Figure 28, that when determining mass flow, the mean
error and standard deviation for all three correlations are very small. When the correlations are

used to calculate pressure, “Stodola v’ has the largest mean error and standard deviation.
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Figure 28: Mean and standard deviation for pressure and mass flow error

In Figure 29 the mass flow and pressure errors were combined in a similar manner as for Figure

25. One will note that “GE Inlet” has the lowest mean error and standard deviation while “Stodola

v” has the largest mean error and standard deviation.

Mean error [%]

10

a

H

Stodola v

Method

Figure 29: Mean error and standard deviation of the three correlations

50



Chapter 4. Efficiency Correlations

From the various pressure error plots for the all the turbine sections in Appendix B one notices
that the error is larger towards the LPT section. This could be attributed to the larger uncertainty
of the acceptance test data at the low pressures (as indicated in section 2.8.10). Also, for some
turbines the exit conditions are in the two-phase region, which could create additional

inaccuracies.

Fortunately an error at low pressures has a small effect on the error predicted on the enthalpy of

the steam. The error made in the energy conservation equation (25) is therefore also small.
For example:
Actual pressure = 5 kPa, assume x = 0.9 then actual enthalpy = 2318.4 kl/kg

Calculated pressure = 6 kPa, assume x = 0.9 then calculated enthalpy = 2325.1 kl/kg

% pressure error =E.100:20%
5

but

% enthalpy error = 2325.1-2318.4 .100=0.289%
2318.4

3.2 Flownex implementation of the pressure drop correlations

3.2.1 Methodology

The various pressure drop correlations were also implemented in Flownex to determine which
would be the most appropriate method to use. In this Flownex model the velocity of the steam is
zero therefore the total pressure is equal to the static pressure. All the correlations were tested on

the HPT of PP-C. As in the analytical case, the Flownex models were set up to solve two scenarios:

1. Theinlet mass flow rate, given inlet pressure, inlet temperature and outlet pressure.

2. The outlet pressure, given the inlet pressure, inlet temperature and inlet mass flow rate.

Nominal load conditions (100 % load) were used to model the HPT. The off-design conditions
(80 %, 60 % and 46 % load) were then predicted and compared to the analytical solution results.
The off-design conditions were predicted by changing the boundary conditions i.e. the given

values from points 1 and 2 above.
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Figure 30: Flownex pressure drop correlation model

Figure 30 shows how a Mathcad component was added to the Simple Turbine in Flownex to
implement correlations (30) to (34). For the two general empirical law correlations the Mathcad

component is not necessary, as this is a built-in form used in Flownex.

One of the major obstacles in implementing equations (30) to (34) was that they are implicit in
terms of the outlet pressure or temperature. Being implicit, they can only be solved iteratively.
The Mathcad component was used to calculate the Ci value. Because the Cx co-efficient is
dependent on the off-design condition inlet and outlet pressures, it varies for every load condition
for the implicit models. The Mathcad component in the Flownex model uses the steam property
values in their base units to calculate Ci therefore units for Cxare compatible with the correlations

used.

In the 2013 version of Flownex (which was used in this study) the Mathcad component is called
only once before the solution algorithm starts. To “force” Flownex to run the Mathcad
component iteratively, the model was first run in steady state and then in transient mode. The
transient mode calls the Mathcad component at each time step, and even though the problem
being analysed is a steady state condition, the Mathcad component gets called iteratively, and

eventually converges. Consequently this increases the solving time.

Flownex has an iterative script component that calls the script during each iteration step. The next
logical step would have been to convert the Mathcad calculations into an iterative script. Since it
was only required to test the models at this stage, there was no need to do this conversion. If,
however, one of the explicit models proved to be the most accurate, the final compound

component would need to contain an iterative script instead of the Mathcad component.

Some of the correlations required certain fluid properties to be accessed, such as the nominal

density. The nominal density could not be calculated without making the model complicated. It
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would be unreasonable to complicate the model for only one value. The nominal density is
constant for the model, therefore nominal density was input into the model instead of being

calculated. However, the density for each load case was calculated.

In general empirical law correlations Cx is constant for all load conditions, therefore the Mathcad

component is not required. As a result the general empirical law requires less effort to implement,
and runs the fastest.

3.2.2 Evaluation of results

The detailed results can be found in Appendix B, Table B. 5. The results were compared to the

analytical solution results (Table B. 4), and the difference between the two in % error is presented
in Figure 31.
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Figure 31: Flownex vs. analytical solution error for mass flow and pressure

It may appear that only the correlations using average conditions are presented in Figure 31. In
fact, these models produced such large errors compared to the others, that one cannot see the
errors of the other models errors on the figure. These large errors are due to the simple turbine
component being based on the upwind differencing scheme, which implies that it uses the inlet

conditions in its solution instead of the average conditions.

Figure 32 is the same as Figure 31 except that it excludes the correlations using average

conditions. This was done to get a better visualization of the magnitude of the errors of the other

correlations.
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Figure 32: Flownex vs. analytical solution error for mass flow and pressure excluding correlations using average
conditions

The differences in results achieved between Flownex and analytical solution are very small. This
verifies that the correlations were correctly implemented in Flownex. The reason for the
differences is mainly due to the fact that there were slight differences in the fluid properties
(specifically density) used in the analytical solution and Flownex. To a lesser extent, rounding off

error and convergence criteria also contribute to the difference.

Based on the error analysis of the analytical solution and Flownex results, correlations “GE Inlet”
and “Stodola v were chosen for implementation. “GE Ave” had to be eliminated since it could not
be implemented in Flownex. (Recall from Figure 26 that “Stodola T” produced the worst accuracy,

despite its accurate implementation in Flownex.)

4. Efficiency Correlations

4.1 Analytical solution of efficiency correlations

4.1.1 Methodology

The various methods to predict efficiency were evaluated analytically using Mathcad. The
methods tested were SCC, PEPSE, Ray and Darie.

All of the above-mentioned methods were tested on all the turbines of the three reference power
plants: PP-A, PP-B and PP-C.
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Nominal load efficiency (100 % load) from the acceptance test data for the three reference plants

was used to predict the off-design efficiency (80 %, 60 % and 46 % load) and was then compared

to the acceptance test results.

Below is a brief description of how the methods were implemented. No attempt is made to

explain the complete process of the individual methods, the focus rather being on the

assumptions or simplifications that were made.

SCC method: An extract of the SCC procedure was given in Figure 13. A variation of the
procedure was used in this study. In the variation, the SCC method was followed in reverse
order to calculate the new base efficiency from nominal efficiency. Once the new base
efficiency was determined the normal SCC procedure was followed to determine the off-
design efficiency. The SCC procedure has methods for HPT with governing stages; however,
none of the reference plants have a governing stage on the HPT. Therefore, for the HPT an

assumption was made to correct only for initial conditions.

PEPSE method: The expansion line of the HPT is a straight line. Even though the actual
expansion line of a single reheat IPT and LPT is curved, it was also assumed to be straight. The
slope of the nominal efficiency expansion line was determined using the inlet and outlet
enthalpy and entropy. This slope is the same for off-design efficiency calculation. The Y-
intercept was calculated for each off-design case using the off-design inlet enthalpy and
entropy. This resulted in an equation where enthalpy is a function of entropy for the expansion
line. From the steam properties formulation (IAPWS97), the enthalpy can be determined as a
function of pressure and entropy. The off-design outlet enthalpy was determined by a simple
Mathcad algorithm to solve the two enthalpy functions since only outlet pressure was known.

The algorithm is shown in Appendix C (p 104).

EBSILON method: The exact characteristic curves used by EBSILON could not be obtained. This,
together with the fact that the curves need to be calibrated for each turbine, resulted in this

method not being evaluated.
For the Darie method only the pressure stage efficiency correlation was evaluated since data

for turbines without governing stage was available and that for turbines with governing stages

was not available.
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4.1.2 Evaluation of results

The detailed results can be found in Appendix C. For the error analysis, the error was determined

as

An =calculated n—actual n (38)
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Figure 33: Efficiency error for various methods for HPT

The HPT efficiency of PP-B is not shown here because there is an abnormality in the acceptance
test data. The efficiency increases significantly with a decrease in load, which is contrary to what

normally happens. This is further explained in Appendix C, p 103.
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Figure 34: Efficiency error for various methods for IPT
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Figure 35: Efficiency error for various methods for LPT

In Figure 33, Figure 34 and Figure 35, one notices that errors tend to increase from HPT to LPT. The
errors for estimating the off-design efficiency for LPT are much larger than for HPT and IPT. This
might be due to the fact that the efficiency of LPT cannot be measured directly because of the wet
steam at the LPT exhaust. The other possibility is that some the efficiency methods might not be

capturing all the effects for the LPT (e.g. the high exhaust velocity).

To identify definitively the efficiency method to implement, the mean error and the standard
deviation of the absolute error were determined for all the turbines of the various reference

plants.
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Figure 36: Mean error and standard deviation for various efficiency methods
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From Figure 36, one notices that the mean error given by methods “Ray”, “Darie”, “PEPSE” and
“SCC” is similar and minimal. “Ray” has the smallest standard deviation followed by “Darie” and
“PEPSE”.

4.2 Flownex implementation of efficiency correlations

4.2.1 Methodology

As with the pressure drop models, various methods to predict efficiency were implemented in
Flownex. The methods tested were SCC, Ray and Darie. The PEPSE method could not be

implemented in Flownex since certain fluid properties could not be accessed.
All the above-mentioned methods were tested on the HPT of PP-C.

Referring to Figure 37, the Mathcad component was used to determine the efficiency of the
turbine given the boundary conditions. The calculated efficiency was then input to the simple

turbine 1.

Simple turbine 1

|

¥

M

r

Simple turbine 2

Figure 37: Flownex efficiency method model

Most of the efficiency methods were difficult to implement. One of the major problems was that
certain fluid properties could not be accessed in the 2013 version of Flownex. The “Ray” and

“Darie” methods required the isentropic enthalpy drop and isentropic outlet enthalpy respectively
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in their calculation. To obtain the isentropic outlet enthalpies it was necessary to model the simple

turbine 2, operating under isentropic conditions.

The “PEPSE” method required the outlet enthalpy to be determined as a function of pressure and
entropy but since this was not possible using the 2013 version of Flownex, this method could not

be implemented.

4.2.2 Evaluation of results

The detailed results can be found in Appendix C, Table C. 5. The results were compared to the
analytical solution results, Table C. 4, and the difference between the two, in % error, is presented

in Figure 38.
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Figure 38: Flownex vs. analytical solution errors for the efficiency methods.

Figure 38 shows the comparative analytical and Flownex errors for the efficiency methods. The
differences in results achieved between Flownex and analytical solution are very small. This
verifies that the methods were correctly implemented in Flownex. The reason for the differences

in results is errors due to rounding off.

Based on the error analysis of analytical solution and Flownex results, the “Ray” method was

selected for implementation.

59



Chapter 5. Case Study Implementation of the Models

5. Case Study Implementation of the Models
5.1 Complete model

5.1.1 Methodology

The steam turbine train of PP-A, PP-B, PP-C and PP-F was modelled in steady state using “GE inlet”
and “Stodola v” pressure drop correlations. The models were calibrated at 100 % load. The models
were then used to predict off-design conditions (80 %, 60 % and 46 % load). For PP-F, the model
was used to predict conditions at various back pressures. The results from the model were then

compared to acceptance test data.

The following paragraphs describe some modelling blocks that were used in Flownex to develop

the complete turbine train.

e Turbine valves: The turbine valves were modelled as a pipe with an orifice. The flow through

the valve was adjusted by varying the orifice diameter ratio inside the pipe element.

@

Figure 39: Schematic and Flownex representation respectively of a simulated valve

e Reheater: The reheater was modelled as a node with volume that is connected to the inlet and
outlet pipes. The heat and spray water added to the reheater was modelled as a boundary

condition with a temperature and mass source specified.

M | .
€
< l
Reheater
o o

Figure 40: Schematic and Flownex representation respectively of the reheater

e Multi extraction steam turbine: The multi extraction steam turbine like IPT and LPT were
modelled by splitting the turbine into sections. The sections were defined as inlet to extraction,
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extraction to extraction and extraction to exhaust. Each turbine section was modelled with a
simple turbine component. The extraction flow was accounted for by using a condensing
surface component which is a compound component developed by Dr WF Fuls that extracts
the steam for a feed water heater by specifying (user input) the energy required by the feed

water heater.

ol o Lol

QIORO), ** “ 4

Figure 41: Schematic and Flownex representation respectively of a multi extraction steam turbine

General modelling considerations: The models in this study did not have any auxiliary
components connected to them. To accommodate for the auxiliary components, the heat
extracted by the feed water heaters was specified on the condensing surface component and
for BFPT a pressure boundary condition was specified on the extraction pipe. These heat
extractions and pressure were adjusted for each load case to correspond to the acceptance
test data. The upstream and downstream nodes of each turbine section were given a volume.
This was done to make the static properties of the steam equal to the total properties of the
steam at these nodes. The only other boundary conditions specified were the pressure and
temperature in front of the HPT valves, reheater temperature, spray water flow rate and
condenser pressure.

The turbine loss factor, Ck, for each turbine section was calculated from nominal load
conditions acceptance test data using the chosen pressure drop correlation.

The IPT cooling steam (where applicable) and gland sealing system were not modelled as their
mass flow rate is minimal compared to the main steam mass flow rate. Also, most of the
acceptance test data do not supply information on IPT cooling steam and gland sealing system

mass flow rates.
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e Model calibration: The models were calibrated at nominal load conditions employing the
Flownex designer function, which was used to calculate the following:
1. Orifice diameter ratio of the pipe representing the HPT governor valves to ensure
the correct inlet mass flow rate.
2. The pipe (representing the HPT and IPT valves) loss factor to ensure the correct
drop across the valves.
3. The reheater inlet and outlet pipe loss factor to ensure the correct pressure drop

across the reheater.
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Figure 42: Model of PP-A Turbines
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5.1.2 Evaluation of results

The results for PP-A are discussed in this section. The detailed results for the different plants at the

various load cases can be found in Appendix D.
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Figure 43: Schematic of PP-A
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Figure 44: Error for PP-A at calibration (m — mass flow rate, p — static pressure and T — static temperature)

Figure 44 shows the error at calibration. The error at calibration for the remaining reference plants
can be found in Appendix D. One notes that the errors are small. The larger errors are
temperatures at the extractions and these are due to applying the overall efficiency of the IPT and
LPT to individual turbine sections instead of applying the individual efficiency of each turbine

section. This was done because acceptance test data provide the overall efficiency, not the
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individual turbine section efficiency. This error can be improved on by applying the PEPSE method

to find the efficiencies of each turbine section.

The small errors in pressure and mass flow rate could be due to truncation errors in the
acceptance test data or inaccuracies in the model. The mass flow error could also be ascribed to
the simplification of ignoring the IPT cooling steam and gland sealing mass flow rates. Whatever

the reason for their existence, these errors are negligible as they fall within the ASME standard.
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Figure 45: Error for PP-A at 80 % load
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From Figure 45 and Figure 46, one notices that the errors for the off-design cases are quite small.
In some instances “GE Inlet” performs better while at other times “Stodola v’ performs better. As
in Figure 44, the temperature errors are larger for the same reason i.e. the overall efficiency of the
IPT and LPT was applied to individual turbine sections instead of applying the individual efficiency

of each turbine section. The errors at off-design conditions for the remaining reference plants can
be found in Appendix D.

The mean error and standard deviation of the absolute errors for off-design conditions for all
reference plants was calculated. Figure 47 shows that the errors are very small for both pressure
drop correlations. Therefore, for the reference plants operating with high vacuum, either of the
two correlations could be used.
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Figure 47: Mean error and standard deviation for all the reference plants

For the transient scenario model of PP-C, it was decided to use “GE Inlet” since it is easier to
implement than “Stodola v”.
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5.2 Transient model of plant situation

The steam turbine models developed were required to have transient capabilities. To verify these
capabilities, a transient scenario was modelled. The model results were compared to actual plant

data in an attempt to validate the model.

Eskom specifies that the plant instrumentation supplied should have an accuracy of 0.02 % of the
full range of the instrument. The loop accuracy of the property being measured is based on all
equipment in the loop including transportation of the signals by cables (e.g. volt drops). The loop
accuracy is 0.05 % of the full range of the instrument. Eskom specifies that the accuracy of the
instrumentation should not drift by more than 0.02 % over a period of six years. Unlike the
stringent control of acceptance test instrumentation and techniques, plant instrumentation set up
lacks this control. Therefore even though the accuracy specifications for the instruments and set

up are high, there is no guarantee that all requirements were met.

PP-C underwent a control and instrumentation upgrade in 2008. The transient test was conducted
in 2012. Theoretically, the accuracy of the instrumentation should still be within specification if all
the requirements were fulfilled. In addition, the power generated is measured at the power plant
and at National Control, providing double assurance that this measurement is within the accuracy
specified i.e. 0.02 %.

It must be noted though that this exercise was more to verify that the turbine models can be
connected together and simulate a transient which then produces reasonable agreement with
plant data. There may have been some transient characteristics of the complete system which

was not fully incorporated.

5.2.1 Scenario description

The transient scenario that was selected for modelling was a governor valve step. This is one of

the standard tests performed to determine the mechanical characteristics of the unit.

The test required the unit to operate with the turbine load control and boiler pressure support on
manual. The valve admission set point was also on manual. The valve admission point gradient
rate limiter was set to 600 % per min of the normal valve opening rate. The boiler controls and the

rest of the unit controls were all on automatic.

From a stable load, the HPT governor valves were stepped up by approximately 2.5 % of the valve

stroke. The transient response of the unit was recorded for the following three to four minutes.
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5.2.2 Scenario conditions

The test was conducted on Unit 1 of PP-C on the 13 October 2012 between 9:45 am and 10 am.

The unit was generating approximately 444 MW at that time. Both banks for the HP feed water
heaters were out of service, therefore the extracted steam mass flow rates were set to 0 kg/s at

these extraction boundary conditions i.e. at HP heater 7 and HP heater 6.

The governor valve step took approximately two seconds.

5.2.3 Flownex model
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Figure 48: Flownex representation of PP-C

e Simplifications and assumptions:
During the transient scenario the following assumptions were made:

1. The mass flow rates in the extraction line to the auxiliary components stays constant.

2. Constant efficiencies. During the evaluation of the various efficiency correlations in
section 4 it was noted that the efficiencies do not change significantly over the
operating range considered. Calculating the efficiencies during the transient scenario
would have resulted in a more complex model. This was a small transient scenario,
therefore the efficiencies were assumed to be constant.

The condenser vacuum is constant.
4. The reheater spray water flow rate and temperature are constant.

The boiler temperature is constant.
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The boiler was not modelled as it was outside the scope of this dissertation. To account for the
boiler pressure change during the transient, the pressure was input via the Mathcad
component. When the model was run, the boiler pressure was calculated via linear
interpolation and input into the model boundary condition.

The acceptance test model developed for PP-C was used to evaluate the transient scenario.
The internal clearances of PP-C’s IPT increased over time due to deformation and ageing. Even
after overhauling the IPT, the clearances were not brought back to design values. The increase
in clearances caused the pressure drop across the turbine to decrease. To compensate for
deformation and ageing, the turbine loss constant, C, of the first IPT section was adjusted. The

new IPT loss constant, Ci, was calculated based on IPT inlet data at nominal plant conditions.

5.2.4 Plant vs. Flownex results
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Figure 49: Actual power vs. Flownex power for PP-C

The transient scenario was initiated after five seconds. From Figure 49, one notices that there is
good correlation between power predicted by Flownex and the measured power at the beginning
of the transient. The variations noted after 10 seconds as indicated on the graph might be due to

the simplifications and the assumptions explained below.

The over-estimation of the power by the model from approximately 10 seconds to 40 seconds

might be the result of exclusion from the model of the thermal mass of the piping and reheater.
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This means that all the energy from the steam is transferred to the turbine instead of some of the

energy being transferred to the piping and reheater.

Stepping the governor valves open will cause the steam to the reheater to increase in temperature
and mass flow rate. Therefore, to control the temperature of the reheater steam more spray
water is required. This means that the steam mass flow rate to the IPT will increase. By assuming
the reheat spray water mass flow rate is constant, the steam mass flow rate to the IPT and LPT is
under-estimated after some time period. Power is proportional to the steam mass flow rate,

therefore the model will under-estimate the power after some time period.
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Figure 50: Error for power

Figure 50 shows that even with simplifications and assumptions the error is within 1 %. Flownex

tends to over-estimate the power at start, and then under-estimates the power.
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Figure 51: Actual IPT pressure vs. Flownex IPT pressure for PP-C

Due to the reheater volume between the HPT and the IPT, one would expect a delay in the
pressure at the IPT inlet. This delay can be seen in Figure 51. Unfortunately, there are not enough
sample points for the actual IPT pressure to allow for a good visual assessment on the variation in
the results. The shape of both trends is similar, but it appears that the actual pressure delay is
longer than that predicted by Flownex. This may be because of inaccurate incorporation of the
flow resistance in the reheater section, or the omission of thermal mass contribution of the
reheater. Despite this difference, maximum error is just above 1 % as can be seen in Figure 52.
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Figure 52: Error for IPT pressure
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6. Compound Component

Modelling of turbine systems can be laborious. A compound component was developed for a
turbine section to ease the modelling process and to perform pre-processing of user inputs. This
chapter describes the compound component, the inputs required, results obtained and also

explains how the compound component operates.

6.1 Description of the component

The compound turbine component makes use of the simple turbine component and the script
component. The compound component represents a turbine section, i.e. inlet to exhaust (no
extractions) or inlet to extraction or extraction to extraction or extraction to exhaust. The
compound component uses the general empirical law, equation (35), to calculate the pressure
drop through the turbine. The “Ray” method, equation (21), is used to determine off-design

efficiency.

Compound component

Simple turbine 1

o— @ —o

-

s
l Simple turbine 2

£ [ VI

Figure 53: Compound turbine component
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Simple turbine 1 represents the actual turbine section.

The script is used to calculate the turbine loss constant, Ci, and the off-design efficiency given
certain inputs. The turbine loss constant is used for simple turbine 1 and 2. The off-design

efficiency is used only for simple turbine 1. Refer to Appendix E for details of the script.

Simple turbine 2 uses the upstream pressure, upstream enthalpy and downstream pressure from
simple turbine 1 to determine the outlet isentropic enthalpy (100 % efficient). The outlet
isentropic enthalpy is used in the script for off-design efficiency calculations. This was found to be
the easiest way to determine the isentropic enthalpy for any given input condition. Perhaps in
future versions of Flownex, one would be able to interrogate the built-in fluid properties table
using pressure and entropy to obtain the desired enthalpy. Then this second turbine component

would not be necessary.

6.2 How to operate

The compound component operates like any other Flownex component. Simple turbine 2 uses
properties from simple turbine 1, therefore to solve for efficiency the model is required to be run
twice to achieve a correct steady state solution. If the isentropic enthalpy could be calculated
inside the script, then the second turbine would not be necessary, nor the second call to the

solver.

6.2.1 Inputs

Turb Comp 2 - 13 (Turb Comp 2) Properties l G X

El

= {General
Identifier Turb Comp 2 - 13
Description
Solving v
Total Mominal Inlet Pressure 14157 kPa E
Total Mominal Qutlet Pressure 3375.7 kPa E
Mominal Inlet Mass Flow Rate 403.43 kafs E
Mominal Inlet Density 44,829 kafm? E
Mominal Effidency (0-1) 0.9172
Mominal Isentropic Enthalpy Drop | 389.55 k1/fkg El

5] o
& Results

Figure 54: Compound turbine component inputs
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In addition to the standard Flownex inputs (fluid assign and boundary conditions) the compound

component requires the inputs shown in Figure 54. These inputs are used by the script for internal

calculations. They are all process conditions for the nominal case, which can be found from the

100 % load case acceptance test data. For an aged turbine, ideally one need to produce more

updated process data from a dedicated test, instead of using acceptance test data as-is.

@

Figure 55: Schematic showing different turbine sections

Total nominal inlet pressure: This is the total inlet pressure under nominal conditions of the
turbine section considered. With reference to Figure 55, if the turbine section is inlet to
exhaust (1-4) or inlet to extraction (1-2), then this pressure is simply the total inlet pressure at
(1). The pressure at the extraction point inside the turbine (2) or (3) is normally unavailable,
but rather the pressures at the turbine extraction flanges (5) or (6), or at the auxiliary
components (7) or (8). If the turbine section is extraction to extraction (2-3) or extraction to
exhaust (3-4) then this pressure is the total pressure at the extraction flange (5) or (6) plus
some losses. These losses are usually 1-3 % of the pressure inside the turbine (2) or (3) [13]. If
only the total pressure at the auxiliary component (7) or (8) is known then the pressure drop in
the extraction piping (5-7) or (6-8) must be factored in as well.

Total nominal outlet pressure: This is the total outlet pressure under nominal conditions of
the turbine section considered. With reference to Figure 55, if the turbine section is inlet to
exhaust (1-4) or extraction to exhaust (3-4) then this pressure is simply the total exhaust
pressure (4). If the turbine section is inlet to extraction (1-2) or extraction to extraction (2-3)
then this pressure is the total pressure at the extraction flange (5) or (6) plus some losses.

These losses are usually 1-3 % of the pressure inside the turbine (2) or (3) [13]. If only the total
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pressure at the auxiliary component (7) or (8) is known then the pressure drop in the
extraction piping (5-7) or (6-8) must be factored in as well.

Nominal inlet mass flow rate: the inlet mass flow rate under nominal conditions through the
turbine section considered. Care must be taken to subtract the preceding extraction flows for
all turbine sections that are not inlet to extraction (1-2) or inlet to exhaust (1-4).

Nominal inlet density: the inlet density under nominal conditions to the turbine section
considered. This is obtained from the temperature (or quality) at the specific inlet location,
and the inlet pressure as defined above. Note that the inlet velocity is assumed to be
negligible, hence the total inlet pressure can also be used as the static pressure for the density
calculation.

Nominal efficiency: the efficiency under nominal conditions. Normally it is the efficiency of the
complete HPT, IPT or LPT. However, if the efficiency of the individual turbine section is
available then it should be used, as it provides a more accurate representation.

Nominal isentropic enthalpy drop: the difference between the inlet enthalpy and the outlet
isentropic enthalpy of the individual turbine section under nominal conditions. With reference
to equation (21), the nominal isentropic enthalpy drop is constant for all load conditions. The
isentropic enthalpy drop for each load condition is determined by the compound component.
The nominal isentropic enthalpy drop is needed for the off-design efficiency calculation.
Having this value as a user input simplifies the model. If it was possible to calculate the

isentropic exit enthalpy using the script, then this user input could be eliminated.

74



6.2.2 Results

Chapter 6. Compound Component

Turb Comp 2 - 13 (Turb Comp 2) I:'rcrperti...l. | (=] |_ihl
El |24
= General
Identifier Turb Comp 2 - 13
= Results Flow Element Results
= Generic
Total mass flow 248,181 kag/fs E
Total power 89870.3 kwy E
Effidency 0.91682
Turbine Constant 2980.59

) wouss

& Results

Figure 56: Compound turbine component results

Figure 56 shows the selection of results exposed by the compound component. Most of the other

results like inlet or exit conditions can be obtained from the joining nodes.

e Total mass flow: the calculated off-design mass flow rate through the complete turbine or the

individual turbine section.

e Total power: the calculated thermal power developed by the complete turbine or the

individual turbine section.

e Efficiency: the calculated off-design efficiency of the complete turbine or the individual turbine

section.

e Turbine Constant: the calculated turbine constant used by the general empirical law.
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7. Conclusions and Recommendations

7.1  Conclusions regarding the pressure drop correlations

Various pressure drop correlations that describe the pressure drop across a steam turbine were
introduced in section 2.3. These correlations were tested analytically on the HPT of PP-A, PP-B and
PP-C. From the results and error analysis it was established that correlations “GE Inlet”, “GE Ave”
and “Stodola v” respectively were accurate and consistent in predicting the mass flow rate and

pressure.

These three correlations were then analytically tested on the remaining individual turbine sections
of the three reference plants. The results and error analysis confirmed that the correlations were

valid for the complete range of turbine sections tested (HPT, IPT and LPT).

All the correlations were implemented in Flownex and tested on the HPT of PP-C. This was done to
determine whether the correlations could be successfully implemented in Flownex. There was
good correlation between the analytical and Flownex results except for the pressure drop
correlations using average conditions. This is because Flownex uses only inlet conditions for the

turbine model.

From the analytical and Flownex results as well as the error analysis it was concluded that
correlations “GE Inlet” equation (35) and “Stodola v’ equation (30) are the most accurate and
consistent in predicting pressure and mass flow rate. The “GE Inlet” correlation achieved a mean
error of 3.53 % with a standard deviation of 3.76 % while the “Stodola v” correlation achieved a

mean error of 7.26 % with a standard deviation of 9.93 %.

7.2 Conclusions regarding the efficiency correlations

Various methods to predict off-design steam turbine efficiency were discussed in section 2.5.2. All
the methods used nominal efficiency to predict off-design efficiency. The various methods were
analytically tested on all the turbines of the reference power plants. All the methods provided
good results. These methods were not tested on turbines with governing stages as acceptance test

data for steam turbines with governing stages was unavailable.

For the PEPSE method it was assumed that the expansion line is straight for IPT and LPT sections
even though in reality it is curved. Even with this assumption, the results were fairly accurate. If

the equation for a curved expansion line could be implemented, the results might improve.
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All the various methods, except the PEPSE method, were successfully implemented in Flownex.
There was good correlation between the analytical and Flownex results for the implemented
methods. The PEPSE method could not be implemented in Flownex since it required certain fluid
properties that could not be extracted from Flownex. It was also difficult to implement the other
methods because they all required additional fluid properties which are not readily available to

the Flownex user.

From the analytical and Flownex results it was concluded that the Ray method equation (21) is the
most accurate and one of the least complicated methods to implement. The Ray method achieved

a mean error of 0.5 % with a standard deviation of 0.43 %.

7.3 Conclusions regarding complete turbine train
implementation

The steady state models of the turbine train of four power plants were successfully implemented
in Flownex using “GE Inlet” and “Stodola v”. The mean absolute errors achieved for both
correlations were approximately 1 %. This shows that for high vacuum steam turbine trains either
“GE Inlet” or “Stodola v” will provide good results. The mean absolute error for the turbine train
was much lower than the mean absolute error for the individual turbine sections, i.e. some turbine

sections do produce larger errors, but this does not affect the overall result significantly.

The “GE Inlet” correlation was also successfully used to predict a transient scenario where the
governor valves were stepped approximately 2.5 %. The power predicted by the model was within
11 % of the measured power from the plant data. This accuracy was achieved despite some

assumptions and simplifications since only the turbine train was modelled.

7.4 Limitations of this study

The models developed in Flownex did not account for rotational inertia or a generator because the
simple turbine component does not have this functionality. Therefore load rejection, islanding, run

up and run down of the turbine train could not be tested.

The models also did not consider gland sealing and IPT cooling steam since data was not available
in the acceptance test of some of the reference plants; also, these flow rates are much smaller

than the main flow rate.
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The valves were modelled simply as pipes with an orifice. The exact valve curves were not input
into the model. Therefore there is not a clear relationship between “valve position” and “orifice

ratio”.

7.5 Recommendations

It is recommended that a component using “GE Ave” be developed in Flownex.

Equation (19), recommended by PEPSE for a curved expansion line (for single reheat IPT and LPT),

should be analytically implemented and compared to the results using a straight expansion line.

When the problem of extracting fluid properties from Flownex is resolved the PEPSE method

should also be evaluated in Flownex.
For a complete turbine train model it is recommended that:

1. The effect of gland sealing and IPT cooling steam on the accuracy of the model be
investigated.

2. To enable more accurate transient analysis, the models should include rotational inertia,
generator, valve curves and control loops. This will enable load rejection, islanding, run ups

and run downs to be tested.

The compound component described in Chapter 6 should be incorporated into another compound
component that contains the various options to define the generic turbine train configurations.

The summary of section 2.7 can be used as a basis for developing such compound components.
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Appendix A. Turbine Architecture

Group Description Drawing Diagram

e All reheat power plant HPT.

e Single flow. *
e No extractions.
1 e No governing stage.

e All (except PP-D and PP-B) Non-reheat
power plant HPT.

e Single flow.

e 4 extractions.

2 e No governing stage or redirection
chamber. \ \
”*—1 *>— »>— .
e Non-symmetrical extraction IPT (PP-E,
PP-G and PP-F). 1
e Double flow.
e 2 extractions per flow.
3 e No cooling steam.
L—9 >
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Group

Description

Drawing

Diagram

Symmetrical extraction IPT (PP-H, PP-|
and PP-P)

Double flow.

2 extractions per flow.

Cooling steam.

IPT (PP-L, PP-A, PP-M and PP-C)
Single or double flow.

3 extractions per flow.

Cooling steam.

—®

LPT (PP-E, PP-G, PP-H units 1-3, PP-F, PP-
L, PP-A, PP-M, PP-C, PP-B, PP-N and PP-O
units 1-7)

Double flow.

2 extractions per flow.
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Group

Description

Drawing

Diagram

LPT (PP-H 4-6, PP-I, PP-P, PP-D, PP-O 8-9
and PP-K)

Double flow.

3 extractions per flow.

PP-J IPT and LPT
Double flow.
1 extraction per flow.

PP-D and PP-B HPT.

Single flow.

4 extractions.

One governing stage or redirection
chamber.
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Group Description Drawing Diagram
e  PP-KHPT.
L ]
e Double flow.
e 3 extractions per flow.
e One governing stage per flow.
10
*-— -— — [
e Symmetrical extraction turbine. .
e Single or double flow.
e 4 extractions per flow.
Generic 1 e One or no governing stage or redirection
chamber.
e  With or without cooling steam.
*-— *-— *~— *-— L ]
e Unsymmetrical extraction turbine. .
e Double flow.
e 2 extractions per flow.
Generic 2 . Ng governllng stage. .
e  With or without cooling steam.
—e *—
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Appendix B. Pressure Drop Correlations

B.1: Remaining acceptance test/ heat balance data

Reheater

IPT

LPT1

LPT2

®@ GIONO) ® ® @ B
Figure B. 1: Schematic of PP-C
Table B. 1: Remaining acceptance test data for PP-C
Position Property 100 % load 80 % load 60 % load 46 % load
Pressure (kPa) 3125 2465.5 1853.1 1470.3
5 Temperature (°C) 515 509.6 516.8 513.2
Mass flow (kg/s) 393.79 310.85 232.26 184.83
6 Pressure (kPa) Not mentioned.
Pressure (kPa) 1760.4 1400.2 1054.9 839.4
7 Temperature (°C) 431.8 427.1 432.05 427.6
Mass flow to next 376.24 295.48 220.63 174.93
section (kg/s)
Pressure (kPa) 920.5 736.3 551.7 436.6
8 Temperature (°C) 342.5 340.3 345.5 341.6
Mass flow to next 340.77 268.86 200.78 158.53
section (kg/s)
9 Pressure (kPa) 418.6 333 251.2 199.8
Temperature (°C) 246.6 246.3 252.4 249.6
Pressure (kPa) 418.6 333 251.2 199.8
Temperature (°C) 246.6 246.3 252.4 249.6
Mass flow to LPT1 162.79 128.8 96.553 76.42
10
(kg/s)
Mass flow to LPT2 160.2 126.76 95.021 75.207
(kg/s)
Pressure (kPa) 170.9 137.9 105.1 84.4
1 Temperature (°C) 157.6 157.5 164.6 166.1
Mass flow to next 143.68 114.33 86.334 68.691

section (kg/s)
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Pressure (kPa) 58.5 46.5 35.4 28.3
Temperature (°c)/ 0.9841 0.9886 0.9949 79.6
12 Quality
Mass flow to next 148.47 117.96 88.998 70.766
section (kg/s)
Pressure (kPa) 22.8 18.4 14.5 11.9
13 Quality 0.9502 0.9559 0.9625 0.971
Total mass flow to 280.56 223.2 169.38 135.95
next section (kg/s)
14 Pressure (kPa) 7.9 6.2 5.6 5.9
Quality 0.9202 0.9227 0.9392 0.9618
Refer to Figure 43.
Table B. 2: Remaining acceptance test data for PP-A
Position Property 100 % load 80 % load 60 % load
Pressure (kPa) 3588.6 2933.2 2267.5
5 Temperature (°C) 536.38 534.72 533.85
Mass flow (kg/s) 456.73 372.1 287.25
6 Pressure (kPa) 3505.7 2862 2211.6
Pressure (kPa) 1935.3 1586.9 1231.9
7 Temperature (°C) 447.44 446.57 446.57
Mass flow to next 424.97 347.15 269.15
section (kg/s)
Pressure (kPa) 674.1 554.7 428.3
8 Temperature (°C) 303.81 303.68 303.23
Mass flow to next 386.08 317.04 245.15
section (kg/s)
9 Pressure (kPa) 290.78 239.92 185.79
Temperature (°C) 202.53 202.85 203.29
Pressure (kPa) 289.32 238.56 184.73
10 Temperature (°C) 203.17 203.42 203.99
Mass flow to LPT 368.68 303.49 235.29
(kg/s)
Pressure (kPa) 131.08 109.91 85.75
11 Temperature (°C) 129.18 130.79 131.77
Mass flow to next 347.88 287.12 223.35
section (kg/s)
Pressure (kPa) 43.84 36.7 28.5
12 Quality 0.97 0.98 0.98
Total mass flow to 327.4 270.66 211.84
next section (kg/s)
13 (LPT1/ LPT2) Press-ure (kPa) 8.683/5.964 7.288/ 5.249 6.18/4.718
Quality 0.9286/ 0.8964 0.9331/0.9034 0.9434/0.9128
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@
A /
e
HPT LPT
®
I
@D ® @
Figure B. 2: Schematic of PP-B
TEST NO. 1 2 3 4
NOMINAL LOAD MW 190 160 200 125
GOVERNOR VALVES
Position of governor valwe | .....covuiunns 60mm OPEN 25mm OPEN FULL OPER 16mm OPEN
Position of governor valve 2 ....cvevvvrnnns 59mm OPEN 23mn OPEN FULL OPEN. 10 OPER
Pogition of governor valve 3 ..vivvuvaranss 58mm OPEN 22mm OPEN FULL OPEN 13mm OPEN
 Position of governor valve 4 .iesessvsnsass 2mm OPEN FULL OPEN
Steam pressure after governor valwve 1 ..... kPa 9 449
Steam pressure after govermor valve 2 ..... kPa 9 521
Steam pressure after governor valve 3 ,.... kPa 9 405
H.P, CYLINDER
First stage pressure {(governor valwe 4) ... kPa 8 232
Redirection chamber .....iieveanisssunns s kPa 3 636 3 970
Figure B. 3: Extract of PP-B acceptance test results
Table B. 3: Remaining data for PP-B from acceptance test and heat balance
Position Property 100 % load 80 % load 60 % load
Pressure (kPa) 3970 3111 2400
Temperature (°C) 421.7 405.66 394.99
3 from PEPSE curves
Mass flow to next 202 158.89 125.11
section (kg/s)
Pressure (kPa) 2513 1966 1549
4 Temperature (°C) 358.9 345.2 338.7
Mass flow to next 180.11 141.46 111.03
section (kg/s)
5 Pressure (kPa) 1492 1176 934
Temperature (°C) 292.4 281 276.2
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Mass flow to next 169.56 133.8 105.38
section (kg/s)
Pressure (kPa) 832 660 529
6 Temperature (°C) 223.5 212.5 210.7
Mass flow to next 155.35 123.52 98.575
section (kg/s)
7 Pressure (kPa) 294 233.5 184.5
Quality 0.9855 0.985 0.9875
Pressure (kPa) 294 233.5 184.5
8 Quality 0.9855 0.985 0.9875
Mass flow to LPT 154.42 123.52 98.575
(kg/s)
Pressure (kPa) 60.1 47.8 38.3
9 Quality 0.9138 0.9167 0.9205
Mass flow to next 147.06 117.59 94.237
section (kg/s)
Pressure (kPa) 22.1 17.2 14.1
10 Quality 0.8819 0.8831 0.8867
Mass flow to next 143.56 114.24 92.376
section (kg/s)
1 Pressure (kPa) 9.78 6.21 6.09
Quality 0.8774 0.8723 0.8848
B.2: Results
Table B. 4: Analytical solution results for HPT for PP-C
Correlations\ Load 80 % 60 % 46 %
Mass flow | Pressure (3) Mass flow | Pressure (3) Mass flow | Pressure (3)
(1) kg/s kPa (1) kg/s kPa (1) kg/s kPa
GE law ave 324.37 2783.7 248.46 2065.9 197.22 1576.7
GE law inlet 324.8 2735.7 249.09 2066.7 197.57 1615.8
Stodola T 327.31 3149 253.24 2635.2 202.46 2196.1
Stodola T ave 338.79 3061 259.05 2297.4 205.24 1810.1
Stodola v 324.35 2778.8 248.39 2054 197.1 1561.4
Stodola v ave 332.69 2908.4 249.23 2044.2 194.51 1527.6
Schegliaiev 328.69 2790.1 255.39 2184.3 203.94 1758.7
Table B. 5: Flownex solution results for PP-C
Correlations\ Load 80 % 60 % 46 %
Mass flow | Pressure (3) Mass flow | Pressure (3) Mass flow | Pressure (3)
(1) kg/s kPa (1) kg/s kPa (1) kg/s kPa
GE law ave 400.34 5693.3 307.02 4342.3 243.52 3432.5
GE law inlet 324.81 2736.2 249.1 2067.3 197.58 1616
Stodola T 327.31 3149 253.24 2635.2 202.46 2196
Stodola T ave 406.68 6335.8 311.68 4835.7 247.27 3825.6
Stodola v 324.36 2780.4 248.4 2055.8 197.1 1562.3
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Stodola v ave 403.02 6234.7 305.73 4667.6 240.73 3636.7
Schegliaiev 328.69 2790.1 255.39 2184.3 203.94 1758.6
Table B. 6: Analytical solution results for IPT section 6-7 for PP-C
Correlations GE law ave GE law inlet Stodola v
Mass flow | Pressure (7) | Mass flow | Pressure(7) | Mass flow | Pressure (7)
(6) kg/s kPa (6) kg/s kPa (6) kg/s kPa
80 % load 309.95 1391 309.44 1390.5 309.891 1391.1
60 % load 231.19 1042.9 230.57 1043.1 231.004 1042.8
46 % load 183.44 824.18 182.77 825.1 183.216 823.9
Table B. 7: Analytical solution results for IPT section 7-8 for PP-C
Correlations GE law ave GE law inlet Stodola v
Mass flow | Pressure (8) Mass flow | Pressure (8) Mass flow | Pressure (8)
(7) kg/s kPa (7) kg/s kPa (7) kg/s kPa
80 % load 298.937 757.34 298.775 750.86 299.066 762.26
60 % load 224.347 574.74 224.495 568.88 224.502 581.59
46 % load 179.247 463.06 179.54 457.02 179.378 469.83
Table B. 8: Analytical solution results for IPT section 8-10 for PP-C
Correlations GE law ave GE law inlet Stodola v
Mass flow Pressure Mass flow Pressure Mass flow Pressure
(8) kg/s (10) kPa (8) kg/s (10) kPa (8) kg/s (10) kPa
80 % load 272.84 350.79 273.23 345.81 273 351.95
60 % load 202.75 260.48 202.9 257.46 202.94 261.19
46 % load 160.59 209.12 160.59 205.82 160.74 209.86
Table B. 9: Analytical solution results for LPT section 10-11 for PP-C
Correlations GE law ave GE law inlet Stodola v
Mass flow Pressure Mass flow Pressure Mass flow Pressure
(10) kg/s (11) kPa (10) kg/s (11) kPa (10) kg/s (11) kPa
80 % load 129.001 138.55 128.694 137.58 128.961 139.76
60 % load 96.321 103.94 95.999 103.41 96.344 105.65
46 % load 76.499 85.133 76.232 83.83 76.615 86.92
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Table B. 10: Analytical solution results for LPT section 10-12 for PP-C

Correlations GE law ave GE law inlet Stodola v
Mass flow Pressure Mass flow Pressure Mass flow Pressure
(10) kg/s (12) kPa (10) kg/s (12) kPa (10) kg/s (12) kPa
80 % load 127.41 44.25 127.29 48.861 127.28 55.205
60 % load 95.62 34.025 95.23 36.328 95.275 39.778
46 % load 75.99 27.6 75.85 31.195 75.913 39.05
Table B. 11: Analytical solution results for LPT section 11-13 for PP-C
Correlations GE law ave GE law inlet Stodola v
Mass flow Pressure Mass flow Pressure Mass flow Pressure
(11) kg/s (13) kPa (11) kg/s (13) kPa (11) kg/s (13) kPa
80 % load 115.88 18.635 115.794 21.403 115.8 28.429
60 % load 87.645 15.167 87.165 16.22 87.34 21.413
46 % load 70.253 11.922 69.699 13.982 69.932 19.678
Table B. 12: Analytical solution results for LPT section 13-14 for PP-C
Correlations GE law ave GE law inlet Stodola v
Mass flow Pressure Mass flow Pressure Mass flow Pressure
(13) kg/s (14) kPa (13) kg/s (14) kPa (13) kg/s (14) kPa
80 % load 228.14 7.047 228.88 6.798 228.07 7.15
60 % load 176.53 6.635 174.2 6.086 176.75 6.78
46 % load 136.2 5.861 129.77 5.315 136.78 6.009
Table B. 13: Analytical solution results for HPT for PP-A
Correlations\ Load 80 % 60 %
Mass flow (1) Pressure (3) kPa Mass flow (1) Pressure (3) kPa
kg/s kg/s
GE law ave 392.96 3145.5 304.22 2431.1
GE law inlet 392.7 3147.5 304.04 2435.7
Stodola T 395.96 3470.2 309.35 2951.6
Stodola T ave 407.89 3497.8 316 27129
Stodola v 392.91 3141.9 304.15 2423.6
Stodola v ave 401.63 3360.6 305.47 2477.4
Schegliaiev 395.31 3212.1 309 2546.1
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Table B. 14: Analytical solution results for IPT section 6-7 for PP-A

Correlations GE law ave GE law inlet Stodola v
Mass flow | Pressure (7) | Mass flow | Pressure (7) | Mass flow | Pressure (7)
(6) kg/s kPa (6) kg/s kPa (6) kg/s kPa
80 % load 371.76 1583.4 371.46 1582.5 371.75 1583.5
60 % load 286.21 1221.9 285.76 1221.6 286.22 1222
Table B. 15: Analytical solution results for IPT section 7-8 for PP-A
Correlations GE law ave GE law inlet Stodola v
Mass flow | Pressure (8) | Mass flow | Pressure (8) | Mass flow | Pressure (8)
(7) kg/s kPa (7) kg/s kPa (7) kg/s kPa
80 % load 347.89 562.38 347.73 558.12 347.88 563.05
60 % load 269.8 434.98 269.83 432.33 269.76 435.31
Table B. 16: Analytical solution results for IPT section 8-9 for PP-A
Correlations GE law ave GE law inlet Stodola v
Mass flow | Pressure (9) Mass flow | Pressure (9) Mass flow | Pressure (9)
(8) kg/s kPa (8) kg/s kPa (8) kg/s kPa
80 % load 317.05 240 316.94 239.73 317.07 240.02
60 % load 244.31 183.42 244,17 183.84 244.38 183.23
Table B. 17: Analytical solution results for LPT section 10-11 for PP-A
Correlations GE law ave GE law inlet Stodola v
Mass flow Pressure Mass flow Pressure Mass flow Pressure
(10) kg/s (11) kPa (10) kg/s (11) kPa (10) kg/s (11) kPa
80 % load 302.08 108.13 301.37 108.1 302.17 108.1
60 % load 232.96 82.777 232.15 83.052 233.03 82.658
Table B. 18: Analytical solution results for LPT section 11-12 for PP-A
Correlations GE law ave GE law inlet Stodola v
Mass flow Pressure Mass flow Pressure Mass flow Pressure
(11) kg/s (12) kPa (11) kg/s (12) kPa (11) kg/s (12) kPa
80 % load 291.1 40.675 290.86 38.57 290.8 40.21
60 % load 227.33 32.245 226.61 30.134 226.43 31.448
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Table B. 19: Analytical solution results for LPT1 section 12-13 for PP-A

Correlations GE law ave GE law inlet Stodola v
Mass flow Pressure Mass flow Pressure Mass flow Pressure
(12) kg/s (13) kPa (12) kg/s (13) kPa (12) kg/s (13) kPa
80 % load 137.15 9.337 137.06 8.027 137.09 9.283
60 % load 106.85 7.24 106.06 6.238 106.89 7.22
Table B. 20: Analytical solution results for LPT2 section 12-13 for PP-A
Correlations GE law ave GE law inlet Stodola v
Mass flow Pressure Mass flow Pressure Mass flow Pressure
(12) kg/s (13) kPa (12) kg/s (13) kPa (12) kg/s (13) kPa
80 % load 137.04 7.961 136.55 5.81 136.97 7.681
60 % load 106.9 6.165 105.47 4.516 106.83 5.977
Table B. 21: Analytical solution results for HPT section 2-3 of PP-B
Correlations\ Load 80 % 60 %
Mass flow (1) Pressure (3) kPa Mass flow (1) Pressure (3) kPa
kg/s kg/s
GE law ave 152.65 2573.2 120.96 2035.1
GE law inlet 151.37 2712 120.23 2140.1
Stodola T 153.15 2576.9 121.82 2097.2
Stodola T ave 150.8 2900.7 119.96 2265.3
Stodola v 152.09 2458.7 120.42 1945.2
Stodola v ave 148.73 2843.2 117.22 2188.7
Schegliaiev 151.95 2913.5 120.38 2309
Table B. 22: Analytical solution results for IPT section 3-4 for PP-B
Correlations GE law ave GE law inlet Stodola v
Mass flow | Pressure (4) | Mass flow | Pressure (4) | Mass flow | Pressure (4)
(3) kg/s kPa (3) kg/s kPa (3) kg/s kPa
80 % load 159.71 1981.4 159.79 1978.9 159.74 1981.7
60 % load 121.83 1492.8 121.49 1497.5 121.95 1490.9
Table B. 23: Analytical solution results for IPT section 4-5 for PP-B
Correlations GE law ave GE law inlet Stodola v
Mass flow | Pressure (5) | Mass flow | Pressure (5) | Mass flow | Pressure (5)
(4) kg/s kPa (4) kg/s kPa (4) kg/s kPa
80 % load 141.37 1174.6 141.18 1172.9 141.38 1174.8
60 % load 111.06 934.35 110.77 931.08 111.09 934.86
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Table B. 24: Analytical solution results for IPT section 5-6 for PP-B

Correlations GE law ave GE law inlet Stodola v
Mass flow | Pressure (6) Mass flow | Pressure (6) Mass flow | Pressure (6)
(5) kg/s kPa (5) kg/s kPa (5) kg/s kPa
80 % load 134.29 663.92 134.05 661.9 134.2 664.27
60 % load 106.24 537.3 105.96 533.39 106.25 538.09
Table B. 25: Analytical solution results for IPT section 6-8 for PP-B
Correlations GE law ave GE law inlet Stodola v
Mass flow | Pressure (8) | Mass flow | Pressure (8) | Mass flow | Pressure (8)
(6) kg/s kPa (6) kg/s kPa (6) kg/s kPa
80 % load 124.23 242.89 124.25 238.51 124.27 243.15
60 % load 99.84 200.48 99.84 193.17 99.67 198.52
Table B. 26: Analytical solution results for LPT section 8-9 for PP-B
Correlations GE law ave GE law inlet Stodola v
Mass flow | Pressure (9) Mass flow | Pressure (9) Mass flow | Pressure (9)
(8) kg/s kPa (8) kg/s kPa (8) kg/s kPa
80 % load 123.52 47.983 123.54 47.868 123.56 48.13
60 % load 98.14 34.089 98.05 36.732 98.18 34.697
Table B. 27: Analytical solution results for LPT section 9-10 for PP-B
Correlations GE law ave GE law inlet Stodola v
Mass flow Pressure Mass flow Pressure Mass flow Pressure
(9) kg/s (10) kPa (9) kg/s (10) kPa (9) kg/s (10) kPa
80 % load 118.04 17.603 118.37 17.601 118.03 17.622
60 % load 94.72 14.502 94.69 14.333 94.71 14.541
Table B. 28: Analytical solution results for LPT section 10-11 for PP-B
Correlations GE law ave GE law inlet Stodola v
Mass flow Pressure Mass flow Pressure Mass flow Pressure
(10) kg/s (11) kPa (10) kg/s (11) kPa (10) kg/s (11) kPa
80 % load 117.17 7.121 120.46 7.315 117.01 7.112
60 % load 93.084 6.294 93.483 6.279 93.14 6.303
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B.3: Error analysis
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Figure B. 4: Mass flow error for 80 % load for PP-C
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Figure B. 5: Mass flow error for 60 % load for PP-C
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Figure B. 6: Mass flow error for 46 % load for PP-C

From Figure B. 4, Figure B. 5 and Figure B. 6, reflecting the mass flow error at various loads for PP-
C, there is not much of a difference in the errors for the various correlations except for Figure B. 9

where “GE Ave” and “Stodola v” errors at position 13 (and position 12 to lesser degree) are much

lower than for “GE Inlet”.

This might be as a result of low load and the positions, being the last few stages of the LPT, having
a greater effect on “GE Inlet”.
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Figure B. 7: Pressure error for 80 % load for PP-C
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Figure B. 8: Pressure error for 60 % load for PP-C
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Figure B. 9: Pressure error for 46 % load for PP-C

From Figure B. 7, Figure B. 8 and Figure B. 9, reflecting the pressure error at various loads for PP-C,

one notes that a small difference in pressure results can cause a large percentage error towards

the LPT sections.
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Figure B. 10: Mass flow error for 80 % load for PP-A
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Figure B. 11: Mass flow error for 60 % load for PP-A

From Figure B. 10 and Figure B. 11, showing the mass flow error at various loads for PP-A, one

notes that the difference in error for the various correlations relative to each other is small.
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Figure B. 12: Pressure error for 80 % load for PP-A
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Figure B. 13: Pressure error for 60 % load for PP-A

From Figure B. 12 and Figure B. 13, reflecting the pressure error at various loads for PP-A, one
notes the same trend of larger errors towards the LPT for the same reason i.e. a small difference in

pressure results can cause a large percentage error towards the LPT sections.
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Figure B. 14: Mass flow error for 80 % load for PP-B
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Figure B. 15: Mass flow error for 60 % load for PP-B

From Figure B. 14 and Figure B. 15, showing the mass flow error at various loads for PP-B, one
notes the errors for the various correlations are similar except for Figure B. 14 where “GE Inlet” at

position 10 is significantly larger than the other two correlations.
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Figure B. 16: Pressure error for 80 % load for PP-B
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Figure B. 17: Pressure error for 60 % load for PP-B

From Figure B. 16 and Figure B. 17, showing the pressure error at various loads for PP-B, one

notices that there is significant change at positions 9 and 11 of the two figures.
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B.4. Mean and standard deviations of errors

Table B. 29: Mean error and standard deviation for HPT of various reference plants

Appendix B. Pressure Drop Correlations

Correlations Mean Standard Deviation
GE Ave 6.2461 6.694
GE Inlet 5.3251 4.8333
Stodola T 22.177 11.313
Stodola Tave 8.7801 1.5296
Stodola v 8.4390 7.8751
Stodola vave 7.4230 3.1396
Schegliaiev 6.4573 3.3375
Table B. 30: Mean error and standard deviation for selected methods for all turbine sections

Correlations Mean Standard Deviation
GE Ave — Mass error 0.86817 0.83455
GE Ave — Pressure error 6.0992 9.4563
GE Inlet — Mass error 1.0157 1.0982
GE Inlet — Pressure error 3.3346 3.6396
Stodola v — Mass error 0.86422 0.82728
Stodola v — Pressure error 7.1558 9.9329
Table B. 31: Overall mean error and standard deviation for selected methods

Correlations Mean Standard Deviation
GE Ave 6.2136 9.45857
GE Inlet 3.531 3.7598
Stodola v 7.2629 9.9272
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C.1: Efficiency from acceptance test

Table C. 1: Actual efficiencies for PP-C

Load\ Turbine HPT IPT LPT
100 % 91.72 % 92.23 % 89.91 %
80 % 91.6 % 91.58 % 90.84 %
60 % 91.7 % 91.6 % 90.03 %
46 % 92.15% 91.9% 86.8 %

Table C. 2: Actual efficiencies for PP-A

Load\ Turbine HPT IPT LPT
100 % 89.47 % 94.8 % 91.03 %
80 % 89.66 % 94.81 % 91.01 %
60 % 89.69 % 94.74 % 91.68 %

NB: For PP-A, the efficiency of the LPT was not reported in the acceptance test. The efficiencies of

the LPT were calculated with data from acceptance test and heat balance diagrams.

The acceptance test for PP-B does not contain efficiencies at various load and turbines. Expansion
line diagrams were available, Figure C. 1. These expansion lines were digitised, data was extracted

and the efficiencies were calculated from the data.
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Figure C. 1: PP-B acceptance test expansion lines at 100 %, 80 % and 60 % load
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Table C. 3: Actual efficiencies for PP-B

Appendix C. Efficiency Correlations

Load\ Turbine HPT LPT
HPT (2-3) IPT (3-8)
100 % 76.26 % 95.19 % 80.08 %
80 % | 88.28% | 95.32 % 80.47 %
60 % 89.62 %/ 95.8 % 78.46 %
C.2: Results
Table C. 4: Analytical results for efficiency methods for PP-C
Methods\ Turbine HPT IPT LPT
80 % 60 % 46 % 80 % 60 % 46 % 80 % 60 % 46 %
load load load load load load load load load
Ray 91.711 | 91.661 | 91.668 | 92.222 | 92.22 92.227 | 89.91 89.687 | 87.755
Darie 91.720 | 91.720 | 91.720 | 92.230 | 92.230 | 92.230 | 89.910 | 89.904 | 89.887
PEPSE 91.882 | 92.029 | 92.141 | 92.273 | 92.188 | 92.218 | 90.046 | 90.093 | 90.068
Nee 91.652 | 91.708 | 91.802 | 92.279 | 92.524 | 92.597 | 90.168 | 90.651 | 90.849
Table C. 5: Flownex results for efficiency methods
Methods\ Load 80 % 60 % 46 %
Ray 91.711 91.662 91.668
Darie 91.72 91.72 91.72
scc 91.652 91.709 91.803
Table C. 6: Analytical results for efficiency for PP-A
Methods\ Turbine HPT IPT LPT
80 % load 60 % load 80 % load 60 % load 80 % load 60 % load
Ray 89.465 89.470 94.800 94.800 90.968 90.446
Darie 89.470 89.470 94.800 94.800 91.024 91.019
PEPSE 89.616 89.731 94.797 94.801 91.086 91.130
scc 89.386 89.436 94.878 94.989 91.283 91.627
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Table C. 7: Analytical results for efficiency for PP-B

Methods\ Turbine HPT LPT
HPT (2-3) IPT (3-8)
80 % load 60 % load 80 % load 60 % load 80 % load 60 % load

Ray / 76.051 )\ / 76.235 |\ 95.104 94.898 79.784 79.976
Darie 76.255 || | 76.255 | | 95.194 95.193 80.075 80.079
PEPSE | 76.347 | | 76573 / 95.276 95.356 80.501 80.514
Jee \76.327 ( \ 76.368 [ 95.120 95.170 80.150 80.337
C.3: Error analysis

Table C. 8: Mean error and standard deviation for various efficiency methods

Methods\ Turbine Mean Standard Deviation

Ray 0.50126 0.42957
Darie 0.53795 0.71532
PEPSE 0.51051 0.80162
scc 0.64547 0.90642

e PP-B’s HPT (2-3)

In Table C. 3 one notes that there is a large difference between the nominal efficiency and the off-

I”

design efficiency. Comparing the “actual” HPT efficiency, Table C. 3, to the efficiencies calculated
by the correlations, Table C. 7, one notices that there is huge discrepancy. The efficiency methods
are based on a nominal efficiency, therefore if there is large difference between the nominal
efficiency and the off-design efficiency the effect will be that the correlations will also produce a

large difference.

As mentioned previously, efficiencies were determined from expansion diagrams. The enthalpy
before as well as after the governor valves, h;, is the same and not dependent on the first stage
pressure. The entropy at point 2 is dependent on the overall first stage pressure. The isentropic

exhaust enthalpy, hss, is a function of the entropy at point 2, hence the pressure at point 2.

—-h
—-h

2 3

Efficiency, =
Y, 7 h

2 3s

From the above equation, efficiency is a function of hss;, hence the pressure at point 2. The
pressure at point 2 in Figure C. 1 is less representative of the overall first stage pressure during off-
nominal load conditions therefore off-design efficiency various by such a large margin from the

nominal efficiency. It is unusual for off-design efficiency to be so much better than the nominal
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efficiency. This puts the accuracy of the efficiency for PP-B’s HPT (2-3) in doubt. Including the
results of the PP-B’s HPT (2-3) in the error analysis would have skewed the analysis. Therefore

these results were excluded.

C.4: Algorithm to calculate outlet enthalpy for PEPSE method

expansion line eq.: h(s) =M-s + Cint3

1st stage inlet pressure:  p = p,

lower limit entropy guess: SCqp = 6.4i
g-K

- ) kJ
upper limit entropy guess: $Cy:= 68—
kg-K
calculating outlet enthalpy: h.:= |err « 2

while |err| > 0.1
SCq + SCy
2

hye < h(s)

S <

hp <« hsteam(pa"" ,"" 7"" ’S)

k
err « (hp - hsc)'k_g

SCoy < S if hSC <hp

SCy < S otherwise

SC

outlet enthalpy: he = 2958.2~E
kg
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Appendix D. Case Study Implementation of Models

D.1: Acceptance test data for PP-F

PP-F is a 686 MW reheat reaction machine. The turbine train consists of four cylinders (1 x HPT, 1 x

double flow IPT and 2 x double flow LPT). The extractions on the IPTs are asymmetrical. The LPTs

exhaust into an indirectly dry-cooled condenser.

Reheater

HPT

® ®®

IPT

@ O

Figure D. 1: Schematic of PP-F

Table D. 1: Acceptance test data for PP-F at various condenser pressures

8kPa 15kPa 25kPa
Pressure (kPa) 15940 15970 15960
1 Temperature (°C) 529.1 532.1 532.3
Mass flow (kg/s) 568.67 569.31 567.05
2 Pressure (kPa) 15790 15810 15820
Pressure (kPa) 4042 4048 4046
3 Temperature (°C) 324.9 327.9 327.7
Pressure (kPa) 3941 3949.5 3943.5
4 Temperature (°C) 324.6 327.5 327.3
Mass flow to next section (kg/s) 514.26 515.54 512.68
Pressure (kPa) 3677 3688 3682
> Temperature (°C) 530.9 534.5 533.85

LPT
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Pressure (kPa) 3595 3599 3591
6 Mass flow (kg/s) 516.18 517.88 515.15
Mass flow per flow (kg/s) 258.09 258.94 257.575
Pressure (kPa) 1610 1615 1614
7 Temperature (°C) 408.8 412 412.3
Mass flow to next section (kg/s) 234.12 234.46 233.675
Pressure (kPa) 962.5 968.2 968.3
8 Temperature (°C) 341.9 345.1 345.4
Mass flow to next section (kg/s) 235.73 236.87 235.595
Pressure (kPa) 476 478.6 478.9
9 Temperature (°C) 254.6 257.1 257.5
Pressure (kPa) 466.1 469 469.4
10 Temperature (°C) 257.7 256.2 256.55
Mass flow to next section (kg/s) 447.469 449.068 447.578
Pressure (kPa) 221.15 224.3 226.55
11 Temperature (°C) 162.5 168.7 174
Mass flow to next section (kg/s) 421.253 424.677 424,502
Pressure (kPa) 63.49 69.93 75.3
12 Temperature (°C) 86.2 89.095 91.42
Mass flow to next section (kg/s) 391.392 399.569 406.263
13 Pressure (kPa) 8.23 14.75 25
D.2: Results
Table D. 2: Results for PP-C
100% load 80% load 60% load 46% load
GE Inlet | Stodola | GElInlet | Stodola | GElInlet | Stodola | GEInlet | Stodola
v v v v
Pressure (kPa) 14187 14187 11354 11363 8694.7 8713.2 6925.9 6940.3
Temperature (°C) 502.23 502.23 486.83 486.87 473.04 473.14 463.5 | 463.58
Pressure (kPa) 3373.6 3373.8 2678.5 2678.5 2019.3 2019.3 1609.7 1609.8
Temperature (°C) 295.5 295.5 284.35 284.29 273.35 273.17 266.52 266.34
Temperature (°C) 294.61 294.61 283.63 283.57 272.87 272.68 266.16 265.98
Mass flow to next 374.17 374.1 301.19 301.19 23341 233.43 186.38 186.36
section (kg/s)
Pressure (kPa) 3125 31253 2479 2479 1865.2 1865.2 1486.7 1486.8
Mass flow to next 393.79 393.73 312.48 312.49 23341 233.43 186.38 186.36
section (kg/s)
Temperature (°C) 441.87 441.91 438.07 438.11 445.33 445.36 441.9 441.95
Mass flow to next 376.51 376.39 298.89 298.86 223.33 223.32 178.31 178.26
section (kg/s)
Temperature (°C) 352.13 352.15 349.96 350 356.65 356.92 353.33 353.11
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Mass flow to next 341.05 340.86 271.4 271.32 202.57 202.56 161.48 161.41
section (kg/s)
Pressure (kPa) 421.64 421.67 336.54 336.59 254.03 254.04 200.86 200.78
10 Temperature (°C) 245.36 245.35 244.54 244.55 250.56 250.56 246.67 246.62
Mass flow to next 323.27 323.00 257.74 257.54 192.84 192.79 152.51 152.65
section (kg/s)
Temperature (°C) 162.54 162.54 161.44 161.48 167.92 167.92 168.39 168.27
11 | Mass flow to next 144.26 143.68 115.54 115.08 86.695 86.468 68.793 68.801
section (kg/s)
Temperature (°C) 85.278 85.278 79.52 79.52 77.715 77.452 82.501 81.847
12 Quality 0.9897 | 0.98972 0.9929 | 0.99288
Mass flow to next 148.18 148.48 118.28 118.49 88.71 89.09 69.85 70.46
section (kg/s)
Temperature (°C) 62.918 62.918 58.266 58.266 53.268 53.268 49.251 49.251
13 Quality 0.9502 0.9502 0.953 0.953 0.9655 0.96487 0.9773 0.9759
Total mass flow to 280.84 | 280.64 | 22545 | 22519 | 169.46 | 17038 | 132.33 | 134.32
next section (kg/s)
Table D. 3: Results for PP-A
100% load 80% load 60% load
GE Inlet | Stodolav | GE Inlet | Stodolav | GE Inlet | Stodola v
Pressure (kPa) 15115 15115 12308 12302 9545.6 9542.4
2 Temperature (°C) 532.54 532.54 | 518.59 518.56 507.11 507.1
Pressure (kPa) 3873.3 3873.3 3169.3 3169.2 2454.3 2454.2
3 Temperature (°C) 331.92 331.92 322.83 322.86 315.38 315.41
Temperature (°C) 331.15 331.16 322.23 322.26 314.95 314.99
4 Mass flow to next 446.71 446.72 365.28 365.34 284.85 284.92
section (kg/s)
5 Pressure (kPa) 3588.6 3588.6 2937.2 2937 2273.2 2273
Pressure (kPa) 3505.7 3505.7 2869.4 2869.2 2220.9 2220.6
6 Temperature (°C) 536.4 536.4 | 534.81 534.82 534.01 534.02
Mass flow to next 456.73 456.74 373.19 373.25 288.15 288.22
section (kg/s)
Temperature (°C) 445.81 445.77 444.83 444.79 44471 444.69
7 Mass flow to next 42421 424.38 346.93 347.16 268.48 268.64
section (kg/s)
Temperature (°C) 300.81 300.82 300.56 300.57 300.59 300.59
8 Mass flow to next 385.32 385.46 315.77 316.01 243.77 243.98
section (kg/s)
Pressure (kPa) 289.43 289.33 238.55 238.35 184.76 184.54
10 Temperature (°C) 200.78 200.74 200.9 200.82 201.13 201.03
Mass flow to next 366.94 367.16 300.92 301.33 232.28 232.66
section (kg/s)
11 Temperature (°C) 132.07 132.05 132.73 132.74 133.28 133.28
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Mass flow to next 346.15 346.47 286.78 287.2 222.4 222.84
section (kg/s)
Temperature (°C) 78.076 78.076 73.801 73.801 67.921 67.921
Quality 0.97389 0.97389 | 0.97865 0.97861 | 0.98477 0.98519
12 LPT1 mass flow to next 162.82 163 135.76 135.91 105.06 105.52
section (kg/s)
LPT2 mass flow to next 162.85 163 135.32 135.81 104.53 105.48
section (kg/s)
Table D. 4: Results for PP-B
100% load 80% load 60% load
GEInlet | Stodolav | GElInlet | Stodolav | GElInlet | Stodolav
Pressure (kPa) 9257 9274 7288.1 7411.8 5735.2 5746.4
2 Temperature (°C) 535.15 535.22 527.33 527.88 518.84 518.89
Pressure (kPa) 3970 3832.2 3122.9 32713 2457 2371.6
3 Temperature (°C) 405.92 400.81 402.16 406.59 394.06 389.07
Temperature (°C) 342.81 342.96 339.16 336.93 331.89 332.04
4 Mass flow to next 180.11 179.75 140.58 140.58 110.62 110.52
section (kg/s)
Temperature (°C) 275.77 275.87 273.01 270.99 266.9 267.03
5 Mass flow to next 169.56 169.14 132.75 132.75 104.96 104.84
section (kg/s)
Temperature (°C) 209.5 209.56 207.42 205.66 202.4 202.56
6 Mass flow to next 155.35 154.96 122.54 122.46 97.939 97.684
section (kg/s)
Pressure (kPa) 287.9 287.5 226.3 226.26 179.97 179.57
8 Temperature (°C) 132.12 132.08 124.16 124.15 116.91 116.84
Mass flow to next 154.42 154.05 121.89 121.81 97.378 97.139
section (kg/s)
Temperature (°C) 85.969 85.969 80.2 80.2 74.816 74.816
9 Quality 0.92153 0.92151 | 0.92776 0.9266 | 0.93373 0.93373
Mass flow to next 147.06 146.79 117.21 116.81 93.47 93.301
section (kg/s)
Temperature (°C) 62.232 62.232 56.834 56.834 52.693 52.693
10 Quality 0.89183 0.89023 | 0.89648 0.89581 | 0.90475 0.90477
Mass flow to next 143.56 143.38 115.95 114.74 91.641 91.488
section (kg/s)
Table D. 5: Results for PP-F at various condenser pressures
8 kPa 14.75 kPa 25 kPa
GE Inlet | Stodolav | GEInlet | Stodolav | GE Inlet | Stodolav
Pressure (kPa) 15790 15789 15848 15864 15795 15809
2 Temperature (°C) 528.7 528.7 | 531.71 532.52 | 531.91 532.72
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Pressure (kPa) 4042 4039.3 4053.5 4047.5 4044.7 4038.7

3
Temperature (°C) 325.02 324.94 327.31 327.63 327.66 327.99
Temperature (°C) 324.05 324.00 326.33 326.71 326.71 327.11

4 Mass flow to next 514.26 515.99 513.31 517.16 512.69 516.63
section (kg/s)

5 Pressure (kPa) 3677 3671.9 3688.0 3694.8 3679.8 3686.6
Pressure (kPa) 3619.9 3614.3 3630.7 3640.5 3622.7 3632.5
Temperature (°C) 531.02 531.01 534.62 534.80 534.93 535.09

6 Mass flow to next 258.92 260.03 259.03 261.21 258.30 260.52
section (kg/s)

Mass flow to next 259.19 259.82 259.25 260.92 258.54 260.26
section (kg/s)
Temperature (°C) 414.31 414.80 417.58 417.84 417.99 418.22

7 Mass flow to next 234.95 235.54 234.99 236.21 234.46 235.75
section (kg/s)

Temperature (°C) 345.85 346.26 | 349.03 349.19 | 349.49 349.61

8 Mass flow to next 236.83 237.10 237.09 238.10 236.55 237.67
section (kg/s)

Pressure (kPa) 468.24 468.91 471.42 477.05 472.57 477.30

10 Temperature (°C) 257.24 257.58 260.24 261.62 260.94 262.13
Mass flow to next 449.40 449.95 449.47 451.84 448.15 451.02
section (kg/s)

Temperature (°C) 184.53 184.78 187.87 187.62 189.36 188.63

11 Mass flow to next 423.18 423,50 | 423.03 425.76 421.10 425.73
section (kg/s)

Temperature (°C) 87.383 87.383 89.905 89.905 92.805 91.864

12 Mass flow to next 393.32 393.56 397.16 404.12 393.74 409.64

section (kg/s)
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D.3: Error analysis
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Figure D. 2: Error for PP-C at calibration
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Figure D. 3: Error for PP-C at 80 % load
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Figure D. 5: Error for PP-C at 46 % load
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In Figure D. 2, Figure D. 3, Figure D. 4 and Figure D. 5, one notices a similar trend to that of PP-A

i.e. the temperature errors. The errors are larger for the same reason i.e. the overall efficiency of

the IPT and LPT was applied to individual turbine sections instead of applying individual

efficiencies to each turbine section.
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Figure D. 8: Error for PP-B at 60 % load

The temperature error trend in Figure D. 7 and Figure D. 8 is similar to that of PP-A and PP-C for
the same reason i.e. the overall efficiency of the IPT and LPT was applied to individual turbine
sections instead of applying individual efficiencies to each turbine section. In addition, the inlet
and redirection chamber pressure error is larger. As previously mentioned, in Appendix C, there is
some doubt regarding the HPT (2-3) data for PP-B.
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Figure D. 9: Error for PP-F at calibration
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The reason for the much large error at point 11 is that the acceptance test data did not provide

the efficiency for the LPT or sufficient detail to calculate the efficiency. Therefore the efficiency for

the LPT was estimated. Also, as at the other plants, the overall efficiency of the IPT and LPT was

applied to individual turbine sections instead of applying the individual efficiencies of each turbine

section, which compounds the situation.
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Figure D. 10: Error for PP-F at 14.75 kPa back pressure
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In Figure D. 10 and Figure D. 11, one notes that the temperature error at point 11 is dominant for
the same reason i.e. the overall efficiency of the IPT and LPT was applied to individual turbine
sections instead of applying individual efficiencies to each turbine section. At point 12 in Figure D.
11, the mass flow predicted by “Stodola v” is much better than that predicted by “GE Inlet”. This
could be that “Stodola v’ outperforms “GE Inlet” at higher back pressures; however, there is
insufficient data available to verify this. A similar trend is noted for PP-A at 60 % load, Figure 46,

and for PP-C at 46 % load, Figure D. 5; however, their back pressure is very low.
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Appendix E. Compound Component

E.1: Compound component script

Below is an extract of the C# code, showing the parameter definitions as main calculation block

only.

public class Script: IPS.Scripting.IComponentScript

{
IPS.Properties.Double _Pin; //total nominal inlet pressure (user input)
IPS.Properties.Double _Pout; //total nominal outlet pressure (user input)
IPS.Properties.Double _Massin; //nominal inlet mass flow rate (user input)
IPS.Properties.Double _Rhoin; //nominal inlet density (user input)
IPS.Properties.Double _Etan; //nominal efficiency (user input)
IPS.Properties.Double _hndelta; //nominal enthalpy drop (user input)
IPS.Properties.Double _hin; //inlet enthalpy (internal calculation)

IPS.Properties.Double _houts; //outlet isentropic enthalpy (internal calculation)

IPS.Properties.Double _Ck; //turbine loss constant (internal calculation)

IPS.Properties.Double _Eta; //off design efficiency (internal calculation)

//script main execution function - called every cycle

public override void Execute(double Time)

{

//calculates the turbine loss constant
_Ck.Value = (_Pin.Value - _Pout.Value)/(Math.Pow(_Massin.Value, 2)/_Rhoin.Value);

//calculates the efficiency
_Eta.Value = _Etan.Value - 2 * Math.Pow((_hndelta.Value/(_hin.Value - _houts.Value) - 1), 2);

116



	1. Introduction
	1.1 Problem description
	1.2 Purpose of the project
	1.3 Scope and limitation of the project
	1.4 Outline of dissertation

	2. Literature Review
	2.1 Rankine cycle
	2.2 Steam turbines
	2.2.1 Impulse turbine
	2.2.2 Reaction turbine

	2.3 Steady state power plant modelling software
	2.4 Pressure drop correlations
	2.4.1 Stodola’s law of ellipse
	2.4.2 Schegliaiev’s model
	2.4.3 General empirical law
	2.4.4 Constant flow co-efficient

	2.5 Steam turbine efficiency
	2.5.1 Factors influencing steam turbine efficiency
	Figure 11 was compiled with data from Sanders [12]. Leaving losses and profile losses constitute the major losses in this particular type of steam turbine.
	2.5.2 Methods of predicting steam turbine efficiency

	2.6 Flownex
	2.6.1 Governing equations
	2.6.2 Existing turbine components within Flownex
	2.6.3 Compound component

	2.7 Architecture of steam turbines used in Eskom
	2.8 Confidence/ accuracy of acceptance test data
	2.8.1 Duplication of instrumentation
	2.8.2 Calibration
	2.8.3 Measurement of electrical power
	2.8.4 Primary flow measurement
	2.8.5 Differential pressure measurements
	2.8.6 Additional flow measurements
	2.8.7 Absolute pressure measurement
	2.8.8 Temperature measurement
	2.8.9 Instrument location
	2.8.10 Conclusion on accuracy of acceptance test data


	3. Pressure Drop Correlations
	3.1 Analytical solution of pressure drop correlations
	3.1.1 Methodology
	3.1.2 Evaluation of results

	3.2 Flownex implementation of the pressure drop correlations
	3.2.1 Methodology
	3.2.2 Evaluation of results


	4. Efficiency Correlations
	4.1 Analytical solution of efficiency correlations
	4.1.1 Methodology
	4.1.2 Evaluation of results

	4.2 Flownex implementation of efficiency correlations
	4.2.1 Methodology
	4.2.2 Evaluation of results


	5. Case Study Implementation of the Models
	5.1 Complete model
	5.1.1 Methodology
	5.1.2 Evaluation of results

	5.2 Transient model of plant situation
	5.2.1 Scenario description
	5.2.2 Scenario conditions
	5.2.3 Flownex model
	5.2.4 Plant vs. Flownex results


	6. Compound Component
	6.1 Description of the component
	6.2 How to operate
	6.2.1 Inputs
	6.2.2 Results


	7. Conclusions and Recommendations
	7.1 Conclusions regarding the pressure drop correlations
	7.2 Conclusions regarding the efficiency correlations
	7.3 Conclusions regarding complete turbine train implementation
	7.4 Limitations of this study
	7.5 Recommendations

	8. List of References
	Appendix A. Turbine Architecture
	Appendix B. Pressure Drop Correlations
	B.1: Remaining acceptance test/ heat balance data
	B.2: Results
	B.3: Error analysis

	Appendix C. Efficiency Correlations
	C.1: Efficiency from acceptance test
	C.2: Results
	C.3: Error analysis
	C.4: Algorithm to calculate outlet enthalpy for PEPSE method

	Appendix D. Case Study Implementation of Models
	D.1: Acceptance test data for PP-F
	D.2: Results
	D.3: Error analysis

	Appendix E. Compound Component
	E.1: Compound component script




